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The IR spectra of complexes of water with nitrogen molecules in the range of the symmetrand
antisymmetric ¢3) bands of HO have been studied in helium droplets. The infrared intensities afsthad

v1 modes of HO were found to be larger by factors of 1.3 and 2, respectively, in theHNO complexes.

These factors are smaller than those obtained in recent theoretical calculations. The conformation of the
N,—H,0O complex was estimated. Spectra and IR intensities of thp-{N,0O and N—(H,0), complexes

were also obtained and their structures are discussed.

Introduction of the Earth. The absorption strength of the vibrational bands,

IR and microwave spectroscopic studies of molecular com- which is usually referred to as infrared intensity (IRI), is

plexes have been used to provide detailed information on theirlnstrumental in such an estimate.

structures and intermolecular interactidnéBinary complexes There are only few measurements of IRI of molecular
with water molecules have often been treated as prototype COMPIexes, largely because of the difficulties in determining
systems because the strength of the intermolecular interactiontn€ absolute number densities. Exceptions are the strongly bound
spans a wide range from weak van der Waals to strong hydrogenSP€Cies, which have sizable equilibrium fractions of complexes
bonding, depending on the binding partner. For example, the IN the gas phase, such as dimers of carboxylic acitRl can
binding energiesle) were calculated to be 0.32nd 5 kcal/ also be obtained from the laser power saturation dependence
moP for the Ar—H,0 and (HO), complexes, respectively. The of the intensities of spectral lines, which, however, requires the
N2—H,0 complex has been calculated to have an intermediate K"owledge of the homogeneous line widths. Therefore, this
binding energy of aboud, = 1.3 kcal/mot” or Do = 0.55 kcal/ method h_as SO fa_r only been applied to a few simple (lisl)mers
mol8 A microwave spectroscopic stutifias shown that the ~ obtained in a free jet, such as (_HF§ N2—HF, and CG-HF.
internal rotation of HO in the complex is largely quenched. At present, theoretical calculations are the main sources of our
The %1 — Og line of the complex was obsenftb have four information on IRI in molecular complexes. Recent calcula-

components, which span a frequency range of about 15 MHz, tions>"1%:1+162%gave a factor of about 2.5 larger IRI for the
The splitting was ascribed to tunneling motions of water and OH-stretching vibrations in the N-H,O complexes as com-

nitrogen molecules in the complex. According to ref 9, one of pareo[ to that in single water molecules. This enhancement was

the hydrogen atoms of water points toward therhblecule, explained by the formation of a weak hydrogen béhdhe

making a nearly linear NH—O bond. Similar results were  Prediction of the large enhancement of the IRI in—¥,0

obtained for the equilibrium structure of the complex in a COMPlexes is, however, surprising in view of the rather weak

number of ab initio calculatiorfs’:10.11N,—H,0 complexes have ~ Ponding in the complexes’®

also been studied by IR spectroscopy in rare-gas mafficés. In this work, we have obtained spectra of the-%,0,
Recently, concentrations of the complexes of water molecules (N2)2—H20, and N—(H20), complexes in the region of the

with other species such as G\, O,, Ar, and water itselfin ~ Symmetric stretchwf) and antisymmetric stretch/q) funda-

the Earth’s atmosphere have been calcul&fédCalculations mental bands of water molecules in He droplets. We used the

show that the BH,O complex is the most abundant in the He droplet isolation technique to obtain IR intensities for the

Earth’s atmosphePé® because of its relatively strong binding complexes studied. IR intensities of theyJjN-H-O and N—

and the large abundance of nitrogen in the air. Since water is (H20). complexes were also obtained and their structures are

one of the strongest absorbers of solar radiation in the IR spectraldiscussed.

region, knowledge of the spectra of the complexes is important

to estimate the effect of their absorption on the radiation balance Experimental Section
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which was filled with a gas mixture of nitrogen and water T
06}

4 . a
molecules. The pressure in the pickup chamber was measured )

by an ionization pressure gauge. The IR pulsed laser beam
obtained from the optical parametric oscillat@mplifier (Laser
Vision, repetition rate, 20 Hz; laser pulsed energy, 5 mJ; spectral
resolution, 1.0 cm?) was aligned antiparallel to the He droplet
beam. The absorption of a laser photon is followed by rapid
energy transfer to the host droplets and by the subsequent
evaporation of He atoms. The average number of evaporated
He atoms per droplet is proportional to the energy of the
absorbed photon, the IRI of the embedded species, and the
abundance of these species in the droplet beam. The total flux
of the He droplet beam was detected by a quadrupole mass filter
equipped with an electron beam ionizer, which was installed
about 80 cm downstream from the source of the droplet beam.
The mass filter was adjusted to transmit all masses larger than
M = 6 amu. The absorption leads to a transient decrease of the
mass spectrometer signal, which was recorded by a fast digitizer.
To avoid laser power saturation effects, a divergent laser beam
was used in the spectral region of the stregdpand of water.
In the spectral region of the weakerband, the divergent laser
beam was collimated by a 1-m f.l. lens, which was placed in
front of the entrance window of the vacuum apparatus. In both
cases, linear dependence of the depletion signal vs laser pulse
energy was verified. The laser cabinet was purged continuously _ ) )
by dry nitrogen, and the optical path between the laser cabinet 19ure 1. Depletion spectra of the N-H,0 complexes in the range

. of thevs band of HO in He droplets. Pickup pressures: panelRab
and th_e entrance window of thg apparatus was evacuated. The. 37 196 mbar, Py, = 0; panel (b)Pu0 = 3 x 10-° mbar,Py, = 9
depletion spectra were normalized on the laser pulse energy,. 10-6 mbar. Panel (c) shows spectrum (b) with the contribution of
which varied in the studied range by about 20%. The spectra spectrum (a) subtracted. This has been scaled to elimingdelifies
were calibrated relative to the spectrum of water vapor in an from the spectrum. Smooth curves are Gaussian fits as described in
optoacoustic cell. the text. The origin of thes band of HO in He droplets is marked by
the vertical dashed line. Pickup pressure dependences of the intensity
of the peaks marked in panel (b) by arrows are shown in Figure 2.
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Results

Figure 1a shows a depletion spectrum in the range ofthe  of nitrogen and water molecules, respectively. The coefficient
band obtained when water vapor was introduced into the pickup y\ is approximately equal #
chamber at a pressure of3107¢ mbar, which approximately
corresponds to an average number of water molecules captured

per droplet ofz(H,O) = 0.25 (see eq 1). The spectrum contains
rovibrational lines of thevs fundamental band of single B
moleculed* and bands of the (#D), dimers, which were
assigned to the vibration of the dangling hydrogen atoms of
the H-donor molecules and to thg fundamental band of the
acceptor molecules. The spectrum (b) was measured whe

nitrogen was introduced into the pickup chamber at a pressure

of 9 x 1076 mbar, which corresponds to an average number of
nitrogen molecules captured per dropletz(fl;) = 0.5. Trace
(c) was obtained from trace (b) by subtraction of the spectra of
water molecules and clusters, that is, scaled trace (a). The band
at 3749.8 and 3755.5 crh are ascribed to the N-H,O
complexes; the band at 3746.2 thto the (N),—H.0O
complexes; and the band at 3728.3¢émo the No—(H20),
complexes. These assignments are based on the pressu

dependences of the intensity of the bands as described below

The relative abundance of single molecules and complexes
in a He droplet is given by the Poisson distributféni-or
heterogeneous complexes, the abund&igeof the complexes
(N2)m—(H20), is given by

_ (@Ny)"™ (z(H,0))"

m! n!

exp(=2z(N,) — z(H,0)) (1)

mn

wherez(N3) = 1 x P(N2) andz(H,0) = > x P(H20) are the
average numbers of the captured &hd HO molecules per
droplet andP(N2) andP(H,0) are the partial pickup pressures

n

[

, _ Oca VBT B°
kT oon

whereocqp is the capture cross section of the dropleis the
length of the pick up regiorkg is the Boltzmann constant,is

)

the temperature of the pickup chamber, angflland@g2Care

the mean square velocities of the molecules in the chamber and
of the droplet beam, respectively. The velocity of the He droplet
beam afTp = 16 K is known to be about 380 m#8 Figure 2
shows the nitrogen pickup partial pressure dependences of the
%epletion signal for three peaks in spectrum (b) of Figure 1,
that is,v = 3778.0 cmi, v = 3749.8 cm?, andv = 3746.2
cm™L. The solid curves in Figure 2 are fits to the experimental
dependences using eq 1 with = 0, 1, and 2, respectively.
The good quality of the fits supports the assignments of the
peaks at = 3749.8 and 3746.2 cm to N,—H,0 and (N)2—

H,0 clusters, respectively. This assignment is consistent with
the results of some very recent wafkywhere the absorption
peak of N—H,O in helium droplets has been observed at
3749.40 cml. The band at 3755.5 cmh was assigned to the
N,—H>0O complexes, based on its constant intensity relative to
the band at 3749.8 cm in the spectra measured at different
N, pressures. The peak at 3778.0¢raorresponds to thepl

~— Ogo line of the v3 band of single water molecules in He
droplets?* The values of the;; parameters in the fits for the
peaks of HO monomers, M-H,O and (N),—H>O, were
determined to be 0.5% 1, 0.50 x 1P, and 0.46x 1C°
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Figure 2. Depletion signal vs Npickup pressure for three bands in

Figure 1b: @, v = 3778.0 cm%; O, v = 3749.8 cm%; and A, v = 0.0 . \ ™ ! . ]
3746.2 cm’. The bands were assigne_d tQOimor]omgrs, A-H,0 3620 3640 3660 3680 3700 3720
and (N).—H2O, respectively, according to their pickup pressure §

dependence. Solid curves are Poisson fits as described in the text. The wavenumber (cm™)

H,0 pickup pressure was kept constant at©.30~° mbar throughout Figure 3. Depletion spectra of the N-H,O complexes in the range

the measurements. The results for the complexes have slight offsetsof the v, band of HO in He droplets. Pickup pressures: panel (a)

for clarity. P(H.0) = 6 x 107® mbar,P(N;) = 0; panel (b)P(H,0) = 6 x 1076
mbar,P(N;) = 9 x 1076 mbar; panel (cP(H20) = 6 x 1076 mbar,
P(N2) = 1.8 x 1075 mbar. Smooth curves are Gaussian fits as described

mbar?, respectively. Using the liquid droplet model apd= in the text. The spectra were measured with a collimated laser beam,

0.55 x 10° mbar?, the average size of the He droplets was which gave _about a factor of 5 Iar_ger effective Igs_er energy flux, as

estimated to be 3000 atoms, which is in good agreement with Compared with measurements in Figure 1. The origin obifieand of

the previous measurements under similar experimental condi-Hzo in He droplets is marked by the vertical dashed line.

tions?® Somewhat smaller values gffor the complexes, as

compared with single water molecules, most probably indicate  The integrated depletion signal of the bands of the) 4N

partial overlap of the bands of the complexes having different (H,0), complexes |, is proportional to the energy of the

numbers of nitrogen molecules. Although®land N were absorbed photonsh¢n,,), the IR intensity Ann), and the

backfilled in the same pickup chamber, the concentration of probability of finding the complex in the dropleg,n)

the Nb—H>O complexes preformed in the gas is negligible

because of the low pressure of the gas in the chamber. The lonn O 0 A iNmn 3

decrease of the pickup cross section of the droplets upon the

capture of the KO and N molecules could be neglected, based From egs 1 and 2, the ratio &, to Ao is

on the fact that an energy of about 300 K causes evaporation

of about 40 He atoms from the droplet, that is, much less than A_1,1= Vo1 1 ILl (4)

the droplet size of about 3000 atoms. Ag1 v112Z(Ny) los

Figure 3a shows the depletion spectrum in the range of the

v1 band of water molecules, when water vapor was introduced wherel; 1 andlg 1 are the integrated band intensities of the-N

into the pickup chamber at a pressure ok 610-% mbar, that H,0 and HO transitions in He droplets, respectively. Because

is, Z(H,0) = 0.5. The strong peaks in the high-frequency part of the very similar frequencies ofy 1 and v 1, the frequency

of the spectrum are the same as those in the low-frequency partatio in eq 4 was taken to be unitfg 1 is known to be 44.6

of Figure 1. The weak band at 3654.4 chis assigned to the  and 2.25 km/mol for the’; and v, bands, respectiveR/:28 In

v1 band of the acceptor molecules in water dimers. Additional the case of the’; band,lp; was calculated as a sum of the

weak peaks in Figure 3a are assigned to the rovibrational integrated intensities of they®— 101, 101 < Ogo, and 22 < 1oz

transitions of thev, band of single water molecules in He lines. In the case of the; band, the sum of the intensities of

droplets?* Rovibrational lines of the; band of water molecules  the Lo — 1o; and 4; < Oy lines was multiplied by a factor of

in He have widths of about 3 cm, which were ascribed to 1.3 to take into account the intensity of the 2- 1o, line, which

lifetime broadening, due to rotational relaxation within the was taken from the HITRAN database described in ref 29. To

state?* Spectra (b) and (c) were measured with nitrogen obtain values ofyy,, the spectral peaks were fitted by Gaussians,

molecules introduced into the pickup chamber at pressures ofas shown in Figures 1 and 3 by smooth curves. The values of

9 x 107 %and 1.8x 107> mbar, respectively, which correspond Iy, were then taken as the areas under the corresponding

to average numbers of captured idoleculesz(N,) = 0.5 and Gaussians, as shown by the shaded areas in Figures 1 and 3.

1.0, respectively. The band at 3655.6 ¢nis ascribed to M- The resulting values of the IRIs are listed in Table 1 as ratios

H,O complexes, the band at 3652.5 ¢nto the (Nb),—H>O to corresponding bands of,8B molecules or (KO), dimers.

complexes, and the band at 3648.6éno the N—(H20), The accuracy of the intensity of the band of N—H,0 is

complexes, based on the pressure dependence of their intensityestimated to be abodt25%. The error bars include the effects




IR Spectra and Intensities of,@ and N Complexes J. Phys. Chem. A, Vol. 110, No. 33, 20080049

TABLE 1: Band Center Frequencies and IRIs of the Complexes of Water and Nitrogen Molecules in He Droplets
intensity relative to the corresponding

complex band assignment frequency (€ band of HO or (HO)°

H,0 V3 3755.F 1d
V1 3655.8 1d

N>—H-0 vs, parallel 3749.8 1.1(0.2) 1.3 (0.3}
vs, perpendicular 3755.5 0.2(0%)
v1, perpendicular 3655.6 1.6 (098) 1.9 (0.9Y
vy, parallel 3649.9 0.3 (0.15)=

(N2)2—H,0 Vs 3746.2 1.2 (0.4)
V1 3652.5 1.1(0.5)

(H20), dangling OH stretch 3729.9 1.6(0.5)f
of H-donor molecule
v, of H-acceptor 36544 1.5 (0.7yf

N2—(Hz20). H-donor dangling 3728.3 1.1 (097)
11 of H-acceptor 3648.6 2.7(18)

a Absolute accuracy-0.5 cnt! (relative accuracy is=0.1 cnt?). ® Numbers in parentheses are error limite)(1° Reference 249 Ratio relative
to the corresponding band of;8 molecules? Predicted from the splitting and intensity ratio of the parallel and perpendicular components of the
vz band of the N—H,0 complexes’ Reference 3% Ratio relative to the corresponding band ofQH.

of the droplet size distribution, scattering of the droplet beam T \

at high pickup pressure, and the decrease of the droplet size e . i

upon multiple pickup events, which could not be precisely a-axis | ¢ =31 :‘
quantified at present. The estimated errors) (dre also listed /

in Table 1. In the range of the; bands, the error bars are - R=388 A v =63°

estimated to be-50% which are larger because of the weakness ' \

of the signal. In the spectral range of thg band, some . o

. - - Figure 4. Structure of the BH,O complex obtained in this work.
additional error may be introduced by partial overlap Of, the The N, and HO units are fixed to their equilibrium structures. The
bands of the b-H,0 and the (N)>—H.O complexes. In this  porizontal dashed line gives theinertial axis of the complex.
case, the IR intensity of the NH,O complexes would be
somewhat overestimated. IRIs of the-NH20),; and (N)2—  |aser line width of 1.0 cm, in agreement with previous studis.
H20 complexes were obtained in a similar way and compiled | contrast, spectra of the AH,0 and Q—H,O complexes in
in Table 1. To study the accuracy of the method, we performed hejiym droplets indicate internal rotation of water molecules in
a S|mllar gtudy of the_ArHZO complexes, which will be the complext® which is, in the case of the ArHO complex,
described in a forthcoming pap&The measured value of the i agreement with previous studigs®2
IRI of the Ar complexes of water in thg range of themode Leung et aP deduced the anglé between the-axis of the
was found to be the same as that of single water molecules, tocomplex and the, axis of the water molecule in the complex

within 30% accuracy. This result is expected for 4,0 from two different microwave measurements. An anglé of
complexes bound by weak van der Waals forces and thereforegze a5 derived from the results of the Stark experiments. A

serves as an aqlditional proof of the accuracy of the intensity yifferent angle o9 = 43 was obtained from the value of the
measurements in He droplets. quadrupole coupling constarg®qof thel’0 atom in the N—
H,170O complex. Our result o = 65° (0 = 90° — 25°) is in
good agreement with the former. This is reasonable since the
It is seen that the’; band of the N—H,O complexes has result of this work is based on the average of the dipole moment,
two peaks at 3749.8 and 3755.5 thwith an intensity ratio of which must be compared with the value determined by the Stark
about 5.5:1. Theoretical calculatidnsl®1t and microwave experiments, but not with that determinedé®q It should be
spectroscopic studigshow that the nitrogen molecule in the noticed that experiments cannot distinguish between the four
complex is bonded to an H-atom of the water molecule in an structures with-0 and 180 + 6. Theoretical calculatiofig!!
approximately collinear configuration. Therefore, the complex predict that the complex has a planar structure, and the nearest
is expected to have a large rotational consfarithus, we assign ~ H- and N-atoms are on the same side of the line connecting the
the two peaks to the paralle-fype) and perpendiculab{ype) center of mass of the Nand HO units whereas the oxygen
component bands of the,NH,O complexes. The frequency atom is on the opposite side.
of the parallel band approximately equals the position of the  The structure of the complex, which is in agreement with
band origin of the transition. The splitting of the two components the Stark measuremerftss shown in Figure 4. The anglg
of 5.7 cnT! approximately equals the rotational constAntf between the-axis and the Wmolecular axis, and the distance
the complex in helium. From the intensity ratio of the subbands, R between the centers of mass of the &hd HO molecules
the angle of the transition dipole moment of themode with were deduced from the rotational constAnt 5.7 cnT?, which
respect to the inertiad-axis of the complex was determined to was obtained in this work, and the rotational constBnt (C)/2
be 25+ 5°. The value of B + C)/2 for the free complex was = 0.0955 cni?! from ref 9. The angléd was fixed at 63. We
obtained previousfyto be somewhat less than 0.1 ¢ determined the anglg as 3F and the center of mass separation
Therefore, the rotational structure of the bands due to the end-of the molecules in the compleR as 3.88 A. By comparison,
over-end rotation of the complex could not be resolved in the two configurationsg ~ 0° andR = 3.86 A and¢ ~ 21° and
present work. We did not observe any additional spectral R=3.91 A, both for§ = 43°, were estimated in ref 9. A value
splitting. This indicates that the internal rotational motion of ¢ = 24° was estimated from quadrupole splitting due to N
the HO molecule in the complex is quenched, and the splitting molecules- The rotational consta could not be obtained in
due to tunneling motion of eitherd® or N, is smaller than the ref 9. A rigid complex havingp = 24° and 9 = 63° has a

Discussion
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rotational constanA = 8.6 cnT . This is about 34% larger than
the valueA = 5.7 cnt! obtained in this work in He. This

Kuma et al.

TABLE 2: Frequencies (cnt?) of OH-stretch Band Origins
of H,O and N,—H>,0 in Various Media

discrepancy could be caused by the effect of the He environ-
ment. Rotational constants of light molecules vias> 2 cn?

V1 V3

X medium HO No—H,O Avg? H,O No—H.O Avz?
in He were found to be only a few percent smaller than those @ 3657.053 3755.920

i ,23 . .

in the_ free moleculeé?_ However, the effect of He on the 7\ droplets 36558 3649.9 —59 37558 3749.8 —5.3
magnitude of the rotational constants of molecular complexes i, solid A*®  3636.9% 3733.9

has not been extensively studied. It is conceivable that the effectin solid Ar*t  3637.3 3734.0

is larger in complexes. In particular, interaction with helium in solid Ar‘l‘i 3638.0 3734.3

may change the average relaive orientation of the molecules zg::g ':Ll ggig-g 37296

in the complex. Therefore, we concluded that the agreement of i Ciq ans 36370 3401 3.1 37340 37312 —2.8
the ¢ values obtained in this work and in ref 1 is satisfactory. in solid Art4 3731.8

Note also that the alternative structure with arfiyle 43°, which insolid Kr''®  3626.6 3630.2 3.6 37244

was discussed in ref 9, will give an intensity ratio of the parallel

2 The differenceAv, = v,(N,—H,0) — v,(H20). ® Reference 24¢ The

and perpendicular bands of 0.9, much smaller than the value of 5/jgin is estimated from the frequency of theot— 1oy line by

5.5 observed in this work. Therefore, this alternative structure subtracting the frequency difference between the— 1o; and 41 —

can be rejected. The geometry of the complex obtained in this Og lines. ® The origin is estimated as an average of the frequencies of
work is quite similar to that obtained by theoretical calculations the Ji <= O and Go <— 1o: lines.

in refs 5, 7, 10, and 11. More recent calculat®¥predict a

nearly linear N-N—H—0O configuration in disagreement with ~ ecules, has been obtained as +.8.3 and 1.9t 0.9 for thevs

the structure obtained in this work (see Figure 4). A linear andv; bands, respectively. The agreement of the angle between
complex must have a much larger rotational constant 21 the Stark measurements in the gas phase and our present
cm, as compared té = 5.7 cnT! obtained in this work. Of experiments in He droplet indicates that the structure of the N
course, this comparison is subject to certain approximations, H,O complex in He droplets and in the gas phase is very similar.
because equilibrium configuration is obtained in calculations, Therefore, the IRIs obtained in He droplets essentially cor-
whereas a configuration averaged over the zero-point motionrespond to the gas-phase values. It is believed that the IRIs
is obtained in an experiment. Diffusion Monte Carlo calculations obtained in this work are not greatly perturbed by encapsulation

of the Nb—H,O comple® show that the distribution of the
N—N-—H angle peaks toward’Gand has a width (HWHM) of
about 20.

in He droplets. This conjecture is supported by the fact that the
vibrational frequenciéd23and permanent dipole momef#itsf
molecules in He droplets remain the same as in free molecules

Because the transition dipole moments are perpendicular inwithin about 0.01% and 1% accuracy, respectively.

the v3 and v; modes of water molecules, the band of the
N2>—H>0 complex must have parallel and perpendicular com-
ponents similar to thes band but with an inverted intensity
ratio. Therefore, we assigned the band at 3655.6%am the
perpendicular component of the; band of the N—H,0

Larger enhancement factors of 2.0 and 3.6 (ref 10), 2.1 and
4.9 (ref 7), and 2.0 and 4.3 (ref 11) have been obtained in
theoretical calculations for the; andv, bands of the h—H,0
complexes, respectively. The comparison with the experimental
results of Table 1 indicates that ab initio calculations overes-

complex. The parallel component is expected to be shifted 10 tjmate IR intensities in clusters by about a factor of 2. Here,

lower frequencies by 5.7 cmh and to be a factor of about 5.5
weaker. Due to the smaller signal-to-noise ratio initheegion
and overlap with the band of thexN(H,0), complex, we were
not able to identify the parallel component of theband of
the Nb—H>0 complex. According to the above discussion, the
frequencies of the origins of they, andv3 bands of the b

H,O complexes in He were obtained as 3649.9 and 3749:8,cm
respectively. The bands are shifted toward low frequency with
respect to the corresponding band origins of single water
molecules in He by 5.9 and 5.3 cf respectively. The similar
magnitude of the shift is in accord with the similar amplitude
of the OH stretch in the; andv; modes of water molecules.
The shifts of the frequency of the, and v3 modes of water
molecules in N—H,O complexes are compared with the results
of matrix isolation studies in Table 2. It is seen that the formation
of complexes in the matrix leads to a shift of theband by
about 3 to 5 cm?! toward low frequency, in accord with the
present results. On the other hand, thdand shifts by about

2 to 3 cnrt toward higher frequency. If the complex in a matrix
retains the ability to rotate around theaxis, then matrix
measurements will give the perpendicular component of the
band, which will have a frequency about 5.7 ¢nabove the
band origin of thev; band of the N—H,O complexes, as
observed in this work, and would be shifted toward higher
frequency relative to the frequency of single water molecules.

In this work, the enhancement factor of the IRl in the-N
H,O complexes, as compared with that in single water mol-

we are not able to evaluate the origin of this discrepancy. Some
error is introduced by the use of the double harmonic ap-
proximation. Moreover, the calculations of the IRI were made
for the fixed cluster geometry, whereas the diffusion Monte
Carlo study of the M-H,O comple® shows a rather broad
distribution of the N-H—0O angles of about Z0HWHM) and
of the N—H distances of about 0.5 A (FWHM). Another
potential source of error might be the neglect of basis set
superposition errors in the course of calculations of the IRI in
clusters. The large calculated enhancement of the intensity of
the vz band in N—H,0 complexes has been explained by the
formation of a weak hydrogen borR#.In hydrogen bonded
complexes such as the water dimer, the frequency afitband
of the hydrogen donor molecule decreases by about 60 cm
as compared with that in single water molecules, and its intensity
increases by about a factor of 0The absence of a significant
shift and the enhancement of the band in the N—H,O
complex is evidence against the formation of a hydrogen bond.
Nevertheless, the interaction in the complex is strong enough
to quench the internal rotation of the water molecules and to
give a nearly collinear NH—O geometry for the complex.

This small increase of the IRI of the band of the N—H,0
complexes could be explained by polarization of therdlecule
of the complex, which oscillates in phase with theCH
molecule. The induced transition dipole momem{ can be
estimated as
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Hing = Ojng =
My .
o,;— (2 sin@ cos¢ — coso sin ¢)
((X.zzEz) — ZZR3 (5)
(X'XXEX luW . .
axx% (2 sinB sin¢g + cos cosg)

wherea is the polarizability tensor of the Nand o, = 2.22

A3 (0 = 1.53 A3)35 s its component parallel (perpendicular)
to the molecular axisEing is the oscillating electric field at the

N2 position induced by the transition dipole moment of water
uw, Ezis its component along the Nmolecular axis, anéy is

its component perpendicular to the axis on the plane containing
the complex.R, 6, and ¢ are the same as in Figure 4. An
estimate gives the ratio &, 1/Ap1 = 1.1 for the structure in

Figure 4, in reasonable agreement with the experimental value

of 1.3+ 0.3.

Table 1 shows that the IRI of the; mode increases by a
factor of 1.9+ 0.9 with respect to that in single water molecules.
Although the error bars are larger than in the case ofithe
mode, the somewhat larger effect of the complex formation on
the intensity of thev; mode of the N—H,O complexes is in
agreement with the weakness of theband in water molecules.
The attachment of the Nmolecules to one of the hydrogen
atoms of the water molecule will induce an asymmetry in the
v1 vibration, which is equivalent to mixing of thg mode with
thevz mode, which has a factor of about 20 larger IR intensity.

Finally, we will comment on the spectra of the largep)N-
(H20), complexes. The addition of anyMolecule to the M-

H,O complex does not lead to any substantial increase of the
IRI for the two vibrational modes as compared with single water
molecules. In particular, the lack of enhancement ofith@ode
suggests that the two nitrogen molecules are attached to th
two H-atoms of water molecules making a symmeti@, )
complex. In such a complex, the intensities of theand v;
bands are expected to be very similar to those of single water
molecules. The IRI of the; band of the (M),—H>0 complexes
was found to be a factor of 1.2 stronger than that in single water
molecules, in agreement with results fos-NH,O complexes.

The IRI of H,O dimers will be discussed in detail elsewhéte.
The (H0), dimer hasCs symmetry with the symmetry plane
containing the H-donor 0 monomer and th€;, axis of the
H-acceptor monome$:3738 The bands of the N-(HO),
complexes are weak, which explains large error bars for their
IRIs. The IRI of thev; mode of the acceptor water molecules
of the Nb—(H20), complexes is a factor of 2 larger than that of
the v1 mode of HO dimers. At the same time, no significant
increase is observed in the intensity of the dangling stretching
mode of the donor water molecules of the complex. This pattern
is consistent with the structure of the-N(H>0O), complex where
the N> molecule is attached to one of the hydrogen atoms of
the acceptor molecule of the water dimer. DFT calculafibns
show that this structure has a total dissociation energy of 6.14
kcal/mol, which is about 0.5 kcal/mol larger than those of the
other possible conformers of the complex, in agreement with

the above assignment. On the other hand, a recent study of the

(N2)m—(H20), complexes in the Ar matri® attributed spectra
of the Nb—(H»0), complex to a cyclic structure.

Conclusions

In this work, IR depletion spectra of complexes of nitrogen
and water in the OH-stretch region have been obtained in He
droplets. We have demonstrated the utility of the He droplet
technique for measurements of the IR intensities in complexes.
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The IR intensity of thevs band in N—H,O complexes was
found to be about 30% larger than that in single water molecules.
The observed enhancement is smaller than that obtained
previously in ab initio calculations. The IR intensity of the
transition of BO increases in complexes by about a factor of
2, again smaller than that obtained in calculations. The small
degree of the IRl enhancement obtained in this work is
consistent with the weak binding energy of the—\,O
complexes. These results suggest that the effect of the absorption
of the Nb—HO complexes in the atmospheiis smaller than
that estimated from the calculated values of the IRI.

The origins of the’; andvz bands of the l—H,O complexes
are shifted by about 5 cm toward low frequency relative to
the corresponding bands of single water molecules. The orienta-
tion of the water molecule in the complex with respect to its
inertial a-axis was obtained from the intensity ratio of the
parallel and perpendicular subbands. The structures of the
(N2)2.—H>0 and N—(H»0), complexes have been discussed on
the basis of changes of their IRIs from that ofCH
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