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Rovibrational  transitions  associated  with  tunneling  states  in the water  bending  vibration  of  the  atmo-
spherically  significant  N2–H2O complex  have  been  recorded  using  a  cw supersonic  jet  quantum  cascade
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laser  spectrometer  at 6.2  �m. Analysis  of  the  observed  spectra  is  facilitated  by  incorporating  fits of previ-
ously  recorded  microwave  and  submillimeter  data.  This  accounts  for Coriolis  coupling  to obtain  the  levels
of the  ground  vibrational  state  and  confirmation  of assignment  of the  excited  water  bending  vibration.
The  results  are  used  to  explore  the  nature  of  the  associated  water  bending  vibrationally  excited  states  of
the complex  compared  to those  in other  corresponding  water  complexes.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Interaction of water with the major atmospheric species is of
onsiderable significance in chemistry and biochemistry. Forma-
ion of N2–H2O and O2–H2O under atmospheric conditions are
specially relevant for the understanding of many chemical and
hysical phenomena occurring in the Earth’s atmosphere. Absorp-
ion of light by such complexes can potentially play a significant
ole in several spectral regions, including the infrared. Spectral
hifts, enhancements and broadenings of the absorption lines are
xpected, suggesting that the dynamics of such weakly interacting
ystems should be included in the energy balance of the Earth’s
tmosphere.

The water–nitrogen complex is expected to be one if not
he most abundant of water dimer complexes in the Earth’s
tmosphere with significantly greater abundance than water
imer [1,2]. There has consequently been increased interest in
dvancing theoretical studies of N2–H2O [3,4], particularly with

espect to determination of virial coefficients. N2 collision-induced
bsorption band intensity arising from interactions between N2
nd H2O molecules at wavelengths around 4 �m has also been

∗ Corresponding author.
E-mail address: bevan@chem.tamu.edu (J.W. Bevan).

ttp://dx.doi.org/10.1016/j.cplett.2015.05.050
009-2614/© 2015 Elsevier B.V. All rights reserved.
investigated using the ab initio CCSD(T) method complemented by
the CBS procedure and FTIR (Fourier transform infrared) laboratory
studies [4]. Absorptions due to pure rotational transitions in H2O
occur in the far-IR (<500 cm−1) and are now explicitly accounted
for in climate (radiative transfer) models [5]. Although, individual
N2 and O2 molecules are transparent in the far-IR spectral region,
their interactions with water molecules induce low frequency
intermolecular modes that can absorb IR radiation giving addi-
tional radiation trapping [5]. Microwave spectroscopy has shown
that structurally and energetically, the intermolecular bond in the
water–nitrogen dimer ground state resembles a weak hydrogen
bond [6] with water acting as an electrophile (proton donor). The
submillimeter spectrum of the complex has also been observed
and reported [7]. Matrix isolation studies have provided infrared
spectra, though the determined frequencies are shifted by the
presence of matrices [8–10]. Furthermore, there have been FTIR
studies of N2–H2O and (H2O)n=2–20–N2 in the near infrared [11,12].
The spectra of the N2–H2O complex in helium nanodroplets have
also been recorded in the near-infrared (3700–3900 cm−1) and
show two  bands separated by about 6 cm−1, that are attributed
to the parallel and perpendicular bands of the complex with no

internal rotation of H2O [13]. The harmonic frequencies (and
infrared intensities) have been calculated at 70.1(14.2), 81.1(0.01),
91.2(1.7), 181.1(82.6), 269.1(91.6), 1668.0(51.7), 2182.6(0.34),
3872.4(34.3), 3985(149.9) cm−1 [5]. A subsequent calculation
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Table 1
Hamiltonian matrix elements for N2–H2O.

Symmetry species Matrix elements Statistical weight

Rotationala Overallb

A′ A1
+ HJK1;JK1 + HJK1;JK3 + HJK1;JK4 6

A′ B1
+ HJK1;JK1 − HJK1;JK3 + HJK1;JK4 18

A′ B2
+ HJK1;JK1 − HJK1;JK3 − HJK1;JK4 9

A′ A2
+ HJK1;JK1 + HJK1;JK3 − HJK1;JK4 3

A′′ A1
− HJK1;JK1 + HJK1;JK3 + HJK1;JK4 6

A′′ B1
− HJK1;JK1 − HJK1;JK3 + HJK1;JK4 18

A′′ B2
− HJK1;JK1 − HJK1;JK3 − HJK1;JK4 9

A′′ A2
− HJK1;JK1 + HJK1;JK3 − HJK1;JK4 3

a

30 S.D. Springer et al. / Chemical 

f the equilibrium structure of the dimer agreed with previous
redictions of a near linear N N· · ·H O H hydrogen bonded
tructure and gave an intermolecular bond energy of De 441 cm−1

4.50 kJ mol−1] [14]. Recent papers have reported investigation
f this potential using CCSD(T) and aug-ccpVTZ basis sets finding
e∼ 280 cm−1 [15]. A molecular beam scattering study gave a
ignificant different value of only 110 cm−1 [16].

The potential energy surface (PES) of N2–H2O away from the
inimum of the potential energy surface is not well characterized

xperimentally. Further studies of the rovibrational manifold asso-
iated with intramolecular and intermolecular states are required
or a determination of a morphed potential energy surface of the
omplex and subsequent accurate prediction of dimer properties.
nformation on the barrier height for interconversion of the two
ydrogen/nitrogen atoms in the GS has not been obtained nor has
he variation of the barrier height with vibrational states. The mul-
idimensional nature of the tunneling pathways complicates the
nalysis of the spectra. In the present investigation, a simplified
odel Hamiltonian has been used in the spectral analysis assum-

ng that the internal rotation of the heavier N2 subunit leads to a
low J- and Ka-rotational dependence of its tunneling splitting that
as ignored [17].

There have been no previously published rovibrational analyses
f any fundamental vibrations in the mid- and near infrared spec-
ra range for isolated N2–H2O isotopomer. We  now report resolved
ovibrational transitions including those associated with tunneling
n the water bending vibration of the N2–H2O complex (�2 H2O

onomeric bending vibration) recorded using a quantum cascade
aser supersonic jet spectrometer at 6.2 �m.  The recorded spectra
re expected to show the influence of the tunneling dynamics that
nvolve the exchange of identical sets of hydrogen and/or nitrogen
uclei in the complex. Analysis of the observed spectra is facili-
ated by incorporating data of previously recorded microwave and
ubmillimeter spectroscopy and accounting for Coriolis coupling to
haracterize the levels of the ground vibrational state. The results
re then used to confirm assignment of the water bending vibra-
ion and explore the nature of tunneling dynamics in associated
ibrationally excited states of the N2–H2O complex.

. Experimental

All spectra currently reported were recorded using a Quantum
ascade Laser, QCL, (21062-MHF, Daylight Solutions, San Diego, CA,
SA) in the water bend region (∼1570–1640 cm−1). The laser out-
ut frequency is controlled by a combination of coarse and fine
uning of a wavelength selective grating by an internal optical
ncoder and a piezoelectric actuator or PZT [18]. Application of

 voltage in the range of 0–100 VDC to the PZT enables mode-
op-free coverage of approximately 1.7 cm−1 with an effective

nstrumental resolution of 0.001 cm−1. The laser output was  split
sing CaF2 windows and directed through appropriate optics to the
upersonic slit expansion, a Fabry-Pérot confocal etalon (Spectra-
hysics, SP5945, FSR of 0.006962456 cm−1) for relative frequency
alibration, and a reference cell containing NO2 and H2O for abso-
ute frequency calibration. Such measurements were used for
alibration of absolute frequencies to an accuracy of ±0.0005 cm−1

n the current studies. All spectra were recorded using wavelength
odulation spectroscopy and second derivative lock-in detection.
Argon carrier gas was bubbled through a custom-made water

parger (50 mm diameter, 1 m length) and combined with nitrogen
as in a premixing manifold. The continuous supersonic expansion

as generated through a 12 cm long by 25 �m wide slit, into a vac-
um chamber with a pressure of 700 mTorr pumped by a Leybold
A2001 Roots blower and backed by Leybold SV630F roughing
ump. The expansion was probed by a portion of the laser radiation
The symmetry species of the rotational function in CS is given in this column.
b The symmetry species in G8 of the rotation-tunneling wavefunction is given in

this column.

at approximately 2 mm from the exit of the slit and optimized for
the largest observed signal. Due to the nature of the introduction
of water, it was  not possible to directly account for the relative
concentration of water in the expanding gas; however it is esti-
mated to constitute around 0.5–1.0%. Therefore the expansion gas
was composed of 1% H2O, 7% N2 and 92% at a pressure of 1–2 bar.

A total of 265 infrared rovibrational transitions belonging to the
K = 0 ← 0, 1 ← 0 and 0 ← 1 bands were observed and assigned in the
6.2 �m region. As emphasized by Figure 2, nitrogen tunneling states
were resolved for the K = 1 ← 0 band. They were also resolved for the
K = 0 ← 1 band but not for the K = 0 ← 0 band due to our limitations
in instrumental resolution. Current data was compiled along with
available microwave and submillimeter data from previous stud-
ies to account for a total of 306 infrared and 123 microwave and
submillimeter transitions [6,7] in two separate fits (Supplementary
Materials) with 41 unresolved K = 0 ← 0 infrared transitions in both
fits.

3. Spectroscopic analysis

The energy level diagram of the non-rigid N2–H2O dimer in its
ground vibrational state has been derived by Leung et al. [6] and is
drawn in their Fig. 6. Their results can also be used in the case of
the excited vibrational state observed in this work as this state is
a symmetrical one with the water molecule having one quantum
of energy in its symmetrical bending �2 mode. As emphasized by
Fig. 6 of Leung et al. [6], the rotational levels are split into four
tunneling sublevels due to two large amplitude tunneling motions.
The large and small splittings originate from the large amplitude
motions corresponding to internal rotations of the lighter water
subunit and of the heavier N2 subunit, respectively. The symmetry
group to be used for N2–H2O is the commutative group introduced
in Section 7B of Coudert and Hougen [19] for the D2O–H2O dimer.
This group will be denoted G8 and its character table can be found
in Tables VIII of this reference.

The approach used to calculate the rotation-tunneling energies
in this work makes use of the results of Coudert and Hougen [19,20]
and of the atom and framework numbering of Leung et al. [6] given
in their Fig. 5. The most feasible large amplitude motion, corre-
sponding to a planar internal rotation of the water subunit, allows
us to go from framework 1 to framework 3 and will be named the
1 ⇒ 3 tunneling motion. The less feasible large amplitude motion,
corresponding to the internal rotation of the N2 subunit, allows us
to connect frameworks 1 and 4 and will be named the 1 ⇒ 4 tunnel-
ing motion. The expressions of the Hamiltonian matrix elements
are given in Table 1 for each symmetry species of G8. In addi-

tion to the matrix element of the rotational Hamiltonian HJK1;JK1,
these expressions involve the tunneling matrix elements HJK1;JK3
and HJK1;JK4. The former should be obtained from Eq. (33) of Coud-
ert and Hougen [19] where �2 and h2v should be changed into
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Figure 1. Simplified energy level diagram for the N2–H2O dimer. Only tunneling
sublevels with J ≤ 2 and Ka ≤ 1 appear in this figure. Vertical dashed (oblique dotted)
lines indicate a few a-type (b-type) transitions. The large tunneling splitting is due to
the large amplitude motion involving a planar rotation of the water moiety. A sim-
ilar  diagram arises for tunneling sublevels belonging to the A2

± and B2
± symmetry
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Figure 2. A small portion of the infrared spectrum recorded in this work for N2–H2O

corresponding water dimer [22]. The bending vibrations of H2O
pecies.

3 and h3v, respectively; the latter should also be obtained from
hese equations changing �2 and h2v into �4 and h4v, respectively,
nd removing the (−1)K factor. Parameters h3v and h4v are both
egative [3] and are such that 2|h3v| and 2|h4v| are the tunneling
plittings associated with the 1 ⇒ 3 and 1 ⇒ 4 tunneling motions
or J = 0, respectively. Due to the fact that the 1 ⇒ 3 large amplitude

otion is more feasible than the 1 ⇒ 4, we also have h3v < h4v < 0.
arameters �3 and �4 describe the rotational dependence of the
unneling splittings and are expected to be on the order of a few
egrees.

The rotation-tunneling energy of N2–H2O should be calculated
etting up with the help of Table 1 and diagonalizing the matri-
es arising for each symmetry species of G8. The resulting energies
epend on the usual rotational constants A, B, C and on the tun-
eling parameters �3, h3v, �4, h4v. Two such sets of parameters are
eeded in the present investigation. The first one corresponds to
he ground vibrational state; the second one to the excited vibra-
ional state with the water molecule in its excited (0 1 0) vibrational
tate. In order to parameterize the energy difference between these
wo vibrational states and additional parameter arises and will be
enoted C0.

The rotation-tunneling energy level diagram can be simplified
ecause the effects of the 1 ⇒ 4 tunneling motion can be ignored
s (i) it being not very feasible the associated tunneling splitting is
mall and (ii) selection rules require that transitions connect the
wo lower or the two upper tunneling sublevels which prevents
s from observing directly the tunneling splitting. Two indepen-
ent energy level diagrams can thus be used and are characterized
y different rotational constants and h3v and �3 values. As can be

nferred from Table 1, the first diagram involves levels of A1
± and

1
± symmetry species belonging to the lower tunneling sublevel

f the 1 ⇒ 4 tunneling motion; the second one involves levels of
± ±
2 and B2 symmetry species belonging to the upper tunneling
ublevel. The simplified energy level diagram arising when making
he former assumption is shown in Figure 1. These results are also
dimer. The Q branch of one of the b-type bands can be seen. Transitions display a
small splitting due to the large amplitude motion corresponding to the internal
rotation of the N2 moiety of the dimer.

valid for the excited vibrational state of the dimer observed in this
work.

4. Line assignment and analysis

The infrared transitions recorded in this work were assigned
with the help of the statistical weights in Table 1. a-Type transitions
with K = 0 connecting the ground state to the excited vibrational
state and involving all four types of tunneling sublevels were
observed. These transitions displayed no splitting due to the 1 ⇒ 4
tunneling motion which results in unresolved A1

± and A2
± or the

B1
± and B2

± tunneling components. The effects of the 1 ⇒ 3 tun-
neling motion were, however, observed as they lead to a 0.2 cm−1

splitting increasing J. K = 1 ← 0 and 0 ← 1, b-type transitions were
also observed and were split into four components. The large split-
ting on the order of 2 cm−1 originates from the 1 ⇒ 3 tunneling
motion; the small one on the order of 0.01 cm−1 stems for the
change of the 1 ⇒ 4 tunneling splitting when going from K = 0 to
K = 1. This small splitting can be seen in Figure 2 where the Q branch
of one of the b-type bands can be seen.

A line position analysis of the infrared data recorded in the
present investigation (Supplementary Materials) and of previous
microwave data pertaining to the ground vibrational [6,7] was
performed in which the energy was calculated as outlined in the
previous section. Two analyzes were performed treating separately
transitions involving A1

± and B1
± sublevels and those involving A2

±

and B2
± sublevels. The parameters determined in the fit are listed in

Table 2. Distortion terms for the pure rotational Hamiltonian were
expressed using Watson’s S reduction [21]. Distortion effects for
the tunneling terms were accounted for using the same operators
as Coudert and Hougen [19].

5. Discussion

The current rovibrational analysis of the water bending vibra-
tion in N2–H2O provides a stark contrast with that of the
dimer have been investigated by cavity ring down spectroscopy
with a resolution of 0.04 cm−1. Blue shifted bands have been
recorded at 1600.6, 1613.8, 1614.7 cm−1 and 1628.6 cm−1. The
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Table 2
Parametersa determined in the line position analysis.

Ground Excited

A1
±/B1

± A2
±/B2

± A1
±/B1

± A2
±/B2

±

C0 1597.00070(24) 1597.00072(21)
A  17.044818(3) 17.026097(1) 17.62043(38) 17.59433(34)
B  0.09782208(21) 0.09772371(18) 0.0981953(97) 0.098123(16)
C 0.0963608(130) 0.09644802(18) 0.0965892(90) 0.096631(15)
DKJ/10−3 −2.4315(37) −2.57378(11) −3.023(13) −3.183(12)
DJJ/10−6 1.4199(61) 1.3881(19) 1.561(48) 1.493(37)
d1/10−6 0.2829(29) 0.1125(26) 0.167(65)
HKJJ/10−6 −0.7202(63) −1.1356(23) −0.9744(890) −1.057(91)
HJJJ/10−9 0.111(17) −0.0602(130)
h1/10−9 −0.301(23) −0.3455(210)
h3v −0.531609(21) −0.51810688(59) −0.33848(23) −0.32470(21)
�3 1.591(330) 1.882(390) 1.591b 1.882b

h3k −0.04400(31) −0.03291(30)
h3J/10−3 −0.2232(430) −0.271802(46) −0.1704(70) −0.209(34)
f3/10−3 0.1786(220) 0.141059(77) 0.1490(29) 0.1066(25)
h3KJ/10−3 −0.17433(29) −0.35408(14) −0.0963(47) −0.2822(91)
h3JJ/10−7 −0.925(390) −0.086(16) −1.28(43) −1.209(74)
f3J/10−7 −0.249(380) 2.463(20)
h3KJJ/10−6 −0.2150(180) 0.2375(26)
h3JJJ/10−10 0.373(320) −1.10(12)

 pare
l stat
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a Parameters are in cm−1 except �3 which is in degrees. Uncertainties are given in
b Parameter �3 was  constrained to be equal for the ground and excited vibrationa

rst band is associated with a perpendicular acceptor band with
K = 0 while the others are �K = 1 involving the donor water bend.

he pre-dissociative lifetime of states in H2O dimer is signifi-
antly shorter than in N2–H2O. Recently, the dissociation energy
f H2O dimer [23] has been determined experimentally to be
105(10) cm−1. Based on the Ewing’s propensity rules [24] and
rajectories leading to dissociation in water dimer have been dis-
ussed [25] and are compatible with the observed spectral bands.
he dissociation energy of N2–H2O has not been experimentally
etermined though it is expected to be approximately half that
f OC-H2O. The latter is known [26] to have D0 = 355(13) cm−1

ith well resolved rovibrational substructure [27] in its bending
ibration, so it is expected that the predissociative line broaden-
ng should be significantly less than that in H2O dimer which is

hat is observed for N2–H2O in Figure 2. The current rovibra-
ional analysis is valuable for generation of accurate rovibrational
pectroscopic data for the potential energy surface of N2–H2O and
ssessing of quantum chemical calculations used to evaluate inten-
ities of vibrations as a function of temperature on the quantitation
f N2–H2O continuum [4]. These results are also now available for
omparison with the corresponding �2 bending vibration in the
ecorded spectrum [28] of N2–D2O.

As emphasized by Table 2, more distortion parameters were
sed for the ground vibrational state than for the excited one. This
tems from fact that the data set contains accurate microwave data
nly for the ground state. In order to reproduce the wavenumber
f the infrared lines within 0.001 cm−1, we were led to vary for
he excited vibrational state an h3k distortion parameter describing

 ⇒ 3 tunneling motion effects. A few poorly determined dis-
ortion parameters in the pure rotational Hamiltonian had also
o be varied. The angle �3 can be related to the angle through
hich the water subunit is rotated [19] during the 1 ⇒ 3 tunneling
otion. Taking a value of 9.524 cm−1 for the C rotational con-

tant of the water subunit, the angle values retrieved are 157◦ and
86◦ for the A1

±/B1
± and A2

±/B2
± levels, respectively. Chemical

ntuition suggests that this angle should be close to the valence
ngle of the water subunit, 104.5◦. The agreement is very poor

nd this might be due to the N2 and water units being much
loser for the intermediate configuration of the 1 ⇒ 3 large ampli-
ude motion than for the equilibrium configuration. The �3 value
etrieved in the analysis may  also be contaminated by distortion
ntheses in the same units as the last digit.
es.

effects due to the limited range of K-values available in the data
set.

In addition, the current analysis has relevance to the interpre-
tation of the doublet [29] assigned to the 0.15 cm−1 resolution
1593 cm−1 N2–H2O spectrum of water trapped in solid argon doped
with nitrogen that was complicated by overlap with the simulta-
neously recorded spectrum of water dimer.

6. Conclusions

The rovibrationally resolved spectrum of the water bending
vibration in N2–H2O has been recorded. This spectrum has been
analyzed from the perspective of large and small splittings origi-
nating from the large amplitude motions corresponding to internal
rotations of the lighter water subunit and of the heavier N2 subunit,
respectively. The results confirm that predissociative line broad-
ening in the bending vibration of this atmospherically significant
complex is fundamentally different from that in the less abun-
dant water dimer. This spectroscopic analysis contributes accurate
spectroscopic data toward a comprehensive characterization of the
potential energy function of the complex and its relevance in atmo-
spheric chemistry.
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