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We present the observation of the N, — H,O van der Waals complex in the 20H stretch overtone region. The high-
resolution jet cooled spectra were measured using a sensitive continuous-wave cavity ringdown spectrometer. Several
bands were observed and vibrationally assigned in terms of vy, v, and vs, the vibrational quantum numbers of the
isolated H, O molecule, as (v{v3v3) < (v{'v5Vv) = (200) < (000) and (101) < (000). A combination band involving
the excitation of the in-plane bending motion of N, and the (101) vibration of water is also reported. The spectra
were analysed using a set of four asymmetric top rotors, each associated with a nuclear spin isomer. Several local
perturbations of the (101) vibrational state were observed. These perturbations were assigned to the presence of the

nearby (200) vibrational state and to the combination of (200) with intermolecular modes.

I. INTRODUCTION

The N, — H,O van der Waals complex is composed of the
most abundant constituent of Earth’s atmosphere (N,) and of
the most important greenhouse gas (H,0). The equilibrium
constant of formation of the N, — H,,O complex from N, and
H,O was calculated using ab initio methods and statistical
mechanics.! Its abundance was then evaluated in the Earth’s
atmosphere to be on the order of 10~2 mbar near the surface.'
The calculated partial pressure of this complex is significant
and comparable to that for CO,, near the surface. This value
could be considered as an upper bound limit because of the as-
sumptions made in this evaluation and comparison with other
high-level calculations on similar complexes, i.e. O, — H,0?
also studied in Ref. 1.

A large amount of theoretical works on the N, —H,O com-
plex have been reported. Directly relevant to this work, there
is a high-level intermolecular potential energy surface (PES)
by Tulegenov et al. 3. This PES was later used by Wang and
Carrington Jr. to solve the nuclear Hamiltonian and predict
the (intermolecular) rovibrational levels.* Recently the bend-
ing (Q») intramolecular coordinate of water was explicitly
included in the construction of the PES and in the calcula-
tion of rovibrational states.’ This was performed by averaging
the PES over the vibrational eigenfunction of the one dimen-
sional O, problem. In these two works, the intermolecular
vibrational frequencies were predicted at a high level of pre-
cision but without assignment of the vibrational modes and
information on the intensities of the associated transitions.
In the rest of this manuscript, the predicted intermolecular
modes of these studies will be numbered as a function of en-
ergy for a given K, value. Sadlej et al.® and Ellington and
Tschumper’ also predicted the vibrational frequencies and
additionally, the relative magnitude of the oscillator strength

of the intermolecular modes and fundamental vibrations, but
with a lower level of accuracy. In the work by Ellington
and Tschumper’, electronic structure calculations were per-
formed using the CCSD(T) method and up to haQZ basis set.
Information provided in these two works allow to assign partly
the intermolecular modes in terms of relative motions of the
H, 0 and N, units. The fundamental and overtone intramolec-
ular OH-stretching frequencies and intensities of N, — H,O
amonggst other complexes were also calculated by Kjaergaard
etal.®.

Experimentally, the N, —water complex was first studied in
the microwave region by Leung and collaborators’ and sub-
sequently by Stockman,'® who extended the measurements in
the millimeter-wave region. Here the spectra showed clear
splitting of each rotational line. The study of the different iso-
topologues of this complex allowed to rationalize this splitting
in terms of tunneling dynamics between the four equivalent
minima of the PES of the complex. The spectra were as-
signed using the Gg permutation inversion symmetry group.
Later on, the N, — H,O complex was studied in the mid-
infrared. The observed band was vibrationally assigned to
the intramolecular bend excitation (010) < (000) of H,O
within N, — H,O. The same Gg symmetry group was used
in addition to a Hamiltonian that takes into account explicitly
one (of the two) tunneling coordinates.'! Recently, N,-D,O
was studied in the fundamental OD stretch region by some of
the authors of this study.'? Other experimental studies include
lower resolution infrared investigations of N, — H,O embed-
ded in rare gas matrices'>~!” and helium nanodroplets.!®

In this work we report the first observation of this complex
in the 20H stretch overtone region. Section II presents the ex-
perimental methodology that allowed us to observe the spec-
tra. In Sec. III, we detail the vibrational and line by line rota-
tional assignments with the aid of group theory. The Sec. IV



presents the main effect of this extreme excitation, up to 29
times the dissociation energy, on the intra and intermolecular
dynamics. Concluding remarks are given in Sec. V.

Il. EXPERIMENTAL

The spectra were recorded at UCLouvain using the Con-
tinuous Wave Cavity Ring Down Spectrometer (CW-CRDS)
and a pulsed slit supersonic expansion, both implemented in
the FANTASIO+ (for "Fourier trANsform, Tunable diode and
quAdrupole masS spectrometers Interfaced to a supersOnic
expansion") set-up, originally set up in ULB. This instrument
is described in previous publications.!®?? Briefly, N, — H,O
was formed from the expansion through a pulsed slit valve
of a mixture of N, and He bubbling in distilled water. The
length and width of the slit are [ = 3 cm and approximately
80 um, respectively. The valve typically operates at 2 Hz with
25 ms pulse duration. Under these conditions, the backing
pressure was around 8 bar and the residual pressure of the
chamber was 7 x 10~3 mbar. The optical cavity of the CRDS
spectrometer is composed of two concave mirrors (Layertech
154209, radius = 1000mm, reflectivity ~ 99.999%) mounted
on the vacuum chamber. The length separating the two mir-
rors is now L ~ 75 cm. The ring-down time of the empty
cavity was typically equal to 7p = 120 us. In order to per-
form pulsed jet measurements, the ring downs were sorted
as described in Ref. 20, with ON/OFF ring downs measured
in between 4/170 and 20/370 ms after the TTL rise associ-
ated to the opening of the valve. Between 100 and 200 ring
downs were fitted per spectral point, depending on the mea-
sured bands. The subtraction of the mean of the ring downs
measured when the valve is OPEN/CLOSE gives directly ac-
cess to the absorption coefficient o, expressed as:

a:<1_1> £7 (1)
T 19/ cl

where 7 (7p) is the mean characteristic decay time with (with-
out) gas and c is the speed of light in vacuum. Line po-
sitions were calibrated to +1 x 1073 cm~! using spectral
lines of hot (from the empty vacuum chamber) and cold
(from the supersonic jet expansion) water monomer lines po-
sition with wavenumbers retrieved from HITRAN.?! Follow-
ing the relative intensities of the rotational structure in the
observed bands, the rotational temperature of the complex
was found to be around 15 K. Four DFB laser diodes (NTT
Electronics, centered at 1375, 1380 and 1384 nm; 10 mW,
1 MHz linewidth and Eblana Photonics, centered at 1388 nm;
10 mW, 1 MHz linewidth) coupled to a booster optical ampli-
fier (Thorlabs BOA1410S) were used in this work.

I1l.  SPECTRAL ASSIGNMENT AND ANALYSIS

The equilibrium geometry of N, — H,O is planar with the
N, molecule nearly colinear with the O — H bond.*® This
complex is an asymmetric top characterized by the total an-
gular momentum J and its projection on the a and c inertial

axis, labeled K, and K, respectively. The potential energy
surface of the complex contains four equivalent minima. Us-
ing Bunker and Jensen >? notations, we will call them the dif-
ferent versions of the complex hereafter and label them Vi, V5,
V3 and V; as illustrated in Fig. 1. The lowest energy paths be-
tween the different versions are an internal rotation of the wa-
ter molecule (corresponding to the molecular symmetry group
operation (12) connecting V) to V3 or V; to V) and a concerted
motion of the two subunits of the complex*>%!! (correspond-
ing to the (12)(34) operation connecting Vi to V, or V3 to V).
This will be noted N — N tunneling hereafter. Due to these in-
ternal dynamics, each rotational energy level of the complex

is split in four levels.
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FIG. 1. Representation of the four equivalent minima of the potential
energy surface of the N, — H,O complex, labeled as Vi, V5, V3 and
V4. The H nuclei in white are labeled 1 and 2 and the N nuclei in blue
3 and 4. Indicated operations are associated with the molecular sym-
metry group operation exchanging equivalent nuclei and connecting
the different versions of the complex.

The labeling of the energy levels is made in terms of the
irreducible representations of the molecular symmetry group
of the complex Gg. The character table associated with this
group can be found in Table VIII in the work by Coudert and
Hougen.?? By considering the different degrees of freedom
of the complex as decoupled, the irreducible representations
of the tunneling wavefunction are At A2+, BT and B; . The
symmetry of the Vibration-Rotation-Tunneling (VRT) energy
levels are Ali, A;‘, Bli and Bf where the superscript & refers
to the symmetry of the state under the inversion operation E*:
+ (—) indicates that the state is symmetric (anti-symmetric)
under E*. The + superscript can also be related to the parity



of the K, quantum number because the irreducible representa-
tion of the rotational wavefunction is Afr if KK, are respec-
tively even even or odd even and A if KK, are respectively
even odd or odd odd. The label A (B) indicates that a state
is symmetric (anti-symmetric) with respect to the permutation
operation (12) (water tunneling motion). As the irreducible
representation of the electric dipole moment is A}, the selec-
tion rule is + <> — for each tunneling state. To simplify the
notations, the superscript +/— will not be used in the remain-
der of this manuscript. Each VRT state will thus be referred
to as Ay, A, By or B;. The relative nuclear spin statistical
weight of the VRT states are 2, 1, 6 and 3, respectively. Since
the splitting associated to the N — N tunneling motion was
not observed for most of the measured bands, we will call the
combination of each "pair" of states A (contribution of A; and
Aj) and B (contribution of B; and Bj) states. Their nuclear
spin statistical weight will then be 3 and 9, respectively.

Vibrational assignment

The spectra recorded in the 20H stretch region are pre-
sented in Fig. 2 with the associated vibrational and K}, <— K/
assignments. In this figure, the vertical dashed lines represent
the (200) « (000) and (101) < (000) band origins of the iso-
lated H,O. The other nearby vibrational states***> of H,O
corresponding to (021) and (002) are more than 300 cm ™! be-
low and nearly 200 cm~! above the energy range of Fig. 2, re-
spectively. The vibrational assignments of the (200) < (000)
and (101) < (000) a-type K/, + K = 0 < 0 subbands were
thus straightforward due to the proximity of the subbands with
the vibrational band origin of the monomer. The assignment
of the associated b-type subbands in Fig. 2 was based on pre-
vious experimental studies of the complex'®!! and the value
of the A rotational constant retrieved in these studies. The ob-
servation of Q-branches also secured these assignments. The
band around 7281 cm™~! was assigned to the combined exci-
tation of the intermolecular in-plane N, bending mode (Vi)
and of the intramolecular (101) vibration of H,O. This as-
signment is discussed in Sec. I'V.

In Fig. 3, the energy level diagram of the N, — H,O com-
plex in the ground (from Ref. 4) and in the excited vibra-
tional states (200) (left panel) and (101) (right panel) from
this work is illustrated. In this diagram, solid arrows rep-
resent a-type transitions and dashed arrows represent b-type
transitions, while blue and red arrows represent the observed
transitions arising from the different tunneling states A and B,
respectively. The splitting associated with the water tunneling
motion for a specific K, value is noted as Ag,. The charac-
ter '~ indicates the splittings in the excited vibrational states.
As the irreducible representations of the (100) and (001) vi-
brational wavefunctions of water in the complex are AT and
B, respectively, we measure the difference in the tunnel-
ing splittings between the ground vibrational state and (200)
whereas the sum of the tunneling splittings is observed for the
(101) + (000) band.

Line by line analysis

A global fit was performed including all the transitions pre-
viously observed in the microwave,’ millimeter-wave!® and
infrared (IR)!! regions. These transitions were fitted with a
weight proportional to their experimental uncertainties using
the PGOPHER software.® Nuclear spin isomers (each asso-
ciated to an unique tunneling state) were modeled using the
S-reduced Watson asymmetric top Hamiltonian.?” The vibra-
tional states involved in this fit are the ground state from
Refs. 9 and 10, the (010) state from Ref. 11 and the (200)
and (101) states from this work. The refined ground state ro-
tational constants from this global fit can be found in Table I
and those for the (010) bending vibrational state are listed in
Table S-1 of the supplementary materials. The reported transi-
tions in the ground”!'? and (010)!! vibrational states included
in the global fit are given in Table S-2 and S-3 of the supple-
mentary materials.

The (200) < (000) band

As shown in Fig. 2, three subbands were observed for the
(200) +— (000) vibrational band, one a-type K/, < K/ =0+« 0
(and 1 + 1) and two b-type K, + K/ =1+ 0 and 0 + 1.
Top and bottom panels in Fig. 4 show the measured (in the
top panel in blue) and simulated (in black) spectra for the b-
type K, + K/ = 1 + 0 and a-type subbands, respectively. The
two series of lines labeled A and B arise from the H, O tunnel-
ing splitting. The analysis of the K/, +— K!! = 0 +— 0 subband
was straightforward due to the well behaved relative intensi-
ties between the two tunneling states that follow the expected
nuclear spin statistical weight and a clear rotational progres-
sion. The N — N splitting, predicted in Ref. 4 to be on the
order of 10~ cm™! was not observed for this subband as was
the case for the a-type subband in the IR study in Ref. 11.
Broad features on the low frequency side of the parallel band
marked with a circle "0’ are due to the water dimer.?® For the
b-type subbands, the assignment of the most intense transi-
tions was straightforward as there was no doubling of the tran-
sitions due to the N — N tunneling splitting. The Q-branch was
congested precluding the assignment of some lines of the B;
tunneling state. On the contrary, the signature of the tunnel-
ing motion is evident for the A states tunneling subbands, as
illustrated in top panel of Fig. 4. The two series of lines aris-
ing from the A; and A, tunneling states are clearly resolved.
The assignment of each subband was based on relative inten-
sities determined from the nuclear spin statistical weight as-
sociated with each tunneling states. The assignment of the
a-type K, <+ K/ =1 + 1 subband was made after analysis
of the other subbands which provided a more refined set of
molecular parameters.

The assigned transitions and their wavenumber are pro-
vided in Table S-4 of the supplementary materials. The ro-
tational constants of the N, — H,O complex for the (200) vi-
brational state are given in Table II.

Finally, for a more faithful simulation of the spectral sig-
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FIG. 2. Measured absorption spectra of N, — H,O in the 20H stretch region. Vibrational bands are assigned following the isolated water
vibrational quantum numbers. The dashed black vertical lines indicates the vibrational origins of isolated H,O from Refs. 24 and 25. The
K! + K!/ assignment of each subband is indicated below the subbands type. Due to small change in the experimental conditions, the relative
intensities of the complex is uncertain by a factor up to 1.3. The intensity of the observed subbands marked with double asterisk ***’ was

multiplied by a factor two.

TABLE 1. Refined N, — H,, O ground vibrational state molecular constants (in em™ 1) 2 from the global fit.

Ground vibrational state

Aj Ay B By
A 18.108000(22) 18.062309(22) 15.981614(19) 15.989857(19)
B 0.0979503(27) 0.0977370(10) 0.0976869(11) 0.0977106(11)
C 0.0959790(27) 0.0961545(10) 0.0967240(11) 0.0967073(11)
103D_]1( -2.8580(18) -3.2020(18) -2.0250(12) -1.9689(13)
106DJ 1.4518(88) 1.3857(60) 1.4209(89) 1.432(11)
106d1 -0.283(34) -0.1544(78) -0.1860(77)
106[‘1]1( -0.560(37) -1.452(32) -0.950(19) -0.794(20)
109Hj 0.247(79) 0.120(32) 0.148(59)
109LJJK 0.433(63) 0.268(69)

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

natures observed in the (200) region, we performed a Voigt
line profile fit of 38 transitions while keeping the full width
at half maximum (FWHM) of the Gaussian profile fixed at
its Doppler value corresponding to 15 K, i.e. 0.003 cm™!.
This value was determined from the relative intensities of as-
signed rovibrational transitions and assuming an equilibrium
between translation and rotation degrees of freedom. A mean
value of the Lorentzian contribution (FWHM) in the Voigt
profile fit was evaluated to be 0.02 cm~!. These Gaussian
and Lorentzian contributions were implemented in the Voigt
profiles used in simulations presented in Fig. 4. The lifetime
of the complex could not be determined from this analysis due
to an overlap between the K/, <— K] =0« 0 and 1 < 1 tran-
sitions and overlap of transitions of different tunneling com-
ponents.

The (101) < (000) band

Four bands involving the (101) vibrational state were ob-
served. Three were observed near the (101) < (000) vibra-
tional band of H,O monomer while the combination band
involving (101) and the intermolecular in-plane N, bending
mode was observed to higher frequency. The a-type subband
is shown in blue in panel (a) of Fig. 5. A comparison be-
tween this subband and the same involving the (200) vibra-
tional state (bottom panel of Fig. 4) reveals a higher spectral
density of transitions and a larger spectral extension of this
band. This is firstly due to the energy level structure and tun-
neling dynamics occurring within the complex. Indeed, there
is an inversion of the VRT energy level ordering for K/, = 0
between the (200) and (101) vibrational state, as discussed
before and illustrated in Fig. 3. In the a-type subband of
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FIG. 3. Schematic representation of the vibration-rotation-tunneling energy levels of the N, — H, O complex, with their respective irreducible
representation in Gg. The spin statistical weight are indicated in brackets. The values of the tunneling splitting in the ground vibrational state
(G.V.S.) are from Ref. 4. Those for (200) vibrational state (left panel) and (101) vibrational state (right panel) are from this work. All the
splittings are plotted on the same scale. The splitting associated with the water tunneling motion is noted as Ak, . The tilde character ~’
indicates the splittings in the excited vibrational states. The vertical arrows represent the observed transitions from this work. Solid arrows
represent a-type transitions and dashed arrows b-type transitions. The symbol &’ indicates a break in the vertical energy scale, which also
applies to the vertical arrows. Due to the lack of information on the K, = 1, (101) A VRT state, this state is not shown on this figure.

TABLE IL. N,, — H, O molecular constants (in cm~!) for the (200) vibrational excited state.

Excited state (200)

A] A2 Bl 32
Vo 7200.51487(76) 7200.51623(82) 7200.11254(68) 7200.11673(68)
A 16.8893(12) 16.8345(18) 15.14418(91) 15.14433(91)
B 0.096779(27) 0.096664(45) 0.096408(20) 0.096411(20)
C 0.094716(26) 0.094758(45) 0.095418(23) 0.095375(23)
103Dk -3.070(23) -3.335(42) -2.334(15) -2.335(15)
10°D; 1.677(46) 1.634(42) 1.610(99) 1.570(99)
10%4, -0.336(53) -0.66(14) -0.082(31) -0.122(31)
10%H, -0.636(81) -0.37(19) -0.860(51) -0.871(51)
10°H; -0.23(16) 0.21(16)

the (101) < (000), we observe the sum of the water tunnel-
ing splittings in the ground (Ay) and excited (Ap) vibrational
states. The amplitude of this splitting in the ground vibra-
tional state was predicted* to be 2.80 cm~! and is expected
to be smaller in the excited vibrational state, as it is the case
in other vibrational excited states for this complex>!! and its
isotopologue N, — D20.4'12 We therefore expected the ori-

gin of the A VRT state to lie about 5.6 cm~! away from the
origin of the B VRT state, which is indeed very close to the
observed value of 5.44 cm™~'. Another difference between the
(200) «+ (000) and (101) < (000) a-type subbands is the in-
tensity and linewidth of the individual transitions. As is the
case in the isolated H, O, the (101) < (000) in N, — H,O is
significantly more intense than the (200) <— (000) band. Also,
narrower transitions are observed for the (101) + (000) than
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FIG. 4. Spectra of the N, — H,O complex in the (200) vibrational
excited state region of H,O. The upper panel shows the overtone
b-type K}, <~ K!! =1 < 0 subband and the lower panel shows the
a-type K, <+ K!! =0 <+ 0 and 1 < 1 subbands. In each panel the
observed spectrum is depicted in blue and the black trace is the sum
of the simulated spectra of the different tunneling components. The
unassigned broad lines on the left of the a-type subband marked with
a black circle *o’ are due to the water dimer (see Ref. 28) and gaps in
the observed spectra are regions of water monomer absorption.

for the (200) <+ (000) band. The Lorentzian contribution to
the Voigt line profile in (101) was determined to be around
0.01 cm~!. Again, the lifetime of the complex could not be
determined. However, the narrower linewidth allows for the
observation of the asymmetry doublets in the much weaker
K! < K!! =1 + 1 subband.

Several local perturbations were observed for transitions
involving the K/ = 0 and 1 states of (101) < (000) band,
which made the rotational assignment somewhat challenging.
Dashed rectangles in panel (a) of Fig. 5 show the perturbed
regions in the K}, < K,/ = 0 < 0 subband.

To identify the perturbing state, a plot of the reduced energy
for the B; (red) and B, (orange) VRT states as a function of

J', reached by "pairs" of P (circles *0’) and R (asterisks **”)
transitions was made. This is shown in panel (b) of Fig. 5.
The reduced energy of a tunneling state was obtained using
E'—BJ(J +1)+D,J*(J +1)*—H,J?(J' 4+ 1), where E’
is the excited state energy and the rotational constants taken
from Table III, where B’ = #. As can be seen, an avoided
crossing occurs between J' = 11 and 12 for the B; VRT state
(in red). Subsequently, transitions belonging to the perturb-
ing state were assigned. They are marked with purple dots
in panel (a) of Fig. 5. The reduced energy of these states is
also shown in purple in panel (b). They were calculated using
the rotational and distortion constants of the B; (101) state
from Table III. The avoided crossing plot indicates that the
perturbing state has a lower vibrational origin and a larger B
value. Thus, the most probable perturbing state is either (200)
or a combination band involving (200) and an intermolecu-
lar mode. Considering the vibrational band origin of the B
VRT state, the perturbing state must lie below 7244.50 cm ™!
(see Table III). Assuming a small inter/intra-molecular cou-
pling one can combine the theoretical predictions made in the
G.V.S.* with parameters for (200) vibrational state from this
work to provide possible assignment of the perturbing state.
Following this procedure, three candidates were found for the
perturbing state (see Table II of Ref. 4):

1. The combination of the first intermolecular mode V;,;;;
added to the (200) vibrational excitation, with K/, = 0
(09,0 energy level predicted at 7234.88 cm™h).

2. The combination of the first intermolecular mode V;;;;
added to the (200) vibrational excitation, with K/, = 1
(11,1 energy level predicted at 7232.78 cm™ ).

3. The (200) vibrational excitation, with K}, =2 (2,9 en-
ergy level predicted at 7241.37 cm™").

The first and second candidates are most probably the
K} =0 and 1 states of the intermolecular N, in-plane bend-
ing mode, that we observed for K/, = 1 in the (101) « (000)
region. Eventhough we scanned the region between 7230 and
7240 cm~!, we did not observe this band, likely due to its low
intensity. From the band centers given above, it is unlikely
that the perturbing state is either the first or the second candi-
date. There now remains the K, = 2 of the (200) vibrational
state, for which the origin (energy of the 25  rotational level)
is predicted to be 7241.37 cm~!. This value is just below the
origin of the K’ = 0 (101) By state (7244.50 cm™~'), making
it a good candidate for the perturbing state. As the perturbed
rovibrational levels are e levels, the perturbing rovibrational
levels must also be e levels. The e or f labeling is made fol-
lowing Ref. 29. This is also explained in the last section of
the supplementary materials (the e levels of the asymmetry
K, = 2 doublets are the J; ;> levels, i.e. 826, 927, 1028,...).
Furthermore, since we observed the same perturbation for the
B, VRT state in (101), we conclude that the perturbing state
should have a small N — N tunneling splitting. This is rea-
sonable since the N — N tunneling splitting for this state in
the G.V.S. is predicted to be around 0.2 cm~'.#* Some of the
perturbation allowed transitions were subsequently assigned.



(a)
K,=0«+0
K,=1«+1
—~ P T
3 1
8 ol EMeErtn a0ttty — === a
IS 1 ! |
K M’L : I
Q 1
% ! 1 M Vﬁ_)\a.
8 1 1 | 1 1 :
c 1 1 | 1 1 I
o 1 1 | 1 1 |
5_ 1 1 | | 1 |
5 1 1 | | 1 |
8 1 I | 1 1 |
< 1 1 | I 1 |
1 I | 1 1 |
1 B, 1 I 1 1 |
le ® B, : 1 : : 1
I
: 1 : | A2 | |
u v I 1
T === T I A T ===
7240 7242 7244 7246 7248 7250 7252
Wavenumber / cm’
r==-=-=-= Tl
0 | | ! O B, P branch _ 7250.11 (©)
IS 7245 1 ! * B, R branch c m-—---=- J
2 ! @ : O  B; P branch L | @ :
3 ! * B; R branch Pl |
=) ® 1 1 =) ® I
g7244518 @ © 810 @ elg ® 808 o By pert. Pbranch| & oo !
) ! ® e c 7249.9 !
O 1 ® ® * B; pert. R branch o . I
8 1 : o A, P branch 8 | eb:
S 7244 ! ® 1 *  A; R branch S 1 5 |
3 : 1 O Ay P branch B : i
@ | . : * Ay R branch o 7949.7 .
72435 —— e e e e
4 6 8 10 12 14 16 18 2 4 6 8 10 12
J' J'

FIG. 5. Panel (a) shows the measured (top) and simulated (bottom) spectrum for the a-type K/, <~ K/ = 0 < 0 and 1 < 1 subbands of
the N, — H,O complex in the (101) state of H,O. The underlying broad features around 7241 em~! and 7250 cm™! are associated with
H,0 —H,O0 (see Ref. 28). Gaps in the observed spectra are regions of water monomer absorption. The black trace is the sum of the simulated
contribution from the By (red), B, (orange), A; (dark blue) and A, (green) states. The dashed red (blue) rectangular areas are sections in which
local perturbations were observed for the K/, = 0 B (A) VRT states. Absorption lines marked with purple in the simulated spectrum indicate
lines assigned to the perturbing state of B;. Panel (b) / (c) illustrate respectively the reduced energy of the K, = 0 B} and B, / A| and A; VRT
states as a function of the upper state J'. The avoided crossing regions in panel (b) and (c) correspond to the rectangular regions in panel (a).

The perturbation was satisfactorily modeled using the follow-
ing matrix elements:

((101),J,k|H|(200),J,k +2) = Ex
VIU+D) = (k£ D) (k£2)] x [J(J+1) —k(k£1)],

where k is signed K, and & is the Coriolis-type interaction pa-
rameter. The origin and distortion constants of the perturbing
state were fixed to their values for the (200) state, only the A
and B constants were fitted for this state. From the fit and as-
signment performed above, the origin (energy of the 2, ( level)
of the perturbing state was determined to be 7241.94 cm™!.
However, the A rotational constant has a much lower value
than expected (10.40 cm~! compared to 15.14 cm™! for the

K! =0 and 1 states in the (200) vibrational state) and a B
which is slightly larger. This is actually in a very good agree-
ment with the values of A = 10.26 cm~! and B =0.1046 cm™!
determined from the calculated values by Wang and Carring-
ton Jr..* The surprising large change of A as a function of K,
can be associated with the non-rigidity of the complex and its
value should be considered as an effective value.

For the A; and A, VRT states, only few transitions were
assigned in the K/, + K/ = 0 +— 0 subband using the lower
state combination differences. This is explained by the den-
sity of transitions and the local perturbation starting at J' = 6,
highlighted by the light blue rectangle in panels (a) and (c)
of Fig. 5. Panel (c) shows the reduced energy of the A; and
A states as a function of J'. Again, an avoided crossing is



observed between J' = 8 and 10 ("pair” of P/R transitions
associated with J' = 9 were not assigned) for the A; state.
The perturbed transitions of the A, state were not assigned
because of the weakness of the band. Due to the higher ori-
gin of the K, = 0 (101) A states compared with the B states
(5.44 cm™1), it is very unlikely that the perturbing state is the
same for the A and B tunneling states. Indeed, the origin of the
K! =2 (200) A state (energy of the 2, level) is predicted to
be 7242.52 cm™!, 7 cm~! away from the origin of the K, = 0
(101) A state (7249.94 cm™!). A tentative assignment for the
perturbing state is the second intermolecular mode V;,;» com-
bined with (200), whose predicted origin equals 7251.81 and
7249.51 cm™~! for the K, =0and 1 (11,1 energy level) state,
respectively.

Concerning the K, + K// = 1 < 0 subband in (101), shown
in the bottom panel of Fig. 6, only transitions for the B state
were assigned. Indeed, only one intense Q-branch was ob-
served. This was assigned to an overlap of the B; and B, VRT
states. The P and R branches were first assigned and fitted
using lower state combination differences, which led to the
assignment of the Q transitions. This assignment is also sup-
ported by the observation of K/, <~ K/ = 1 < 1 subband in
(101) < (000). A perturbation was again observed for this
subband, starting at /' = 9 and acting on the e levels of K/, = 1
(101) B states, i.e 919,10 19, ... as illustrated with asterisks
’*” in the bottom panel of Fig. 6. Of course, the same per-
turbation was observed for this state in the K], < K/ = 1 < 1
subband. We were not able to treat the perturbation but only
assigned "pairs" of P and R perturbed transitions using lower
state combination differences. Those transitions were not in-
cluded in the global fit. The origin of the perturbation will be
discussed in the next section.

The b-type band in the top panel of Fig. 6 was assigned to
the combination band of the (101) intramolecular vibration of
H,O and the intermolecular N, in-plane bending vibration,
as discussed in Sec. IV. As can be seen in Fig. 6, only the
subbands belonging to the B state were assigned. The assign-
ment of the B; subband was performed in the same way as
the b-type subbands of (101), but here the observed local per-
turbation affects the low J values of the e levels marked with
asterisk **’. The assignment of the B, subband was compli-
cated by perturbations and the limited laser coverage available
at the higher frequency side. Hence, no unperturbed "pairs" of
P/R transitions could be assigned. Due to pile up of the tran-
sitions near the band center, the assignment of the Q-branch
is uncertain by unity in the value of J. The assignment for the
B; tunneling subband was not included in the global fit and
a separate fit was performed. The fitted parameters are given
in Table III. As we only had access to the K/, = 1 states for
this band, the A rotational constant could not be computed and
was fixed to its value in the (101) vibrational excited state of
the By and B, VRT states.

All the rotational constants from the fit and discussion
above in the (101) < (000) region of water are given in Ta-
ble III. The assigned transitions can be found in Tables S-5 to
S-7 of the supplementary materials.

K,=1+0
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FIG. 6. Spectra of the N, — H,O complex in the (101) vibra-
tional excited state region of H,O. The upper panel shows the b-
type K, < K| =1 < 0 combination band involving the in-plane N,
bending intermolecular mode and the lower panel shows the b-type
K! + K =1+ 0 (101) overtone band. In each panel the observed
spectrum is depicted in blue and the black trace is the sum of the sim-
ulated spectra of the different tunneling components. Perturbed lines
are marked with an asterisk **’. The assignment for the Q-branch of
the B, subband in the top panel is tentative.

IV. DISCUSSION
A. The (101) + vjy, < (000) band assignment

The assignment of the band around 7281 cm™! to the com-
bined excitation of the intermolecular in-plane N, bending
mode and of the intramolecular (101) vibration of H,O was
not straightforward due to the proximity with both the (200)
and (101) vibrational origins. Indeed, the origin of this band
is located 37 and 81 cm~! away from the band origins of
(101) and (200), respectively. For a combination with (200)
the most probable intermolecular modes are the stretch, the
in-plane N, bend or the out-of-plane N, bend. Ellington et
al.” evaluated these to be at 86, 43 and 53 cm™!, respec-
tively. More precise predictions, leading to the same conclu-
sions, were provided by Wang and Carrington Jr* and Wang
et al.® but without the vibrational assignment. Considering
the large A rotational constant of this complex and that this b-
type combination band involves a K, = 1 value, one can rule
out the van der Waals stretch and the out-of-plane N, bending
modes. Another possibility is the combination of (200) with
the double excitation of the in-plane N, bending motion. This



TABLE III. N, — H,O molecular constants (in em™1) 2 for the (101) and (101) + v, vibrational excited states. The rotational constants of
the fitted perturbing state (B} state) arising from the (200) vibrational excited state are also given.

Excited state (101) (101) + Vi
Perturbing state*
A Ay B, (200) K, =2 By B> B (B3)
Vo 7249.9446(21) 7249.9488(26) 7244.50290(65)  7200.11254°  7244.50409(96)| 7263.5831(16) 7264.2437(41)
A 16.8893 ¢ 16.8345¢ 17.30226(96) 10.4016(16) 4 17.3101(13) 17.30226 ¢ 17.3101 ¢
B 0.097660(46) 0.097958(61) 0.100780(31)
C 0.095293(48) 0.095426(60) 0.097639(36)
B 0.09737(15) 0.09696(19) 0.108569(47) 0.099710(62)
103Dk -3.037(37) 2334 f -2.566(52)
10°D; 3.22(84) 1.824(87) 1.610f 4.63(17) 0.917(84) -5.14(18)
10%4, 3.27(30) -0.082f 2.70(35) -1.696(57)
10H -2.84(36) -0.860 f 2.95(42)
10°H; 2.8(12) 0.84(13) -0.23f 5.33(24)
10°Lyyx 12.16(39)
—0.0010736(41)

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

b The origin of this state was fixed to the origin of the (200) vibrational excited state during the fit.

¢ The A rotational constant was fixed to its (200) vibrational excited state value during the fit.

d This surprising value of the A rotational constant can be associated to the non-rigidity of the complex (see main text).
¢ The A rotational constant was fixed to its (101) vibrational excited state value during the fit.

f The values of the distortion constants were fixed to the ones of the (200) vibrational excited state during the fit.

can also be ruled out due to the fact that we have not been able
to observe any combination bands involving (200) state.

Finally, as the (101) « (000) is much stronger than the
(200) < (000) and based on the intensity ratio found in
this work between the intramolecular excitation (101) and
the combination band, that is similar to the one observed in
N, —D,0 in the OD asymmetric stretch region,12 the band
was assigned to the combined excitation of the intermolecu-
lar in-plane N, bending mode and of the intramolecular (101)
vibration of H,O.

B. Perturbations

Several local perturbations were observed in the (101) re-
gion. These affect the K/, =0, K/, = 1 of (101) and K/, = 1 of
(101) + v; states. Only in the case of K/, =0 (101) for the B
VRT state, were we able to assign and fit the perturbing state
and retrieve rotational constants as detailed in Sec. III.

All the observed perturbations act locally on the rovibra-
tional energy levels of the complex indicating Coriolis cou-
plings. Considering the dissociation limit of the complex
(245 cm™1)>4, that the perturbations do not affect the ob-
served linewidth and the density of vibrational states, the per-
turbing state has to be (200) or a combination of intermolec-
ular mode(s) with (200). We also note that all the perturbed
levels have e symmetry.

Perturbation of K, = 1 of (101)

Perturbations were observed for K/, = 1 By and B, VRT
states of (101) for the same set of J' values (see bottom
panel of Fig. 6). From the assignment of some perturbed
P/R "pairs" of transitions, reaching the same upper state (see
Sec. III), an avoided crossing was observed around J' = 9.
From the shape of this avoided crossing, the perturbing state
was found to have a higher vibrational origin and a lower B
rotational constant compared to those of (101). Since the per-
turbation acts on both By and B, for the same J’ values, we
conclude that the N — N tunneling splitting must be similarly
small for the perturbing state. Also, because the perturba-
tion is only observed for the e levels, it is unlikely that the
perturbing state is a K/, > 2 level as the asymmetry doublets
for K/ > 2 values are expected to be small (~ 0.005 cm™).
Further support for this comes from the absence of perturba-
tions observed in the Q-branch which involves the f levels.
Considering theoretical predictions in the G.V.S. from Ref. 30
and assuming small inter-intramolecular couplings, the clos-
est perturbing state is the K/, = 1 state of (200) + V;,;3 whose
origins are located at 7263.64 cm™! and 7270.37 cm™! for B;
and B», respectively. But this mode is predicted to have a very
large N — N tunneling splitting which makes it an unlikely
candidate for a perturbing state. Another and more realistic
candidate is the K, = 0 (200) + V;;5 state whose predicted
origins are 7264.88 and 7264.83 cm~! for both B; and B,
states, indicating first a small N — N tunneling splitting and
an origin located higher than the K, = 1 (101) states, as re-
quired. Furthermore, the calculated B rotational constant is
equal to 0.0929 and 0.0922 cm~! for the B; and B, states,
respectively.>® These values are also lower than the B for the
(101) vibrational excited state given in Table III. The discus-



sion above suggests the perturbation observed in the K/, = 1
B and B, tunneling states of (101) states is likely due to the
K/ =0 (200) + V5 state.

Perturbation of K, = 1 of (101) + v;,

Several "pairs" of P/R transitions are also perturbed in the
case of K/, = 1 of (101) + v;,,; as marked with asterisks in the
top panel of Fig. 6. The inspection of the avoided crossing
region and the direction of the perturbation indicates that the
perturbing state has a smaller B rotational constant as well as a
higher (ro)vibrational origin. Being 80 cm~! above the origin
of the (200) vibrational origin, the number of possible states
is too large to reach a sound or even a tentative assignment for
the perturbing state.

A general comment concerning the perturbations around
(101) in water containing hetero-dimers

For N, — H,O, the subbands observed around (200) are
well behaved in terms of position and intensity, in contrast to
the (101) subbands where every K, stack of states is perturbed
due to the proximity to combination states involving (200).
This is also the case in other water containing complexes such
as CO, —H,0%! and Ar — H,0.3 A similar behaviour was
also observed in the mid-Infrared in the case of N, — D, O for
(100) and (001).1?

C. Evolution of the intermolecular dynamics with the
intramolecular excitation

For N, —H, O, one can qualitatively track the coupling be-
tween intra- and inter-molecular degrees of freedom with the
intramolecular excitation using different observables, i.e. the
vibrational shift, the tunneling splitting and the intermolecu-
lar frequency retrieved from the observation of a combination
band. In this section, we review the results from this work
and previous studies to draw conclusions on how this cou-
pling evolves as a function of the intramolecular excitation,
with intramolecular vibrational excitation up to 29 times the
dissociation energy.

Vibrational shifts

The band-origins of the (200) and (101) states of the
complex were computed by averaging the vibrational band-
origins of tunneling components given in Tables II and III
and are equal to 7200.315 and 7247.225 cm™!, respectively.
The calculated band origins are redshifted by 1.225 cm™!
and 2.592 cm™! from that of the H,O monomer.”*?> Ta-
ble IV gives the shifts for the N, —D,0, N, — H,O and
CO, — H, O complexes for different vibrational states. The
vibrational shifts of the N, — H,O complex were computed
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using Refs. 11, 33 and this work, those for N, — D,O and
CO, —H, O were taken from Refs. 12, 20, 24, 25, 31, 34-36.

TABLE 1V. Vibrational shifts (in cm~!) of the N, -D,O, N, —
H,0 and CO, — H,O complexes. Negative (positive) values indi-
cate a redshift (blueshift) of the band origin of the complex compared
to the one of the water monomer.

(010)  (100)  (001)  (200)  (101)
N, -H,0% 226l —1.225 23592
N,-D,0" 1247 -0.629 ~—1811
CO,-H,0° 0739 ~3.020 -3 —6.1

2 Computed using Refs. 11, 24, and 25 and this work.
" From Refs. 12, 33, and 34.
¢ From Refs. 20, 31, 35, and 36.

From Table IV, there is a clear trend for the shift as a func-
tion of excitation of the intramolecular degrees of freedom in
the water entity. The bending (010) excitation of water has a
blueshift whereas the symmetric (100) and asymmetric (001)
stretch excitations experience redshifts, with a larger shift for
the excitation of the asymmetric stretch.

Larger shifts of around —2, —17 and —26 cm~! have been
observed for the (010), (100) and (001) fundamental vibra-
tions of the complex.13‘17 Nevertheless, these results were
obtained for H,O and N, embedded in Ar/Kr matrices. An
additional He droplets study gives redshifts values of around
—5 cm~! for both (100) and (001) intramolecular H,O ex-
citation in N, — H2O.18 Those values are not directly com-
parable to the values determined for the isolated complex, as
outlined in different studies (cfr.[ 37] for example).

Vibrational depedency of the tunneling splitting

From rotationally resolved spectra we can only have access
to the sum (or difference) of the tunneling splittings between
the ground and excited vibrational states. An averaged sum
or difference for the K/, = 0 and K/, = 1 tunneling splittings in
the excited vibrational state can also be found using the mea-
sured vibrational origin Vo and the A and B rotational con-
stants of each tunneling component. From the left panel of
Fig. 3, we measure the difference between the water tunneling
splittings in the ground and excited vibrational state of (200)
for K, = 0. This can be found using "R{},(0) =" Rf,(0) =

Ap(0) — A(()zoo) (1). The superscript on A indicates the cor-

responding vibrational excited state. On the other hand, by
referring to the right panel of Fig. 3, we measure the sum of
the water tunneling splittings in the ground and excited vibra-
tional state of (101) for K, = 0 given by "Rg; (0) =" R (0) =

Ap(0) + Aéwl) (1). Since we are interested in the vibrational

dependency of the tunneling splitting, we will use the calcu-
lated G.V.S. values of the tunneling splittings by Wang and
Carrington Jr* (A (0) =2.7998 cm™!) and the rotational con-
stants obtained from our global fit given in Tables II, III and S-
1 to calculate the tunneling splittings in the excited vibrational



states. The K, dependency of the water tunneling splitting is
also investigated when possible. Table V gives the calculated
values of the water tunneling splitting for K, = 0 or 1 in the
G.V.S., (010), (200) and (101) vibrational states.

TABLE V. Calculated water tunneling splittings in Ny, — H,O
(in em~1) for the ground (G.V.S.) and (010), (200), (101) vibra-
tional states (from Refs. 4, 10, and 34 and this work).

G.V.S. (010) (200) (101)
20(0) 2.7998 %
Ay(0) 2.4131 2.3989 2.6434
A1) 0.7006 °
A(1) 1.0099 0.6813
2 From Ref. 4.

b Computed with Ref. 4 and transitions from Ref. 10 (refined constants in
Table I).

As can be seen from Table V, the water tunneling splitting
depends strongly on K,, with an amplitude decreasing by a
factor of 2 or more in K, = 1 compared to K, = 0. Interest-
ingly the tunneling splitting for K, = 0 has a much weaker
dependence on the intramolecular vibrational excitation.

Intermolecular vibration

The difference between the origins of (101) + vy, and
(101) provides an intermolecular frequency of 36.48 (B;) and
around 37.15 cm™! (B,) for the in-plane bending mode of
the N, entity within the complex. These values are within
~ 10 % of the calculated ones* determined for the G.V.S,
32.66 (B;) and 32.73 cm~! (B;). The agreement with G.V.S.
calculations* was on the order of 2 % in our previous study of
N, — D, O performed in the 10D region.!? The 10 % differ-
ence is associated with approximations performed in the theo-
retical study and change of the intermolecular frequencies fol-
lowing the intramolecular OH excitation. The relative weight
of these two contributions cannot be determined at this stage.
Further advanced calculations as the ones performed recently
for H,0 — H,0% could probably tackle this.

V. CONCLUSION AND PERSPECTIVES

The first overtone spectral signatures and analyses of the
N, — H,O complex in the 20H stretch region were presented
in this work. The rovibrational assignment was made by con-
sidering the tunneling motions occurring inside the complex
due to its four equivalent versions. Several perturbations were
highlighted in the (101) region and one of them was mod-
eled through an effective Coriolis coupling with the K, = 2
(200) state. The water tunneling splitting was found to de-
pend slightly on the vibrational excited state and strongly on
the K, value. Vibrational shifts due to the complexation were
retrieved and compared with other water containing van der
Waals complexes. The assignment performed in this work is
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a step forward for the characterization of the PES of this im-
portant complex.
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