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We performed systematic theoretical studies on small anionic water/deuterated water clusters W/D,_,_ 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, ) were first detected by mass spec-
trometry in the early 1980s,'? and have attracted great atten-
tion in many areas >~ since then. There are two kinds of struc-
ture for W, : interior structure and surface structure.® In the
latter structure, which is preferential for small W, ,8 the ex-
cess electron is bounded outside the molecular kernel through
the dipole-electron interaction.

To identify structures of W, , diverse optical method-
ologies including photoelectron,® vibrational induced au-
todetachment ' and fragmentation'!, vibrational predissocia-
tion, 1213 and time-resolved photoelectron 413 spectroscopies
have been used. Among them, vibrational predissociation
spectroscopy which avoids the so-called “Fano” resonance as
well as continuum background ¢ 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' 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, were used to detect the

IR spectra for D5 in the DOD bending region 17 and D, ¢ in

the OD stretching region'3. Besides, the IR spectra of par-

tially deuterated anionic water hexamers were also reported in
the literature. '8

Because of rapidly increasing number of isoenergetic con-
formers with the size of W,j,19'20 theoretical investigations
are essential for identifying their structures. The theoretical
fundamental of W, in the surface state could be traced back
to the quantum theory of an electron in the field of a finite
dipole.?! In such case, the value of the dipole moment should
be larger than 1.625 Debye to bound an extra electron. >
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.?” 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,?® 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 O, 0O, H;
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.3%-3!

Although the ab initio calculations for W, were prior

to the experimental observation, 3932 the theoretical IR in-
vestigations were initiated in 1999,'® shortly after the ob-
servation of the high resolution experimental spectra. !> 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 Mgller-Plesset
second order perturbation (MP2)3? level) underestimates the
vertical electron-detachment energy (VDE) of W, 3435 For
DFT, the Becke’s three-parameters exchange and Lee-Yang-
Parr correlation hybrid functional (B3LYP)3® was most pop-
ular 131820343744 ‘pecause of its reliable frequency shifts.
Through the comparison of the theoretical IR spectra at the
B3LYP level with experimental observations, the structures of
W,_ were found to be 4Rf, SW3f, and 6Af, respectively. 13,34
Here we followed the terminology proposed by Kim and co-
workers.3* 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
W31577 were predicted.34’45 In addition, the structure of D3
was identified as 3L by comparing the calculated (at the MP2
and coupled-cluster singles and doubles (CCSD)*® levels) and
measured IR spectra in the bending region.!” Moreover, the
calculated potential energy surface at the MP2 level reveals
the quantum probabilistic structure of W5 is a 2Csl structure
which is the transition state between two stable conformers. 4’

The systematic investigations for the calculated VDEs in-
cluding their convergence with respect to the diffuse func-
tions have been performed.48‘50 Howeyver, 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, . We should emphasize
here, because the low-lying isoenergetic conformers of W,
and their spectral similarity, the systematic investigation for

the IR spectra is remarkably indispensable. For instance, the
structure of Wq was first assigned as the “tweezerslike”, 37
then the linear network,!® and finally the 6Af'33*. During
the evolution, the improvement of theoretical spectra played
the crucial role. Therefore, in this work, the convergence of
IR spectra for W/D;_ ¢ 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.*8>1-53 Here, we used three basis sets
of triple zeta quality for W, : the Pople’s 6-31 1++G(d,p),>*>
the augmented Dunning’s correlation consistent basis set aug-
cc-pVTZ with Davidson’s linear transformation for contrac-
tion,%*8 and the Sadlej’s polarized basis set>°. 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.3* Specifically, all
used exponents were listed in Table 1. We should emphasize
that the scheme of diffuse functions was widely used for W,, .
For instance, P10D is the 6-311++G(d,p)+diff(sp) used in Ref.
13 for exploring the structures of W/D, 5 and A22D is the
aug-cc-pVTZ+diff(2s2p/2s) used in Ref. 45 for calculating
the VDEs of W3 .

The B3LYP functional®® was chosen for DFT, while,
MP233 for WFT. As mentioned before, there was no exis-
tence of W . Thus, here we did not consider this species.
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Fig. 1 Optimized anionic water clusters and their MP2 spin density
at the MP2/S33D level. The values in parenthesis are the
corresponding iso-values for the MP2 spin density.

The most probable conformers for W,_ related to the exper-
imental observation were considered. Followed by the termi-
nology proposed by Kim and co-workers,>* they are 2CsI, 3L,
4Rf, SW3f, and 6Af, respectively. All degrees of freedom of
the clusters were optimized at corresponding theoretical lev-
els and all optimized structures at the MP2/S33D level were
depicted in Fig. 1. Besides, the distributions of extra electron
shown in Fig. 1 demonstrate all species are dipole bounded
systems. The pruned “ultrafine” grids were used for numeri-
cal integrations in DFT. Our test calculate showed that the total
energy converges to 10~ a.u. when more intense “superfine”
grids were used. The calculated expectation values of the total
spin angular momenta ({S2)) for all species were 0.75 indicat-
ing no spin contamination in the calculations. The analytical
frequency calculations were performed to confirm that each
geometry 18 a true local minimum except W5 . As mentioned
before, W5 is a transition state which has only one imaginary
frequency. Unfortunately, we could not locate the 2CsI struc-
ture at the B3LYP level as well as the MP2/AmnD level.3* As
a result, we used the optimized geometries with correspond-
ing aug-cc-pVDZ+diff basis sets*’ instead of AmnD at the
MP?2 level and did not consider it for BBLYP. The calculated
IR intensities were broadened by the Lorentzian function and
the frequencies were scaled properly to facilitate comparison
with the experimental counterparts. The specific full width at
the half-maximum (fwhm) for Lorentzian function as well as
scaling factors were given in the following individually. All
electronic structure calculations were performed with Gaus-
sian 09 suite of programs. ®°
In both DFT and WFT, the dipole moment could be calcu-
lated as
= —Tr(PX)+Y ZsR4, (1)
A

where P is the generalized one-particle density matrix, X is
the multipole matrix, Z4 is the nuclear charge for atom A, and

Ry is the corresponding Cartesian coordinates. The dynamic
IR dipole moment of the k-th normal mode (duy) could be
calculated from the direct differentiation of dipole moment,
Le.,

d JdP IR
=5~ (3 ) R A @

The second term in Eq. 2 represents the nuclear contribution
to dug. Notice that the Tr would run over all basis set in-
dex, thus, the electronic contribution for dy; in Eq. 2 (the
first term) could be easily decomposed to each atomic or-
bitals. In other words, dy; could be decomposed to different
components, i.e., nuclear, core, valence, polarization, and dif-
fuse. The analytical calculations of dX/dQ; and IR, /IO
are straightforward.® % On the other hand, for dP/IQ, it
could be also calculated from the couple-perturbed method
analytically. 64.65 However, for the MP2 method, we obtained
it numerically by the central finite difference method®® with
AQ; = £1.0 x 1073, Finally, the projection of all components
along the direction of total du; was calculated. It is noted
that current scheme focuses on the basis set decomposition for
duy, which is different from the methods based on atomic po-
lar tensors. %% In principle, this scheme is in the framework
of Mulliken population analysis 7 and can be easily extended
for the non-resonant Raman intensities. !

3 Results and Discussions

3.1 Dimer

We start our study from W, which is the simplest species of
W,, observed by experiments.® Although there were no exper-
imental IR spectra available for W, we could benefit from its
theoretical IR spectra because they are much simpler than the
other larger W,".

As mentioned before, here we only considered W, at the
MP2 level. Notice that there is a blue shift in frequency in
both the bending and stretching regions when adding extra dif-
fuse functions. The blue shift is also observed for other W,
and also at the B3LYP level. By increasing the number of dif-
fuse functions, the calculated IR spectra nearly converged with
three sets of extra diffuse functions as shown in Fig. 2. To ana-
lyze d ., we select two vibrational modes involving the “free”
water, namely: Vp in the bending region and v; in the stretch-
ing region. In the bending region, the HOH bending mode
(vy) of the “free” water is less mixed with those from other
water molecules. Thus, here, v, represents the v, mode of the
“free” water. On the other hand, in the stretching region, the
mode mixing is significant for the symmetrical OH stretching
modes (v1) of the “free” water. We define v, as the symmet-
rical mixing of the v; modes involving the “free” water. The
other two important modes, labeled as vs’ and v, hereafter, are

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Calculated IR spectra for anionic water dimer at the MP2
level. All calculated spectra were broadened by a Lorentzian
function with a fwhm of 7.5 cm™~!. The values are the corresponding
scale factor for the spectra with respect to the maximum intensity in
the bending region with SO0D, AOOD, and POOD, respectively.

2
@ P
Vp Vg

Fig. 3 Schematic vibrational modes for v and v;.

the anti-symmetrical mixing of v; involving the “free” water
and the non-mixing anti-symmetrical OH stretching mode (v3)
of the “free” water. v, and v; always appear at the lowest band
in the corresponding region and their schematic drawing were
depicted in Fig. 3. It should be noticed that, usually, v, has
less proportion of the “free’” water, while, v, has more propor-
tion. In the bending region of the calculated IR spectra of W,
calculations with all three sets of extra diffuse functions show
that v, is the most intense band. In the stretching region, v;
and v; both have significant intensities, while the contribution
of v, could be negligible.

The detailed analysis of dyy for W3 are listed in Table 2.
The contribution from diffuse functions dominates dy; when
more than two sets are added. Both the outermost and the
second outermost diffuse functions have significant contribu-
tions in dy; with the most diffuse basis sets. On the other

Table 2 Components of dynamic IR dipole moment for anionic
water dimer. N: Nuclear; C: Core basis set; V: Valence basis set; P:
Polarization basis set; D: Diffuse basis set; T: Total.

m,n N C \" P D T
Vb

SmnD

00 -0.49 -0.04 -0.54 -0.26 2.11 0.78

11 -0.11 -0.01

22 0.50 0.05 0.10

33 0.51 0.05 0.10
AmnD

00 050 -0.12 0.65 0.05 0.75 0.82

11 -0.01  0.00 0.03 0.00 0.95 0.96

-0.08 0.05 1.00  0.85
-0.15 594 644
-0.15 549 599

22 050 0.12 -044 -0.02 7.71 7.88
33 051 013 045 -0.02 6.55 6.72
PmnD
00 -0.47 -0.06 042 0.09 0.78 0.76
11 -0.25 -0.03 0.04 0.05 1.02 0.83
22 0.55 0.07 -023 -0.08 4.86 5.18
33 055 0.08 -024 -0.08 4.75 5.07
Vs
SmnD
00 034 003 081 -029 -044 0.45
11 036 0.04 -026 0.01 1.41 1.57
22 045 005 -0.15 0.08 1074 11.16
33 045 005 -0.14 0.08 1121 11.64
AmnD
00 039 0.10 033 -0.11 -0.26 0.44
11 035 009 0.03 -0.15 1.49 1.80
22 045 0.11 0.15 -0.22 1229 12.78
33 046 0.11 0.15 -0.22 12.08 12.59

PmnD

00 024 003 -046 012 039 031

11 032 004 -037 -0.04 1.23 1.19
22 045 006 -039 -0.08 7.93 7.98
33 046 006 -040 -0.08 8.37 8.42

hand, the contribution from diffuse function only has minor
variation. In addition, the calculated VDE at the MP2/S33D
level is 0.018 eV, which confirms that W, is stable. These
results are consistent with the experimental observation® of
W, . Consequently, the MP2 level with the most diffuse basis
sets used here has the ability to describe the extra electron in
W, because the calculated IR spectra almost converged (only
a small variation of v/ shown in Fig. 2). It is nice to see that the
calculated IR spectra with SmnD are similar to their counter-
parts with AmnD shown in Fig. 2 (even the two high frequency
bands in the stretching region are similar). This result is also
consistent with previous theoretical results. 17273 Therefore,
for larger W__ 5, only SmnD and PmnD are used in order to
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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 \Y P D T N C \Y P D T
Vi
SmnD
00 0.00 -0.06 -0.89 0.03 1.38 048 0.00 -0.06 -0.86 0.01 1.31 0.41
11 -0.01 0.08 0.81 -0.18 -0.22 048 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 0.00 000 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 -099 0.20 2.68 1.83
PmnD
00 0.00 -0.09 0.19 0.07 030 047 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 -0.06 030 0.34 0.01 -0.10 0.04 0.07 0.10 0.12
22 -0.01 0.13 -0.02 -0.07 097 1.00 0.00 -0.06 0.00 0.07 1.84 1.85
33 -0.01 0.13 -0.02 -0.07 098 0.98 0.00 0.05 0.03 -0.03 2.64 2.68
Vs
SmnD
00 0.00 001 -0.08 -024 0.62 0.30 0.00 -0.03 -045 -0.14 1.01 0.40
11 -0.01 0.07 073 006 1.10 1.96 -0.01 0.07 0.74 0.08 0.64 1.53
22 -0.01 0.07 075 005 199 2385 0.00 -0.04 -0.15 0.04 3253 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 -0.05 044 -0.09 0.12 0.42
10 -0.01  0.09 -0.27 0.04 090 0.76 0.00 0.08 -0.57 0.06 1.13 0.69
11 -0.01 0.10 -0.24 0.02 155 143 0.00 0.09 -0.64 0.06 1.76 1.26
22 0.00 0.11 -026 0.02 3.00 2.86 0.00 -0.09 032 0.01 5.42 5.66
33 -0.01  0.11 -0.26 0.02 298 2.84 0.00 -0.03 034 -0.06 5.40 5.66

save computational costs. Furthermore, only v;, and v; are an-
alyzed in detail for d i, in the following.

3.2 Trimer

D5 is the smallest W/D,;” for which the experimental IR spec-
trum has been reported. '’ 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 D5 as well as the experimental
results!” 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 v, 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.?*3 On the
other hand, the converged IR spectrum with PmnD overesti-
mates the intensity of v, 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 vy, v/ and v,
from low to high frequency. As compared with the spectra of
W,", v, is more clear in Dy .

The components of dyy for D3 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 du; for the converged results except for the
vV, mode with SmnD. Surprisingly, the dominant component
for v, 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 du. The full convergence of all
components reveals that the electronic structure of the extra
electron in D3 has been adequately described by the MP2
method with two sets of extra diffuse functions. Here the nu-

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Calculated IR spectra for anionic water trimer at the MP2
and B3LYP levels. All calculated spectra were broadened by a
Lorentzian function with a fwhm of 5.0 cm™! in the bending region
and 7.5 cm™! in the stretching region. The frequency scaling factors
are 0.97, 0.975, 0.985, and 1.00 in the bending region for the
MP2/SmnD, MP2/PmnD, B3LYP/SmnD, and B3LYP/PmnD,
respectively. The values are the corresponding scale factor for the
spectra with respect to the maximum intensity of bending and
stretching regions with SOOD and POOD, respectively. The
experimental IR spectrum in the bending region extracted from Ref.
17 was also included for comparison.

clear contributions are all around zero which could be attribute
to the fact that the mass ratio between D and O are close to the
nuclear charge ration between them in D, . Because of all vi-
brations are invariant for the center of mass, in this case, the
magnitude of the nuclear contributions should be around zero.

The calculated relative intensities for D3 at the B3LYP level
do not have any trend of convergence as shown in Fig. 4. It is
interesting to see that, the result at the B3LYP/P10D level is
similar to the converged prediction at the MP2/SmuD level in
the bending region and seems to reproduce the experimental
spectrum reasonably well. However, its large deviation in the
stretching region when compared with the MP2/SmnD result
as well as the unconverged behaviour indicate that such a re-
semblance is merely a coincidence. This case also highlights
the importance of convergence investigation of the present
work. Without convergence, comparison between theoreti-
cal and experimental results can lead to unreliable interpre-
tations. The components of dpy in Table 3 show that the dif-
fuse functions make a dominant contribution at the B3LYP
level. However, their contribution is rather unstable. There-
fore, the variance of the calculated IR spectra could be at-
tributed to the questionable description of the extra electron
in D3 at the B3LYP level, which further confirms the coinci-
dence of the results with P10D. It is noted that, in anionic sys-
tems, the extra electron has a tendency of partial ionization be-
cause of the self-interaction errors associated with the approx-

i

11D -

522D -
+25.4 +29.5 Jl

|
I
&

|
'S
=
n
@
8
bl
&

T
I
&
.
=
=

il
%5@
T

%

.

10D 5 +2.0

e
g
=

3 +2.8

P11D
+16.4 127 A_M

22D

|
[
>

>
.
=
N

1253, +3868.0,

T n
I b
s
I
S
N

33D
1500 1600 1700 1800 2400 2600 2800

1500 1600 1700 1800 2400 2600 2800
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and 7.5 cm™ ! in the stretching region. The frequency scaling factors
are 0.96, 0.96, 1.00, 0.99 in the bending region as well as 0.95, 0.92,
0.97, 0.97 in the stretching region for the MP2/SmnD, MP2/PmnD,
B3LYP/SmnD, and B3LYP/PmnD, respectively. The values are the
corresponding scale factor for the spectra with respect to the
maximum intensity of bending and stretching regions with SOOD
and POOD, respectively. The experimental IR spectra extracted from
Ref. 13 were also included for comparison.

imate DFT functionals.”®7> This situation would be worse for
W/D,, since the electron is just weakly bounded. We have
tested seven more representative DFT functionals for trimer.
They are PBE,”® BPL,””-78 LC-BLYP,”’ M06-2X,% CAM-
B3LYP,3! ©B97XD,% and B2PLYP® functionals. These
functionals contain self-interaction corrected correlation (PL
in BPL),’® different fraction of exact exchange (CAM-
B3LYP, M06-2X, ®B97XD, and B2PLYP),3%83 asymptotic
correction by the range-separated method (CAM-B3LYP,
LC-BLYP, and (x)B97XD),79’81’82 dispersion corrected func-
tional (@B97XD),¥ and the nonlocal perturbative correla-
tions (B2PLYP)®. Calculated results show that the electronic
self-consistent field fails at the M06-2X/S22D level, and geo-
metrical optimizations fail at the PBE/S22D, BPL/S22D, and
B2PLYP/S22D levels. Three range-separated functionals can
give successful results with all SmnD basis sets. However,
the convergence of IR spectra is not reached with the CAM-
B3LYP (see ESIf for details), although it has two extra pa-
rameters for the range-separated algorithm.®' On the other
hand, the calculated IR spectra converged with the LC-BLYP
and @B97XD. We find that the converged IR spectra at the
LC-BLYP level in the bending region are similar with that at
the MP2 level and, in the stretching region, the results from
®wB97XD and MP2 are similar (see ESI{ for details). Nev-
ertheless, we also find that the results from LC-BLYP in the
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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 \Y P D T N C \' P D T
Vb
SmnD
00 -042 -0.04 -480 -1.69 774 0.78 -046 -0.04 -3.80 -1.83 6.77 0.64
11 0.15 001 022 005 043 0.87 -0.29 -0.03 -395 -0091 5.57 0.39

22 0.02 000 -122 -022 222 0.80 -0.57 -0.05 -595 -1.27 1939 11.55
33 0.02 000 -122 -022 222 0.80 -049 -0.04 -550 -1.22 1049 3.24
PmnD
00 -042 -0.06 035 0.09 078 0.74 -044 -0.06 0.15 0.08 0.92 0.64
10 -0.20 -0.03 0.02 0.05 072 0.56 -044 -0.06 0.03 0.08 1.12 0.73
11 025 003 -0.19 -0.03 0.75 0.82 -0.36  -0.05 0.08 0.07 0.83 0.56
22 022 003 -0.18 -0.03 0.75 0.80 -0.50 -0.07 0.18 0.07 1.32 1.01
33 023 003 -0.18 -0.03 0.75 0.80 -0.39 -0.05 0.08 0.06 2297 22.66

Vs
SmnD
00 -0.01 0.06 267 -209 -023 041 0.00 0.04 035 -0.66 0.44 0.17
11 -0.01  0.09 -092 -1.15 478 2.79 -0.01 0.07 -0.85 -1.15 3.53 1.59
22 -0.01  0.09 -0.85 -1.14 468 2.77 0.00 0.05 -040 -0.86 2.56 1.34
33 -0.01  0.09 -0.85 -1.14 468 2.77 0.00 -005 042 0.86 5.99 7.22
PmnD
00 0.00 007 -095 022 0.85 0.18 0.00 -0.07 1.18 -023 -0.78 0.12
10 -0.01 0.12 -1.10 024 220 145 -0.01 0.10 -1.64 0.23 2.23 0.91
11 -0.01 0.12 -1.08 022 298 2.23 -0.01  0.10 -1.65 0.23 2.63 1.31
22 -0.01 0.12 -1.08 022 320 245 0.00 -0.04 090 -0.16 0.78 1.48

33 -0.01  0.12 -1.08 022 320 246 0.00 -0.07 1.16 -0.18 59.14 60.04

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-12 |7
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Fig. 6 Calculated IR spectra for anionic water pentamer at the MP2
and B3LYP levels. All calculated spectra were broadened by a
Lorentzian function with a fwhm of 5.0 cm™! in the bending region
and 7.5 cm ™! in the stretching region. The frequency scaling factors
are 0.96, 0.96, 0.98, 0.99 in the bending region as well as 0.97, 0.93,
0.975, 0.97 in the stretching region for the MP2/SmnD, MP2/PmnD,
B3LYP/SmnD, and B3LYP/PmnD, respectively. The values are the
corresponding scale factor for the spectra with respect to the
maximum intensity of bending and stretching regions with SOOD
and POOD, respectively. The experimental IR spectra extracted from
Ref. 13 were also included for comparison.

stretching region and @B97XD in the bending region are dif-
ferent from the corresponding MP2 results (see ESIT for de-
tails). These results highlight the role of the self-interaction
errors for W/D,, and encourage us to find the suitable func-
tionals for current systems, which would be our future work.

3.3 Tetramer, Pentamer, and Hexamer

There were high experimental resolution IR spectra for W,_ .

in the bending region and D, . in the stretching region. 13

Here we present our calculation results.

The calculated IR spectra of W, in the bending region and
D, in the stretching region were depicted in Fig. 5. At the
MP2 level, the relative IR intensities show convergence when
only one extra diffuse function was added. The band assign-
ment for SmnD and PmnD is the same. Specifically, in the
bending region of the converged IR spectra, the first band is
vy, as discussed before. The second band, i.e. the most in-
tense band, belongs to v, of the two water molecules con-
nected with the “free” water (see Fig. 1 for the details). There
are two almost degenerate vibrational modes and the one with
slightly higher frequency is much intense than the lower one
because of the concerted v»> motion of these water molecules.
The third band belongs to v, of the water molecule that is the
farthest from the extra electron. In the stretching region, there

1500 1600 1700 1800 2400 2600 2800 1500 1600 1700 1800 2400 2600 2800

Fig. 7 Calculated IR spectra for anionic water hexamer at the MP2
and B3LYP levels. All calculated spectra were broadened by a
Lorentzian function with a fwhm of 5.0 cm™! in the bending region
and 7.5 cm™ ! in the stretching region. The frequency scaling factors
are 0.96, 0.96, 0.98, 0.99 in the bending region as well as 0.97, 0.93,
0.97, 0.97 in the stretching region for the MP2/SmnD, MP2/PmnD,
B3LYP/SmnD, and B3LYP/PmnD, respectively. The values are the
corresponding scale factor for the spectra with respect to the
maximum intensity of bending and stretching regions with SOOD
and POOD, respectively. The experimental IR spectra extracted from
Ref. 13 were also included for comparison.

are two bands. The lower band is vy and the higher band is v,.
Here, the intensity of v/ is suppressed because of the cancella-
tion from the v; motion. The present assignment is consistent
with that in Ref. 13. Although the calculated IR spectra with
PmnD show splittings in the main band in the bending region,
there is no splitting of v, in the stretching region. Thus, the
two splitting bands observed in experiments would probably
be attributed to some other isoenergetic conformers of W/D".
This has also been addressed in the previous investigations for
VDEs. +3-84

The detailed components of dyy for W/D, were listed in
Table 4. Although the relative intensities are converged when
only one extra diffuse function was added, the absolute value
of du; converges apparently after two sets of extra diffuse
function were added. The largest absolute contribution comes
from the second outermost s diffuse functions of H and O,
which is consistent with the convergence of components of
duy. Except diffuse functions, other terms also have signifi-
cant contribution to dyy. For instance, the valence functions
have negative contribution to the v;, with SmnD and v, with
PmnD, while, both valence and polarization functions con-
tribute to the vy with SmnD. Here we also noticed that the
nuclear component for v;, with SmnD is almost perpendicular
to the total duy, while with PmnD, it is not.

At the B3LYP level, we find that, with S11D, P10D, and
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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 \Y P D T N C \Y P D T
Vi
SmnD
00 -046 -0.04 -3.74 -2.15 7.08 0.69 -0.51 -0.04 -2.63 -2.10 5.84 0.56
11 0.12 001 -021 -0.19 096 0.71 -0.33 -0.03 -4.61 -0.93 6.36 0.46
22 0.02 000 -148 -0.39 250 0.65 -0.53 -0.05 -572 -1.03 10.83 3.51
33 0.02 000 -149 -0.39 251 0.64 -0.39 -0.03 -3.46 -0.63 9.18 4.67
PmnD
00 -049 -0.07 0.18 0.11 091 0.65 -0.52 -0.07 -0.11 0.10 1.14 0.53
10 -024 -0.03 0.14 005 073 0.64 -049 -0.07 0.04 0.09 1.07 0.65
11 021 003 001 -004 050 0.70 -0.39 -0.05 0.09 0.07 0.73 0.44
22 0.15 002 003 -0.03 048 0.66 056 0.08 -0.05 -0.10 6.24 6.73
33 0.15 002 003 -0.03 049 0.66 -0.26 -0.04 0.11 0.05 59.35 59.21
Vs
SmnD
00 000 000 135 -047 -0.16 0.73 0.00 -0.02 -0.01 0.02 0.99 0.98
11 0.00 004 139 -0.10 0.70 2.01 0.00 0.03 085 0.02 0.71 1.61
22 000 004 142 -0.11 0.62 197 0.00 -0.05 -029 0.25 6.48 6.40
33 0.00 004 142 -0.11 0.62 197 0.00 -0.04 -1.17 0.04 10.22 9.05
PmnD
00 0.00 000 -0.74 0.12 1.18 0.56 0.00 -0.05 0.04 -0.01 0.93 0.91
10 0.00 004 -070 0.18 1.77 1.29 0.00 002 -0.89 0.17 1.94 1.24
11 0.00 006 -090 0.19 252 1.86 0.00 0.05 -123 020 2.50 1.52
22 0.00 006 -090 0.19 257 192 0.01 -0.10 138 -0.21 42.27 43.36
33 0.00 006 -090 0.19 257 192 0.00 -0.08 049 -0.03 13398 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 dy; 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,, even though correct, was
based on the unconverged calculation results. '>** The exper-
imental and theoretical IR spectra are in agreement with each
other merely by coincidence.

The calculated IR spectra for W/D;G 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, . 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 D3, these bands are assigned to vy, v/ and v, from low
to high frequency, respectively. The calculated relative inten-
sities of vy and v, are comparable to the experimental results.
However, the intensity of Vv, is significantly overestimated by
the MP2 method.

The components of d i for W/Ds ¢ 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 duy. For v, 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 vg, 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 v, is lower

This journal is © The Royal Society of Chemistry [year]
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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 \Y P D T N C \Y P D T
Vi
SmnD
00 -048 -0.04 -390 -144 6.56 0.70 -0.52 -0.05 -2.31 -1.50 4.97 0.60
11 -0.19 -0.02 -3.61 -0.66 492 045 -0.51 -0.04 -5.03 -1.17 7.27 0.51
22 -0.27 -0.02 -435 -0.78 5.88 0.46 -0.08 -0.01 -1.39 -0.34 3.93 2.11
33 -0.27 -0.02 -435 -078 5.88 0.46 -043 -0.04 -347 -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 0.07 070 047 -0.55 -0.08 -0.12 0.11 1.26 0.62
11 0.06 001 004 -0.02 037 045 -0.54 -0.07 -0.08 0.10 1.08 0.49
22 -0.03 0.00 0.06 000 040 043 -0.04 -0.01 -0.06 0.01 8.95 8.85
33 -0.03 0.00 0.07 0.00 040 043 -0.58 -0.08 0.00 0.11 32.11 31.55
Vs
SmnD
00 0.00 002 201 -0.55 -0.78 0.70 0.00 -0.01 044 -0.07 0.39 0.75
11 000 004 18 -022 0.12 1.82 0.00 004 134 -0.10 0.10 1.37
22 0.00 004 193 -022 0.04 1.79 0.00 0.00 -092 -0.16 6.25 5.18
33 0.00 004 193 -022 0.04 1.79 0.00 -0.05 -0.73 0.35 8.17 7.74
PmnD
00 0.00 002 -1.04 0.17 134 049 0.00 -0.04 -0.12 0.01 0.81 0.67
10 0.00 006 -1.02 024 197 1.26 000 004 -135 024 2.14 1.07
11 0.00 007 -1.17 025 260 1.74 0.00 0.06 -1.61 0.27 2.60 1.31
22 0.00 007 -1.17 025 260 1.75 0.00 -0.03 0.83 -0.15 3.64 4.29
33 0.00 007 -1.17 025 260 1.75 0.01 -0.11 1.76  -0.26 14.51 1591

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 d; and be-
come larger and larger. This result reveals that B3LYP has a
questionable description of the extra electron in W/D;6.

4 Conclusions

In this work, we have examined the convergence of calcu-
lated IR spectra for W/D,_ . 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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