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Abstract

We report observation of the weakly-bound Ar-D>O complex in the 30D overtone stretch
region (7900 cm™). The measurement was made using the FANTASIO cavity ring-down
spectrometer (CRDS) combined with a 8 cm long pulsed slit nozzle valve. Several sub-bands are
assigned. At 7892 cm’!, the X(000), (201) < X(lo1), (000) band (para nuclear spin species)
experiences a moderate (=0.04 cm™) perturbation between J’= 6 and 7. At 7903 cm’!, the Z(101),
(201) <= Z(000), (000) band (ortho nuclear spin species) exhibits a more complicated perturbation
at about the same J-values. Most of the observed transitions (187) can be rotationally assigned.
Finally, in the range 7913 — 7916 cm’!, the IT (1o1), (201) < Z(000), (000) and I1(110), (201) <

>(000), (000) bands (ortho nuclear spin species) are observed, and their rotational analysis remains

tentative.
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1. Introduction

The Ar-H>O complex is one of the simplest weakly-bound dimers containing the water
molecule. This complex has been predicted to play a role in the radiative budget of the Earth’s
atmosphere, along with (H20)2, H2O-N2, H20-O2, and H2O-COz [1]. Among these complexes, the
water dimer [2—-8] has attracted significant attention, leading more recently to its detection in the
millimeter range at ambient temperature [9] following an earlier theoretical prediction [10].
Subsequent studies reported spectral signatures in the sub-THz [11] and explored its presence in
the near-infrared regions. Another much less strongly bound complex, (Hz)2, was recently detected
at ambient temperature, in the first overtone region [12]. This detection highlighted the presence
of bound-bound transitions at ambient temperature and at frequencies corresponding to energies
significantly higher than the dissociation threshold of the complex. These studies reinforce the
relevance of overtone spectroscopy for the atmospheric detection of van der Waals complexes, in

addition to their importance for helping to benchmark advances in quantum chemistry.

High-resolution spectroscopic studies of the Ar-water complex provide quantitative
information for the understanding of the nature and strength of the intermolecular bond linking
both species, helping to test theoretical characterizations of such weakly bound complexes. This
is especially true for overtone studies for which the density of states increases and the basis set
size needs to be significantly increased. The underlying approximations used to make the
calculations converge render the theoretical predictions harder to perform, and the validity of such
approaches must be properly evaluated [13]. Theory keeps rapidly improving, but high-resolution
overtone spectroscopy is still a necessary source of information to challenge and verify theoretical

calculations.
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Fig. 1. Intensity of the fundamental and three first OH and OD stretch overtone bands of H,O (in red) and
DO (in blue) at 15 K on a log scale, taken from HITRAN. In the present paper, we study the 30D region
of Ar-D,0.

Several challenges are faced when studying van der Waals complexes in the overtone
regions. First, the absorption cross-section of overtone bands decreases greatly [14] as shown in
Fig. 1. This figure presents the intensity of the stretch vibrational bands of H2O (in red) and D,O
(in blue) monomers at 15 K on a logarithmic scale, with data taken from HITRAN [15]. The
vibrational bands depicted in Fig. 1 are vibrational transitions from the ground vibrational state to
(vivav3) = (100), (001), (200), (101), (300), (201), (400), and (301), where vi (symmetric stretch),
v2 (bend), and v3 (asymmetric stretch) are the vibrational quantum numbers of water. The intensity
decreases by about a factor 10 or more between each successive stretch band, resulting in an
intensity loss of about a factor 500 between the 1OH/OD and the 30H/OD bands. Secondly,
molecular complexes are usually produced in the laboratory using supersonic expansions in which
densities are relatively low and hence absorption signals are intrinsically weak [16]. Finally, the
density of molecular states increases with the frequency of excitation. This can lead to a larger
number of perturbations, making the spectral signatures more difficult to analyze. Due to these
factors, there is a need for highly sensitive instrumental techniques when targeting overtone
spectroscopy of molecular complexes, and traditional Hamiltonians might fail to reproduce

spectral signatures with experimental accuracy.



Despite these challenges, Ar-water complexes have been studied in several overtone
regions. The 20H stretch region of H>O in Ar-H>O was first studied at relatively low resolution
by Nizkorodov et al. [17], and later studied with high-resolution spectroscopy by Vanfleteren et
al. [18,19] with an earlier version of the FANTASIO spectrometer used here. The same
spectrometer has also been used to probe Ar-D>O and Ar-HDO in the (111) and (101) vibrational
states of DO and HDO, respectively [20]. Recently, the authors of the present study and other
collaborators reported new data about Ar-H>O in the 20H stretch region [21]. Finally, Nesbitt and
co-workers [22-24] investigated the 30H stretch region in Ar-H,O and Ar-HOD using
vibrationally mediated spectroscopy, coupling 3 lasers and recording laser-induced fluorescence
to record spectra at around 116 times the calculated dissociation energy of the complex [25]. Other
experimental works on the Ar-water complex include microwave [26,27] far infrared [28,29] and

mid infrared [30-33] studies.

Here we present the first study of Ar-D>0O in the 30D stretch region, observed using cavity
ring-down spectroscopy (CRDS) with a signal-to-noise ratio (SNR) of up to 200 for the strongest
lines. In the 7900 cm™! region, studied here, the spectrum of DO monomer is dominated by the
(201) < (000) band, whose origin is 7899.825 cm™. Other D>O vibrational states close to (201)
are (300) at 7852.929, (022) at 7826.4, and (102) at 8054.074 cm™!, but transitions to them from
the ground state are weaker (especially for the latter two). Therefore, it is no surprise that the Ar-
D>0 bands studied here correspond to D2O (201) <« (000) vibrational transitions. But these Ar-
D0 bands also encounter a number of perturbations which must involve vibrational states other

than (201), highlighting the challenges mentioned above.

2. Cavity ring-down apparatus

The CRDS of the FANTASIO set-up (for ‘Fourier trANsform Tunable diode and
quadrupole mAss spectrometers interfaced to a Supersonic expanslOn’) [21,34,35] was used to
investigate an expansion of D,O (D214 from Eurisotop) seeded in Ar (purity 5.0 from Air Liquide).
The main new technical development allowing us to record the spectra in the 30D stretch region
is the addition of a new 8 cm long pulsed slit nozzle valve in the set-up, increasing the path length
in the expansion and the SNR by nearly a factor of three. The gas injection procedure was also

modified, replacing the previous bubbler with a controlled evaporator mixer based on flow



controllers (F-201 and M12 from Bronkhorst). The flows used to produce Ar-D>O in the jet were
3 standard L/min of Ar gas and 0.5 g/h of liquid D>O. The pulsed slit valve was operated at 4 Hz
with 20 ms gas pulses. The ON/OFF sorting of the ring-downs was performed in time ranges
comprised between 5—20/72—248 ms after the TTL rise. The backing pressure was between 0.9
and 1 bar and the residual pressure in the chamber was about 102 mbar. The 75 cm long cavity
was composed of two mirrors (109372 from Layertech) with 1000 mm radius of curvature and
approximately 99.995 9% reflectivity. The empty cavity ring-down time was around 77 ps. Some
200 ring-downs were averaged per spectral point, in less than 1.5 s, with between 10 to 20 of them
probing the supersonic expansion. This yielded a cavity noise level of omin = 1 x 1071° cm™. Since
the molecular beam length is only about 1/10 of the cavity length, the noise equivalent absorption
for the jetis o =1 x 10” cm™! [34]. Wavenumber calibration was performed using a new ultra-low
expansion Fabry-Perot etalon, placed under vacuum (continuous pumping during measurements
giving a residual pressure of around 2 x 107 mbar in the etalon chamber) and temperature
stabilized at 32° C [21]. Absolute wavenumber accuracy is estimated to be better than 1 x 103 cm™
! using DO monomer transition frequencies retrieved from HITRAN [15]. Two DFB lasers
(‘Eblana Photonics’, centered at 1264 and 1268 nm; 10 mW, 1 MHz linewidth) coupled to a
booster optical amplifier (BOA1250S from ‘Thorlabs’) were used to record the spectral range of
interest, comprised between 7870 and 7920 cm™'. The effective rotational temperature in the jet
was found to be about 13 K from the relative intensities of the rotational lines in the observed

spectra.

3. Observed spectra and rotational analysis

Water molecules are relatively free to rotate within an Ar-water complex, and most
previous studies have thus described Ar-water in terms of a pseudo-diatomic molecule whose
different “vibrational” states each correlates with a particular water monomer rotational state. Here
we follow this scheme and label sub-states of Ar-D>O with the notation [Mj|(jkake). The jrake label
refers to the rotational level of D20, using conventional asymmetric top notation. M; is the
projection of the rotational angular momentum (j) of the D>O on the intermolecular axis of the
complex. The [M;|=0, 1, 2, ... values are labeled as X, I1, A, ..., respectively, and the total rotational

angular momentum of the complex is defined using the J quantum number.



The ortho/para nuclear spin classification of the water molecule is preserved inside the
complex. In the ground vibrational state, D>O rotational levels with (k4, k) = (even, even) or (odd,
odd) correspond to the ortho (spin weight = 6), while those with (even, odd) or (odd, even)
correspond to para (spin weight = 3) spin species. In the (201) excited vibration, these labels are
reversed. Since no spin relaxation is expected to occur in the supersonic expansion, the most highly
populated initial states of Ar-D>O in our experiment are the lowest lying levels of each species,
%(000) for ortho and Z(1o1) for para (we know from previous work that I(1o;) lies about 11 cm’!
higher in energy [29]).

Assignment, simulation, and fitting of the spectra were done using the linear molecule

option of the PGOPHER software package [36]. Diagonal rotational energies are given by:
SIH[E)=BxJJ+1)-Dx [JJ+ DP+Hx[JJ+ D
(IMH ) =B x [JJ+1)-1]-Dx [JJ+ 1) - 1P+ Hx [JJ+1)- 1]

Perturbations in the spectrum involve homogeneous (Fermi-type) parameters, W, which connect =
to Z, or I'1 to I1, states, along with parameters Wp and W) to allow for centrifugal distortion of the
Fermi interaction. The Coriolis parameters, G, which connect X to IT states. These off-diagonal

interaction matrix elements are given by:
(SilH [Z2) = W(21,52) + Wp(Z1,E2) x JUJ + 1) + Wp(21,%2) x [J(J + DF,
(ILi|H |T12) = W(T11,11),

(C1|H ) = G(Z1,IT) x [2J(J + 1] 7
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Fig. 2. Observed and simulated spectra of the 2(000), (201) <—2(101), (000) band of Ar-D,0O. A perturbation
around J’= 7 causes the dip in line intensity around 7890.5 and 7893.3 cm™' (see text). The broad absorption

features are probably associated to D>O dimer.

3.1. The Z(00), (201) <Z(1o1), (000) band, 7892 cm™!

Figure 2 shows the first of the observed Ar-D,O bands. This is a straightforward £ <— X
transition and we know that it must involve the para species because the lower state rotational
parameters agree with those known for the ground 2(1¢1) state. Vibrational assignment as the X(0oo-
), (201) «—Z(101), (000) band is described below in Sec. 4. Observed line positions and rotational
assignments are listed in Table S-1 of the Supplementary Information. There is a large perturbation
in the upper state between J’= 6 and 7 as demonstrated by the residuals of the fit shown with black

dots in Fig. 3. Upper state levels with J’< 6 are ‘pushed down’ by the perturbation, while those



with J’> 7 are ‘pushed up’, making it evident that the perturbing state comes from above and has
a smaller rotational constant. We tried simulating the perturber as a ¥ state (with a homogeneous
interaction parameter, W), or as a I state (with Coriolis interaction parameter, G), and the latter
choice was significantly better. The red dots in Fig. 3 show the residuals from the I1-perturber fit,

whose root mean square deviation (rmsd) is 0.00036 cm™'. The resulting parameters are given in

Table 1.
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Fig. 3. Residuals from fits to the Z(000), (201) <~Z(101), (000) band. For the red dots, the perturbation is
included in the calculation, but not for the black ones. The double dots for most .J-values arise from P- and

R-branch lines.
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Table 1. Molecular parameters for the £(0oo), (201) < Z(101), (000) band of Ar-D,0 (in cm™).?

2(000), (201)

1 (7893)

Vo 7891.9733(2) 7893.071(3)
B’ 0.0904307(66) 0.068841(41)
D’ -2.930(49) x 10°°
H' -7.014(98) x 10”°
G[Z(000), I1 (7893)]  0.007483(37)
n 36
rmsd 0.00036
2(1o1), (000)
B"® 0.09103344
D"® 1.76655 x 107
H"® 4.5 x 1010

Quantities in parentheses are 1o from the least-squares fit, in units of the last quoted digit. # is the number

of observed lines and rmsd is the root mean square average error in the fit.

® Ground state parameters for the X(1o;) lower state are from [21].

Close examination of the spectrum shows that the X(0o), (201) «-Z(101), (000) band

transitions which are the most perturbed (J” = 6 and 7) demonstrates significant lower intensity

and extra broadening. It is therefore likely that the perturber state is affected by predissociation,

sharing the resulting consequences with the perturbed X(000), (201) state. Fortunately, the model

previously defined enables us to simulate this effect, as shown in Fig. 2. By ascribing a Lorentzian

width of 0.04 cm™ to the IT (7893) state, it is possible to match the observed spectrum satisfactorily.

Because of this predissociation effect, expected lines from the perturber are likely to be too wide

to be observed.
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Fig. 4. Observed and simulated spectra of the Z(101), (201) <= Z(000), (000) band of Ar-D,O.

3.2. The Z(101), (201) < Z(000), (000) band, 7903 cm!

Figure 4 shows the 7903 cm™' range, with two overlapping ¥ < X transitions involved
among which the strongest band reported in this work. From the lower state parameters, these 7899
to 7905 cm™! range bands originate from the ground state of the ortho species, (0oo), (000). The
dominant band here corresponds to Z(1¢1), (201) <— Z(000), (000), the inverse of the 7892 cm!
band. The weaker band could possibly be assigned as Z(211), (300) < Z(0o0), (000) (see Sec. 4).
Rotational assignment of the two bands, confusing at first, could be achieved with the help of
ground state combination differences. These assignments are listed in Table S-2. There is evidence

for interaction between the two upper states and, after some trial and error, we eventually found a
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scheme which fitted the spectrum very well and which also explained a number of additional weak

lines in the observed spectrum.
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Fig. 5. Upper energy level diagram related to the bands observed around 7903 cm™ band in Ar-D,O. For
clarity, rotational energies are reduced by the quantity Begx J(J + 1), with Beir = 0.090 cm™. The scheme
includes a Fermi-type interaction between the two upper Z states. In addition, a Coriolis coupling is included
between the X(211), (300) state (blue) and a dark IT state (red). The Z states are highly mixed for all J-values,
and their color-coded labels (from PGOPHER) may be misleading: it may be helpful to think of the upper
Y state continuing to be black above J = 6, and the lower X state continuing to be blue. Dots illustrate the
actual (fully perturbed) situation while triangles illustrate what happens if the Fermi interaction is turned

off and the Coriolis interaction remains included.

This scheme is illustrated in Fig. 5 which presents a reduced energy level diagram for the
excited states. Two X states are coupled by a homogeneous (Fermi-type) interaction, and the lower

¥ state is also perturbed by a Coriolis-type interaction with a IT state located just below it. The IT
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state has a smaller B-value, so it moves away to lower energy as J increases while at the same
time, the magnitude of the Coriolis coupling increases. The lower X state is thus ‘pushed’ up so
that it would cross over the other X state between J = 6 and 7, leading to an avoided crossing. As
we adjusted this 3-states scheme to fit the observed spectrum, we were pleased to find that it
predicted some perturbation-allowed transitions to the IT state that could explain weak lines in the
spectrum. These assignments were furthermore supported by ground state combination
differences. Adding these weak transitions to the fit firmly anchored the position of the IT state.

Table 2 lists the final set of parameters for this band, in which 66 transitions were fit with a rmsd

of 0.00050 cm™".

Table 2. Molecular parameters for the bands observed in the 7903 cm™! region of Ar-D,0O (in cm™).?

T(1o1), (201) 2(211), (300) I1(7902)
Vo 7902.8446(8) 7902.4388(10) 7902.3202(9)
B’ 0.089829(53) 0.09454(12) 0.079541(54)
D’ -6.62(68) x 10 23.2(12) x 10°°
H' 2.59(12) x 10°® 2.91(38) x 10°®

WIZ(o), 2(211)]  0.1181(15)
Ws[Z(lo1), Z(211)]  2.272(44) x 107
Wp [Z(1o1), 2(211)]  -5.14(29) x 10
G [Z(211), TT (7902)] 0.05566(20)

n 66
rmsd 0.00050
2(000), (000)
B"® 0.093262186
D"® 2.60637 x 107
H"® -8.026 x 107!

Quantities in parentheses are 1o from the least-squares fit, in units of the last quoted digit. # is the number
of observed lines and rmsd is the root mean square average error in the fit.

® Ground state parameters for the X(0oo) lower state are from [21].
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We found that the relative intensities of the various lines in the 7903 cm™ band could be best
reproduced by giving relative transition dipole moments of -0.4 and 0.0 to the X(211) and IT
components, respectively, relative to X(1o1). Parts of the band matched better by including some
IT intensity, but not consistently. The weak transitions involving the IT(7902) state thus borrow
most or all of their strength from mixing with the two other states. The main failure of the
simulation is that lines of the £(211) band with J”> 9 (and of the IT(7902) band with J"> 6) are
predicted with significant intensity although they are absent in the observed spectrum. This
probably demonstrates the onset of predissociative broadening in both states, possibly due to the

IT (7902) state itself, or to interaction with an unknown fourth state.

Earlier we stated that the interaction between the Z(1o1), (201) and Z(211), (300) states was
homogeneous (that is, not J-dependent), but this is not entirely true. In fact, the parameters Wz and
Wp in Table 2 contain significant J-dependence, and they are essential for the good fit. These
parameters could be thought of as a simple rotational dependence of the basic homogeneous
perturbation, but more likely they express a second order Coriolis effect. For example, one of the
¥ states could be Coriolis coupled to a nearby IT state (with J dependence) and the IT state coupled
back to the other X state (more J dependence). Of course, we already have a nearby IT state coupled
to Z(211)! It turns out that if W and Wp are constrained to zero, a moderately good fit can be
regained by introducing a Coriolis interaction between the £(101) and IT states. But the fit with W3
and Wp and no Z(1o1) - IT Coriolis is still much better in terms of rmsd and simulated intensities
than the fit with Z(1¢1) - I'T Coriolis and no Wp and Wp. This could be further evidence of unknown

interactions with additional states beyond the three in our model.
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3.3. The TI(101), (201) < (00o), (000) and TI(110), (201) < Z(00o), (000) bands, 7912 —
7918 cm™!

Two IT « X transitions with expected O-, P-, and R-branches are observed in the 7912-7918
cm’! range. They are presented in Fig. 6. They again originate in the ground ortho state, X(0oo),
(000), and from their positions can be assigned to the upper states I[1(101), (201) and I'I(110), (201)
as indicated in Fig. 6. Since they originate from an eparity sigma state, their OQ-branch involve

upper state levels with f* parity [37], and P- and R-branches involve levels with e parity.

The most easily assigned part of the spectrum is the prominent I1(101), (201) O-branch in the
7912 — 7914 cm’! region, which can be followed from J =1 to 19, while showing a relatively small
perturbation at J = 5. The I1(101), (201) P- and R-branches suffer a large perturbation between J’
=7 and 8, which is responsible for the gap in the spectrum between 7914.8 and 7915.3 cm™’. The
help of ground state combination differences was required to number lines up to J” = 13. Lines

then broaden and disappear, presumably due to interactions with a short-lived perturber.

The I1(110), (201) P- and R-branches could be assigned up to J” = 17, experiencing a
moderate perturbation at very low J-values and a small one around J” = 12. Details of the rotational
assignments and observed line positions are given in Table S-3 of the Supplementary Information.
The T1(11¢), (201) Q-branch (around 7919.5 cm™) is strongly perturbed and the lines could not be
reliably numbered. In this case, there are no combination differences available to establish definite
rotational assignments, and the best we can do is to propose an approximate scheme, described

below, to qualitatively simulate the observed spectrum.
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Fig. 7. Energy level diagram simulating the 7914 and 7915 cm™ bands of Ar-D,O. For clarity, rotational
energies are reduced by the quantity BerJ(J + 1), with Begr= 0.090 cm!. Dots and triangles indicate levels
with parity e and f, respectively. The main states carrying all the transition strength are [1(101), (201) in red,
and I1(110), (201) in blue. A X (black) dark state crosses I'1(110) between J =1 and 2, and I'1(1¢:) between J
= 7 and 8, causing perturbations to their ¢ components. The I1 (green) state has widely split e and f
components. The e component interacts significantly with X (black) state and the fcomponent qualitatively
explains a perturbation around J = 5 in the f'levels of I1(110). The X (pink) and IT (cyan) dark states are
required to explain other small observed perturbations. As emphasized in the text, this interaction scheme

1S tentative.

We have worked out a possible, but not definite, interaction scheme. It is presented in Fig.
7, to account for the many observed perturbations, involving four dark states and eight interaction
matrix elements. It reproduces reasonably well the band shapes and the observed line positions, as
illustrated in Fig. 6. The point of our analysis is to show that an approximate solution is possible
and that it requires a number of perturbing states. A dark state called X (black) crosses the I1(101),
(201) state from above between J = 7 and 8, explaining the large perturbation noted in its P- and

R-branches. It is assumed to be a X state because any other state (I, A,... ) would involve a f parity
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component and cause large perturbation in the Q-branch, that are unobserved. The small O-branch
perturbation at J =5 is explained by the f component of a I'T (cyan) dark state, coming from below.
The X (black) state also helps to explain a perturbation observed in the e component of the I1(110)
state around J = 1 to 3, and the IT (cyan) state similarly causes small perturbations in the e

component of [1(1o1) at J =5 and 10, as observed.

T(1,,) R7) R(B} R(9)

n(1,,)

% Wi

simulated with
perturbation
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without
perturbation J
| ) 1 | L | 1 |
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Fig. 8. Expanded view of the O-branch region of the IT(110), (201) «<—X(000), (000) band of Ar-D,0, with
the experimental spectrum in the upper trace. The red simulation (middle trace) is the same as shown in
Fig. 6 and explained in Fig. 7. For the blue simulation (lower trace), the interaction between the f

components of I'1(110) and IT (green), shown in Fig. 7, is turned off.

As noted above, it is not possible to confidently assign rotational quantum numbers in the
perturbed T1(11¢), (201) band Q-branch at 7915.4 cm™. However, a qualitative simulation can be
made by introducing the state labeled IT (green) in Fig. 7 so that its f component crosses the f

component of T1(119) from above around J = 5. This level crossing splits the I1(119) O-branch,
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inducing a gap between 7915.39 and 7915.42 cm! which is illustrated in Fig. 8. Similar
observations were reported in the literature (see Figs. 3 and 4 of [38]). Note that the O-branch lines
were neither assigned nor fitted. Nevertheless, the overall agreement looks reasonable. We were
also pleasantly surprised to find that including the related IT (green) e levels and a Coriolis

interaction to the X (black) state enabled the least-squares fit to be improved by a factor of two.

The final fit gives a satisfactory rmsd of 0.00049 cm™'. It includes 85 lines: 25 for the IT(101)
e upper state (J” =1 to 13); 17 for I1(1o1) f(J” =1 to 17); 32 for [1(110) e (J” =1 to 17); 8 for
(black) (/" =51t09); and 3 for I1 (cyan) (J” =5). The best simulation (Fig. 6) has relative transition
moments of 1.0 for the I1(1o1), (201) band, 0.8 for the I1(110), (201) band, and O for the other
(perturbing) bands. The weak transitions involving the X (black) state borrow their strength from
mixing with the two bright states. The 35 parameters of the fit are listed in Table 3. Note the six
parameters (footnote b) which were manually adjusted to qualitatively simulate the 7915.4 cm’!
Q-branch as described in the preceding paragraph (for the I1f{110), (201) and I1f(green) states, and
their interactions). Note also the three parameters (footnote d) which were adjusted manually to
avoid instability in the fit. Each of these three could be varied by roughly 10% without greatly
changing the fit, but each was still needed to maintain the good fit. We emphasize here that, even
though the fit (Table 3) and simulation (Figs. 6 — 8) are good, they are not intended to be a unique
solution for this observed spectrum, but rather serve to illustrate that a reasonably good fit is
possible, and that it seems to require at least four perturbing states in addition to the main upper
states, [1(101), (201) and [1(110), (201). It is the rotational assignments in Table S-3 which are more

meaningful, and not so much the many parameters in Table 3.
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Table 3. Parameters for the I1(101), (201) and I1(110), (201) states of Ar-D,O (in cm™).?

ITe(1o1), (201) IIf(101), (201) Ile(110), (201) IIf(110), (201)  X(black)

vo  7913.8432(2) 7913.8404(4) 7915.4723(5) 7915.488 7915.855(87)

B’ 0.092391(28) 0.089814(13) 0.095775(18) 0.0935® 0.0647(14)

D' 4.9230)x 10° 3.84(11)x 107 1.13(13)x 10 2 x 10" -1.06(12)x 10

H' 1.48(25) x 107 -3.67(26) x 107 -3.73(56) x 1077
IT (cyan) Y(pink) ITe (green) I1f (green)

Vo 7913.6869(8) 7917.260(5) 7915.653 4 7915.653 °

B’ 0.094696(23) ¢ 0.08374 0.094784 0.0885°

W [Ile (1o1), IT (cyan)] 0.01046(37)

W [IIf (101), IT (cyan)] 0.00317(46)

G [Te (1o1), T (black)] 0.03833(103)

G [Ile (110), T (black)] 0.0263(21)

G [Ile (110), T (pink)] 0.001959(77)

G [Z (black), [Te (green)] 0.0956(102)

G [Z (black), IT (cyan)] -0.0024

W [TIf (110), TIf (green)] 0.035°

n 85

rmsd 0.00049

2Quantities in parentheses are 1o from the least-squares fit, in units of the last quoted digit. » is the number of observed

lines and rmsd is the root mean square average error in the fit. Ground state parameters for the X(0o0) lower state are
from [28] (see Table 2).

®These 6 parameters for ITf{110), (201), TIf (green) and their interaction were adjusted manually to give a qualitative
simulation of the I1f{11¢), (201) O-branch, as shown in Fig. 8.
¢ For the IT (cyan) state, ¢ = -0.000565(35) cm™!, meaning that B = 0.094414 ¢m™! for the e component, and B =

0.094979 cm™! for the f component.

4 These 3 parameters without uncertainties were adjusted manually to avoid instability in the least-squares fit.
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Fig. 9. Schematic D,O energy level diagram in the ground and excited vibrational states showing the correlation with
Ar-D,0 sub-states. The distinct para and ortho nuclear spin species of D>O and Ar-D,O are shown on the left and
right panels, respectively. The nuclear spin statistical weight is indicated under bracket. Vertical arrows show the four
Ar-D50 bands studied here. D,O levels [15,39—41] are color-coded as indicated by labels on the right-hand side. Ar-
D,0 energies are taken from ground state predictions [42] and are shifted by Dy (95.3 cm™") with respect to D,O levels.
The various D,O (300), (022), and (121) levels can possibly give rise to Ar-D,O states responsible for the many

observed perturbations. Dotted energy levels include one quantum of van der Waals stretch, n, = 1 (=35 em™) [42]
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and their energy is only approximate. The (121) levels shown here lie above the Ar-D,O dissociation threshold by at
least 120 cm’!, and are included on the (unlikely) chance that they still might perturb the Ar-D,O bands.

4. Vibrational assignments

As mentioned in the introduction, the spectrum of DO monomer in the region studied here
is dominated by the (201) < (000) band (7899.825 cm™). Other nearby D,O bands are significantly
weaker: (300) < (000) (7852.929 cm™); (022) < (000) (7826.4 cm™); and (102) < (000)
(8054.074 cm™). The assignment of the four main Ar-D20 bands is straightforward because all are
located within 2 or 3 cm™! of the positions predicted using known D20 and Ar-D,O energies. Any

alternate assignments would be off by at least 50 cm!.

The tentative assignment of the dark states we have included in the various interaction
schemes is discussed here below. Figure 9 shows a schematic representation of DO and Ar-D,O
energy levels in the ground and excited vibrational states. The ortho/para nuclear spin
classification of the water molecule is preserved upon complexation, so the assignment can be
done separately as shown in the two panels of Fig. 9. In addition to the DO levels of the (201)
vibration which correlate with the four observed Ar-D>O bands, Fig. 9 also shows other D>O
vibrational levels. Note that the dotted D>O energy levels in the figure are approximate estimates
for excited Ar-D;O states with one quantum of the intermolecular van der Waals stretch mode.
Following earlier examples [42,43], we label these stretch states, for example, as follows: n, =1,
(To1), (300).

Starting with the £(000), (201) band of para Ar-D,O at 7892 cm™!, we introduced the IT
(7893) dark state. The II state origin (7893.07 cm™) is about 1.1 cm™ above that of £(0¢p), (201).
It has a rather small effective B-value (0.071 cm') and the transitions show significant
homogeneous widths (0.04 cm™). By looking at Fig. 9, Possible candidates for this perturber are:
I1(212), (300); T1(303), (022); or ny = 1, I1(101), (300) (the latter might be expected to have a small
B-value). Alternatively, the (121) levels shown in Fig. 9 could also be suggested but those lie far
above their dissociation limit and would thus have significant predissociative broadening, possibly
too much for their transitions to be observed. Overall, without stronger evidence, we do not

assigned the IT (7893) perturbing state.
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Next, the analysis of the %(101), (201) band of ortho Ar-D>0O at 7902.8 cm™! involves the &
dark state at 7902.4 cm™! and the IT (7902) state at 7902.3 cm™'. The fact that the ¥ perturber has
significant transition strength of its own suggests that it involves the (300) vibration, because the
D20 2v; + 2v3 band is much weaker than the 3v; band. This Z dark state is therefore assigned to
(211), (300) as already stated in Sec. 3.2. The strength of the Coriolis interaction between the two
dark states involved in the analysis (G [Z(211), IT (7902)] = 0.05566 cm™') further suggests that
they both belong to the same D,O vibrational state. Likely assignments would then be I1(211),
(300) or ng =1, I1(111), (300). The former would explain the large Coriolis coupling and would
imply that the £(211) and T1(21)) states lie very close together (A= 0.12 cm™). The latter might
explain the smaller observed B value of the I'1 state due to the van der Waals bond stretch excitation
but perhaps not the strong Coriolis parameter. The assignment of the IT (7902) state thus remains

uncertain.

Finally, there are many perturbing states in the 7913 - 7916 cm™ region, perhaps the most
significant ones being those labelled X (black) and IT (green). In the immediate vicinity of 7915
cm’!, Fig. 9 seems to present a shortage of dark states. The closest candidates have rather uncertain
positions because they involve ny = 1. It could also be that additional higher excited overtone
stretching states are to be involved. Additionally, as there exist large shifts between some D>O
levels and their related Ar-D,O states, true locations of Ar-D>O states can easily be several cm™
away from that suggested by the correlated D,O rotational level. Overall, we do not have any good
suggestions for the assignments of the perturbing states in this region, which is why we use colors

to label them in Table 3 and Fig. 7.

5. Lifetimes and conclusions

The spectra in Figs. 2, 4, 6, and 8 are simulated using an effective rotational temperature
of 13 K and a Voigt line profile with Gaussian and Lorentzian full width at half maximum
(FWHM) values of 0.0026 and 0.0012 cm™!, respectively. The Gaussian contribution was retrieved
by estimating the rotational temperature of the complex and assuming an equivalent translational
temperature. The Lorentzian contribution is determined by fitting 33 of the most intense transitions

in the 7903 cm™! band. The same widths worked well for the other bands, except as noted for some
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broadened lines. The Ar-D»O predissociation lifetime extracted from this Lorentzian contribution
is around T = 3 — 8 ns. The large uncertainty results from the large standard deviation on the
Lorentzian FWHM. This lifetime is in the same range as most other values determined for Ar-
water in different vibrational states [18,19,21,33].

In conclusion, four main bands are observed for Ar-D>0 in the second OD overtone region
with a SNR ofup to 200 achieved using the FANTASIO CRDS experiment [21]. They are assigned
to the Z(000), (201) <—Z(101), (000) transition of the para nuclear spin species, and to the Z(101),
(201) <= X(000), (000), I1(1o1), (201) <= Z(000), (000), and I1(110), (201) < Z(000), (000) transitions
of the ortho species. Various perturbations affecting line positions and intensities are observed.
Those in the para species could be analyzed, involving one dark IT state. Tentative, and more
complicated perturbation schemes were discussed for those in the ortho species. One, for Z(101),
(201), involves two (Z and IT, the former assigned to (211), (300)) dark states. The other, for I1(101),
(201) and II(110), (201), possibly involves four dark states in addition to the bright ones. None of
the dark states, but (211), (300) could be firmly identified.

This work was made possible as a result of a series of improvements made on the
FANTASIO apparatus and brings confidence that future studies in even higher vibrational excited

states, i.e. the 40D and 40H stretch regions, should be possible for water-containing complexes.
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