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Abstract

Thirteen rotational transitions of the doubly deuterated isotopic species of water,
D,'%0, have been recorded in the millimeter- and submillimeter-wave region. The
Lamb-dip technique has been used to resolve the hyperfine structure due to deu-
terium quadrupole coupling, due to spin-rotation as well as dipolar spin-spin inter-
actions, thus enabling the determination of the corresponding hyperfine parameters
to a good accuracy. The experimental investigation has been assisted by high-level
quantum-chemical calculations of the hyperfine parameters.

Key words: DsO, rotational spectrum, hyperfine structure, Lamb-dip
spectroscopy, quantum-chemical calculations

1 Introduction

Water is a molecule of great importance in many areas of science. From a
spectroscopic point of view, water vapor is an important constituent of the
terrestrial atmosphere and plays a central role in the absorption of microwave
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as well as infrared radiation of the atmosphere [1-3]. In addition, it is of as-
trophysical relevance as corresponding infrared and/or microwave transitions
have been observed in sunspots [4], in the atmosphere of an extrasolar planet
[5], and in the interstellar medium [6]. Although water and its isotopic species
have been the subject of many experimental as well as theoretical investiga-
tions, its spectroscopic characterization is still incomplete. Strong centrifugal-
distortion effects significantly affect the water spectra and hamper both the
experimental determination of the spectroscopic parameters required to accu-
rately reproduce all the observed transitions and to accurately predict those
not measured [7-9] as well as the theoretical evaluation of rotational and vi-
brational frequencies [10].

Focusing in the following on the doubly deuterated species, D5¢0O, it should
be noted that, although the rotational spectrum has been extensively inves-
tigated in selected frequency regions from 10 GHz up to 2.7 THz [9], to the
best of our knowledge, no investigations have been reported with respect to
its hyperfine structure in the millimeter- and submillimeter-wave ranges. For
this reason, the Lamb-dip technique has been used in the present study to
resolve the hyperfine structure of the rotational spectra as well as to provide
transition frequencies with an accuracy of one order of magnitude, or even
more, better than the standard techniques. The hyperfine structure of H5O,
HDO and D50 has been investigated in the sixties by means of beam maser
spectroscopy [11-14], but only incomplete information on the corresponding
hyperfine parameters could be derived. Later on, in 1991, molecular beam
electric resonance (MBER) measurements on the J = 1, ; and 1;, rotational
states provided values for the diagonal elements of the deuterium quadrupole-
coupling tensor as well as for various combinations of the diagonal deuterium
spin-rotation constants [15].

The present paper is organized as follows. In the next section the experimental
details are described. Thereafter, as the experimental investigation has been
supported by quantum-chemical calculations, all computational details are
provided. Finally, the results concerning the hyperfine parameters are reported
and discussed.

2 Experiment

2.1 Spin statistics

According to Bose-Einstein statistics, the presence of two equivalent deuterium
nuclei leads to the existence of ortho and para species. As the deuterium
nuclear spin, Ip, is equal to 1, the total nuclear spin due to the coupling of
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1
2
2 two deuterium spins, Ip s+ = Ip, + Ip,, can take the values 2, 1 and 0. The
5 states with Ip 4 equal to 2 or O correspond to ortho-D,O, whereas the species
6 with Ip 4 equal to 1 is known as para-D,O. Making use of the asymmetric-top
7 notation, Jg, k., the ortho transitions are those for which the sum K, + K.
g is even, whereas the para ones are those for which this sum is odd.
12 For both para- and ortho-D,O, with the exception of the case Ip o, = 0, the
12 hyperfine structure (hfs) in the rotational spectrum is due to the interactions
13 between the deuterium quadrupole moments ) and the electric-field gradients
E’ at the corresponding nuclei, interactions between the rotational angular mo-
16 mentum and the deuterium nuclear spin, and interactions between the nuclear
17 spin momenta themselves. For both species, the various hyperfine components
18 result from the AF=0,£1 selection rules, where F' is the hyperfine quantum
leg number due to the coupling scheme F' = J + [,,;. To a generic I’ «— F' tran-
21 sition corresponds only the Ip = 1 < 1 transition in the case of para-D50O,
22 while the three cases Ip = 2 «— 2,2 «— 0 and 0 «<— 0 apply to the ortho species.
23
24 In the present study, seven ortho and six para rotational transitions have been
gg recorded as described below. The former are J = 694 < 717, 551 < 642, 515
27 — 499, Tag « 651, D24 < 431, Tr1 < 82, 211 + 20,2, While the latter are J
gg = 61,6 < D23, 41,4 < 32,1, 950 < 643, 119 < 1o, 725 < 818, and 77 < 8 3.
30 Figures 1 and 2 provide examples for the ortho and para transitions, thereby
g; displaying the hyperfine structure of the J = 2, ; « 29, and J = 11 « 1o
33 rotational transitions, respectively. They furthermore demonstrate the reso-
34 lution that can be achieved by our experimental set up. In both figures the
35 experimental spectra are furthermore compared to the calculated (frequency-
g? modulated as well as stick) spectra, which will be commented on later in the
38 text.
39
40
41
42 2.2 FExperimental details
43
44
jg Lamb-dip measurements have been performed employing a frequency-modulated,
47 computer-controlled spectrometer in conjunction with a conventional free-
48 space cell, as shown in Ref. [16]. To increase the sensitivity of the spectrometer
49 as well as the Lamb-dip effect, the radiation path has been doubled [17]. A
22 detailed description of the spectrometer is given in Ref. [18], whereas our ex-
52 perimental set up for performing sub-Doppler resolution spectroscopy has been
53 described in previous papers (see, for example, Refs. [19-21]). Therefore, we
54 only report the main details that are of relevance for the present investigation.
gg The millimeter- and submillimeter-wave sources employed are either frequency
57 multipliers driven by Gunn-diode oscillators or Gunn diodes themselves, and
58 the 90-400 GHz frequency range has been considered. The frequency modu-
59
60
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lation is obtained by sine-wave modulating the 75 MHz local oscillator of the
synchronization loop at 1.666 kHz. A liquid He-cooled InSb detector has been
used, and its output has been processed by means of a Lock-in amplifier tuned
at twice the modulation frequency. This leads, to a good approximation, to
the recording of the second derivative of the natural line profile.

Measurements have been carried out at pressures of 0.5 mTorr, or even lower,
employing a commercial sample of D,O. Such low values of working pressure
have been chosen to minimize the dip widths as much as possible in order
to improve the resolution and in order to avoid pressure frequency shifts. In
addition, the source power has been adequately reduced to have narrow and
non-distorted dips. The modulation depth used has been adjusted in the 8-20
kHz range according to the experimental conditions and the transition under
consideration. All measurements have been carried out at room temperature.

2.3  Analysis of the Spectra

As it is evident from Figures 1 and 2, a large number of lines are actually
responsible for the observed features. We note that, in addition to the hy-
perfine (hf) components, crossing resonances, the so-called ghost transitions
(also known as crossover resonances or simply crossovers), are present. This
effect is due to the saturation of overlapping Gaussian profiles of two or more
transitions with a common rotational energy level [22,23]. As already noted in
previous investigations (see, for example, Refs. [19,20,24]), a line-profile anal-
ysis is necessary for correctly retrieving the hf component frequencies [16];
this implies that ghost transitions must be taken into account in such an
analysis. Since a detailed description of the applied procedure has been given
in Ref. [24], we only remind the reader that it is necessary to make a pre-
diction of the spectrum containing only the hf components (real spectrum),
of the spectrum containing only the crossover resonances (ghost spectrum),
and of the spectrum containing both hf components and crossing resonances.
This procedure allows to understand how the real spectrum is modified by
the presence of ghost transitions and to take them properly into account in
the line-profile analysis. We furthermore note that the accurate prediction of
the intensity for the ghost transitions (see Ref. [25]) is essential for correctly
reproducing the observed spectra. Figures 12 and 2 provide representative ex-
amples, clearly demonstrating that ghost transitions cannot be neglected for
a proper analysis. In fact, these figures show how the hfs changes when going
from a situation in which only hf components are present to that in which both

2 Tt should be noted that the small bump shown in Figure 1 at approximately
403562.1 MHz is due to poor baseline (accidentally resembling a very weak dip)
and does not correspond to any spectral feature.
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real and ghost transitions are considered. In both figures the stick spectra are
also depicted, showing the hf components and the crossovers responsible for
the actual spectrum recorded.

The line-profile analyses have been carried out iteratively by comparing in each
step the graphical representation of the predicted spectra with the observed
one. As starting point, the experimental values of nuclear quadrupole coupling
constants from Ref. [15] and the theoretical predictions of spin-rotation and
spin-spin interaction constants, computed as described in the following section,
have been used. Already after the first step of the iterative analysis, almost
all hf components and crossovers were properly assigned and the assignments
were used to obtain a set of improved hyperfine parameters (by means of
the fit described in the following). Based on these updated parameters, new
predictions have been made and the procedure has been then repeated until a
complete assignment of the recorded spectra and until close agreement between
predicted and observed spectra.

The Hamiltonian used for fitting the retrieved frequencies is given as the fol-
lowing sum:

H = Hgor + Hyge + Hsg + Hss (1)

where Hgor is the usual rotational part of the Hamiltonian operator (see, for
example, Ref. [26]), Hygc is the nuclear quadrupole-coupling (NQC) Hamil-
tonian [26,27], Hgp is the Hamiltonian describing the spin-rotation (SR) inter-
action [27,28], and Hgg is the spin-spin (SS) Hamiltonian [27,28] accounting
for the direct dipolar spin-spin interaction. While we do not go into detail with
respect to Hror, the other three Hamiltonians will be briefly addressed in the
section describing our quantum-chemical calculations. The retrieved hf com-
ponents as well as crossovers have been included in a least-squares fit in which
each line frequency is weighted proportional to the inverse square of its experi-
mental uncertainty. Ghost transitions have been considered as arithmetic mean
of the frequencies of the two generating hf components. For blended features,
the hf components and/or ghost transitions involved are weighted according
to their intensities. The fit has been carried out with Pickett’s SPCAT /SPFIT
suite of programs [29] employing Watson’s A-reduced Hamiltonian in the I”
representation [30].

The retrieved hf components as well as ghost-transition frequencies, obtained
by the line-profile analyses and as averages of sets of measurements, are re-
ported in the supplementary material (Table S1) together with the residuals
(observed - calculated differences) from the fit described above. Experimen-
tal uncertainties are usually assigned based on the standard deviations of the
averages of the measured values, but in the present case a more conservative
estimate of the experimental uncertainties, i.e., 0.7 kHz, has been chosen. This
estimate results to be conservative even when compared to the rms error of
the measurement residuals, which is 0.63 kHz.
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3 Computational details

All computations have been carried out using the CC singles and doubles
(CCSD) approach augmented by a perturbative treatment of triple excitations
(CCSD(T)) [31] with the basis-set convergence monitored by using the aug-cc-
pCVnZ (n=T,Q,5,6) [32-36] hierarchical series of correlation-consistent basis
sets. All electrons have been included in the electron-correlation treatment.
The semi-experimental equilibrium structure (r(OH) = 0.9575 A, /(HOH)=
104.51° [37]) has been used in the computations of the equilibrium values for
the hyperfine parameters, while vibrational corrections have been computed
at the optimized geometry corresponding to the level of theory considered.
Second-order vibrational perturbation theory (VPT2) [38] has been used for
evaluating the latter.

As the focus of the present investigation is on the determination of the nuclear
quadrupole-coupling, spin-rotation, and spin-spin interaction constants, we
will briefly summarize how these quantities are obtained by means of quantum-
chemical calculations.

For the deuterium nuclei, which are the only ones with a nuclear quadrupole
moment, the interaction of the latter with the electric-field gradient at the cor-
responding nuclei is responsible for the NQC (for details, see Refs. [26,27,39]).
This is expressed by the following Hamiltonian:

Hygo = =3 —eQrds (I - I+ DTy - J) — 2P
NOOT 9 (2l — 1)J(2J —1) [TVF DA I
(2)

where eQf and ¢ denote the quadrupole moment and electric-field gradient
of the K-th nucleus, respectively, and the sum runs over the two deuterium
nuclei. The quantum-chemical computation of the NQC constants, denoted by
X, thus requires the determination of the corresponding electric-field gradients,
which are first-order properties and accessible by means of analytic gradient
techniques [40]. The required nuclear qudrupole-moment value of deuterium,
0.002860 mbarn, has been taken from Ref. [41].

The usual formulation for SR interaction is given in terms of a second-rank
tensor C coupled with the rotational and nuclear spin momenta [42]:

Hgp=> Ix-CF-J, (3)
K

with the sum running over all K nuclei of the molecule having nonzero nuclear
spin (I >1/2, i.e., only the deuteriums in our case). Each element of the spin-
rotation tensor has an electronic and a nuclear contribution. While the latter
only depends on the molecular geometry, the electronic contribution is evalu-
ated as second derivative of the electronic energy with respect to the rotational
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angular momentum and the involved nuclear spin [28]. This is efficiently done
using analytic second-derivative techniques [43-46]. Perturbation-dependent
basis functions (often referred to as rotational London Atomic Orbitals [47])
have been employed to improve the basis-set convergence. It should be noted
that we adopt a sign convention for spin-rotation constants opposite to that
originally used by Flygare [42].

The dipolar interaction between two nuclear magnetic moments is described
via the following Hamiltonian

HEY =1, - DXL.1, | (4)

with the expression for the components of the dipolar spin-spin coupling ten-
sor DXL given, for example, in Refs. [26,48,49]. It is seen that the dipolar-
coupling tensor D% is completely determined once the molecular geome-
try is known, thus not requiring any knowledge of the electronic structure of
the molecule. However, this strictly applies only to the case of a rigid, non-
vibrating molecule, while experimentally derived values correspond to those
averaged over the vibrational ground state of the molecule. Quantum-chemical
calculations are needed to compute the zero-point vibrational (ZPV) correc-
tions.

ZPV corrections to electric-field gradient, spin-rotation and spin-spin con-
stants have been obtained using the perturbative approach described in Ref. [50]
for NMR shielding tensors. This approach has already been employed in many
cases to compute vibrational corrections for hyperfine parameters (see, for ex-
ample, Refs. [51-57]). Going into details, the vibrational corrections are ob-
tained by expanding the expectation value of the considered property over
the vibrational wavefunction in a Taylor series around the equilibrium value
with respect to normal-coordinate displacements and computing the required
expectation values of the normal-coordinate displacements in a perturbative
manner. Anharmonic effects, which contribute here in lowest order of per-
turbation theory, require the evaluation of the cubic force field. While the
harmonic force field has been computed in a fully analytic manner [45], the
cubic force field as well as the corresponding derivatives of the considered
property have been obtained using finite-difference techniques as described in
Refs. [43,58]. The vibrational corrections, defined as the difference between the
vibrationally averaged and equilibrium values determined at the same compu-
tational level, have then been added to our best equilibrium results in order
to derive theoretical best estimates for the ground-state data. The latter can
be directly compared to the experimental values.

The CFOUR program package [59] has been employed for all quantum-chemical
calculations reported in the present work.
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4 Results and discussion

The experimental hf parameters obtained from the least-squares fit described
above are gathered in Table 1, where they are also compared with the cor-
responding best theoretical estimates as well as with previous experimental
determinations [13,15]. As the knowledge of the unperturbed frequencies for
the rotational transitions investigated in the present work may turn out to
be useful for different purposes, they have been derived and are reported in
Table 2. They can be considered as the recommended unperturbed frequency
values.

Both sets of previous experimental data reported in Table 1 deserves to be
commented on. With respect to Ref. [15], it should be noted that all diago-
nal components of the nuclear quadrupole-coupling tensor have been deter-
mined, while for the spin-rotation interaction tensor only the sums C,,+Cl,
and C,,+C,. have been reported. For all of these parameters good agreement
with our determinations is observed, i.e., the differences are lower than 1-2
times the given uncertainties. Concerning Ref. [13], we note that the diago-
nal components of the spin-rotation tensor were obtained by simultaneously
analysing the data available for various isotopic species of water, namely, HyO,
HDO and D50, thereby making use of the rigid-rotor as well as some other
approximations (for details see Refs. [13,42]). Though such a procedure led to
good description of the experimental data [11,12], the authors themselves cast
some doubts on their own analysis in a subsequent paper [14]. Nevertheless,
we note a perfect agreement with our experimental as well as calculated val-
ues. As a sort of conclusion we point out that, even though our results are less
accurate than those obtained from MBER and beam maser spectroscopies, the
present study reports for D,O the first, entirely experimental, determination
of the diagonal deuterium spin-rotation tensor elements and of the direct spin-
spin coupling constant. In Refs. [12-15] the latter was taken into consideration
only as calculated value.

Concerning the comparison with our theoretical predictions, we note good
agreement with discrepancies of less than 0.1 kHz for spin-rotation and spin-
spin constants and less than 1 kHz for - X, and of the order of 1 kHz for x 4.
Therefore, the present investigation is a further confirmation of the fact that
spectroscopic parameters can be accurately determined by quantum-chemical
calculations [60]. In the following our theoretical results are discussed in some
further details.

In Tables 3 and 4 complete lists of our computed values for the hyperfine pa-
rameters are given; in the former, the results concerning the nuclear quadrupole
coupling are collected, while the latter reports those for spin-rotation and
spin-spin interactions. The first conclusion that can be drawn is that in all
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cases the convergence of the equilibrium values as well as of the vibrational
corrections with increasing basis-set size is monotonic and smooth. Further-
more, in almost all cases (i.e., except the vibrational corrections to Cg, and
D,.) the absolute value decreases by enlarging the basis set. Going into fur-
ther details, we note for the NQC constants that the equilibrium values can
be considered converged at the CCSD(T)/aug-cc-pCVQZ level as the differ-
ences with the CCSD(T)/aug-cc-pCV6Z level are on average smaller than 1.5
kHz. These differences further reduce to less than 1 kHz when considering the
CCSD(T)/aug-cc-pCV5HZ level. In the present case, for which the NQC con-
stants are quite small, the latter level of theory is at least required when aiming
at quantitative predictions. As far as spin-rotation constants are concerned,
the aug-cc-pCVQZ is already able to provide well converged results that differ
from those obtained with the largest basis set only by about 1%, i.e., 0.01-0.04
kHz. In line with the results reported in Ref. [46], for D,O correlation effects
beyond CCSD(T) are small and can be safely ignored.

Concerning the vibrational corrections, as already outlined in Refs. [55,57], the
VPT2 approach is suitable for their evaluation. Due to their small magnitude
and due to the rather large basis-set demands, the larger aug-cc-pCVQZ basis
is required in the case of the NQC constants to obtain converged values within
0.1 kHz, while due to the use of rotational London orbitals the use of the aug-
cc-pCVTZ basis is sufficient in the case of the SR constants. In general, we
note that for all hyperfine parameters the vibrational corrections are small
though not negligible, as they range from 1% to 3%. Therefore, inclusion of
vibrational corrections is mandatory for quantitative predictions.

5 Conclusion

Using the Lamb-dip technique, the hyperfine structures of thirteen rotational
transitions of D590 have been resolved, and their analysis, guided by previ-
ous experimental data as well as quantum-chemical calculations, enabled for
the first time the complete experimental determination of the corresponding
hyperfine parameters. Good agreement with theoretical values obtained by
means of high-level quantum-chemical calculations further demonstrates that
computations can provide reliable reference values and therefore, if required,
can support, guide or even replace experimental determinations.
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Captions of the Tables

Table 1. Comparison of the experimental and calculated hyperfine parameters
of DQlGO.

©CoO~NOUTA,WNPE

12 Table 2. Unperturbed frequencies for the J', K, K. «— J, K,, K. rotational
13 transitions (MHz) of D5'°0 considered in this work.

Table 3. Basis-set convergence and vibrational corrections for the deuterium
18 quadrupole-coupling constants of Dy'%0 (kHz). All reported calculations have
19 been performed at the CCSD(T) level.

22 Table 4. Basis-set convergence and vibrational corrections for the spin-rotation
and spin-spin constants of Dy*¢O (kHz). All reported calculations have been
25 performed at the CCSD(T) level.
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Captions of the Figures

Figure 1. The J = 2,; « 2 rotational transition (ortho) of D50 recorded
at P = 0.5 mTorr (mod. depth = 12 kHz). Calculated spectra for real hf com-
ponents (in red), crossovers (in green) as well as both real and ghost transitions
(in blue) are also depicted. Stick spectra of real and ghost transitions are also
shown.

Figure 2. The J = 1,y « 1y rotational transition (para) of Dy'®O recorded
at P = 0.5 mTorr (mod. depth = 6 kHz). Calculated spectra for real hf compo-
nents (in red), crossovers (in green) as well as both real and ghost transitions
(in blue) are also depicted. Stick spectra of real and ghost transitions are also
shown.
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Table 1

Comparison of the experimental and calculated hyperfine parameters of D5'60.

Molecular Physics

Parameter This work MBER? MASER?
Experiment Theory* (1991) (1968)

Xaa(D) (kHz) 152.55(88) 153.7 153.92(11)
xE (D)2 (kHz) -0.289(59)
(xpp-Xee)(D) (kHz) 198.03(76) 198.6 197.16(11)
Caa(D) (kHz) -2.89(26) -2.98 -2.99(1)
Crp(D) (kHz) -2.43(18) -2.41 -2.36(2)
Caa(D)+Cpp(D)  (kHz) -5.32(31)¢ -5.38 -5.353(11) -5.35(2)¢
Cec(D) (kHz) -2.62(15) -2.62 -2.64(1)
Caa(D)+Cee(D)  (kHz) -5.51(30)¢ -5.60 -5.56(11) -5.63(1)°
Do (D-D) (kHz) -1.57(41) -1.61
of (kHz) 0.63
X2 0.89

@ Ref. [15].

b Ref. [13].

obtained at the CCSD(T)/aug-cc-pCV5Z level.

Derived values.

f RMS error.

Dependence on K of xqq-

9 Dimensionless (weighted) standard deviation.
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Table 2

Unperturbed frequencies for the J', K. K! < J K,, K. rotational transitions

Molecular Physics

(MHz) of D260 considered in this work.

Transition Freq.
J' K, K| J K, K. (MHz)
6 1 6 5 2 3 93350.1855(9)
6 2 4 7 1 7 104875.7306(13)
4 1 4 3 2 1 151710.3774(7)
5 b 1 6 4 2 180171.1477(14)
5 1 5 4 2 2 181833.1754(10)
5 5 0 6 4 3 187633.2526(12)
7T 4 A4 6 5 1 192519.5039(15)
1 1 0 1 0 1 316799.8414(4)
5 2 A4 4 3 1 339035.1096(10)
7T 2 5 8§ 1 8 393332.8076(13)
77T 1 8§ 6 2 403251.6307(20)
7 7 0 8§ 6 3 403377.3415(17)
2 1 1 2 0 2 403561.9929(7)

URL: http://mc.manuscriptcentral.com/tandf/tmph
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15 Table 3
Basis-set convergence and vibrational corrections for the deuterium quadrupole-

18 coupling constants of Dy'%0 (kHz). All reported calculations have been performed
19 at the CCSD(T) level.

Basis set Xaa Xbb Xee Xab=Xba

Equilibrium values®

aug-cc-pCVTZ 166.277 23.183 -189.460 +233.303
29 aug-cc-pCVQZ 157.806 22.539 -180.345 +220.110
31 aug-cc-pCV5HZ 156.813 22.489 -179.302 +218.505
33 aug-cc-pCV6Z 156.373 22.456 -178.829 +217.798
35 Vibrational corrections

37 aug-cc-pCVTZ -3.262 +0.095 +3.166 F4.785
39 aug-cc-pCVQZ -2.711 +0.003 +2.707 F4.041

41 aug-cc-pCV5Z -2.689 -0.004 +2.693 T4.006

44 @ Computed at the semi-experimental geometry: r(OH) = 0.9575 A, /HOH =
45 104.51 degrees [37].
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Table 4

Basis-set convergence and vibrational corrections for the spin-rotation and spin-

spin constants of D2'60 (kHz). All reported calculations have been performed at

the CCSD(T) level.

Page 20 of 24

Basis set Cuaa Cu Cee Cuw Cha Dua
Equilibrium values®

aug-cc-pCVTZ -3.156 -2.533 -2.802 +1.683 +4.266
aug-cc-pCVQZ -3.078 -2.468 -2.737 +1.633 +4.153
aug-cc-pCV5Z -3.057 -2.448 -2.718 +1.619 +4.122
aug-cc-pCV6Z -3.048 -2.441 -2.710 +1.614 +4.110 -1.630°
Vibrational corrections

aug-cc-pCVTZ +0.073 +0.036 +0.090 £0.008 +0.069 +0.016
aug-cc-pCVQZ +0.073 +0.036 +0.089 £0.007 +0.071 +0.017
aug-cc-pCV5Z +0.073 +0.035 +0.089 £0.007 +0.071 +0.017

@ Computed at the semi-experimental geometry: r(OH) = 0.9575 A, /HOH =

104.51 degrees [37].

b Daq equilibrium values depend only on molecular structure (see text).
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. 1. The J = 2y 1 « 202 transition of D%6O.
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Fig. 2. The J = 119 « 1g1 transition of Di%0.
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33 The J = 251 « 20, rotational transition (ortho) of D,*®0 recorded at P = 0.5 mTorr (mod. depth =

34 12 kHz). Calculated spectra for real hf components (in red), crossovers (in green) as well as both

35 real and ghost transitions (in blue) are also depicted. Stick spectra of real and ghost transitions are
also shown.
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kHz). Calculated spectra for real hf components (in red), crossovers (in green) as well as both real
and ghost transitions (in blue) are also depicted. Stick spectra of real and ghost transitions are also

shown.
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