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Eight isotopic derivatives of the complex HNO3-H2O have been observed by microwave spectroscopy. The
spectra are consistent with a structure in which the nitric acid forms a near-linear, 1.78 Å hydrogen bond to
the oxygen of the water. A second, presumably weaker hydrogen bond is formed between a water hydrogen
and one of the HNO3 oxygens. The resulting cyclic structure adopts a planar configuration except for the
non-hydrogen bonded proton of the H2O. In complexes containing DOH, only the isomer with the deuterium
in the plane is observed, confirming the contribution of the secondary O‚‚‚H interaction to the overall
stabilization of the system. Strong evidence for complex internal dynamics involving the water subunit is
also presented. The a- and b-type transitions of the H2O and D2O containing species exhibit a doubling
which disappears in the DOH complex, providing direct evidence for the existence of a proton interchange
motion in the system. Moreover, c-type rotational transitions do not appear at their predicted rigid rotor
positions, even for the DOH species, providing indirect evidence for a second motion which is interpreted as
a large amplitude wagging of the non-hydrogen bonded proton of the water.

Introduction

Nitric acid plays an important role in the chemistry of the
earth’s atmosphere. In the troposphere, it is a significant
component of acid rain and can react with ammonia to produce
ammonium nitrate aerosol.1,2 In the stratosphere, its hydrates
are the primary components of the type I polar stratospheric
clouds (PSC’s)3,4 which play a central role in the seasonal
depletion of polar ozone.5,6

Nitric acid is produced by the three body reaction of NO2

with OH. In the absence of rainout, it is destroyed either by
photolysis or by reaction with OH. Its lifetime is long, ranging
from days to weeks depending on altitude, making it an
important reservoir for NOx and HOx species and providing a
means by which these two families are coupled.1 Thus, the
balance between the formation and decomposition of HNO3

affects the overall HOx and NOx budgets of the atmosphere and,
in turn, a wide range of important reactions.
In recent years, there has been a growing interest in the effects

of complexation on the chemistry and photophysics of key
atmospheric species. Substantial changes in spectroscopy and
photochemistry have been documented, for example, in O3-
H2O7 and (O2)2.8 Thus, in light of the many roles that HNO3
plays in the atmosphere, there has been question as to whether
complexation with water can impact its chemical and photolytic
behavior as well. Tao et al.9 have calculated the binding energy
of HNO3-H2O to be 9.5 kcal/mol and from this have estimated
that approximately 1% of the atmospheric nitric acid is
complexed with water near the earth’s surface. Thus, with
sufficiently large changes in absorption cross-sections and/or
photolysis yields, significant effects could, in principle, be
obtained. We note, however, that a very recent study by Carl
et al.10 has shown that, in theremotetroposphere, the formation

of nitric acid hydratesis not important, at least in terms of its
influence on the ratio of HNO3/NOx. Nevertheless, the overall
activity of atmospheric HNO3 is sufficiently diverse that a
fundamental understanding of its complex with water remains
a topic of significant interest.
The study of this system is also of fundamental value as it

offers molecular level information about the interaction of a
strong acid and a single “solvent” molecule. The crystal
structures of the mono- and trihydrates have been reported,11,12

and Raman spectra of liquid, glassy, and crystalline forms of
the HNO3/H2O binary system have been obtained.13 The only
studies of the isolated 1:1 complex, however, have been limited
to a small handful of theoretical calculations9,14 and low-
temperature matrix isolation studies.15 Thus, a definitive gas
phase investigation has been lacking, and in this paper we report
the microwave spectrum of the 1:1 binary complex HNO3-
H2O.

Experimental Section

Rotational spectra were obtained using a pulsed-nozzle
Fourier transform microwave spectrometer,16 the details of
which have been given elsewhere.17 HNO3-H2O was initially
generated in the gas phase by employing the liquid “drip source”
which we previously utilized in our study of H2O-SO3.18
Briefly, a hypodermic needle (0.004 in. i.d.; 0.08 in. o.d.) was
connected to a small reservoir of liquid water and inserted a
few millimeters downstream of the nozzle orifice, thus allowing
liquid to evaporate directly into the supersonic expansion. In
this work, argon was passed over a 90% solution of HNO3 and
expanded through a 0.8 mm nozzle at a stagnation pressure of
1.7 atm.
The experiments involving deuterium substitution revealed

an interesting feature of this source which eventually led us to
modify our method of production of the complex. In particular,
during attempts to make the mixed H/D isotopic species, we
observed extensive isotopic scrambling between the nitric acid
and the water. For example, injection of D2O into an Ar/HNO3
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expansion resulted in the formation not only of the desired
HNO3-D2O complex but also of a variety of other deuterated
species such as DNO3-H2O and HNO3-DOH as well. Similar
results were obtained by evaporating H2O into an Ar/DNO3
expansion. Thus, while the drip source was very effective at
producing the parent complex, it suffered a serious loss in
selectivity in forming partially deuterated derivatives. The
resulting spectral congestion and consequent isotopic signal
dilution turned out to be unacceptable, especially while searching
for the rather weak b-type transitions, and thus an alternate
method of production was sought.
The most successful method employed a large bore needle

(0.012 in. i.d.; 0.22 in. o.d.) with the usual 90° bend to “co-
inject”19 pure waterVapor at its ambient vapor pressure into
the pulse of argon and nitric acid. With use of this arrangement,
transition intensities for the parent species were both extremely
stable and comparable in intensity to those obtained with the
liquid water drip source. However, little if any isotopic
scrambling was observed in experiments involving deuterium
substitution, suggesting that the H/D exchange in the drip source
takes place on exposed surfaces of bulk liquid as it evaporates
into the vacuum chamber.
Rotational transitions of HNO3-H2O were first identified by

their characteristic14N quadrupole hyperfine structure and by
their dependence on H2O. Subsequent confirmation was
achieved by the ability to predict and observe additional
transitions for both the parent complex and its isotopomers. The
15N containing species was observed in natural abundance, but
isotopically enriched samples were used to obtain the spectra
of the deuterated and18O substituted derivatives.
The DNO3 used in these experiments was synthesized “in

house” from NaNO3 and D2SO4.20 Approximately 26.85 g of
NaNO3 and 50.0 g of D2SO4 (98% D enriched) were mixed
together, and the resulting DNO3 was vacuum distilled (under
aspirator vacuum) at a temperature of approximately 75°C into
a cooled receiving flask. A slight excess of D2SO4 was
maintained in the reaction mixture to ensure that the collected
DNO3 would be dry. Typically, anywhere from 4 to 6 mL of
DNO3 was collected from this synthesis.

Results

The microwave spectra of HNO3-H2O, H15NO3-H2O,
HNO3-H2

18O, HNO3-D2O, HNO3-DOH, DNO3-H2O,
DNO3-D2O, and DNO3-DOH were obtained in this study. For
both of the DOH species observed, the spectra correspond to
the form with the deuterium in the hydrogen bond and the proton
free (see the section below on “Structure Determination”). No
evidence was found for the hydrogen bonded isomer.
The a-type spectra were recorded for all of the isotopomers

examined, and the significantly weaker b-type transitions were
measured for all but the H15NO3-H2O and DNO3-DOH
species. Hyperfine-free line centers were determined as de-
scribed in the next section and are listed in Tables 1 and 2. A
complete tabulation of spectral data (including individual
hyperfine frequencies) is rather extensive and may be obtained
either from the authors or as Supporting Information.
The existence of two tunneling states, designated in this work

by A and B, was readily apparent from the spectra of HNO3-
H2O, HNO3-H2

18O, DNO3-H2O, HNO3-D2O, and DNO3-
D2O. The b-type transitions of these species were all doubled,
with splittings of∼5 MHz for the H2O containing complexes
and∼0.8 MHz for the D2O containing derivatives.21 The two
sets of spectra were distinguishable according to their intensity

(see below), with A and B state transitions occurring in a ratio
of approximately 1:3 for complexes containing H2O and 2:1
for the species containing D2O.22

For HNO3-DOH, however, careful searches about the
measured b-type transitions failed to reveal evidence of another
state. A search of(20 MHz, for example, was performed
around the observed 303-312 transition, while a similar search
of +10 and-20 MHz was conducted around the 202-211
transition. Given the intensity with which these lines were
observed, and considering thee5 MHz window in which their
tunneling partners occurred for the H2O and D2O containing
species, a second set of spectra, had it existed, should have been
observed under the search conditions used.
While the spectral doubling in the H2O and D2O containing

species was most obvious in the b-type transitions, the a-type
spectra also exhibited evidence of tunneling. In the case of
H15NO3-H2O, for which the spectra were free of hyperfine
structure, two sets of a-type transitions were clearly observed.
The splittings were small, however, and thus for the other
isotopic forms of the complex, the tunneling doublings were
highly convoluted with14N (and in some cases deuterium)
hyperfine structure. Nevertheless, after careful analysis, two
distinct sets of a-type spectra were identified for HNO3-H2O
and HNO3-H2

18O. In the a-type transitions of DNO3-H2O
and the D2O containing derivatives, however, the dense and
only partially resolved hyperfine structure precluded a similar
analysis. Again, as for the b-type transitions, no evidence of
tunneling was observed in the a-type spectra of the DOH
containing species.
The structure of the complex as determined by ab initio

calculation9 contains an out-of-plane OH bond oriented so as
to produce a dipole moment component of approximately 0.7
D along thec-axis of the complex. Thus, in principle, c-type
transitions should be allowed for these systems. For the H2O
containing adducts, however, careful searches in a(10 MHz
window around the predicted 303-313 and 202-212 transitions
failed to reveal any evidence of molecular absorptions. Simi-
larly, for the D2O and DOH containing species, no c-type
transitions were obtained in the(5 MHz region around their
predicted frequencies. Since all of the a-type and b-type spectra
were observed within a few hundred kilohertz of their rigid rotor
predictions, these observations suggest that there are no rigid
rotor c-type transitions in these complexes.
Spectral Analysis. The analysis of the spectra was divided

into two parts. First, since most of the transitions were split
due to hyperfine structure, hyperfine-free line centers were
obtained for each observed transition. For HNO3-H2O and
HNO3-H2

18O, where the hyperfine structure was well-resolved
in most rotational transitions observed, a least squares fit using
the usual first order treatment for a single coupling nucleus23

was employed to obtain quadrupole coupling constants and line
centers. For DNO3-H2O and HNO3-DOH, the hyperfine
structure was only partially resolved in most of the observed
spectra, but, in several transitions of these species, a detailed
hyperfine analysis was possible as well. Again, the usual first
order approach was used, this time for two coupling nuclei.23,24

In all cases, the fitted hyperfine frequencies were commensurate
with the experimental uncertainties. The line centers obtained
are given in Tables 1 and 2 (see also Figure 1), and the quoted
uncertainties are two standard errors in the fits. The hyperfine
constants are given in Table 3.
In the remaining isotopic derivatives, where multiple qua-

drupolar nuclei precluded adequate resolution of the hyperfine
structure, a weighted average of the observed peaks was used
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TABLE 1: Hyperfine-Free Line Centers of H2O and D2O Containing Isotopomers of the Nitric Acid-Water Complex

transition state A (MHz) (obs- calc)a (kHz) state B (MHz) (obs- calc)a (kHz)

HNO3-H2O
000-101 4 901.845(6)b 12 4 901.845(6)b 4
101-202 9 786.183(4)b -9 9 786.213(4)b 1
111-212 9 324.875(5)b 5 9 325.020(5)b -3
110-211 10 282.301(4)b 10 10 282.174(5)b 2
202-303 14 635.756(5)b 1 14 635.795(6)b 0
212-313 13 976.478(12)e 6 13 976.710(12)e 1
211-312 15 412.185(20)e -22 15 411.944(20)e -41
221-322 14 705.095(4)b -2 14 705.128(4)b 7
220-321 d 14 774.631(4)b -8
000-111 d 14 520.416(6)b -7
101-110 10 101.983(5)b 2 10 097.156(5)b 0
202-211 10 598.084(5)b 4 10 593.126(4)b 10
303-312 11 374.529(4)b -3 11 369.347(4)b -8

HNO3-H2
18O

000-101 4 630.238(6)b -1 4 630.261(6)b -4
101-202 9 246.706(5)b -5 9 246.757(5)b -11
111-212 8 832.821(4)b 1 8 832.991(5)b -4
110-211 9 687.965(4)b 1 9 687.897(6)b -3
202-303 13 835.742(6)b -3 13 835.823(5)b -16
212-313 13 240.670(24)e 15 13 240.935(24)e 10
211-312 14 523.077(22)e -19 14 522.973(22)e -35
221-322 d 13 890.417(4)b 9
220-321 13 945.071(6)b 8 13 945.150(6)b -1
101-110 10 211.019(5)b -1 10 206.257(5)b 0
202-211 10 652.278(8)b 5 10 647.391(5)b 1
303-312 d 11 334.537(16) -21

H15NO3-H2O
000-101 4 887.218(10)c 10 4 887.218(8)c 4
101-202 9 757.147(8) -13 9 757.181(8) 3
111-212 9 298.445(8) 0 9 298.595(8) -2
110-211 10 250.242(8) 0 10 250.116(8) -2
202-303 14 592.758(10) 7 14 592.790(10) -1

DNO3-H2O
000-101 4 873.132b -1 4 873.132b -1
101-202 9 728.500(80)c,e -5 9 728.500(80)c,e 1
111-212 9 267.144(66)c,e 74 9 267.144(66)c,e 25
110-211 10 225.272(64)c,e -10 10 225.272(64)c,e 38
202-303 14 548.501(48)c,e -19 14 548.501(48)c,e 6
211-312 15 326.405(52)c,e -99 15 326.405(52)c,e -20
212-313 13 889.674(52)c,e 78 13 889.674(52)c,e 11
221-322 14 619.038(54)c,e 53 14 619.038(54)c,e 56
220-321 14 689.726(42)c,e 95 14 689.726(42)c,e 75
101-110 d 9 955.554(40)e -4
202-211 10 457.345(32)e -64 10 452.297(44)e 5
303-312 11 235.465(34)e 71 11 230.211(40)e -12

HNO3-D2O
000-101 4 570.097(34)c,e -8 4 570.097(34)c,e 0
101-202 9 126.401(42)c,e 10 9 126.401(42)c,e 20
111-212 8 717.926(60)c,e -17 8 717.926(60)c,e -11
110-211 9 562.315(56)c,e -3 9 562.315(56)c,e 10
202-303 13 655.112(44)c,e -26 13 655.112(44)c,e -23
211-312 14 334.554(44)c,e -49 14 334.554(44)c,e -44
212-313 13 068.327(32)c,e 4 13 068.327(32)c,e 0
221-322 13 709.986(44)c,e 49 13 709.986(44)c,e 49
220-321 13 764.947(50)c,e 29 13 764.947(50)c,e 26
101-110 9 916.159(48)e -33 9 915.430(48)e -17
202-211 10 352.117(52)e -2 10 351.375(46)e 5
303-312 11 031.607(40)e 23 11 030.839(32)e 5

DNO3-D2O
000-101 4 547.019(60)c,e 13 4 547.019(60)c,e 21
101-202 9 079.847(64)c,e -40 9 079.847(64)c,e -32
111-212 8 670.278(54)c,e -52 8 670.278(54)c,e -50
110-211 9 517.524(68)c,e -9 9 517.524(68)c,e 5
202-303 13 584.581(54)c,e -40 13 584.581(54)c,e -47
211-312 14 267.189(46)c,e -37 14 267.189(46)c,e -37
212-313 12 996.710(46)c,e -4 12 996.710(46)c,e -22
221-322 13 640.741(54)c,e 106 13 640.741(54)c,e 97
220-321 13 696.919(60)c,e 89 13 696.919(60)c,e 76
101-110 d 9 769.342(40)e 4
202-211 10 207.766(40)e 3 10 206.988(28)e 9
303-312 d 10 899.568(22)e -9

aResiduals from fit to eq 1.b Line centers from fit to hyperfine structure. Uncertainties are 2 standard errors in the fit.c Tunneling doubling not
resolved. The same frequency is assumed for both states.dNot observed.e Line centers obtained from a weighted average of partially resolved
hyperfine components. Numbers in parentheses are the estimated uncertainties. See text for details.
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to obtain and estimate of the hypothetical line centers. The
uncertainty in the weighted average was explicitly calculated
by taking into account the uncertainties in each of the partially
resolved components. However, since this average often
included unresolved components from both states of the
complex, and since the intensities of the components themselves
varied depending on the cavity frequency, a conservative
estimate of the overall uncertainty in the line centers was
obtained by doubling the calculated error in the weighted
average. Thus, depending on the transition, the estimated
uncertainties obtained in this way range from approximately
20 to 100 kHz. These results are also presented in Tables 1
and 2. For transitions with unresolved tunneling doubling, a
common line center was assigned to both the A and B states of
the complex.

In the second part of the analysis, the hyperfine-free line
centers of each of the isotopomers were fit to Watson’s
Hamiltonian for a distortable asymmetric rotor,25 viz.,

whereA, B, andC are the rotational constants and∆J, ∆JK, ∆K,
δJ, andδK are centrifugal distortion constants. When two states
were observed for a given isotopomer, separate spectral fits were
done for each. For HNO3-H2O and HNO3-H2

18O, where the
hyperfine structure was resolved in most of the transitions
observed, the line centers were readily fit to [A - (B + C)/2],
(B - C)/2, (B + C)/2, ∆J, and∆JK.26 For species with mostly
unresolved hyperfine structure, however, the averaged rotational
line centers were not determined with enough accuracy to justify
fitting the ∆JK term. Thus, for these species, the fits were
performed by fixing∆JK at the value obtained for the A state
of the HNO3-H2O complex. From the second term in the
Hamiltonian, it can be seen that A is not well-determined if the
transitions that changeK-1 are not measured. Therefore, in
H15NO3-H2O and DNO3-DOH, whose b-type transitions were
not measured, the value ofA is somewhat poorly determined.
The residuals from the fit are listed in Tables 1 and 2, and the
spectroscopic constants are summarized in Table 4.
Tunneling. The observation of two states in the spectra of

the H2O and D2O containing isotopomers is indicative of internal
motions within the complex. Moreover, the mass-dependent
reduction in the tunneling doubling from∼5.0 MHz in the
b-type transitions of the H2O containing species to∼0.8 MHz
in those in the D2O derivatives is consistent with a motion
involving the hydrogen atoms of the water subunit. The
disappearance of the doubling in HNO3-DOH indicates that
the motion involves an interchange of the H or D atoms on the
water.
The observed intensities of the A and B state transitions

support this conclusion. For H2O containing species, Fermi-
Dirac statistics require that the total wave function of the
complex be antisymmetric with respect to H atom interchange.
Thus, the symmetric (I ) 1) and antisymmetric (I ) 0) spin
functions which arise from the twoI ) 1/2 hydrogen nuclei can
only be paired with the spatially symmetric (A) and antisym-
metric (B) tunneling states, respectively. Since theI ) 1 spin
wave function has a statistical weight of 3 and theI ) 0 spin
wave function has a statistical weight of 1, an intensity ratio of
1:3 is expected for the A and B state transitions, in agreement
with experiment. Similarly, for species which contain D2O,
Bose-Einstein statistics dictate that the total wave function must
be symmetric with respect to exchange of the twoI ) 1
deuterium nuclei. This results in the combination of the
symmetric A state with the symmetric spin functions (I ) 0, 2)
of statistical weight 6, and the antisymmetric B state with the
antisymmetric spin function (I ) 1) of statistical weight 3. Thus,
in this case, the A and B state transitions occur in a 6:3 intensity
ratio, also in agreement with experimental observation.
The absence of c-type transitions at the frequencies predicted

by a rigid rotor Hamiltonian contains further information about
the internal dynamics of the complex. Since the transitions
allowed byµa andµb occur at their rigid rotor frequencies, we
surmise that the a- and b-type transitions of the complex occur
within a particular tunneling state and therefore that these
components of the dipole moment are symmetric with respect
to the tunneling motion. On the other hand, theabsenceof
rigid rotor c-type transitions can be interpreted in two ways.
One possibility, of course, is thatµc is zero. The other is that
µc is not zero but is inverted by the tunneling motion, thus

TABLE 2: Hyperfine-Free Line Centers of HNO3-DOH
and DNO3-DOHa

transition freq (MHz) (obs- calc)b (kHz)

HNO3-DOH
000-101 4 792.125(3)c 2
101-202 9 567.332(60)d -7
111-212 9 117.950(3)c -2
110-211 10 050.364(2)c -1
202-303 14 308.863(74)d -20
212-313 13 666.459(94)d 24
211-312 15 064.642(74)d -32
221-322 14 376.012(30)d 56
220-321 14 443.206(32)d -6
101-110 9 903.034(60)d 7
202-211 10 386.055(56)d 1
303-312 11 141.852(62)d 7

DNO3-DOH
000-101 4 765.424(27)d -42
101-202 9 513.659(32)d -10
111-212 9 063.534(40)d 6
110-211 9 998.193(62)d 15
202-303 14 227.499(26)d -1
211-312 14 986.180(60)d 0
221-322 14 296.068(44)d 47
220-321 14 364.717(48)d -7

a Both species correspond to the isomer with the deuterium of the
water in the plane.bResiduals from fit to eq 1.c Line center from fit
to hyperfine structure. Uncertainties are 2 standard errors in the fit.
d Line centers obtained from a weighted average of partially resolved
hyperfine components. Numbers in parentheses are the estimated
uncertainties. See text for details.

Figure 1. The three nuclear quadrupole hyperfine components in the
J ) 1 r 0 transition of HNO3-H2O. This spectrum represents a total
data collection time of 127 s.
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requiring the c-type transitions tocrossthe tunneling doublet.
However, the hydrogen exchange motion cannot fully account
for the experimental findings in this regard since the c-type
transitions are absenteVen for the DOHspecies, in which the
hydrogen interchange is quenched.
Figure 2 illustrates several plausible tunneling motions for

the complex, given its geometry as predicted by theory9 and
deduced from experiment in the next section. The first two
represent hydrogen exchange along two possible paths, labeled
1 and 2. Path 1 corresponds to the rotation of the H2O around
itsC2V axis, while path 2 corresponds to rotation of H2O around
an axis perpendicular to its molecular plane. The latter path
differs from the former in that it not only exchanges the two
hydrogen atoms but also moves the out-of-plane H atom from

one side of the heavy atom plane to the other. The third motion
is simply a wag of the out-of-plane hydrogen above and below
the plane of the complex.

A moment’s inspection reveals that the in-plane dipole
moment components,µa andµb, both remain unchanged by any
of the motions shown in Figure 2.µc, on the other hand, which
is perpendicular to the plane, is inverted by both the wag and
the “path 2” hydrogen exchange. Thus, the lack of rigid rotor
c-type transitions in the H2O and D2O complexescould be
interpreted in terms of either the path 2 exchangeor a wagging
motion,or both. However, in the DOH complex, thereis no
exchange, and thus their absence is most plausibly interpreted
as arising from motion along the wagging coordinate. Further-
more, we note that if such a motion were to occur in the DOH
complex, there is no reason for it to cease in the H2O and D2O
species. Indeed, wagging should be facile as it involves rotation
about an O-H bond but not rupture of a hydrogen bond. Thus,
in the H2O and D2O complexes we can presume that (unlessµc
were identically zero) a large amplitude wagging motion and
perhaps additionally a path 2 hydrogen exchange are responsible
for the absence of rigid rotor c-type transitions in the observed
spectra.

The question as to whetherµc ) 0 or the c-type transitions
are displaced by a tunneling frequency associated with the wag
cannot be definitively answered with the available data. It is
pertinent to note, however, that the two possibilities arise as
limiting cases of the same type of motion. If the zero point
energy associated with the wag is large compared with the
barrier height, then the complex iseffectiVelyplanar andµc, on
average, is zero. On the other hand, if the zero point energy
lies significantly below the barrier, the c-type transitions cross
the associated tunneling doublet and are displaced from their
rigid rotor positions by the tunneling frequency. The two
scenarios smoothly correlate with one another, as the upper half
of the tunneling doublet in the high-barrier case becomes the

TABLE 3: Observed Quadrupole Coupling Constants of HNO3-H2O and Its Isotopomersa

species (state) eQqaa(N) (MHz) [eQqbb - eQqcc](N) (MHz) eQqaa(D) (MHz) [eQqbb - eQqcc](D) (MHz)

HNO3-H2O (A) -0.4682(34) 0.3184(83)
HNO3-H2O (B) -0.4670(31) 0.3090(76)
HNO3-H2

18O (A) -0.4688(40) 0.3044(94)
HNO3-H2

18O (B) -0.4722(34) 0.300(11)
DNO3-H2O (A, B) -0.462(10) b 0.161(13) c
HNO3-DOH -0.4859(76) 0.2947(88) 0.1182(52) -0.4285(77)
aUncertainties are 1 standard error in the fits.b Fixed at 0.3 MHz because [eQqbb - eQqcc] cannot be determined from the 000-101 transition.

c Fixed at 0.0 MHz because [eQqbb - eQqcc] cannot be determined from the 000-101 transition.

TABLE 4: Rotational and Distortion Constants of HNO3-H2O and Its Isotopomersa

species (state) A (MHz) B (MHz) C(MHz) ∆J (kHz) ∆JK (kHz)

HNO3-H2O (A) 12 313.5626(28) 2690.2762(9) 2211.5660(9) 2.295(26) 7.572(63)
HNO3-H2O (B) 12 308.8097(18) 2690.2119(8) 2211.6378(8) 2.192(5) 7.961(38)
HNO3-H2

18O (A) 12 312.3731(28) 2528.9100(8) 2101.3380(8) 2.318(13) 7.46(14)
HNO3-H2

18O (B) 12 307.6823(29) 2528.8632(10) 2101.4107(10) 2.211(5) 7.30(5)
H15NO3-H2O (A) 12 307.1(43) 2681.5565(43) 2205.6581(43) 1.735(65) b
H15NO3-H2O (B) 12 303.8(22) 2681.4908(31) 2205.7303(31) 1.700(41) b
DNO3-H2O (A) 12 157.665(48) 2676.1237(84) 2197.0179(84) 2.39(12) b
DNO3-H2O (B) 12 152.616(36) 2676.0998(81) 2197.0424(81) 2.43(12) b
HNO3-D2O (A) 11 990.170(41) 2496.1501(75) 2073.9628(75) 2.03(11) b
HNO3-D2O (B) 11 989.422(36) 2496.1441(75) 2073.9603(75) 1.80(22) b
DNO3-D2O (A) 11 831.839(51) 2485.308(11) 2061.706(11) 2.10(11) b
DNO3-D2O (B) 11 831.057(34) 2485.3004(73) 2061.7046(73) 1.75(13) b
HNO3-DOHc 12 066.005(34) 2629.1699(10) 2162.9632(10) 2.420(41) b
DNO3-DOHc 11 893.5(47) 2616.400(13) 2149.075(13) 2.04(24) b

aUncertainties are 1 standard error in the fit.b Fixed at the value for the A state of HNO3-H2O. cCorresponds to the isomer with the deuterium
in the plane of the molecule.

Figure 2. Several possible tunneling motions associated with the water
subunit of HNO3-H2O. Thea andb inertial axes of the complex lie
very nearly in the molecular plane.

Nitric Acid-Water Complex J. Phys. Chem. A, Vol. 102, No. 9, 19981493



first excited vibrational state of an effectively planar complex
in the low-barrier situation.
Although the experimental data do not favor one description

over the other, theory provides some useful insight. Tao et al.9

report a barrier height of 83 cm-1 at the planar configuration.
Moreover, the vibrational frequency associated with the wag is
166 cm-1.27 Thus, it appears that the zero point energy is nearly
coincident with the top of the barrier, and the system in fact
lies betweenthe two limiting cases described above. Clearly,
however, with the zero point energy close to the barrier height,
the proton will not be confined on either side of the molecular
plane, and thus a delocalized picture in which〈µc〉 ) 0 on the
time scale of rotations is probably the most realistic viewpoint.
We note, also, that the 166 cm-1 wagging frequency is consistent
with the observation of only a single state for the HDO species
and only two states for the H2O and D2O complexes. Indeed,
rather than observing a closely spaced pair of “tunneling states”
associated with the wag, only the “ground vibrational state” is
observed at the nominally 2 K temperature of the supersonic
jet.
Thus, to summarize, the observation oftwostates of the H2O

and D2O complexes but onlyone state for the DOH species
provides definitive evidence for an interchange motion involving
the water hydrogens in the system. The available data, however,
do not distinguish between the path 1 and path 2 motions in
Figure 2. In addition, large-amplitude motion along the wagging
coordinate is inferred from the apparent absence of rigid rotor
c-type transitions in the DOH species, and an appeal to theory
favors a picture involving a delocalized structure with〈µc〉 ) 0
on the time scale of rotations.
Structure Determination. Preliminary analysis of the

measured rotational constants indicates a structure which is in
rough agreement with the ab initio calculations of Tao et al.9

The geometry is illustrated in Figure 2 and is shown in more
detail in Figure 3. The system forms a planar, six-membered
ring with a near-linear hydrogen bond between the HNO3 proton
and the oxygen of the water. The non-hydrogen bonded proton
of the water lies above the molecular plane. Note that the angle
γ, which describes the out-of-plane orientation nonbonded OH,
is retained in the analysis and that this is not inconsistent with
a vanishing value of〈µc〉 discussed above. In particular, while
〈sin γ〉 may equal zero, the moments of inertia depend on
〈sin2 γ〉, whose value may differ from zero due to large-
amplitude motion of the water subunit.
Initially, the rotational constants of the parent species

(HNO3-H2O) indicated a hydrogen bond length of approxi-
mately 1.7 Å. This is in good agreement with the theoretical
results, and indeed, as noted above, the basic geometry was
readily confirmed by location of transitions due to other isotopic
derivatives of the complex. Moreover, the inertial defect for
state A of HNO3-H2O is -0.3799 amu Å2, a value which is
somewhatsmallerthan the-1.09 amu Å2 value calculated from

the theoretical structure.9 Thus, the data are also consistent with
a planar complex having a single out-of-plane proton. Indeed,
if the observed inertial defect were interpreted as arising entirely
from the nonbonded hydrogen, the results indicate that the O-H
bond lies about 27° out of the molecular plane.
The complex is sufficiently large that even the observation

of eight isotopic derivatives does not permit the precise location
of every atom in the complex. Nonetheless, information about
the important intermolecular structural parameters can be
obtained if, as is common for weakly bound complexes, the
internal coordinates of the monomer units are fixed at their free-
monomer values. That such a constraint is reasonably appropri-
ate is supported by the 1.7 Å bond distance, which indicates a
strongly hydrogen bonded system (rather than one in which the
acidic proton has transferred to create H3O+NO3

-). It should
be noted, however, that the theoretical work on this system
indicates that monomersdo undergo finite distortions upon
complexation.9 However, the changes are small (e.g., typically
less than a few hundredths of an angstrom in the bond lengths),
and their effects can be incorporated into the model-dependent
uncertainties in the quoted structural parameters, as described
in more detail later on.
With the monomer geometries constrained, the structure of

HNO3-H2O can be specified in terms of the four intermolecular
coordinatesR, R, â, andγ, shown in Figure 3.R is the length
of the hydrogen bond formed between the OH unit of HNO3

and the oxygen of the H2O. The angles formed between this
hydrogen bond and the OH bonds of the HNO3 and H2O are
denoted asR andâ, respectively. As noted previously, the acute
angle between the out-of-plane OH bond and the heavy atom
plane isγ. In principle, a puckering of the six-membered ring
is also possible, but on the basis of the small inertial defect and
on the previous ab initio results, a planar structure is assumed.
Using the known monomer structures of HNO3

28,29 and
H2O,30 a least squares fit of the ground (state A) rotational
constants of the complex was performed to obtain the four
parameters,R, R, â, andγ. The results are given in the second
column of the top portion of Table 5, listed under “undistorted
monomers”. The overall quality of the fit is indicated by the
residuals in the rotational constants, which are also listed. It is
readily seen that while most of the rotational constants are
reproduced to within 5 MHz, seven of the calculated residuals
lie in a range between 5 and 65 MHz, the most egregious values
corresponding to theA rotational constants of the deuterated
water species. While this may at first seem somewhat disap-
pointing, it is perhaps not entirely surprising for a system of
this size and dynamic complexity. Indeed, theA rotational
constants are most sensitive to the anglesâ andγ, which are
the coordinates along which the large-amplitude motions of the
water unit take place.
The standard errors in the structural parameters determined

from the least squares fit to rotational constants are small and
do not provide realistic estimates of the true uncertainties in
the derived structure. Rather, the uncertainties are primarily
model-related, arising both from the particular choice of the
HNO3 and H2O monomer geometries and from the large-
amplitude motions which occur within the complex. These
effects are discussed below.
The most significant perturbations of monomer structures

reported by Tao et al.9 involve changes in bond lengths and
bond angles of several hundredths of an angstrom and 1-2°,
respectively. To assess the effects of these changes on the fitted
structure of the complex, the least squares fit was repeated with
the calculated monomer distortions imposed on their experi-

Figure 3. Intermolecular coordinates used to describe the structure of
HNO3-H2O. Except for the free hydrogen of the water, the complex
is assumed to be planar. See text for discussion.
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mental geometries. The new values of the fitted parameters
are given in the third column of Table 5, listed under “fully
distorted monomers”. In considering these results, it is perhaps
worth noting that while the ab initio binding energy of the
complex9 has been corrected for basis set superposition error,
the calculated geometries have not. The counterpoise correction
may increase the intermolecular bond distance predicted by ab
initio theory which in turn may reduce the predicted monomer
distortions. Thus, the calculated monomer distortions probably
represent upper limits to the true changes.27 The best values
of R, R, â, andγ, therefore, are likely to lie between those
resulting from the two fits.
The effects of large-amplitude motion are not as simple to

assess. In the ideal situation, all rotational constants would be
exactly reproduced by the fitted structure of the complex, but
as large-amplitude motions become important, this no longer
occurs. Thus, while the differences between the observed and
calculated rotational constantsare not statistical, the root mean
squared (rms) residuals in their fitted values provide a rough
indicator of the degree to which a rigid rotor model fails when
forced upon this highly nonrigid system. In effect, we can
crudely gauge the degree of structural imprecision due to large
amplitude motions by calculating the changes in geometrical
parameters necessary to account for typical residuals in the
structure fit. This is roughly equivalent to determining a range
of structures compatible with the full set of isotopic data.
Some numbers serve to illustrate. For theB andC rotational

constants, which are most sensitive toRandR, the rms residuals
calculated from Table 5 are 4.8 and 3.3 MHz, respectively. With
these values, simple calculation shows that the “typical”
residuals inB andC correspond to roughly a(0.005 Å spread
in R and a(0.3° spread inR. Similarly, the A rotational
constants are most sensitive toâ andγ, and changes in theA
rotational constant by the rms residual of 39 MHz may be
obtained by varying the values ofâ of γ by approximately 8
and 10°, respectively.
The fourth column of Table 5 lists the “preferred” intermo-

lecular structural parameters of the complex. The values are
taken as the averages of those obtained from fits using the
undistorted and fully distorted monomer geometries (columns
2 and 3). ForR andR, the uncertainties are dominated by the

spread between the two columns, and the quoted values are
chosen to encompass the two limiting cases. Forâ andγ, the
monomer distortions have little effect on the fitted parameters,
and the 8 and 10° uncertainties derived above are used. The
last column of the table lists the ab initio structural parameters
of Tao et al.
Nuclear Quadrupole Coupling. To the extent that the

HNO3 is unperturbed upon complexation, the observed quad-
rupole coupling constants contain information about its angular
orientation within the complex. In view of the ab initio results,9

however, it seems likely that the HNO3 does experience
significant changes when bound to water. Nevertheless, it is
of interest to check whether the measured quadrupole coupling
constants of the complex are at least approximately compatible
with the geometry reported above.
Using the geometrical parameters of HNO3-H2O given in

Table 5 and the known structure of the HNO3 monomer,28 the
N-O single bond of HNO3 lies at an angle of 55.9° relative to
the a-axis of the complex. Moreover, Albinus et al.31 have
determined the orientation of the principal axis system, (x,y,z),
for the quadrupole coupling tensor in free nitric acid. With
their choice of axis labeling, thex-axis forms an angle of 16.6°
with thea-axis of HNO3, placing it at 1.1° with respect to the
N-O single bond, rotated away from the hydrogen. Thus, the
x-axis of free nitric acid lies at an angle ofφ ) 57.0° with
respect to thea-axis of HNO3-H2O.
Albinus et al. have also reported the in-plane eigenvalues of

the quadrupole coupling tensor of free nitric acid, eQqxx and
eQqyy, to be+1.103(19) and-1.033(21) MHz, respectively.31
Thus, using the value ofφ) 57.0° given above, a transformation
to the inertial axis system of the complex gives values of eQqaa

and (eQqbb - eQqcc) equal to -0.399 and+0.539 MHz,
respectively. Comparison of these results with the experimental
values given in Table 3 at first suggests that the agreemet is
rather poor. However, it is important to note that the trigono-
metric functions which enter into the tensor transformation
equations are extraordinarily sensitive toφ. Indeed, eQqaa can
be brought into exact agreement with the observed value by
changingφ to 59°, and the observed value of (eQqbb - eQqcc)
is similarly consistent with a rotation angle of 51°. Further,
while the uncertainty inφ is difficult to estimate, a few degrees

TABLE 5: Results of the Structure Fit for HNO 3-H2O

Fitted Structural Parameters

param
undistorted
monomers

fully distorted
monomers

preferred
structure

theoretical
structurea

R (Å) 1.746 1.812 1.779(33) 1.707
R (deg) 178.6 170.4 174.5(41) 176.4
â (deg) 90.4 93.4 92(8) 101.3
γ (deg) 29.9 30.3 30(10) 49.9
Rsecb (Å) 2.32 2.27 2.30 2.49
θ(O‚‚‚HO)c (deg) 119.6 118.9 119.3 108

Residuals of the Fitted Rotational Constantsd

A residual (MHz) B residual (MHz) C residual (MHz)

HNO3-H2O 0.73 -0.80 -0.75
HNO3-H2

18O 0.31 0.66 0.26
H15NO3-H2O -3.4 -0.53 -0.50
DNO3-H2O -4.7 -3.9 -2.9
HNO3-D2O -60.0 10.3 6.9
DNO3-D2O -65.4 7.4 4.6
HNO3-DOH -35.0 0.46 -0.37
DNO3-DOH -53.7 -2.5 -2.7

aReference 9.b Length of the secondary hydrogen bond between the water proton and the HNO3 oxygen calculated from the fitted structure.
c Angle between the secondary hydrogen bond and the in-plane OH bond of water calculated from the fitted structure.d Values obtained from a fit
using undistorted monomer geometries.
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does not seem unreasonable, given the level to which the
structure of the complex is defined. Thus, we conclude that
the observed14N hyperfine parameters are in acceptable
agreement with the reported geometry. That different angles
are necessary to reproduce the observed values of eQqaa and
(eQqbb - eQqcc) may be indicative of slight electronic rear-
rangement within the HNO3 moiety, but given the limitations
inherent in the calculations, further analysis seems unwarranted.

Discussion

The experimentally determined structure of HNO3-H2O is
in reasonably good agreement with the ab initio calculations of
Tao et al.9 and indicates that a strong hydrogen bonding
interaction takes place between the two subunits of the complex.
The primary hydrogen bond, identified by its near-linear
geometry and short bond length, occurs between the acidic
proton of HNO3 and the oxygen of H2O. Although a second
hydrogen bond appears to exist between the in-plane proton of
H2O and one of the HNO3 oxygens, this bond does not meet
the usual requirements of a “good” hydrogen bond because it
is long (2.3 Å) and considerably bent (∼120°). Nevertheless,
theoretical calculations indicate that this secondary interaction
does offer some additional stability to the system.9

The two hydrogens on the water subunit of the complex are
inequivalent, and thus, in principle, two isomers of the DOH
species should be possible. As noted above, however, only a
single form was observed for both HNO3-DOH and DNO3-
DOH, corresponding to an arrangement with deuterium in the
plane of the complex, participating in a secondary hydrogen
bond. This type of preference for placing deuterium in a
hydrogen bond has been observed in a number of cases32 and
presumably arises from the reduced zero point energy associated
with the heavier isotope. It is interesting to observe that such
a zero point effect can play a significant role here as well, even
through the secondary hydrogen bond. This supports the
assertion by Tao et al.9 that this secondary interaction provides
additional stabilization to the complex.
While bulk phase reaction between HNO3 and H2O gives rise

to ionization, previous theoretical and experimental studies have
concluded that the formation of the isolated 1:1 complex does
not.9,14,15b The present results are in agreement with this
conclusion. Certainly, the analysis of the internal dynamics is
consistent with an independent H2O unit in the complex, and
the isotopic shifts in the rotational constants support the
hydrogen bonded structure. Also, while the uncertainties are
somewhat large, the observed quadrupole coupling constants
are roughly consistent with those calculated by simple projection
of the coupling tensor onto the inertial axes of the complex. In
addition, while a 1.78 Å hydrogen bond distance is somewhat
short compared, for example, with the 1.931 and 1.987 Å
distances in H2O-HCl33 and H2O-HBr,34 respectively, it is
fairly similar to the 1.736 Å bond length in H2O-HF.35 Yet
even in H2O-HF, the H3O+-F- valence bond structure makes
only a small contribution to the description of the complex.36

Interestingly, previous experimental studies have suggested that
gas phase (HNO3)(H2O)y clusters form solvated ion pairs, even
at the small cluster level, but that the onset does not occur until
the HNO3 is hydrated with five water molecules.37 In the
crystal, however, even the monohydrate is ionic.11

Finally, in the context of previous work on cluster-induced
modification of photolytic behavior,7,8 and in light of the above-
noted strength of the HNO3-H2O interaction, it is interesting
to comment on the possibility that clustering with water could
affect the photochemistry of HNO3. Interestingly, UV pho-

tolysis of nitric acid in cryogenic N2 matrices has revealed
significant changes in spectroscopic and photochemical behavior
resulting from a specific N2-HNO3 interaction.38 While the
N2-HNO3 interaction energy is probably not well-known, it
seems certain to be less than that of H2O-HNO3. Thus, these
results suggest that further studies on the photochemistry of
HNO3-H2O may be an interesting avenue of exploration.

Conclusion

The microwave spectrum and structure of the HNO3-H2O
complex have been determined via pulsed-nozzle Fourier
transform microwave spectroscopy. The following conclusions
may be drawn:
1. The complex is a cyclic, doubly hydrogen bonded system

with a short (1.78 Å), near-linear hydrogen bond formed
between the acidic proton of HNO3 and the oxygen of H2O. A
second, presumably weaker interaction between one of the water
protons and a nitric acid oxygen completes the ring. The
complex is planar except for the non-hydrogen bonded proton
of the water.
2. The structure obtained is in good agreement with ab initio

calculations by Tao et al.9 These calculations place the binding
energy of the complex at 9.5 kcal/mol, a number which is
particularly critical in terms of assessing the possible atmo-
spheric importance of this system. We observe that, in the DOH
containing species, only the isomers with the deuterium in the
hydrogen bond are formed with any significant population in
the jet. This provides experimental evidence in support of the
assertion by Tao et al. that a secondary intermolecular O‚‚‚H
interaction exists and contributes to the overall binding energy
of the system.
3. The water subunit of the system undergoes complex

internal dynamics. A proton interchange motion in the H2O
and D2O containing species is unambiguously established by
an observed spectral doubling which disappears in the DOH
complexes. A second type of large-amplitude motion is inferred
from the absence of rigid rotor c-type transitions, even in the
DOH species (where the proton interchange is quenched). This
latter motion is interpreted in terms of large-amplitude wagging
of the free hydrogen of the water.
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