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a b s t r a c t

Rovibrational transition energies of the centrifugally distorted oscillator for the manifold of the HCl iso-
topomers are computed by means of an efficient variational–numerical method. The starting points are
the potential energy surface determined using highly correlated ab initio calculations (RCCSD(T),
MRCI+Q) and the aug-cc-pV6Z and the aug-cc-pCV5Z basis sets. From these data, it is shown how to cal-
culate the mechanical and spectroscopic parameters corresponding to the ground electronic state of the
diatomic molecule as well as the coefficients for the Dunham expansion. The relevance of the electronic
correlation for an accurate description of the system and the effect of the core correlation are also
discussed.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

In the previous work [1–3] we had shown how, by means of a
variational–numerical solution of the Schrödinger equation [1],
the set of rovibrational transitions of a centrifugally distorted dia-
tomic oscillator, can be obtained efficiently. We applied the meth-
odology to CH+ [2] and CF+ [3]. The starting point was the
theoretical potential energy surface (PES) of the non-rotating oscil-
lator calculated by an appropriate accurate ab initio method. Since
the numerical solution of the corresponding Schrödinger equation
is exact, it was pointed out then that the quality of the results
strongly depend on the quality of the PES, which is expected to
reproduce the real potential curve over a wide range of internu-
clear distances. In this work, the mechanical and spectroscopic
parameters of various isotopomers of HCl obtained using different
ab initio procedures are compared. HCl represents a species suit-
able for testing methodology [4–7], because it is a well-character-
ized molecule for which previous experimental and theoretical
works are available [8–26]. Furthermore, the growing interest on
the role of molecules containing halogen elements in the interstel-
lar chemistry is motivating new spectroscopic studies [8].
ll rights reserved.
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The potential energy surface of HCl is computed using highly
correlated mono- and multi-configurational ab initio methods to
evaluate the effect of static and dynamic correlations, because
static correlation can play an important job in the long range re-
gions. Thus, we used RCCSD(T) (partially spin-restricted open
shell couple cluster theory with triple corrections) [27–29] and
MRCI+Q (multi-configuration reference internally contracted con-
figuration interaction + Davidson correction) [30,31] methods
implemented in MOLPRO [32]. The RCCSD(T) calculations have
been performed defining two sets of core orbitals, one containing
five orbitals (1s2s2p of Cl) and one containing the 1s orbital. The
employed basis sets have been the correlation consistent aug-cc-
pV6Z basis for molecular valence correlation effects and the corre-
lation consistent aug-cc-pCV5Z basis for molecular core–valence
correlation effects [33], respectively. For MRCI, the active space
has been defined with all the valence orbitals; five orbitals of
Cl were optimized in spite of the fact that they have been double
occupied in all the configurations. For this selection, we have ta-
ken into consideration the previous experience in the treatment
of third row atoms [34], and the previous experience in the stud-
ies of the basis set enlargement effect on vibrational problems
[35,36].

In all these cases, the equilibrium distances and dissociation
energies were taken as an initial test of the quality of the calcula-
tions, nevertheless, these two parameters are not very significant
since to obtain the correct vibrational energy level manifold one
has to have the correct curvature of the PES along the complete
rank of internuclear distances and the position of the minimum
is irrelevant.
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Table 1
Equilibrium bond distance Re, total electronic energies E and anharmonic fundamen-
tals ve of HCl calculated with various ab initio methods.

Re (Å) E (au) ve (cm�1)

MRCI+Q/aug-cc-pV6Z 1.2727 �460.437687 2906.01
RCCSD(T)/aug-cc-pV6Z 1.2758 �460.374383 2888.62
RCCSD(T)/aug-cc-pCV5Z 1.2737 �460.722362 2893.92

Previous works
NIST (a) 1.274545
Fitting previous data (b) 1.2746
Fitting previous data (c) 1.274572
CEPA/GTO (d) 1.278
MRD-CI+Q/DZP (e) 1.277

(a) Ref. [7] – NIST base data; (b) Ref. [16]; (c) Ref. [17]; (d) Ref. [18]; (e) Ref. [21].
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The employed numerical procedure for diatomics allows us to
avoid the analytical fit of surface that may be arduous for many
polyatomic molecules.

2. Theoretical method

Briefly, we solve, by numerical integration, Eq. (1) for arbitrary
values E* of the energy

�1
2

d2Wðr; E�Þ
dr2 þ VðrÞ þ �h2JðJ þ 1Þ

lr2

" #
Wðr; E�Þ ¼ EWðr; E�Þ ð1Þ

where V(r) is the ab initio PES for the non-rotating oscillator. As it
was shown [1,2], eigenvalues are found taking into consideration
that the zeros of the function

W½Wðx; E�Þ� ¼
1
2

R
fW’ðx; E�Þg2dxþ

R
VðxÞfWðx; E�Þg2dxR

fWðx; E�Þg2dx
� E� ð2Þ

are the exact solutions of the Schrödinger equation.
The vibrational fEv ;Jg energies, which are the eigenvalues of Eq.

(1), are obtained for J = 0, 1, 2, 3, . . . Next, the rovibrational transi-
tions that fulfill the required selection rules, namely, Dv = ±1 and
DJ = 0, ±1, are then computed subtracting the appropriate rovib-
ronic energy values. The band center will correspond to
v ¼ 0! v ¼ 1 and DJ = 0 transition.

Following Dunham’ semiclassical treatment for the conven-
tional perturbational approach to the determination of diatomic
molecule rotation–vibration energies, the levels are expanded in
the power series [37] and represented as

Ev;J ¼
X

ðl;mÞ–ð0;0Þ
Yl;m v þ 1

2

� �l

½JðJ þ 1Þ�m ð3Þ

where the Dunham’s expansion coefficients Yl,m are constant and
Y0,0 represents the electronic energy. Following Refs. [2,3] energy
levels for the various isotopomers are written as:

Ea
v;Jðv ; JÞ ¼

X
ði;LÞ–ð0;0Þ

Y ð0Þi;L
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la

� �Lþ i
2
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2
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where the superscript a refers to one isotopomer different than the
most abundant H35Cl, whose reduced mass is taken as l(0). In the
same reference, an additional expression to account for Born–
Oppenheimer breakdown correction is also included.

In this work, the Dunham’s coefficients for all the isotopomers
are calculated independently by introducing the appropriate re-
duced mass la of each a-isotopomer in Eq. (1). Also, if non-adia-
batic calculations are needed, they should be included as part of
the ab initio determination of the PES and the consequences should
be reflected in the shape and curvature of this function.

By the procedure described above, we have computed vibra-
tional energy levels EvJ for different values of the vibrational quan-
tum number (v = 0, 1, 2, . . . 8) by solving Eq. (1) for values of the
rotational quantum number up to J = 9. This has been done using
the PES computed with various theoretical ab initio methods.

There are two different ways to compute the Dunham’s coeffi-
cients; in both, the starting point is a least square fitting, in one
of the quantum numbers, of the manifold of energy levels keeping
constant the other one. If we choose to keep v = constant and use J
as fitting variable and fit to the function

P
LCvL½JðJ þ 1Þ�L; then Eq.

(5) follows

EvJ ¼
X

L

CvL½JðJ þ 1Þ�L ¼
X

L

X
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2

� �i
 !
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We then obtain sets of fitting coefficients fCvLgv with v = 0, 1, 2, . . .

and J = 0, 1, 2, . . . These coefficients are readily identified with the
familiar expansion [38] for rotational energies

Eðv ; JÞ ¼ Eð0Þv þ Bv JðJ þ 1Þ þ Dv J2ðJ þ 1Þ2 þ Hv J3ðJ þ 1Þ3

þ Lv J4ðJ þ 1Þ4 þ � � �

However, if we choose to keep J = constant and use v as fitting
variable
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we obtain the expansion for vibrational anharmonicity

EvJ ¼ E0J þ ðxeÞJ v þ 1
2
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þ ðxexeÞJ v þ 1

2

� �2

þ ðxeyeÞJ v þ 1
2

� �3

þ ðXÞJ v þ 1
2

� �4

þ � � �

In view of Eq. (5), we may solve the systems of equations to
compute the Dunham’s coefficients YiL;

X
i

Y iL v þ 1
2

� �i
 !

¼ CvL ð7Þ

obtaining together all the coefficients corresponding to the values of
v and L supplied as input. For example, for L = 2, we obtain the sys-
tem of equations
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whose solution yields the set fYi2g; i ¼ 1;2; . . . of Dunham’s
coefficients.

Nevertheless, the simplest way is to make a second least square
fitting, with v as fitting variable, and fit the CvL coefficients to the
function ð

P
iY iLðv þ 1

2 Þ
iÞ: The fitting coefficients thus obtained are

directly identified with those of the Dunham’s expansion.

3. Results and discussion

In Table 1, the equilibrium bond distances and the fundamental
anharmonic frequencies calculated with MRCI+Q/aug-cc-pV6Z,
RCCSD(T)/core{5}/aug-cc-pV6Z {core,5} and RCCSD(T)/aug-cc-
pCV5Z {core,1} are shown. The corresponding equilibrium bond
lengths have been evaluated to be 1.2727, 1.2758 and 1.2737 Å
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Fig. 1. Potential energy surfaces [cm�1] calculated with RCCSD(T)/aug-cc-pV6Z (A),
RCCSD(T)/aug-cc-pCV5Z (B) and MRCI/cc-pV6Z (C).

Table 2
Rovibrational energy levels [cm�1] calculated from the RCCSD(T)/aug-cc-pV6Z
potential energy surface.

v J H35Cl D35Cl T35Cl H37Cl D37Cl T37Cl

1 0 2888.62 2092.70 1740.73 2886.51 2089.69 1737.08
2 0 5675.51 4132.69 3445.15 5671.44 4126.83 3438.00
3 0 8361.40 6120.62 5113.74 8355.52 6112.05 5103.24
4 0 10945.45 8056.61 6746.69 10937.92 8045.49 6733.00
5 0 13426.30 9940.39 8344.02 13417.28 9926.88 8327.28
0 1 21.63 11.17 7.677 21.59 11.14 7.64
1 1 2909.59 2103.63 1748.27 2907.44 2100.59 1744.59
2 1 5695.82 4143.38 3452.56 5691.71 4137.48 3445.38
3 1 8381.00 6131.06 5121.00 8375.09 6122.46 5110.47
4 1 10964.30 8066.80 6753.82 10956.75 8055.65 6740.09
0 2 64.86 33.51 23.03 64.76 33.41 22.93
1 2 2951.52 2125.49 1763.35 2949.31 2122.38 1756.96
2 2 5736.41 4164.75 3467.36 5732.25 4158.80 3460.12
3 2 8420.20 6151.94 5135.53 8414.23 6143.28 5124.94
0 3 129.68 67.01 46.05 129.48 66.82 45.86
1 3 3014.37 2158.26 1785.96 3012.07 2155.07 1782.12
2 3 5797.26 4196.81 3489.56 5793.01 4190.76 3482.23
3 3 8478.95 6183.25 5157.32 8472.90 6174.50 5146.64
0 4 216.04 111.66 76.74 215.71 111.33 76.42
1 4 3098.11 2201.95 1816.10 3095.69 2198.63 1812.13
ZPVE 1415.93 998.22 815.81 1414.81 996.66 813.75
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comparable with the experimental one of 1.274545 Å collected by
the NIST base data [7]. Previous theoretical works provide 1.2746 Å
[16] and 1.274571 Å [17], values obtained by taking into consider-
ation the breakdown of the Born–Oppenheimer approximation and
the isotopic effects.

The potential energy surfaces for the X1R+ ground electronic
state of HCl have been generated as a function of the internuclear
distance r from the electronic energies of a grid of internuclear dis-
tances ranging from r = 0.75 [Å] to r = 5 [Å] with a spacing of
Dr = 0.05 [Å]. In Fig 1, the three potential energy surfaces, the
monoreferential RCCSD(T)/aug-cc-pV6Z {core,5} (A curve), the
RCCSD(T)/aug-cc-pCV5Z {core,1} (B curve) and the multireferential
MRCI+Q/aug-cc-pV6Z (C curve), are compared. As was expected,
the three surfaces are coincident in the depth region but diverge
for large bond distances because the different electronic configura-
tion weights in the wave function vary with the enlargement of the
Table 3
Dunham’s YiL [cm�1] coefficients calculated from the RCCSD(T)/aug-cc-pV6Z potential ene

i L H35Cl D35Cl T35C

1 0 2992.878 2146.239 177
2 0 �53.278 �27.331 �18
3 0 0.88691 0.29913 0.16
4 0 �0.13145 �0.02760 �0.0
5 0 0.01134 0.00104 0.00
0 1 10.97691 5.64607 3.87
1 1 �0.32931 �0.12004 �0.0
2 1 5.59e�3 5.34e�4 1.82
3 1 �3.46e�3 �6.66e�4 �1.
4 1 7.43e�4 2.6e�4 4.37
0 2 5.0e�6 1.57e�4 1.4e
1 2 1.31e�3 �7.78e�4 �1.
2 2 5.8e�3 4.84e�4 �1.
3 2 6.4e�5 �6.9e�5 1.08
0 3 �1.04e�4 �4.6e�5 �1.
1 3 2.54e�4 1.19e�4 3.9e
2 3 �1.57e�4 �8.1e�5 �2.
3 3 3.2e�5 2.0e�5 1.0e
0 4 7.0e�6 3.0e�6 1.0e
1 4 �1.8e�5 �7.0e�6 �3.
bond length. The dissociation energy calculated with MRCI/cc-
pV6Z, expected to be more accurate for the asymptotes, is
4.69 eV, which compares well to the previous value of 4.6 eV
[21]. The MRCI dipole moment is 1.1393 D whereas it has been
evaluated to be 1.1085 D through the electric resonance spectra
[14].

As can be expected, fundamental frequencies calculated with
the three potential energy surfaces differ in less than a 0.4%. All
the employed ab initio methods are highly correlated ones and de-
scribe well the depth region in which static correlation does not
play an important roll. The size-consistent RCCSD(T) method and
the largest basis set provide the most accurate results for the Dun-
ham’s coefficients. The effect of the core correlation appears to be
less important. To summarize the results, the lowest rovibrational
energies calculated with the most accurate surface (RCCSD(T)/aug-
cc-pV6Z) are shown in Table 2.

In Table 3, the Dunham’s coefficients of six isotopomers calcu-
lated from the RCCSD(T)/aug-cc-pV6Z {core,5} surface are shown.
Calculated rovibrational levels up to v = 20 and J = 9 were included
in the least square fitting (R2 = 1.0 and r = 0.1). Table 4 displays the
rgy surface.

l H37Cl D37Cl T37Cl

1.556 2990.606 2143.348 1773.896
.730 �53.193 �27.246 �18.641
418 0.88220 0.29531 0.15789
1146 �0.13020 �0.02669 �0.00971
017 0.01116 0.00091 �0.00012
303 10.96213 5.62789 3.85472
6954 �0.33124 �0.11395 �0.06233
e�3 3.86e�3 �6.20e�3 �7.05e�3

25e�3 5.9e�4 3.14e�3 4.14e�3
e�4 �4.15e�4 �8.7e�4 �1.28e�3
�5 �1.29e�3 4.38e�4 1.22e�4

68e�4 1.67e�3 �1.81e�3 �1.03e�3
1e�5 �9.22e�4 1.73e�3 1.22e�3
e�4 1.26e�4 �7.78e�4 �6.75e�4

6e�4 1.10e�4 �6.2e�5 �1.8e�4
�4 �2.66e�4 1.77e�4 6.5e�5

2e�4 1.59e�4 �1.56e�4 �7.5e�5
�6 �3.0e�5 6.4e�5 3.9e�5
�6 �8.0e�6 3.0e�6 1.0e�6

0e�6 1.8e�5 �8.0e�6 �2.0e�6
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more significant spectroscopic parameters for six different isotop-
omers H35Cl, D35Cl, T35Cl, H37Cl, D37Cl and T37Cl, the harmonic fre-
quencies xe, the xexe anharmonic contributions, the equilibrium
rotational constants Be, the centrifugal distortion constants De

and the a rovibrational constants, calculated from the three ab ini-
tio methods cited above. We compare our calculated parameters
with the previous experimental data. As HCl is a well-characterized
molecule, experimental parameters for the more abundant isotop-
omers are tabulated from many years ago [4–7]. As previous stud-
ies are numerous, we have restricted the experimental data
collected in Table 4 to the NIST base data [7] and the more recent
papers.

The energies of Eq. (3) thus the Dunham’s coefficients were car-
ried out only up to J = 4 and v = 5, this was done so because
although the first parameters Y10, Y02, Y01 and Y11 (see Table 4)
are in a very good agreement with the experimental data, the accu-
Table 4
Significant molecular constants [cm�1] determined by various ab initio methods. Calculate

xe (Y10) xexe (�Y20)

H35Cl
MRCI+Q/aug-cc-pV6Z 3009.574 52.998
RCCSD(T)/aug-cc-pV6Z 2992.877 53.278
RCCSD(T)/aug-cc-pCV5Z 2999.158 53.832

Previous works [Ref.] (method)
NIST (a) 2990.946 52.8186
FTIR (b) 2990.925 52.8000
Fit. prev. data (c) 2960.320 51.7020
CEPA/GTO (d) 3034.0 50.1
CEPA/GTO (d) 2977.2 53.2
Rota. emiss. spec. (e) 2991.000

D35Cl
MRCI+Q/aug-cc-pV6Z 2158.510 27.209
RCCSD(T)/aug-cc-pV6Z 2146.518 27.331
RCCSD(T)/aug-cc-pCV5Z 2151.952 27.610

Previous works [Ref.] (method)
Fourier spectra (f) 2145.152 27.1736
FTIR (b) 2145.133 27.1593

T35Cl
MRCI+Q/aug-cc-pV6Z 1787.653 18.660
RCCSD(T)/aug-cc-pV6Z 1777.713 18.730
RCCSD(T)/aug-cc-pCV5Z 1781.428 18.921

Previous works [Ref.] (method)
Fourier spectra (f) 1776.588 18.6407

H37Cl
MRCI+Q/aug-cc-pV6Z 3007.296 52.924
RCCSD(T)/aug-cc-pV6Z 2990.605 53.193
RCCSD(T)/aug-cc-pCV5Z 2996.889 53.760

Previous works [Ref.] (method)
Fourier spectra (f) 2988.7033 52.7569
IR emission (g) 2988.6707 52.7199
FTIR (b) 2988.6603 52.7200

D37Cl
MRCI+Q/aug-cc-pV6Z 2155.324 27.127
RCCSD(T)/aug-cc-pV6Z 2143.348 27.246
RCCSD(T)/aug-cc-pCV5Z 2147.838 27.531

Previous works [Ref.] (method)
Fourier spectra (f) 2142.032 27.1143
FTIR (b) 2141.9744 27.0793

T37Cl
MRCI+Q/aug-cc-pV6Z 1783.816 18.574
RCCSD(T)/aug-cc-pV6Z 1773.896 18.641
RCCSD(T)/aug-cc-pCV5Z 1777.603 18.831

Previous works [Ref.] (method)
Fourier spectra (f) 1772.7743 18.5607

(a) Ref. [7] – NIST base data; (b) Ref. [22]; (c) Ref. [24]; (d) Ref. [18]; (e) Ref. [26]; (f) Re
racy decreases with the energy. These results clearly show that
even though the PES in the neighborhood of the minimum is rea-
sonably well represented, these methods fail to represent correctly
the potential curve in the whole range of the internuclear dis-
tances. In this work we intended to point out this behavior. We
used the energy values for the integration procedure as they came
out of the ab initio calculation and the method of computing eigen-
values is very sensitive to it.

The calculation for all the isotopomers compares well with the
experimental data than that for H35Cl.
4. Conclusions

In this paper, the HCl isotopomers Dunham’s coefficients are
calculated with a numerical variational procedure from three po-
d parameters are compared with the previous work data.

Be (Y01) De (�Y02) a (�Y11)

10.197 1.72e�4 0.29760
10.977 5.00e�6 0.32931
10.18134 4.87e�4 0.29729

10.59341 5.3194e�4 0.30718
10.59330 5.3164e�4 0.30700
10.37639 5.0994e�4 0.29754
10.62 0.297
10.74 0.309
10.593

5.24590 2.56e�4 0.11024
5.64607 1.57e�4 0.12014
5.23668 5.19e�4 0.10888

5.44881 1.4049e�4 0.11330
5.44878 1.4063e�4 0.11322

3.59958 1.26e�4 0.06902
3.87303 1.40e�5 0.06954
3.59197 2.97e�4 0.06192

3.73721 6.6163e�5 0.06434

10.18166 2.42e�4 0.29873
10.96213 1.29e�3 0.33124
10.16500 2.62e�4 0.29597

10.57734 5.2975e�4 0.30651
10.57724 5.2995e�4 0.30622
10.57726 5.3006e�4 0.30630

5.22840 4.98e�4 0.10451
5.62789 4.38e�4 0.11395
5.22552 1.19e�3 0.11945

5.43280 1.3966e�4 0.11280
5.43275 1.3980e�4 0.11274

3.58206 5.10e�4 0.06200
3.85472 2.11e�4 0.06233
3.57537 3.92e�4 0.05688

3.72118 6.5596e�5 0.06392

f. [19]; (g) Ref. [20].
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tential energy surfaces determined using highly correlated ab initio
methods. The results for a well-characterized molecule, that is, HCl,
are accurate enough to be confident with the employed methodol-
ogy for further use in more sophisticate systems. The numerical
procedure allows us to avoid the analytical fit of surface that
may be arduous for many molecules. RCCSD(T) and MRCI calcula-
tions describe well the depth regions of the potential although the
size-consistent RCCSD(T) method provides the best spectroscopic
parameters. Both surfaces diverge in the large range region.
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