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The high-resolution Fourier-transform absorption s;_?ectrum of the triple-substituted isotopologue of the water
molecule, D;SO is measured in the 1700-9000cm™ " region. The transitions of the v, 2v, and v; bands are
assigned with the help of the high accuracy variational calculations based on an empirical mass-dependent
Partridge-Schwenke potential energy surface. The fittings based on an effective Hamiltonian model are also
utilized to confirm the assignments. A set of 816 precise ro-vibrational energy levels for the first triad of
interacting vibrational states: (0 0 1), (1 0 0) and (0 2 0) is retrieved. With the upper state combination differences,
the ground state energy levels are extended to J™** =23 and K™* = 13. These levels can be used to check the
quality of the recently available high accuracy ab initio potential energy surface of the water molecule.
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1. Introduction

The water molecule is the one of the most extensively
studied and simplest polyatomic molecules [1]. But the
complicated spectrum of the water molecule is still far
from being fully understood. The global modelling of
the spectrum has to be based on the variational
solution of the nuclear motions [2—4] instead of the
traditional methods based on perturbation theory.
Therefore the quality of the variation method relies
on the accuracy of the potential energy surface (PES).
Up to now one of the most accurate PESs is an
empirical mass-dependent surface by Partridge and
Schwenke [3]. It was frequently used to assign newly
observed rovibrational transitions of the water iso-
topologues (see, for example, [5]). On the other hand,
the calculation based on a pure ab initio PES [6] can
reproduce about 18,000 vibration—rotation energy levels
of five isotopologues (H}°0, H}*O, H}’0, HD'®0, D1O)
of water up to J =20 with accuracy better than 1 cm™'
on average.

An interesting question arises as to what extent the
Born—Oppenheimer (B-O) approximation can be held
when the same PES is applied to different isotopolo-
gues of water [7,8]. However, some studies of HD'°O
show strong non-Born—-Oppenheimer effects [9,10].
The adiabatic and nonadiabatic corrections to the

B-O approximation should be included in the study of
the water molecule. It requires a comprehensive con-
sideration of non-Born—Oppenheimer effects. Recently,
the so-called CVRQD ab initio electronic ground-
state adiabatic PES [11] resulting from the most
accurate ab initio PES [6], has led to the most accurate
equilibrium structure for all isotopologues of water [12]
and an improved dipole moment surface [13].
Alternatively, new spectroscopically determined PESs
are reported for HD'®O up to 25,000 cm™' [14] and for
DO up to 16,000cm™' [15]. We have recently
undertaken the systematical study of a 'O enriched
water sample spectrum in the 1400-9336cm ™' region
[16-18], resulting in new data on nine vibrational states
of the HD'®O molecule.

The triple-substituted isotopologue of water, D3O,
is of particular interest for testing the available PESs
including the most accurate ab initio one to date [11].
Due to minor isotopologue abundance, the available
spectroscopic data on D10 are still quite limited. To
the best of our knowledge, there are just a few strong
bands studied. The v, band of D3O was studied by
Toth [19,20] and Wang et al. [21]. The v and v, + 13
bands were recently presented in [22]. The purpose of
this work is to extend the spectroscopic investigations
of the triple-substituted isotopologue of the water
molecule, which could be applied to compare with the
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Table 1. Experimental conditions of the Fourier-transform absorption spectra recorded with enriched D3O sample.

1

Filter/cm ™" Source Beam splitter ~ Detector ~ Temperature/K  Path length/m  Pressure/Pa  Resolution/cm™
1700-2100 Globar KBr InSb 298.1 105 1935 0.005
1700-2100 Globar KBr InSb 298.8 15 1935 0.005
1700-2100 Globar KBr InSb 296.6 15 477 0.005
1700-2100 Globar KBr InSb 297.8 15 55 0.005
20002400 Globar KBr InSb 298.7 87 1935 0.006
20002400 Globar KBr InSb 298.9 15 1935 0.006
20002400 Globar KBr InSb 297.5 15 477 0.006
20002400 Globar KBr InSb 298.8 15 55 0.005
2550-3250 Tungstem  CaF, InSb 298.7 105 1935 0.008
2550-3250 Tungsten CaF, InSb 297.8 15 1935 0.008
2550-3250 Tungsten  CaF, InSb 296.1 15 477 0.007
2550-3250 Tungsten  CaF, InSb 298.3 15 55 0.007
3300-4300 Tungsten  CaF, InSb 296.5 105 1935 0.008
33004300 Tungsten  CaF, InSb 296.5 15 1935 0.008
33004300 Tungsten  CaF, InSb 296.2 15 477 0.009
3300-4300 Tungsten  CaF, InSb 297 15 55 0.009
4100-5000 Tungsten  CaF, InSb 297.5 105 1935 0.01
4100-5000 Tungsten  CaF, InSb 295.8 15 477 0.011
4100-5000 Tungsten CaF, InSb 296.5 15 55 0.011
Tungsten CaF, InSb 297.3 105 1935 0.015
Tungsten CaF, Ge 297.3 105 1935 0.015
Tungsten CaF, Ge 297.8 15 1935 0.015
Tungsten CaF, Ge 295.6 15 477 0.015
Tungsten CaF, Ge 297.3 15 55 0.015
5000-6300 Tungsten CaF, InSb 296.9 105 1935 0.015
Tungsten CaF, InSb 298.2 15 55 0.013
Tungsten CaF, InSb 296.1 15 477 0.013
1500-8000 Tungsten  CaF, InSb 297.3 105 1935 0.015
5000-9000 Tungsten  CaF, Ge 297.3 105 1935 0.015
Tungsten CaF, Ge 297.8 15 1935 0.015
Tungsten CaF, Ge 295.6 15 477 0.015
Tungsten CaF, Ge 297.3 15 55 0.015
result derived from the variational calculations utiliz- The cell was operating at temperature.

ing the ab initio PES. As will be seen from the
forthcoming analysis, the high quality of the observed
spectrum combined with the high accuracy variational
calculations used for spectrum assignment, resulted in
a large set of new energy levels for the (001), (100), and
(020) vibrational states of DI*O. In addition, more
high J and K, energy levels in the (000) ground state
were obtained. Both the variation calculations based
on ab initio PES and effective Hamiltonian modelling
will be applied to investigate these ro-vibrational
energy levels quantitatively.

2. Experimental details

The enriched D3O water sample was purchased from
ICON Services. The stated isotopic concentrations of
"0 is 98%. All spectra were recorded with a Fourier-
transform spectrometer (Bruker IFS 120HR) equipped
with a path length adjustable multi-pass gas cell.

The sample pressure was measured by two capacitance
manometers (MKS Baratron 627B) of [torr and
20 torr full-scale ranges with an overall accuracy of
0.15%. Because of the large variation of the absorption
line intensities, different experimental conditions were
applied in the measurements as listed in Table 1.
The studied spectral region covers from 1700 to
9000cm~'. The line positions were calibrated
by referring to known H°O and HD'O lines given
by Toth [23]. The accuracy of the line positions of
unblended and not-very-weak lines was estimated to be
better than 4 x 10~*cm™'. Part of the recorded
spectrum around 2700 cm ™' together with the assign-
ments are presented in Figure 1.

Because we could not substitute the water adsorbed
on the walls of the sample cell with the very limited
amount of sample, it is difficult to precisely determine
the isotopic composition of the sample used in our
measurements. As discussed in [16], the isotope
abundance of DI*O in each spectrum was estimated
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Figure 1. A small part of spectra of enriched D}*O (black solid line), Hi*O (red dot line), and D}°O (blue dash line) samples.
Experimental conditions: absorption path length and sample pressure: 15m and 477 Pa (D180), 15m and 1307 Pa (H:%0), and
10cm and 42Pa (D}°O). The lines assigned to the v, and v; bands of D3O are marked by diamonds and hollow circles,
respectively. The lines marked by solid circles are superimposed by HD'®O. Lines marked with triangles, asterisks and squares

are due to HD'®*0, D10 and HD'®O lines, respectively.

by the comparison of the line intensities (retrieved
from line profile fittings to our spectrum) of some
‘moderate’ lines with their values given in [22]. Then
the isotopic abundance value derived in such a manner
was used to determine the intensities of other lines, and
to construct the line list for each spectrum.

3. Spectrum analysis and results

3.1. Absorption lines attribution and line
list construction

Due to the D-H and '0-'°O exchange between the
D130 sample and the water adsorbed in the walls of the
sample cell, the observed spectra contain features of
HD'"0, H}*0, DO, HD'0 and HJ°O, and some
CO, and N,O lines as well due to the residual air in the
interference chamber and the adsorbates on the walls
of the sample cell. The isotope composition of the
sample is illustrated in Figure 1. The resulting line list
consisted of about 14,300 lines, which made the
spectrum assignment very difficult. Moreover, many
D;SO lines overlap with the impurity transitions.
Before the assignment, we cleaned the observed line
list from impurity features using available literature
data. CO,, N,O, H}°0 and HD'®O lines could be easily
removed from the line list using the HITRAN-2004
database [24]. The H}*0O and HD'®O transitions were

also identified with the help of our previous work [16].
Data from [20] were used to find the DO lines.

However, there are still a lot of HD'®O, HD'®0,
and DI®O lines which have not been included in the
literature but appear in our spectra. In this case,
we compare the spectra recorded with samples of
different isotopic composition. The relative line inten-
sities from such different spectra will help to assign the
lines to different isotopologues. For illustration,
Figure 1 shows parts of the spectra recorded with
D130 (solid line), H}*O (dot line) and D1°O (dash line)
samples.

Since the above procedure becomes less reliable for
weak and blended lines, we used the high accuracy
variational calculations [14,15,25,26], and our compu-
ter code [27] for automatic assignment to confirm and
extend our identifications for all water isotopologues,
other than D30, which contributed to the observed
spectrum. The absorption lines, which were left
unassigned after performing the identification proce-
dure, were preliminary attributed to D3O molecule,
and included in the line list for further analysis.

3.2. DO spectrum assignment

Assignment of DI*O spectra was made with the help of
a calculated line list of the water molecule. The list is
based on a mass dependent PES V™ by Partridge and
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Figure 2. The difference between the experimental and variationally calculated energy values versus the quantity (J+ K,,/J) of

the (001), (020), and (100) vibrational states of D1*O.

Schwenke [3] and an ab initio dipole moment surface
by Schwenke and Partridge [28]. Details of construc-
tion and discussion of the V™ accuracy can be found
n [3]. In the case of D10, the line list performs well for
lower lying levels but deteriorates rapidly for highly
excited states. It has been shown that for the D°O line
positions in the 8800-9520 cm ™' region, the differences
between the observed and calculated values reach up to
1.5cm™" [29]. Moreover, the standard spectroscopic
assignment (vy, v, v3, K, K.) of the calculated energy
levels becomes ambiguous and erroneous for highly
excited states. The same problems can be expected for
the variational calculations involving the DO
molecule.

In order to improve the convergence of the highly
excited energies in the D}*O line list, the maximal size
of the final Hamiltonian matrices in the calculations
was set to 15,000. In [3] the size was 7500. All other
input parameters of calculations were kept the same as
n [3]. The line list was calculated with the VTET
computer code given by Schwenke [30,31], assuming
for pure DI®O, reference temperature 296 K, intensity
cutoff 107" ¢cm per molecule and Jyax = 30. The list is
available online [26].

The assignment process has confirmed the
high quality of the theoretical line list. The maximum
obs.—cale. deviation of the line positions is 0.08 cm™'
in absolute value for all assigned lines, while the

rms deviation is 0.025cm™'. Figure 2 illustrates the

obs.—calc. deviations as a function of the rotational
quantum numbers J+ K,/J for all observed energy
levels. It is clear that the obs.—calc. deviations vary
smoothly with the increasing J+ K,/J, which helped
very much in the assignment process. The obs.—calc.
deviations for K,>7 energy levels of the (100) state
become systematically negative, as shown on Figure 2.

The agreement between the observed and calcu-
lated line intensities represents another important
criterion in the assignment process. Figure 3 shows
the comparison of the observed (upper panel) and
calculated (lower panel) line intensities. It is clear that
the calculated and observed intensities agree well
enough for the unambiguous line assignment. We
also compared the predicted variational intensities for
the v3 transitions with the experimental data given in
[22], and obtained very good agreement with the
averaged I,ps./lcaic. ratio of 0.98.

However, despite the high accuracy of variational
calculations, the high density of the observed lines
prevented us from assigning the weak DJ*O transitions
which could not be confirmed with the ground state
combination differences (GSCD). The distance
between adjacent observed lines is very often less
than the possible error in the variationally calculated
line position. In this case, we performed the energy
levels modelling under the effective Hamiltonian (EH)
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Figure 3. The comparison of the observed (upper panel) and ab initio calculated (lower panel) line intensities of D1*O.

approach, which is known to provide the best accuracy
of the energy levels reproduction, at least for low lying
vibrational states (see next section). High accuracy
calculations of the DI*O transitions within the EH
approach not only confirmed the majority of the
assignments based on variational calculations, but also
allowed us to extend the assignments on those trans-
itions with very high J/K, values. The comparisons of
the available D!*O lines [22], our experimental data,
and variational calculations are given in Figure 4.
Obviously, the data given in [22] are limited to the
strongest observed lines only.

The resulting line list which contains 3529 assigned
absorption lines of the D3O molecule are given in
Supplementary Material 1 (available via the multi-
media link on the online article webpage). This list
incorporates observed line positions and intensities,
followed by the calculated intensities and rovibrational
assignment. Note that due to the difficulties discussed
in the experimental section, the given ‘experimental’
line intensities can be only considered as quick
reference. We leave in the final line list a number of
DéSO lines superimposed to other water isotopologues
or CO, lines, if the contribution from DO is
considered more than 20%. Including the multiple
assignments attached to the same blended experimental
line, the resulting list consists of 3879 transitions in
total. A number of transitions from the (010) state to

the (011), (110), and (030) upper states were assigned
in the spectrum using our data on the (011)—(000),
(110)—(000) and (030)—(000) absorption bands in the
3300-4300cm ™" spectral region which will be pre-
sented later elsewhere.

3.3. The energy levels derivation

The upper experimental energy levels were initially
derived by adding the observed frequencies to the
corresponding ground state experimental energies
taken from [19]. However, many of our assigned
transitions involve highly excited rotational energy
levels of the lower vibrational state which are not
available in [19]. We assigned the D3O absorption
lines with upper J and K, values as high as 23 and 13,
while the corresponding values of the available ground
state energy levels given in [19] are 16 and 9,
respectively. But any fitting and/or extrapolation
based on the available ground state energy levels
could hardly provide us with new calculated high J/K,
levels without a loss of accuracy.

From the assignment of the low J and K,
transitions in the vj, v3 and 2v, bands, the ground
states combination differences show that the accuracy
of our experimental DI*O line positions is about
2x107*cm™!. In this case, the combination differ-
ences which include transitions on the same upper level
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Figure 4. The comparison of the observed (solid green circle), ab initio calculated (hollow black circle) and Toth’s [22]

(red triangle) line intensities.

but from both known and unknown lower energy
levels was used to determine the unknown ground state
energy levels. The transitions originating from the
same lower level also form a sort of combination
differences of the upper energy levels. The (000)
experimental energy levels were derived as an averaged
value over all transitions involved in the combination
differences. In this way we could extend considerably
the experimental energy levels set for the ground
state of the D}*O molecule. This set was then modelled
using a rotational Hamiltonian written through gen-
erating functions [32]. The initial set of the ground
state parameters was derived by S.N. Mikhailenko
through the fitting to the variational (000) ground state
energy levels (J <24) provided by the present study.
These parameters were then partly refined through the
fitting to the experimental (000) energy levels.
The quality of the calculation proved to be very high,
and, finally, in the case of poor combination difference,
matching with the calculated (000) energy level served
as the important criterion in the choice of one
or another experimental value for the considered
(000) level.

The experimental and EH calculated energy
levels list of the (000) state of D3O molecule as well
as the corresponding rotational and centrifugal distor-
tion parameters which can reproduce experimental
data within 0.00025cm ™" are given in Supplementary
Material II (available via the multimedia link on the
online article webpage). The accuracy of the (000)

experimental energy levels derived here is estimated as
+0.0003cm™" on average. However, for J> 16 levels
the experimental uncertainty may accumulate and
reach up to 0.001-0.002cm ™" for some energy levels.
In addition, our analysis shows that the deviations in
some of the (000) energy levels derived from the far
infrared study [19] reach up to 0.0166cm™' (for
instance, the [16 0 16], [16 1 16] energy levels). These
energy levels with large deviations marked with ‘IC” are
replaced by the corresponding infrared data from the
present work. The calculated energy levels set for the
(000) state of D3O molecule was used in this study for
the energy levels derivation of the (001), (100), and
(020) vibrational states.

The upper energy levels set derived in this study is
presented in Supplementary Material III (available via
the multimedia link on the online article webpage).
In total, 816 energy levels were derived for the (100),
(001), and (020) vibrational states of the DO
molecule, while only 144 energy levels were previously
reported in the literature [22] for the (001) vibrational
state, including 17 levels (marked with ‘d’) corrected in
this study. Note that the upper energy levels with high J
and K, derived in this study may include uncertainties
far beyond the accuracy of the experimental line
positions due to the accumulation of the errors in the
corresponding ground state energy levels. We acknowl-
edge that the values of these upper energy levels can be
easily corrected using improved ground state levels
(if available) and the attached list of the assignments.
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Table 2. Spectroscopic parameters of the (001), (100) and (020) vibrational states of the D,'%0

molecule (in cm™").

(001) (100) (020)
E 2767.499742(160) 2660.792745(170) 2320.721369(180)
A 14.5645502(330) 14.8381580(380) 17.7119139(520)
B 7.24421141(830) 7.1856997(150) 7.3959984(110)
C 4.7576301(270) 4.7452662(280) 4.70065751(900)
Agxx 10 8.10673(160) 8.57452(230) 20.83824(470)
Ay x 10 —1.481402(560) —1.465810(870) —2.32421(120)
Asx 10 3.167094(390) 3.054902(700) 3.617985(600)
Sk x 10 3.23657(590) 2.87375(900) 12.97035(740)
8, % 10% 1.268926(210) 1.212500(280) 1.502281(340)
Hy x 10° 1.41943(340) 1.56437(540) 8.6529(170)
Hy;x 10° —2.2487(200) —2.0595(230) —11.0005(520)
H e x 107 —2.8207(240) —1.9093(290) 9.801(100)
H;x 10® 6.7083(110) 6.3121(270) 8.56760(820)
I x 10° 3.39854(660) 3.70212(800) 22.2595(420)
hyxx 108 —7.5008(860) —6.975(100) —25.935(500)
hyx 108 3.36347(400) 3.19752(460) 4.25779(710)
L x 108 —3.9113(320) —4.2707(560) —46.811(290)
Ly x 108 1.8420(290) 1.6783(290) 16.874(170)
Lk x 10° —3.9376(520) —4.882(110) —52.076(560)
Lg% 10 1.1372(300) 0.3291(340) —4.752(340)
Lyx 10" —1.7852(130) —1.6555(320) -
e x 108 —1.9624(100) —2.2300(200) —25.043(200)
[;x 10" —9.2451 —9.2451 -
Prx 101 7.386(130) 6.586(210) 95.47(140)
Py x 101 —5.196(170) —3.253(150) -
Pryx x 101 1.0904(460) 1.4506(590) —9.012(400)
Py x 101 - - 4.750(140)
prx 10! 4.1932 4.1932 39.628(860)
Prsx 10" - - 1.1906(340)

Note: Values in parentheses are the 1o statistical confidence intervals to the last digit. Parameters
without confidence intervals were constrained by the corresponding values for the (000) state.

4. Modelling the experimental energy levels

Since the vibrational states (001), (100) and (020)
which form the first triad of the D*O molecule are
strongly interacting, we applied in the analysis the
following Hamiltonian model,

3
H=")"|i){jlHj, (1)
i,j=1
where 1) =(001), |2) =(100) and |3) = (020).

The diagonal operators H;; (i=1, 2, 3) are the usual
Watson’s operators [33]:

1 1
H:E+[A—§(B+ O]J}+§(B+C)J2

— AgJ — A J2T — AT*

+ HyJS + HyyJ2J* 4+ HyJ2J* + HyJ S

+ L + Ly ST + LiggJ 204 + L J2JC + LyJ°
+ PrJY + PrypJBJ% + Py 0T + Py 2T + -

1
+5(B= O3, = 8l T3 = 28,02,

+hil T TR )+ bkl 2 T ) TP+ 20T T
A A Y P WA

z

+ Ul )T+ 2103 T

+ Pl T3 T ) + oIS T T+ 2

where J7, = J7 —J; and [4, B, = AB+ BA.

The nondiagonal parts H;; (i#j) correspond to
resonance interactions. Hy, = Hf, and H3 = Hj
correspond to the Coriolis interactions,

Hy =" C,(iJ,) +"Coxlidy, J21, + "Coi(id )
+1C, kk[id s T, + -+ C T T
+1C okl Ty 4 Cotl v, S
+ 1 Cos[ T 2T+ "CoatlT e T T+ (3)
Hy; = HY, is for the Fermi-type interaction,
Hyy = FJ? + Fy(J7 = J7) = Fuxld2, (I = T,
—2F g AU =T+ )
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Observed energy levels were included step by step in
the fitting, and it led to parameters refining and
improvement of the calculation quality. The EH
predictions were then used to confirm and extend the
assignments. Of all 816 observed energy levels, 798
were included in the final fitting. The rms deviation of
0.0005cm ™" was achieved by using 76 diagonal and 12
resonance parameters, which are presented in Tables 2
and 3 together with 68% confidential intervals.
Eighteen energy levels (about 2%) marked by “*’ in
Supplemental Material III were excluded from the
fitting because they have large obs.—calc. deviations

Table 3. Parameters of resonance interactions for the first
triad (in cm ™).

Parameter Value Parameter Value
FI0=020 5 107 —7.5245(380) C1%-1 % 105 —8.902(500)
FI00=020 5 107 —1.6194(100) C'%0-01 » 103 —1.6379(690)
FI%=020 5 10°  4.4951(690) C}OO*OOI x 101 4.1079(320)
OO0 % 105 —5.298(160)  CI20-0" x 10" —1.31960(170)
C10-001 5 105 —2.074(110)  C24-91 % 10°  6.6259(890)
CO2™ x 107 —1.7663(610) €929, x 108 —5.262(170)

Notes: F and C denote Fermi-type and Coriolis-type
interactions respectively. Values in parentheses are the lo
statistical confidence intervals to the last digit.

H.-Y. Ni et al.

(0.0025-0.0175cm™"), which are several times over the
average value. The majority of these excluded energy
levels were derived from weak or blended lines.

It has been found that the resonance interactions
inside the first triad play an important role in the
energy levels modelling. Figure 5 shows the average
mixing coefficients of the wavefunctions. It can be
found that the Coriolis-type resonance interactions
between the (100) and (001) states appear at /=15 and
grow rapidly up to about 9% at J=11. Starting from
J=12 the Fermi-type resonance takes place between
the (020) and (100) states causing divergence of the
resonance curves for the (100) and (001) states which
coincide up to J=11. Averaged resonance mixing
for the first triad states amounts up to 15% for J=23.
At the same time, the maximal mixing coefficients
of the wavefunctions may reach up to 49% for the
(100)—(001) interaction which leads to ambiguous
ro-vibrational labelling.

5. Conclusion

High resolution Fourier transform absorption spec-
trum of the D}*O enriched water sample was recorded
in the 1700-9000cm ™" region. The transitions of the
first triad were assigned using high accuracy varia-
tional and effective Hamiltonian calculations. A set of
816 precise energy levels were derived for the (100),
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Figure 5. On-average mixing coefficients of the wavefunctions (see text) for a given J of the (001), (100), and (020) vibrational

states of D}*O.
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(001), and (020) states. A detailed identification list
including 3879 transitions of D}*O was generated in
the analysed spectral region, while only 298 strong
lines of the v; band were identified previously [22] in
the 2594-2918cm™' region. Rotational, centrifugal
distortion, and resonance parameters of the Watson-
type rotational Hamiltonian were derived by fitting the
observed upper energy levels, which reproduce the
initial data with the accuracy close to the experimental
uncertainties. An extended and corrected set of the
(0 0 0) ground state energy levels was also constructed
using infrared transitions. The study on the higher
overtones will be carried out in sequence. The obtained
quantitative information will extend our knowledge
about the energy levels structure of such triple-
substituted isotopologues of the water molecule, and
may be used for further optimization of the potential
energy function of water.
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