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The O — D stretch rovibrational spectra of N, —D,O and N, — DOH were measured and analyzed. A combination
band involving the in-plane N,, bending vibration was also observed. These bands were recorded using a pulsed-slit
supersonic jet expansion and a mid-infrared tunable optical parametric oscillator. The spectra were analyzed by con-
sidering the feasible tunneling motions and transitions were fitted to independent asymmetric rotors for each tunneling
state. The rotational constants of the four tunneling components of N, — D, O were retrieved for the excited vibrational
states. A two order of magnitude increase in the tunneling splittings is observed for the asymmetric O — D stretch (v3
in D, O) excitation compared to the symmetric stretch (v; in D,O) and to the ground vibrational state. This last finding
indicates that the v3 vibrational state is likely perturbed by a combination state that include v;. Finally, the observa-
tion of a local perturbation in the v3 vibrational band, affecting the positions of few rovibrational levels, provides an
experimental lower limit of the dissociation energy of the complex, Dy = 120 cm™".

I. INTRODUCTION

Weakly bound water complexes containing atmospheric
species is an extensive field of study for the understanding
of radiative transfer budget!-> and chemistry occurring in the

Earth’s atmosphere’~>.

The water-nitrogen is predicted as one of the most abun-
dant dimer in the atmosphere>*%7 with a predicted partial
pressure from ~ 5.107% to 107!2 atm between the sea level
and 25 km of altitude?. The N,—water complex was the
subject of numerous theoretical investigations>®8-2! in the
past four decades. In particular, Sadlej ef al. '* computed the
global minimum structure of the complex and concluded that
N, —H,O is planar with the N, monomer nearly colinear with
the O — H bond and gave an estimate for the interaction energy
of D, = 403 cm~!. This value is close to the value obtained
by Wheatley and co-workers!6 of D, = 441 cm™! which was
determined from the evaluation of the intermolecular potential
energy surface (PES) using a systematic intermolecular poten-
tial extrapolation routine. More recently, Barreto et al. ! esti-
mated a value of D, ~ 280 cm~! using the CCSD(T) method
and an aug-cc-pVTZ basis sets. Using the same method
extrapolated at the CBS limit, Ellington and Tschumper '
found D, = 426.7 cm~!. The surface calculated by Wheat-
ley and co-workers was later used by Wang and Carring-
ton Jr?® to evaluate the vibration-rotation-tunneling (VRT)
energy levels of N, — H,O and N, —D,0O. More recently,
a new intermolecular PES averaged over the intramolecular
0> bending coordinate of the H,O monomer was obtained at
the CCSD(T)-F12a/aVTZ-bf level of approximation by Wang
et al.?'. They used their PES to reproduce microwave and
infrared spectra of N, — H,O and N, — D, O and calculated
dissociation energies (Dg) of 185.64 cm~! and 221.18 cm ™!,
respectively.

Experimentally, two high resolution microwave (MW)
spectroscopic studies?>?? of water-nitrogen complexes were
reported in the literature. These studies showed that the
N, —D,O complex is a near prolate top with an asymme-
try parameter k ~ —0.9998 and a large A rotational constant
of ~ 11.5 cm™'. The rotational energy levels are labelled
by Jk,k.. As a result of the near prolate top structure of
the complex, K, is nearly a good quantum number and is
highly significant. In the pioneer work of Leung et al.??,
K, = 0 « 0 rotational transitions were observed for several
isotopologues. Stockman in his PhD thesis??, reported the
observation of K, = 0 <- 0 transitions for N, — H,O and
K, =1 < 0 transitions for N, — H,0 and N, — D, 0. Anal-
ysis of the spectra of such complexes is challenging due to
large amplitude motions of both water and nitrogen subunits
that split each rotational level into four tunneling components.
Indeed, four equivalent minima exist on the PES. The associ-
ated tunneling motions leads to a permutation of the two deu-
terium/hydrogen atoms (depending on whether N, — D, O or
N, —H,O is considered), noted hereafter as D —D or H—H
exchange and a concerted motion leading to the permutation
of the two deuterium/hydrogen and the two nitrogen atoms
noted in the rest of this paper as N — N exchange.

Measurements have also been made in the mid-infrared (IR)
region. The v, bend region of water was studied by Springer
et al.** for N, — H,O and by Zhu et al. ® for N, — D, 0. In
both studies, the H — H/D — D tunneling splitting was clearly
resolved and the K, = 1<+ 0, K, =0+ 0and K, =0+« 1
subbands were observed and analyzed. Assuming a splitting
independent of K, (which we know is an assumption with a
limited validity for similar complexes, i.e. COfwaterzﬁ), Zhu
et al. ® determined the D — D exchange tunneling splitting in
the ground and excited vibrational states for both K, = 0 and
K, = 1. They concluded that the D — D exchange tunneling
splitting decreases upon the excitation of the intramolecular



D, O bending vibration v, by about 26%. These results were
reanalysed in the work of Wang and Carrington Jr?°. These
authors calculated the VRT levels in the ground vibrational
state and determined that the splitting in K/ = 0 is about two
times that for K/ = 1. Using these calculations and the assign-
ments made by Zhu er al. >, they concluded that the D — D
exchange tunneling splitting decreases upon the excitation of
the D, O bending vibration v, by about 17% for K}, = 0 states
and by 32% for K/, = 1 states compared to its value in the
ground vibrational state.

This complex was also studied at lower resolutions in the
infrared using helium nanodroplets?”-*® and rare gas matri-
ces?31, Two Fourier-Transform InfraRed (FTIR) spectro-
scopic studies investigated the effect of nitrogen adsorption
on the O — H(O — D) stretch of water clusters'*3?. The inter-
action between N, and H,O was also characterized by colli-
sional cross section measurements using molecular beam scat-
tering techniques®. In this report, the authors determined a
value of 110 cm™! for the dissociation energy, which is con-
siderably smaller than the calculated values mentioned above.

In this work, the a—type K, =0 < 0 and b—type K, = 1 <
0 rovibrational spectra of the N, — D,O complex in the v;
symmetric and v3 asymmetric O — D stretch regions of D,O
are reported. The observation and the analysis of the inter-
molecular in-plane N, bend in the v3 asymmetric stretch re-
gion of D, O in the complex is also presented. A global fit of
the assigned transitions with all the previous microwave and
infrared reported transitions is performed. A peculiar tunnel-
ing dynamics, with four series of well separated lines, is ob-
served for the excited v3 asymmetric stretch and is discussed
with regard to the observed spectra of N, — D, O around v;
and those for N, — DOH in the O — D stretch region. The re-
mainder of the paper is organized as follows: Section II details
the experimental methods and conditions, section III provides
explanations concerning the selection rules, the model used to
analyse the vibrational bands and subbands and the retrieved
spectroscopic parameters. In section IV, we discuss the in-
termolecular dynamics of the complex and provide a lower
limit for the dissociation energy (Dg). Concluding remarks
are given in section V.

Il. EXPERIMENTAL

The spectra were recorded at the University of Calgary
using a rapid-scan tunable infrared continuous-wave optical
parametric oscillator laser source to probe a pulsed supersonic
slit jet expansion. The details of the experimental set-up and
the data acquisition has been reported previously>*3>. All the
recorded spectra are shown in Fig. 1 along with the vibrational
assignment. N, —D,O was formed in the supersonic jet ex-
pansion using N, and He bubbling through D, O, except for
the K, = 0 < 0 v3 band where a mixture of D, O, N, and He
was used. The backing pressure was typically in the range of
11-14 bar.

In the case of N, — DOH, HDO was formed by mixing
D, O and H,O in the bubbler. By comparing the relative in-

tensities of the simulated and observed spectra the rotational
temperature of the complexes was found to be around 3 K.

Ill. SPECTRAL ASSIGNMENT AND ANALYSIS

Figure 2 presents a diagram of the VRT energy levels of
N, —D,0O drawn from the predictions of Wang and Carring-
ton Jr20 for the ground state (see Fig. 5 of Ref. 20, this choice
is discussed further in section IV) and the energy levels struc-
tures for the v; symmetric (left panel) and vz asymmetric
(right panel) O — D stretch of D, O (discussed further in sec-
tion IV) from this work. The vertical arrows represent ob-
served infrared transitions. Due to the D — D and N — N tun-
neling motions, the Gg permutation inversion group (see Ta-
ble 8 in Ref. 36) is the most relevant to label the VRT levels
and the associated wavefunction. Considering the different
degrees of freedom as decoupled, the v; symmetric and v3
asymmetric stretches correspond respectively to the Af and
BT irreducible representations in this group. The symmetry
of the rotational wavefunction is characterized by the parity of
K, and K., and is Afr if K, K, are respectively even even or odd
even and A| if KK, are respectively even odd or odd odd.
Concerning the tunneling components of the wavefunction, as
reported in Ref. 20: “A(B) indicate that a state is symmetric
(anti-symmetric) with respect to the permutation of the two D
atoms; the subscripts 1(2) indicate that a state is symmetric
(anti-symmetric) with respect to the permutation of the two N
atoms". In Fig. 2, the irreducible representation of the energy
levels, obtained by a direct product of the vibrational, rota-
tional and tunneling representations, is indicated. Considering
that A7 is the irreductible representation of the electric dipole
moment, selection rules are: Al+ AT, A; Ay, BT <~ By,
B; <> B, . The nuclear spin statistical weights of the VRT lev-

els AT/ o, A; / o, BT/ o, B; !~ are indicated in parentheses and
are respectively 4, 2, 2 and 1. To model and fit the measured
experimental spectra, the standard S-reduced Watson asym-
metric top Hamiltonian3” was used and each tunneling state

was fit independently. The expression of the Hamiltonian is
38.

. . B-C
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+H;J° +HjxJ J7,

where the superscript " refers to the vibration-tunneling
component and B = B%C. The analyses were performed us-
ing the PGOPHER software?®. Due to the large A rotational
constant, states with K, > 1 were not sufficiently populated in
the expansion and have thus not been observed.

The vibrational assignment, indicated in Fig. 1, was
straightforward due to the proximity of the observed bands
with the associated monomer mode frequency (D,O or
HDO). This was also made easier from the estimation of
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FIG. 1. Measured absorption spectra of N, —D,O and N, — DOH. The vibrational assignment is indicated next to each band. The inter-
molecular in-plane N, bending mode is noted here as v;;;. The relative intensity of the bands should be treated with caution due to variations
in conditions of formation of the complex and laser intensity. This variation is outlined with an asterisk * for the v3 band measured using a gas

mixture instead of bubbling Helium in D,,O as for the other bands.

the A rotational constant?? and intermolecular modes frequen-
cies?® from previous studies. For the rotational assignment,
ground state parameters were first fixed at the values obtained
by Stockman >* using the A-reduced Watson asymmetric top
Hamiltonian for each tunneling state. Almost all the ob-
served lines were assigned using the relative intensities dic-
tated by the spin statistical weight and the temperature. Then
a global fit of all the transitions reported in the millimeter-
wave (mmW) by Stockman?? and in the IR by Zhu et al.
with the assigned transitions from this work was performed
using the standard S-reduced Watson asymmetric top Hamil-
tonian. This reduction is more appropriate for a near symmet-
ric top®. Millimeter-wave transitions were given a weight 30
times larger than the weight of the IR transitions according to
their respective experimental uncertainties. The weighted av-
erage error of the global fit was equal to 0.00058 cm™!. The
resulting N, — D, O ground state constants are reported in Ta-
ble I while the refined v, excited vibrational state constants
can be found in Table S-20 of the supplementary materials*'.

A. Spectral assignment and analysis in the v; symmetric
stretch region

As shown in Fig. 3, only two subbands were observed in
the vi symmetric stretch region of D, O, an a-type K, =0+ 0
and a b-type K, = 1 < 0 subband. The two series of lines la-
belled by A and B correspond to the two tunneling components
due to the D — D exchange. In Fig. 3, the light blue subband
belongs to the A tunneling component (degeneracy of AT and
A3 tunneling components) and the vermilion subband belongs
to the B tunneling component (degeneracy of Bl+ and B; tun-
neling components). The nuclear spin statistical weight equals
6 for A and 3 for B tunneling states. The assignment of the two

subbands, the a-type and the b-type, was straightforward due
to their well behaved relative intensities. As in v, (see Fig. 2
of Ref. 25), no further splittings due to the N — N permutation
were observed. This splitting is also very small in the G.V.S.
as indicated in the lower panel of Fig. 2.

In total, 76 transitions were assigned : 37/39 for the A/B
tunneling component. The transition wavenumbers and their
associated assignments are provided in Tables S-7 and S-8
of the supplementary materials*!. The rotational constants
for the excited vibrational state v; from this analysis and the
global fit are reported in Table II. Because of the resolution
and the congestion of the Q-branch in the K, = 1 < 0 spec-
trum, some Q transitions remain unassigned especially for the
A tunneling component.

B. Spectral assignment and analysis in the v; asymmetric
stretch region

The experimental K, = 0 < 0 spectrum in the excited V3
vibrational state is shown in the bottom panel of Fig. 4. There
is a stark contrast between the K, = 0 < 0 bands of the v;
(lower panel of Fig. 3) and the v; fundamental (bottom panel
of Fig. 4). Indeed, the K, = 0 <— 0 band of the v3 fundamen-
tal consists of four rotational series, rather than two for the
K, =0+ 0 of the v; fundamental. These can be assigned to
the four tunneling components A}, A, Bf, B based on rel-
ative intensity of the theoretical spin statistical weights. The

assignment for the VRT components A;/ ~ and BT/ ~ having
the same nuclear spin statistical weight (2) was made using
the lower state combination differences from the mmW work
by Stockman 3.
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FIG. 2. Schematic representation of the vibration-rotation-tunneling energy levels with their respective irreductible representation in Gg and
spin statistical weight of the N, — D, O complex in the ground vibrational state G.V.S. (from Ref.20), in the v; = 1 symmetric stretch region
(left panel) and in the v3 = 1 asymmetric stretch region (right panel) of the D,,O monomer (from this work). All the splittings are plotted at the
same scale. The asymmetry splitting for K, = 1 states has the same order of magnitude as the N — N exchange tunneling splitting for J = 1.
The D — D and N — N exchange tunneling splitting are noted as Ak, (J) and 5,'?01/ 5 (J), respectively. The tilde "~ indicates the splittings in the
excited vibrational states. The vertical arrows represent the observed transitions from this work. Transitions are labelled with Ak Af ;‘{‘,',' K ",

where the superscript " refers to the initial VRT component with A /B referring the degeneracy of AT / BT and A2+ / B; tunneling components.
The double tilde *~’ indicates changes of the vertical energy scale which applies also to the arrows representing observed transitions.

Observation of four K, = 0 <— 0 subbands for the v3 funda- mental was unexpected. This is in stark contrast with the v,



TABLE I. Molecular constants (in cm™!) 2 for the ground vibrational state of the N, — D50 complex.

Ground vibrational state

AT AT B/~ B/~
1 2 1 2

A 11.4957522(96) 11.4953804(96) 11.167868(22) 11.167940(22)

B 0.0932485(30) 0.0932439(30) 0.0930529(73) 0.0930494(75)

C 0.0919477(15) 0.0919457(15) 0.0920307(39) 0.0920288(40)
103D -0.47148(67) -0.47355(67) -0.50604(96) -0.50596(97)
10°D; 1.033(13) 1.026(13) 1.014(25) 1.003(25)
1064, -0.0441(67) -0.0428(67) -0.0388(74) -0.0359(75)
109H, ¢ -0.1830(74) -0.1861(74) -0.1765(77) -0.1772(78)

2 Numbers in parentheses are the uncertainties and are in the same units.
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FIG. 3. Spectra of the N, — D,O complex in the v| symmetric
stretch region of D, O. The upper panel shows the fundamental b-
type K, = 1 <— 0 band and the lower panel shows the fundamental
a-type K, = 0 <— 0 band. In each panel the observed spectrum is de-
picted in blue and the black trace is the sum of the simulated spectra
of the different tunneling components. The unassigned high intensity
transitions are probably due to the D,O dimer while the unassigned
low intensity transitions could belong to larger complexes.

spectra from this work and previously reported spectra in the
infrared which either did not show any N — N tunneling split-
ting? or the N — N tunneling splitting, for v, in the case of
N, — H2024, was at least an order of magnitude smaller. This
observation can be rationalized in terms of D —D and N — N

tunneling splittings and is a signature of a large change of the
intermolecular dynamics in the v3 region, as further discussed
in section IV.

In addition, the K, = 1 < 0 subband was measured in the
asymmetric stretch region of D,O for both the fundamen-
tal and the in-plane N, bending intermolecular mode. These
bands are shown in the middle and top panels of Fig. 4, respec-
tively. To fit the combination band involving an intermolecu-
lar mode, the A rotational constant was fixed to its value for
the v3 fundamental as it can not be determined from the obser-
vation of this band alone. In both spectra, the N — N tunneling
splitting was resolved for the A tunneling states. This split-
ting was on the other hand only resolved in the B tunneling
states for the combination band. Again, the distinction be-
tween the A; /" and B;r/ "~ components was determined by us-
ing the lower state combination differences. The assignment
of the b-type fundamental and intermolecular mode bands was
straightforward thanks to the previous assignment of the a-

type fundamental, except for the A2+ /~ subband of the inter-
molecular mode, for which the Q-branch is shaded to blue for
the first few lines and folds back on itself at Qg ¢(6). This
unexpected behavior is discussed in section I'V.

Transitions marked with an asterisk in Fig. 4 are the per-
turbed transitions. These lines indeed have an observed mi-
nus calculated value at least two times higher than the root-
mean-square (RMS) deviation of the global fit. They were,
therefore, excluded from the final fit. The origin of the pertu-
bations is discussed in the next section. The remaining unas-
signed transitions could belong to an intermolecular mode of
N, —D, O associated with v| or due to other complexes. In to-
tal, 154 transitions were assigned in the v3 fundametal bands
and 95 in the combination band. The observed transitions and
their assignment are available in Tables S-9 to S-16 of the
supplementary materials*!. The rotational constants for the
excited vibrational states v3 and V3 + V;,, from this analysis
and the fit are reported in Tables III and IV, respectively.



TABLE II. N, — D, O molecular constants (in ecm™1) 2 for the (v;) symmetric O — D stretch vibrational state.

Excited state v;

AT AT B/~ B/~
1 2 1 2

o 2671.03083(27) 2671.03083(27) 2671.00342(26) 2671.00341(26)

A 11.29493(36) 11.29492(36) 11.00955(31) 11.00954(31)

B 0.092901(17) 0.092897(17) 0.092782(16) 0.092779(16)

C 0.091469(17) 0.091466(17) 0.091530(18) 0.091528(18)
103D -0.5132(99) -0.5135(99) -0.5421(87) -0.5421(87)
105D, 1.11(12) 1.10(12) 1.25(13) 1.24(13)

2 Numbers in parentheses are the uncertainties and are in the same units.

TABLE III. N, — D, O molecular constants (in cm™!) 2 for the (v3) asymmetric O — D stretch vibrational state.

Excited state v3

AT Ayl B/~ By~

Vo 2785.95164(44) 2786.43729(36) 2785.62834(29) 2785.60951(34)

A 11.07629(55) 10.67494(50) 11.53919(41) 11.55802(46)

B 0.090858(55) 0.093977(57) 0.092759(37) 0.092765(47)

C 0.087490(55) 0.092843(57) 0.090087(37) 0.090093(47)
103D,k -4.215(54) 0.159(53) -2.527(29) -2.519(42)
10°D; -20.1(12) -4.2(11) 4.95(16) 0.94(64)
1064, -2.55(12) 7.22(34) -3.56(33) -3.57(33)
100H -21.5(12) -1.5(11) 1.22(42) -2.78(75)
2 Numbers in parentheses are the uncertainties and are in the same units.

TABLE IV. N, — D, O molecular constants (in cm 1) for the excited state V3 + Vip.
Excited state v3 + Vi
Al AT B/~ By~
Vo 2806.62345(30) 2807.12446(35) 2806.29151(32) 2806.28807(29)
Ab 11.07629 10.67494 11.53919 11.558016

B 0.096028(36) 0.085398(63) ¢ 0.095961(47) 0.095616(50)

C 0.093341(37) 0.094287(67) ¢ 0.094914(50) 0.093355(34)
109D, 3.24(73) -44.6(20) 3.5(12) -5.10(44)
1064, 0.16(13) 28.7(25) 15.71(21) -3.06(34)
10°H, 15.7(47) -50(18) 78.3(93)

2 Numbers in parentheses are the uncertainties and are in the same units.
b The A rotational constant was fixed to its value for the v3 excited state for each tunneling state during the fit.
¢ The effective B rotational constant is smaller than the C rotational constant. This result is discussed in section I'V.

with asterisks on the unperturbed locations: three for the Af/ -

subband (bottom panel) and four for the A; /= subband (top
and bottom panels). The transitions marked with the same
symbol are transitions reaching the same v;3 J;((,l K, energy
level. The two most perturbed transitions in this band are il-
lustrated in panels (b) and (c) of Fig. 5. Here panel (a) shows a
portion of the measured and simulated spectra for a regular set

IV. DISCUSSION
Perturbations and interaction energy

By observing discrete perturbations in water-carbon
monoxide spectra and by assigning the vibrational level of
the perturbing state, Barclay ef al. 2® obtained an experimental

lower limit for the binding energy Dy of the D,O — CO com-
plex. We also observed discrete perturbations for N, — D, O.
This is not surprising due to isoelectronicity with D, O — CO.
Therefore, we performed a similar analysis to find a lower
limit to the binding energy of N, — D, 0.

In Fig. 4, seven perturbations were identified and marked

of lines and panels (b) and (c) illustrate the two perturbed lines
having the same upper state, namely J' = 7 whose energy is at
2791 cm™!. These transitions were assigned using lower state
combination differences and considering an experimental ac-
curacy of 0.0005 cm~!. As expected, the difference between
the observed and calculated transitions for the two transitions
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FIG. 4. Spectra of the N, — D,O complex in the v3 asymmet-
ric stretching region of D,O. The top panel shows the b-type
K, =1 < 0 combination band, the middle panel shows the funda-
mental b-type K, = 1 <— 0 band and the bottom panel shows the
funcamental a-type K; = 0 <— 0 band. The top blue spectrum in
each panel is the observed one and the black simulated spectrum
represents the sum of the contributions of the AT/ "~ (blue), A;/ -
(green), Bfr/ ~ (red) and BZ; /= (orange) VRT components. Transi-
tions marked by V, A\, %, e, x are perturbed and lines marked with the
same symbol reach the same J, ., level. Gaps in the measured spec-
tra are transitions present when the expansion mixture consists of
D, O and He only.

is the same and about 0.071 cm~!. We observe similar behav-
ior for P(8) and R(6) of the A;/_ subband.

The nearest perturbing vibrational state is the v; symmet-
ric stretch of D, O with a band origin located at 2671 cm™ !
This value is computed from this work assuming the same vi-
brational shift as for v3. The next nearest perturbing monomer
vibrational states are the v, = 2 bends of D, O at 2337 cm ™~ !4?
and the stretch of N, calculated at 2359 cm~! for N, -H,0
by Ellington and Tschumper °.

The latter two candidate states can be ruled out since
they result in a lower bound dissociation energy of 454 or
432 cm™'. These are very close to the interaction energy D, =
441 cm~ 1%, Note that the zero point energy for N, — D, O is
calculated to be 232 cm™!2,

The other possibility for the source of perturbation is a vi-
brational state with one quantum of excitation of v; in combi-
nation with an intermolecular mode. The support for this as-
sumption comes from the work by Wang and Carrington Jr. *3
who predict a large density of intermolecular modes between
90 cm~! and 130 cm™!. This yields an experimental value of
Do > 120 cm™!. This lower bound limit is consistent with Dy
of 209 cm~! obtained from the interaction energy of 441 cm ™!
and zero point energy of 232 cm™! and also consistent with
the dissociation energy of 221.18 cm~! calculated by Wang
et al.?'. Tt also rules out the value of D, = 110 cm ™! obtained
from the molecular scattering experiment>>.

The rotational constants in v3 + v;,,

The molecular constants of the excited v3 + V;,, vibrational
state are presented in Table IV and the associated simulation is
illustrated in the upper panel of Fig. 4. One surprising result
from our fit is that the B rotational constant is smaller than
C for the A2+/ ~ VRT component. This can be explained by
the reversal of energy ordering of the asymmetry doublets for
K, = 1. Such areversal have already been observed for K, =2
in the CO — Ar* and the Ar — HCCH**® complexes. Fol-
lowing these authors, the asymmetry splittings term for K, = 1
can be expressed as*’48:

AE(K,=1) = (BgC)J(J—i— ) +2d12(J+1)% (2)

Our experimental rotational constants, where B < C, is sim-
ply areflection of reversal of energy ordering for K, = 1 which
are due to vibrational perturbations as in CO — Ar** or the
limitations of the semi-rigid Hamiltonian to describe a floppy
molecule.

The perturbation of the K, =1 A; /™ levels is likely due to
the K, = 2 levels of the vz vibrational state. Indeed, in the
ground vibrational state?”, the K, = 2 levels are predicted to
be approximately 4.6 cm™! higher than the considered inter-
molecular mode wavenumber.



(a)

FIREEER YN
il

27845 2784.7 2784.9 2785.1 2785.3

2784.3 2784.4 2784.5 2787 2787.1 2787.2

Wavenumber / cm™

FIG. 5. Small sections of the v3 K, = 0 < 0 subband with the observed spectra in blue and the simulated spectra in black. The left panel

illustrates the good agreement between the simulated and observed spectra. Panels (b) and (c) illustrate perturbed transitions for the

+/-
Al

VRT component : these are connected to their experimental positions by a blue arrow.

The dependency of the intermolecular dynamics with
rovibrational excitation

We are interested in the tunneling dynamics and its depen-
dence on vibrational and rotational excitation. Experimen-
tally, the observation of high resolution spectra gives only ac-
cess to the sum (or difference) between the excited and ground
state splittings. To infer information on the dependence of the
tunneling splittings on the vibrational and rotational excita-
tion, we will use as a reference the theoretical energy levels
from Ref. 20 for the ground vibrational state.

To test the validity of the approach and the quality of the
calculations performed in Ref. 20, the predicted in-plane N,
bending intermolecular mode wavenumber can be compared
to our experimental value. We observed K, = 1 < 0 transi-
tions reaching the v3 4 Vv;,, vibrational state. From Eq. 1 and
Table IV, the measured origin of the mode can be evaluated
forJ=1and K, = 1 using vgﬁv"’” +A+B— v(;'3. This gives :

31.843,31.452,32.298 and 32.331 cm ™, forthe |/, A}/,

BT/ "~ and B; /= tunneling states, respectively. The difference
with theoretical predictions are: —0.643, —0.149, 0.185 and
0.216 cm~!. Taking into account a variation smaller or of the
order of 1 cm™! due to the asymmetric stretch excitation of
water in the complex compared to the theoretical values which
are for the ground vibrational state, the calculated values can
be considered as excellent®”.

By using the reported origin of each tunneling state for the
ground vibrational state?’, the amplitude of the splittings in
the ground vibrational state were obtained. These are reported
in Table S-21*'. By using the calculated values of the split-
tings in the ground vibrational state, the assigned transitions
observed in v,2 and the observed transitions in this work,
the splittings in the v», Vi, v3 and v3 + V;,, vibrational states
were estimated. The values of the splittings in each vibra-
tional state are reported in Tables S-22 to S-24*! for several J
values along with the procedure followed for their evaluation.

Table V gives these splittings for J = 1.

From examination of Table V, we find that the D — D ex-
change tunneling splitting in the v, and v; vibrational excited
states (the N — N tunneling splitting is not resolved in these
states) are nearly identical and slightly smaller than in the
ground vibrational state. In addition, there is a decrease of
the tunneling splitting with K,. This has been interpreted as
a K, dependent tunneling barrier, where the K, rotational ex-
citation about the inter-monomer axis pushes the minima of
the effective PES appart®. In the v3 excited vibrational state,
however, the results are very surprising. As evaluated from
Table V, the D — D exchange tunneling splitting increases
from its G.V.S. value by about 62 % and nearly 200 % for
K, = 0 and 1, respectively. Secondly, the N — N exchange
tunneling splitting for K, = 0 increases by two orders of mag-
nitude or more. This splitting in the B states is £217 times and
in the A states is 3522 times its value in the G.V.S. (see right
panel of Fig. 2). For K, = 1, the N — N tunneling splitting in
the A states is £361 times greater. Eventhough this splitting
in the B tunneling states was not resolved, it was calculated
(see the supplementary materials*!).

As illustrated in Tables S-21 to S-24*!, we also observe
a dependence of the tunneling (D — D and when observed
N — N) splitting with J. This dependence differs according
to the excited vibrational state and K, excitation. For K, = 0,
a small decrease of the D — D tunneling splitting with J in the
ground, v, and v; vibrational states is observed while there
is a larger decrease in the v3 vibrational excited state. For
K, =1, the D — D tunneling splitting increases rapidly with J
in the v, and v, vibrational states, highlighting the same be-
havior for these two vibrational states. Finally, the tunneling
splittings in the v3 vibrational excited state and in the combi-
nation mode V3 + V;,; are also similar for / =1 and K, = 1.
However this dependence in the combination mode changes
much stronger (i.e. between J = 1 and J = 7, A;(J) increases
by +£30 %, 5{*(J) and §P(J) decreases by about 120 % and



TABLE V. Calculated exchange tunneling splittings for J/ = 1 in the ground vibrational state G.V.S. and in the excited v,, vq, V3 and in V3 + Vi,

vibrational states of the N, — D, O complex due to the D — D tunneling motion (A, (J)) and to the N — N tunneling motion (321 B (/)) in the
complex (a tilde *~’ is added to indicate the excited vibrational states splittings). The detailed calculations can be found in the supplementary
materials*!. Values of the exchange tunneling splitting are expressed in (cm~!) and rounded to four significative digits after the decimal place

for A and five for 6.

Exchange tunneling splittings
K,=0 K,=1

Ao(1) (1) &) A(1) 8 (1) 8P (1)
in the G.V.S. 0.2201 2 0.00014 2 0.00009 # 0.1075 2 0.00022 ¢ 0.00017 2

Ao(1) 51 5 (1) A1) 5 (1) 8P(1)
inv, 0.1825° 0.0754 P
in vy 0.1930 0.1076
in v3 0.3560 0.4931 0.0195 0.3190 0.0795 0.0031
in V3 + Vig 0.3108 0.0961 0.0154

2 Computed from Ref. 20, 23, and 25, this work and the PGOPHER software>?.
b Computed using observed transitions from Ref. 25.

250 % in the combination mode, respectively while A;(J) in-
creases by 6.1 % and &{(J) decreases by 9.9 % in the v3 fun-
damental). As before, the result in the excited vz vibrational
state (and in the combination mode V3 + V;,;) are unexpected
and different from all other studied vibrational states.

To explain the observed differences of the intermolecular
dynamics in the v3 region compared to the other vibrational
states, several mechanisms were considered. The more likely
explanation is that the v3 mode is mixed with one (or more)
dark background state(s) involving one or several N, bend-
ing excitation. Multiple excitation of such mode would sig-
nificantly promote the N — N interchange as observed here.
There could be multiple coincidences, say a different dark vi-
brational state for each of the three bands observed in the v3
region, but this is not required and there needs to be only one
such perturbing state whose zero-order vibrational frequency
happens to lie very close to that for v3 vibrational state. This
is because v3 has large splittings but these splittings are dif-
ferent for K, = 1 and the combination band. The less likely
possibility is that the v3 intramolecular vibrational excitation
decreases the potential energy barrier between minima on the
PES, increasing the amplitude of the tunneling splittings in
this excited vibrational state.

In order to rule out any fundamental change of the PES
topology induced by intramolecular vibrational excitation and
gain experimental insight on the tunneling dynamics in v3, the
K, = 0 <+ 0 spectrum of N, — DOH in the O — D stretch re-
gion (called v; hereafter, following the isolated DOH nomen-
clature) has been measured. In this complex, hydrogen atoms
are not identical and a nuclear permutation leads to two dif-
ferent isomeric species, i.e. N, —DOH and N, — HOD. The
ground state combination differences from the mmW spec-
tra? ensured that the observed band belongs to the N, —DOH
complex. Again, a global fit was performed by fitting both the
mmW transitions?3 and the IR transitions from this work with
a weight 30 times larger for the mmW transitions. The ob-
served mmW "Ry (0) transition was not included in the fit due

to its large experimental uncertainty. The resulting ground and
excited v; vibrational states molecular constants can be found
in Tables VI and VII, respectively. The weighted average error
of this global fit was equal to 0.00037 cm ™.

TABLE VI. N, — DOH molecular constants (in cm™1) 2 for the
ground vibrational state.

Ground vibrational state

Al AT
1 2

A 17.4707240(66) 17.4711141(66)

B 0.0968095(12) 0.09681043(80)

C 0.0956351(11) 0.09563414(93)
103Dk -1.72792(40) -1.72584(38)
10°D; 1.179(15) 1.1619(49)
10%4, -0.0759(43) -0.0729(43)
10°H, ¢ -0.4211(51) -0.4215(50)

10°H; 0.127(68)

2 Numbers in parentheses are the uncertainties and are in the same units.

TABLE VII. N, — DOH molecular constants (in cm™1) 2 for the v,
vibrational state.

Excited state v;

AT AT

Vo 2720.613798(18) 2720.623798(18)
Ab 17.4707240 17.4711141

B 0.0954850(93) 0.0954859(93)
109D, 1.118(86) 1.124(86)

2 Numbers in parentheses are the uncertainties and are in the same units.
b The A rotational constant was fixed to its ground state value for each
tunneling state during the fit.

The assignment of the K, = 0 < 0 N, — DOH spectrum in
the v; excited vibrational state was straightforward because
of a clear rotational structure as well as the absence of any
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FIG. 6. Measured N, — DOH and N, — D, O a-type K, = 0 < 0 spectra. The top panel shows the a-type K, = 0 < 0 spectrum of N, — DOH
in the excited O — D stretching region, the middle panel shows the a-type K,; = 0 < 0 spectrum of N, — D, O in the excited v; symmetric
stretch of D, O and the bottom panel shows the a-type K; = 0 < 0 spectrum of N, — D, O in the excited v3 asymmetric stretch of D,O.
From top to bottom, the colored bars show the evolution of the R 4(4) and ¢R( »(2) lines splitting firstly due to the D — D exchange tunneling
motion and secondly due to the concerted motion leading to the N — N permutation. The blank regions in the spectrum of N, — D, O in the
v symmetric stretch region are unassigned transitions not shown for more clarity.

tunneling splitting. The measured spectrum is shown in the
top panel of Fig. 6.

Figure 6 illustrates the evolution of the tunneling split-
tings in the O — D stretch regions of the water molecule
for N, — DOH and N, —D,O. The top panel shows the
N, — DOH spectrum in the O — D asymmetric stretch region,
the middle and bottom panels show the N, —D,, O spectrum in
the O — D symmetric and asymmetric stretching regions, re-
spectively. The dotted lines linking the spectra show the evo-
lution of the tunneling splittings of the 7Py 4(4) and 7R > (2)
transitions. The lines connecting top and middle panels show
the doubling due to the D — D exchange and the lines connect-
ing the middle to the bottom panels show an additional dou-
bling due to the concerted motion of the water and nitrogen
subunits leading to both the D — D and N — N permutation.
This figure highlights the energy levels structures found in v;
and v3 shown in Fig. 2. The absence of N — N tunneling split-
ting in N, — DOH and in the v; region in N, — D, O strongly
suggests that the additional tow-fold tunneling splitting in the

v3 bands is due to accidental degeneracies with dark states
and not because of v3 intramolecular excitation lowering the
potential energy barrier between minima on the PES.

From the comparison between the O — D asymmetric
stretch K, = 0 <= 0 band of the N, — DOH and N, — D, O
complexes and the discussion above, we can conclude that
the v3 vibrational state is highly perturbed by an intermolecu-
lar mode combined with the v; vibrational state and that this
mode promotes significant N — N tunneling motion.

Intramolecular dynamics and the vibrational shifts

Band-origins of the tunneling states in the v; and v3 vi-
brational excited states of the N, —D,O complex have been
obtained. The averaged band-origins of the complex were
redshifted by only 0.629 cm™! and 1.811 cm™! from that of
the D, O monomer, respectively*>. The band-origin of the
N, —DOH complex in the v; vibrational excited state has a



redshift of 3.042 cm~! from that of isolated DOH*.

Concerning the vibrational shift in v,, Wang and Carring-
ton Jr?% concluded that: “about 75% of the band center shift
is due to the change of the rotational constant of the monomer.
The other 25% must be due to the change of the potential en-
ergy surface." Analyzing our results in the light of their work
and assuming the same proportion for the two different mech-
anisms, the value of the vibrational shift that accounts for the
change of the potential energy surface due to excitation of v3
mode is 0.453 cm™!, indicating a small effect on the inter-
molecular dynamics of the N, — D, O complex and on the in-
tramolecular vibration of the asymmetric stretch of D.,,O.

V. CONCLUSION

The rovibrationally resolved spectra of the N, — D, O com-
plex in the symmetric v; and asymmetric V3 stretch regions
of D, O have been recorded and analyzed. The analysis was
made by taking into account the large amplitude motions oc-
curring in the complex : D —D and N — N exchange tunnel-
ings. The structure of the energy levels and the tunneling split-
tings in the excited v; and v3 vibrational states are reported.
These splittings increases significantly upon the intramolec-
ular v3 vibrational excitation but not on the intramolecular
v; vibrational excitation indicating that the bands in the v3
region are perturbed by a combination of state that includes
v1 excitation and multiple excitation of the intermolecular N,
bending modes. Further theoretical studies might identify the
dark state and future experimental work in the overtone range
where the density of states is increased could bring light on the
accidental nature of this observation. The vibrational shifts
indicates a negligible effect of the excited state on the inter-
molecular dynamics. Finally, a lower limit for the binding
energy Dy = 120 cm™! was determined from observation of
discrete perturbations.
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