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Microwave spectra of F*N—H“NOz, Hz'N—H“NO;, Hs“N—H'NO;, and H“N—DNO; have been
obtained by Fourier transform spectroscopy in a supersonic jet. The spectra are consistent with a hydrogen-
bonded structure having a planar arrangement of the heavy atom frame and a linear or near-linear hydrogen
bond involving the HN@proton and the lone pair on the ammonia. The hydrogen bond length obtained from
the rotational constants is 1.736(63) A and the nitregaitrogen separation is 3.344(12) A. The NO single

bond of the nitric acid and th€; axis of the NH form angles of 54(4)and 21(3}, respectively, with the

line joining the centers of mass of the monomers. The hydrogen bond length is significantly shorter than that
observed in related complexes such ablHHCI and EN—HBr, indicating a particularly strong interaction
between ammonia and nitric acid.

Introduction energies have been computed for the complexpsHHNO;—
(H20), for values ofn = 0, 1, 2, and 38 The results indicate
that withn =0 or 1, fN—HNO; is a hydrogen-bonded species
NH,(g) + HNO,(g) = NH,NO(s) 1) butwithn > 2 the system becomes a solvated ammonium nitrate
ion pair.

has been a subject of considerable interest in atmospheric Despite the significant interest in the nitric acidmmonia
modeling*~> Ammonium nitrate can be a significant component system, it appears that there has been no gas-phase spectroscopy
of continental aerosol, and as such, its formation in the of the NHs—HNO; complex. Thus, in this paper, we present a
troposphere has a broad impact on both climate and themicrowave study of this species. Our results support the
heterogeneous chemistry of atmospheric trace gases. Moreoverhydrogen-bonded structure predicted theoretiéaf$8 and,
its deposition provides a significant means of transferring moreover, should establish a useful benchmark for possible
nitrogen out of the atmospheric nitrogen cycle and back into future spectroscopic investigations.
the biosphere. Thus, it is not surprising that the formation and
thermodynamics of ammonium nitrate continues to be the Experimental Section
subject of both field and laboratory investigatidng®

From the standpoint of fundamental chemistry, reaction 1is  Rotational spectra of #—HNOs; were obtained using a
also important as a prototypical example of a Brgnsted-acid pulsed nozzle Fourier transform microwave spectromiéter,
base reaction. An interesting question about this system concernsvhich has been described previoudySince nitric acid and
the extent to which the presence of solvent is necessary to fostetammonia react rapidly in bulk, a “co-injection” soutéevas
the formation of the ion pair, NFHNOs™. This issue has along  used to generate the complex transiently during the expansion.
history of investigatiot!-1?dating back to early matrix isolation ~ Argon at a pressure of 1.7 atm was passed over 90% HNO
work by Ritzhaupt and Devlit The general problem of the  and introduced into the vacuum chamber via a pulsed solenoid
stabilities of ion pairs vs hydrogen-bonded complexes, particu- valve directed along a line perpendicular to the axis of the
larly with regard to the influence of a crystalline or matrix microwave cavity. Pure ammonia at a backing pressure of 0.33
environment, goes back even furtérn the case of KN— atm was continuously introduced through a 0.007 in. i.d.
HNO;, experimental studiésindicate that in an argon matrix  stainless steel needle situated several millimeters downstream
at ~10 K, the ion pair (NH*NO3") forms in the absence of  of the nozzle orifice. In this way, the complex was produced
any aqueous solvation. This observation forms an interestingwithout appreciable deposits of solid ammonium nitrate, and
contrast with that for the nitric aciewater system, in which in sufficient quantity to yield excellent signal-to-noise ratios
H3O™—NOs™ is stabilized only with greatly increased concen- on most transitions observed.
trations of water m_the matrix. '_I'he question of wlwh_tem|_cal Spectra of HUN—HINOs, Hs!®N—H4NOs, and H4N—
constituencys required to give rise to ion pair formation in the

gas phasdas been thoroughly investigated by Legon and co- 15NH; was obtained commercially, but theldMO; was

workers in the complexesgR—HX. ¢ synthesized “in house” by reacting approximately 2.0 g of

Recent theoretical work by Tao et ‘&1’ has provided a  NaisnO, with 3.5 mL of H,SO,22 The latter was used in excess
particularly detailed view of the effect of solvation on proton . .4er to keep the final product dry. The resultingsNO;
transfer. For HN—HNOg, for example, structures and binding was distilled at approximately 75C, and a yield of ap-

“To whom correspondence should be addressed proximately 1 mL was obtained. For experiments involving

t Present address: Western Wyoming Community College, P.O. Box PNOs, a Sim”_ar procedure was followed, with dry,80,
428, Rock Springs, WY 82902-0428. (>98%) used in place of $50,.
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For many years, the reaction

D™NO; were observed using isotopically enriched samples.
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TABLE 1: Assigned Transitions of HsN—HNO3; and HsN—DNOz?P
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transiton 1”7 F* I' F HiN—HNOs H:N-DNO;  transiton I” F" I' F HaN—HNO; HsN—DNOs

Oo-los 1 1 1 0 4851.4310.002) o-21 2 2 2 2 10163.4210.006) 10073.0410.004)
2 2 2 2 4851.506{0.003) 1 0 1 1 10073.055(0.004)
0 0 0 1 4851.552{0.002) 2 2 2 3 10163.4600.001) 10073.0770.001)
1 1 1 2 4852.05%0.001) 2 2 2 1 10073.2380.010)
2 2 2 3 4852.138{0.001) 0 1 0 2 10073.265(0.005)
1 1 1 1 4852.195¢0.001) 2 3 2 3 10073.593(0.000)
2 2 2 1 4853.020£0.001) 1 1 1 1 10164.0070.001)

;-2 1 0 1 1 9243.361£0.008) 9160.066£0.008) 1 2 1 3 10164.0070.003) 10073.621(0.004)
2 2 2 2 9243.3610.000) 9160.052£0.000) 1 2 1 2 10073.6870.010)
2 2 2 3 9243.392{0.002) 9160.085{£0.006) 2 3 2 4 10164.0940.002) 10073.7190.009)
2 3 2 2 9243.479(0.004) 1 1 1 2 10164.1480.000) 10073.7510.005)
1 2 1 1 9160.182£0.004) 2 1 2 1 10164.8730.005) 10074.4990.009)
2 3 2 3 9243.512{0.000) 9160.202¢0.003) 2 1 2 0 10164.9240.002) 10074.5570.009)
1 1 1 1 9243563{0.003) 9160.248¢(0.003) 2313 2 4 2 4 13855.327%0.000) 13730.429%0.008)
1 2 1 3 9243.975{0.008) 9160.650¢0.011) 1 2 1 2 13855.3270.004)

2 3 2 4 9244.058{0.006) 9160.746£0.003) 2 2 2 3 13855.8340.005) 13730.926¢0.002)
1 2 1 2 9160.7210.005) 2 3 2 4 13855.8660.002) 13730.962(0.003)
1 1 1 2 9244.107€0.002) 9160.798¢0.005) 1 1 1 2 13730.982(0.009)
2 2 2 1 9244.195{0.000) 2 1 2 2 13855.9740.004) 13731.074¢0.004)
0 1 0 2 9244.222{0.010) 9160.926¢0.001) 1 3 1 4 13856.0260.004) 13731.122¢0.000)
2 1 2 1 9244.474{0.003) 9161.160{0.003) 2 4 2 5 13856.0540.001)

2 1 2 0 9244.534{0.000) 9161.2110.012) 1 2 1 3 13856.0540.005) 13731.152¢0.006)

lu—22 1 1 2 2 9687.368{0.006) 2 1 2 1 13731.1740.001)
2 3 2 2 9600.618¢0.015) 1 3 1 3 13731.2130.009)
1 1 1 1 9687.459¢0.005) 9600.668(0.001) 23z 1 2 1 2 14361.858(0.003)
2 3 2 3 9687.480£0.002) 9600.699¢0.005) 2 4 2 4 14491.7450.001) 14361.873¢0.008)
2 1 2 1 9687.552{0.003) 9600.752{0.018) 2 1 2 2 14492.2870.002)

1 2 2 3 9687.568{0.006) 2 0 2 1 14362.4310.010)
2 1 2 0 9687.686{0.002) 0 2 0 3 14492.3330.004) 14362.448(0.002)
1 2 1 1 9600.785¢0.013) 2 2 2 3 14492.3790.000) 14362.504¢0.002)
2 2 2 2 9688.042¢0.005) 9601.2570.005) 2 3 2 4 14492.4030.009) 14362.522{0.009)
1 2 1 3 9601.3420.005) 1 3 1 4 14492.4270.003) 14362.554¢0.000)
1 1 1 2 09688.128(0.002) 9601.342{0.003) 2 4 2 5 14492.4440.004) 14362.568(0.004)
2 3 2 4 9688.144{0.001) 9601.373f0.013) 1 3 1 3 14492.5780.002) 14362.684{0.010)
1 0 1 1 9688.217(0.002) 2-3, 1 3 1 4 15235.558¢0.000)
1 2 1 2 09688.268{0.002) 9601.475¢0.000) 0 2 0 3 152355690.001)
2 2 2 1 9689.060£{0.008) 2 4 2 5 152355930.003)
0 1 0 2 9689.082(0.005) 9602.308(0.011) 2 1 2 1 15235.7040.007)

1 3 1 3 15235.739%0.001)

2 2 2 2 15235.765{0.005)

a All frequencies are in MHz. Measurement uncertainties are estimated to be 5 kHz for theddhPlex and 10 kHz for the DN{xomplex.
Numbers in parentheses are the residuals from the least squarésifits.l, =1;1 +J = F.

the HEN—DNOs; data. Line centers are listed in Table 3, and
the quadrupole coupling parameters are given in Table 4. A
sample spectrum is shown in Figure 1.

The hyperfine-free line centers for each isotopomer were next
fitted to Watson’s Hamiltonian for a distortable asymmetric
rotor 23 viz.,

Results

a-type rotational transitions were observed fog!“N—
H14NO3, H314N—H15N03, H315N—H14N03, and H;14N—D14N03
(Tables 1 and 2)!*N hyperfine structure was observed and
analyzed using standard methods for one or two nuclei, as
appropriate’® In the DNQ; complex, the deuterium hyperfine
splittings were poorly resolved and were not analyzed. Spectra
of Ha!SN—H4NO; were first fitted to eQgh, (€Qap — €Qq),
and a series of hyperfine-free line centers, and the resulting
quadrupole coupling parameters were used as a guide to
assigning the more complex spectrum of thg¢*N—H*NOs
species. Over 60 hyperfine frequencies in the parent derivative
were readily assigned, though for many states, the particularHere,A, B, andC are the effective rotational constants akgl
guantum number assignments were found to be sensitive to theAk, Ak, d3, anddk are centrifugal distortion constants. Given
value of (eQgp — eQq.). This occurs when thgl, Iy, I, |, FO the scope of the data, only a subset of the distortion constants
eigenfunctions are strongly mixed and the dominant contribution was needed to fit the observed rotational transitions. Since only
(from which the state label is derived) changes as (8Qq values ofK, = 0 and 1 were observedyx and ok are not
eQq.) is varied. The resulting “quantum number flipping” determined and were set to zerty andd; are, in principle,
turned out to be problematic during the search for the least both determinable from the available data, but their dependences
squares minimum, and thus, in the final fit of the!N— are weak and their values are highly correlated. Moreover,
HNO; data, the value of (eQg — eQqo) for the HNG; attempts to fit the rotational constants simultaneously with
nitrogen was constrained to the 0.025 MHz value determined Ak, andd; resulted in singular matrices that caused our least
for H3!®N—H“NOs. Such a constraint is reasonable since the squares fitting routine to fail. After experimenting with several
14N/15N isotopic substitution produces only a small rotation of methods of fitting the data, we eventually chose to constrain
the inertial axes. The same constraint was applied in treating Ak to zero as well and fix); at several trial values from 0 to

H=[(B+C)2— AJ]IP+[A— (B+C)2— A,J*—
AJAIF+ (B - 02— 20,0737 =37 —
ol — 3+ =337
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TABLE 2: Assi%ned Transitions of H3>*N—H4NO; and

Ott and Leopold

TABLE 3: Hyperfine-Free Line Centers for H 3N—HNO3

H3MN—HINO42 and its Derivativest
transiton F' F H3N—-HNO; H3*N—H*NO; J' K K T Ky Ky o frequency®  (obs— calcy
Op—lo 1 1  4705.469¢0.001)  4837.534¢0.001) H3M“N—HNO;
1 2  4705.582¢0.001)  4838.130f0.001) 0 0 0 1 0 1  4852.019(2) 0.003
1 0  4705.749¢0.000)  4839.0210.000) 1 1 1 2 1 2 9243.895(1)  —0.005
-2, 1 2 8978.008£0.001)  9218.0510.002) 1 0 1 2 0 2 9688.093(1) 0.004
2 2 8978.069¢0.001)  9218.149(0.001) 1 1 0 2 1 1 10163.963(2) —0.011
2 3  8978.124£0.000)  9218.685(0.002) 2 1 2 3 1 3 13855.984(2) 0.008
1 1 9218.883¢0.000) 2 0 2 3 0 3 14492.409(2) —0.004
0 1  8978.244¢0.000)  9219.126(0.001) 2 1 1 3 1 2 1523554002 0.004
1lo—202 2 2 9396.989¢0.003)  9659.705¢0.001) 15N 1414
0 1 9659.818¢0.001) H3™N—H¥NGs
1 2 9397.110¢0.006)  9660.298£0.000) o 0 o 1 0 1 4705563(3) Qo8
11 1 2 1 2 8978.102(3) 0.010
2 3  9397.110£0.002)  9660.3510.001)
1 0 1 2 0 2 9397.104(3) 0.012
1 1  9397.288£0.002)  9661.306¢0.003) _
1 1 0o 2 1 1 9843.937(2) 0.004
l—211 1 2 9843.846{0.002) 10132.854{0.002)
2 1 2 3 1 3 13458.466(2) 0.001
2 2 9843.891{0.005) 10133.356(0.003) 5 0 2 3 0 3 14060699(3) —0.003
1 1  9843.944(0.001) 10133.0190.002) : :
2 3 9843.963¢0.003)  10133.454{0.003) H3"“N—HNO;
0 1 9844.073(¢0.001) 10134.262({0.001) 0 o0 0o 1 o0 1 4838.030(3) 0.021
233 3 3 13458.384{0.003) 1 1 12 1 2 9218.549(2)  —0.008
2 3 13458.446{0.004) 13817.9510.003) 1 0 12 0 2 9660.305(2) 0.023
1 2 13458.473(£0.002) 13818.106£0.008) 1 1 c 2 1 1 10133.351(2) —0.012
3 4 13458.473(0.002) 13818.138{0.004) 2 1 2 3 1 3 13818.080(3) —0.003
2 2 13458.566{0.004) 2 0 2 3 0 3 14451.203(2) —0.006
200303 3 3 14060.584{0.004) 14450.5470.001) 2 1 1 3 1 2 15189.898(3) 0.002
1 2 14451.113¢0.002) H5“N—DNO,
2 3 14060.699¢0.000) 14451.196¢0.003) 1 1 1 2 1 2 9160.586(1) 0.003
3 4 14060.699¢0.004) 14451.2306¢0.001) 1 0 1 2 0 2 9601.307(2) —0.016
21=3 2 3 15189.772{0.000) 2 1 2 3 1 3 13731.082(2) —0.001
3 4 15189.945(0.001) 2 0 2 3 0 3 143625322 0.005
1 2 15189.982¢0.001)

a All frequencies in MHz.? Uncertainties are one standard error in

*All frequencies are in MHz. Measurement uncertainties are {ne fits to quadrupole coupling constants and line centeéResiduals
estimated to be 5 kHz. Numbers in parentheses are the residuals fromyom fits 1o eq 2.

the least squares fit8 F = | (**N)+ J.

. N . in the immediate vicinity of any of the transitions observed in
3 kHz while optimizing the remaining parameterB, { C)/2, this work. It is worth noting that in ArCHsClI, for example,

(B~ 02, [A — (B + ©)12)], andA,, for each choicé? The _._in which the methyl group undergoes nearly free internal ro-
spectrosgopm constants that FeS“"?d from the best of such fltstation, transitions in the excited internal rotor state are displaced
for each isotopomer are also I!sted n Table 4, where the strong 5¢ 1y e as several gigahertz from the corresponding transitions
corre_lat|on betweem,; and , is evident. T_he_\{alues of the in the ground staté In all of the spectral searching associated
rotational constants, however, were not significantly effected | .. s study?” only a single unidentified transition that
by the c.hoice ob;. The residuals of the rotational line centers appeared to rec,|uire both Ntand HNG was found. This line
appear in Table 3. was not readily assigned either using ground-state constants or
Following the successful analyses of the a-type spectra, o the basis of hyperfine structure and may indeed belong to

careful searches were conducted for the b-type transitions of g excited internal rotor state. Further searches for the excited
the parent species. The spectroscopic constants in Table 4 predictiote however. were not pursued.

the 2,—3p3 and b1—11o transitions at 5155 and 10 242 MHz,
respectively, and thus the regions from 4300 to 6010 MHz and
from 9500 to 10600 MHz were searched under carefully
monitored source conditions and with the use of several power The rotational constants for the four isotopic derivatives
levels of the polarization pulse. Despite our best efforts, studied contain structural information about the dimer, though,
however, no transitions attributable to the complex could be clearly, the system is complex enough that a complete deter-
found. For the structure deduced below, the sum of the NH mination of all atomic coordinates is not possible. To simplify
and HNG monomer moments projects only 0.005 D onto the the problem, we make several reasonable assumptions. First,
b-inertial axis of the complex. We presume, therefore, that the we take the heavy atom frame to be planar. This is realistic on
apparent absence of b-type transitions arises from a fortuitouslythe basis of (a) the small inertial defect-60.8 amu & obtained
near-vanishing value afp. from the observed rotational constants, (b) the results of ab initio
Due to the proton nuclear spin statistics, bitk= 0 andK theory® and (c) simple chemical intuition. Second, we assume
= +1 states of ammonia are expected to be populated in the(at least at the outset) that the structures of the Bttt HNQ
jet. In the limit of free internal rotation of the ammonia within  subunits are unchanged upon complexation. It should be noted
the complex, these correlate witm“= 0" and “‘m = +1” that in this case, the approximation is not rigorously supported
internal rotor states, respectively. Nguyen et>dind no evi- by theory!®> which instead predicts small but significant changes
dence of a secondary hydrogen bond involving thes;Niy- in monomer geometries upon complexation. Nevertheless, it
drogens, and indeed, there is little reason to expect a significantprovides a useful starting point for the analysis, and the resulting
barrier to internal rotation in this systethThus, not surpris- preliminary structure can be appropriately modified once the
ingly, no evidence was found for the existence of E-state spectramethod of analysis has been established.

Structure Analysis
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TABLE 4: Spectroscopic Constants for sN—HNO 2P
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constant HMN—HNO; H3!5N—HNOs H3“N—HNO; H3“N—DNO;
A 12438.2(4) 12437.2(5) 12423.9(5) 12318.8(8)
B 2656.0627(4) 2569.2614(9) 2647.7191(6) 2632.5700(8)
C 2195.9697(4) 2136.3070(9) 2190.3002(6) 2176.0235(8)
A, 0.003999(8) 0.00344(3) 0.00245(1) 0.00330(4)
8 0.00175 0.00125 0.00050 0.00150
eQGa(NH3) —1.9872(34) —1.9817(42) —1.9966(46)
[eQay — €Qqd(NH3) —1.3334(78) —1.336(11) —1.3487(90)
eQq(HNO5) —0.3725(34) —0.3724(42) —0.3570(42)
[eQay — €Qqd(HNO3) 0.025 0.025(11) 0.025

a All values in MHz.? Values in parentheses are one standard error in the least square€ditstrained in fit. See text for discussion.

Arbitrary Intensity

T d
9844.000 9844.625

9843.375

Freaquency (MHz)

Figure 1. Power spectrum of the1d-2;; transition of H®N—
H“NOs. Hyperfine components shown are (from left to rightfF'’(
F)=(1,2), (2, 2), (1, 1), (2, 3), and (0, 1). This figure represents a
total signal collection time of 53 s.

Y

a(HNO;)

C5(NH;)

—
N

e

>

Figure 2. Definition of coordinates used to describe the structure of
HsN—HNOs.

is simply related to the moment of inerfi&2°If the heavy atom
frame of the complex is planar, the inertial axis system is
obtained from theX, Y, Z) system of Figure 2 by rotation about
Z and henceC = h%/87? 7z = h?8x?l.. Moreover, sincdzz is

Assuming that the heavy atom frame is planar, the coordinatesindependent of angles, the observed valueCofjives Rem
that define the structure of the complex are shown in Figure 2. directly. Values ofR., obtained from eq 5 using the moments
Rem is the distance between the centers of mass of the ammoniaof inertia of free NH° and HNQ3! are given in Table 5.

and nitric acid subunits ang is the angle that th€; axis of
the ammonia makes witR.m. 6 is the angle formed between
Rem and thea-inertial axis of the nitric acid. In terms of these
coordinates, the moments and products of inertia in ¥per(
Z) axis system shown are given by

L = lps(NHy) sin® y + 1. (NHy) cog y +
l,,(HNO,) sirf 6 + 1,,(HNO,) co 6 (3)

MR + Ipo(NHg) COS' y + 1oo(NHy) sin’ y +
Iy (HNO,) cos 6 + 1, (HNO,) sir’ 6 (4)

®)

I YY
aa(

IZZ MSRcm2 + Ibb(NHS) + ICC(HNOS)

Ixy = lyx = [1cd{NHg) — I,,(NHg)] siny cosy +
[1.a(HNOy) — I,,(HNOy)] sin 6 cosf (6)

l,y=0 (7

lxz=lzx=lyz=

These equations are readily derived from the transformation
properties of the inertial tensor, though the angle-independent

eq 5 follows directly from the parallel axis theoréfiThelgg's

Throughout the table, the upper member of each pair of numbers
corresponds to that deduced using the moments of inertia of
uncomplexed monomers, as discussed in more detail later on.

Although Ry, is the simplest quantity to determine, it is not
the most chemically useful. Indeed, what we would like to know
is the length and degree of linearity of the hydrogen bond. These
parameters are specified Byand S, which are also shown in
Figure 2. Clearly, with the center of mass separation determined,
angular information is needed to obtain these quantities but,
for reasons discussed below, hyperfine structure turns out not
to provide an unambiguous approach. Thus, the rotational
constants provide the only recourse.

TheA andB rotational constants are indeed angle-dependent,
but as noted above, their fitted values depend on the internal
rotation. For free internal rotation, the effective constants
determined from eq 2 are given 3y°

are the moments of inertia of the indicated monomers about where

their g-inertial axes anils is the pseudodiatomic reduced mass,
given by m(NHz)m(HNOs)/[m(NH3) + m(HNO3)].

Itis important to note that with a freely or near-freely rotating
NH3; unit within the complex, thé\ andB rotational constants
determined from eq 2 are effective constants. Thetational

A= 1+ A0 ) (0187 ) 8

and
B= (14 4,4 /rl ) (W87 ,,) )
r=1-220,— A, (10)

I, is the moment of inertia of the top about its symmetry axis,
laa @nd Iy, are the rigid-molecule moments of inertia of the

constant, however, is independent of the internal rotation and complex about it@- andb-inertial axes, respectively, and the
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TABLE 5: Derived Parameters for H3N—HNO 32

H314N—H14NO3 H315N—H14N03 H314N—H15N03 H314N—D14N03 ab initic®

Rem (A) 3.319761 3.316506 3.320857 3.303981 3.303979
3.326026 3.322502 3.327157 3.308159

6 (deg) 145.60 145.65 145.67 152.29 145.3
140.10 140.16 140.16 149.69

R(A) 1.6736 1.6731 1.6714 1.7162 1.684
1.7991 1.7983 1.7974 1.7637

5 (deg) —9.8 ~9.8 ~10.0 —6.7 15
7.3 7.2 7.1 4.2

» (deg) 50.0 50.0 49.9 52.0 53.4
57.6 57.5 57.5 55.9

ve (deg) 18.1 181 18.0 19.2 23.4
24.6 24.6 245 23.1

Run (A) 3.3487 3.3490 3.3485 3.3567 3.3291
3.3319 3.3319 3.3321 3.3417

Preferred Values
R=1.736=+ 0.063 A

B=—-1+9
Y =54+4°
Ye=2143°

Ru-n = 3.3444+ 0.012 A

aThe upper member of each pair of numbers is that derived using the experimental moments of inertia of the free monomers. Lower numbers
are obtained using corrected moments of inertia derived from the ab initio monomer distortions of ref 15. See text for di8®sf&mnce 15.
¢ Calculated for H*“N—HNOs. ¢ See footnote 34.

A's are the direction cosines of the top axis with respect to the were less than 7.6 MHz. The calculation of the structure was
indicated inertial axe%2° Using any reasonable structure for then repeated to give refined parameters and the process iterated
the dimer, the correction tA implied by eq 8 is expected to be  until the calculated structure was well converged to within the
large =700 MHz) while that forB (eq 9) is small (a few estimated uncertainties (about four times). The results are
megahertz). Thus, th& rotational constants were used to reported in Table 5. Also included in the table are the

determineR andf, as described below. corresponding values derived from the theoretical work of
The a-inertial axis of the complex lies within°lof the line Nguyen et ak> Again, the upper values correspond to those

joining the centers of mass. Moreover, the angle-dependentobtained using the free-monomer moments of inertia.

terms arising from the Nglin eqs 3-6 are much smaller than An interesting feature of the theoretical work on this complex

those arising from the HN§ Thus, for the purpose of g thatthe hydrogen bond is strong enough to induce significant
determiningg), the values of¢os yCand Sir? y Cwere fixed to changes in the monomer geometries upon complexation. The
those determined from théN hyperfine structure of the  icylations above, however, employ the experimental moments
ammonia subunit, viz. of inertia of thefreemonomers and hence are potentially subject
to systematic errors. Thus, to estimate the magnitude of errors
incurred, we calculated the fractional changes in the rotational
constants of the HN@and NH; subunits, which arise due to
the theoretically determined distortions. These fractional changes
were then imposed on the experimental rotational consfants
f the uncomplexed monomers and the structure of the complex
Svas redetermined using the revised values. The results are given
as the lower member of each pair of numbers in Table 5.

It is apparent that sizable changes in the structural parameters
of the complex are obtained when the rotational constants of

complex,lxx, Ivy andlxy were calculated for each isotopomer the distort_ed monomers are used in place of the exp_erimental
according to egs 3, 4, and 6 using the value&gf and o< ones. While the magnitudes of thgge changes surprlseq us at
yOdetermined above (together with the moments of inertia of firSt, they can be understood as arising from a combination of
free NH30 and HNG2Y. 1.. and Iy, were then obtained by severa] factor_s. First, dl_Je to.the unusua_l §trength of the-NH
rotation aboutz, and the value of) was iteratively adjusted ~HNOz interaction, the distortion of the nitric acid is unusually
until the calculated value & = %8721, matched the effective  1arge’®and correspondingly produces significant changes in its
value determined from experiment. Assuming that@exis ~ moments of inertia (on the order of 0.3%.9%). Second, the
of the ammonia is directed along the hydrogen bdRand nitric acid is large enough that tfedependent terms in eqgs 4
were then readily obtained using the known structural parametersand 5 are not negligible compared withRory?. Thus, significant
of the monomers. Values af. andy were also calculated, ~changes in the calculated valuesRy, and & accompany the
wherey. is the angle that th€; axis of the NH makes with use of distorted HN®constants, and these, in turn, propagate
Rem When directed toward the HNGChydrogen, andy is the in the computation of the other structural parameters.
acute angle formed between the NO single bond Raxd Itis unlikely that any number of isotopic substitutions would
Next, with a preliminary structure in hand, the direction provide accurate enough atomic coordinates for the kIO
cosines appearing in eqs-80 were calculated and used to allow a redetermination of its structure within the complex.
correct theB rotational constants for internal rotation. The Thus, to partially circumvent the effects of distortion of the
corrections varied slightly between isotopomers, but in all cases HNOs3 unit, values of the nitrogennitrogen distanceRy-n)

eQq{'NH,)®™** = eQq{‘NH,) ™3¢0 y[- 1)/2 (11)

Although the quadrupole coupling constant of the ammonia may
arguably differ from the free-molecule value due to electronic
rearrangement, the ammonia-dependent terms enter into th
equations as small corrections and the use of eq 11 should b
adequate. Using the value of e®tN)™e = —4.08983(2)
MHz,32 the value ofl¢og yCobtained is 0.657, corresponding
to an effective value ofer = cos}([Gos y[¥?) = 35.8.

To obtain a first approximation to the structure of the
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are also listed in Table 5. Since both nitrogens lie near the placing it at 1.2 with respect to the NO single bond, rotated
centers of mass of their respective monomer units, this quantity away from the hydrogen. From the structure of the complex
is relatively insensitive to the angular orientation of the moieties determined above, therefore, we calculate thakthagis of the
and correspondingly is much less sensitive to changes in thequadrupole coupling tensor forms an angleyet 54° with the
HNO; internal structure. Indeed the consistency among the a-inertial axis of the complex.
various determinations is seen to be significantly better than  Assuming that the complex is planar and that the quadrupole
that among determinations of R. coupling tensor of HN®is unperturbed by the interaction with

In the case of HO—HNO3,%% we argued that the calculated NHjs, the values of (eQg) and (eQgy, — €Qq,) for the HNG;
changes in the monomer geometries upon complex&tion subunit are given by
represented an upper limit to the true changes because only the
energies (not the structures) had been corrected for basis set — ;
superposition error (BSSE). Although the calculations gNH eQG, = eQY, cos ¢ +eQq, sirf ¢ (12)
HNO; used a bigger basis set, and BSSE corrections were
therefore not applied, there is an additional reason to supposeand
that the calculated changes may be taken as upper limits here
as well. In particular, the calculated monomer distortions refer [€Q0,, — €QqJ = (eQg)(1 + Sirt ¢) +
to those in the complex at itsquilibrium configuration i.e., (eQq)(1 + cod 0) (13)
the structure corresponding to the strongest interaction. Zero ¥
point motion along the van der Waals coordinates, however,
would presumably act to reduce the effective degree of distortion
as the moieties’ orientations are averaged over configurations
of weaker interaction. Thus, even apart from BSSE, the .
structural results obtained using the “Fully distorted” HNO —1.033(21) MHz;* we thus_det(_ermme that the obseroved value
geometry probably represent a worst-case scenario in terms of2f €Qa for the complex implies a value af = 56°. The

the effect of these distortions on the computed structure of the 28reément with the S4value quoted above is excellent. The
complex. value of [(eQq)y — (eQq)d, however, implies a value af =

In light of these arguments, we expect that the true structural 4?.’ » Which is in somewhat poorer agreement with that deter-

parameters of lN—HNO; lie between those computed without mined from the structure. Moreover, we find that there is no
regard to distortion of the monomers and those obtained usingValue Of_¢ that car_}slmultat?leously reproduc;e Itor?th %Qn:d
the fully distorted geometries. Thus, the “preferred values” are [eQ%> — eQqd. us, while eQg, supports the structure

taken as the median of the set of determinations represented indetermmed from rotational constants, we could find no inde-

Table 5, with uncertainties chosen to encompass the results Ofpendentlyjustlflable means of choosing it over [6kg eQq]

all determinations. These results are also presented in Table 5for use in the structural 'analys[s and it is for th.'s reason that
the structure was determined using only the rotational constants.

Some further insight into the possible implications of the
observed hyperfine parameters can be obtained. To the extent

It is apparent that the observed structure of the complex is in the complex is planar and the monomers unperturbed £Qq
extraordinary agreement with that calculated by Nguyen®t al. for the HNG; nitrogen should equal that of free nitric acid
The experimental value of the hydrogen bond length, for (—0.070+ 0.008 MHZY). From the coupling constants given
example, differs from the theoretical result by only 0.052 in Table 4, however, (and the supplementary condition that
0.060 A, and the remaining structural parameters also showeQaqa + eQay, + eQge = 0), we determine that the experi-
impressive agreement. The hydrogen bond angleis not mental value of eQgHNQO;) for the complex is equal to
determined with great accuracy but is clearly consistent with a +0.174(7) MHz. This implies either a significant change in the
linear or near-linear hydrogen bond. The general consistencyquadrupole coupling tensor of HNQupon complexation or
between the observed and calculated values for these parametersome degree of zero point oscillation of the HN@it out of
supports the theoretical structure and hence the large reportedhe molecular plane (or both). If electronic effects within a
binding energy of 14.3 kcal/mol. A strong hydrogen bonding planar complex were the sole cause, we would conclude that
interaction between nitric acid and ammonia is certainly to be A(eQqy) + A(eQg,) = —0.244(15) MHz, where tha’s refer
expected chemically. to change upon complexation. This follows sink&eQq.) =

As noted in the previous theoretical wotkthe hydrogen eQqgdcomplex)— eQq(HNOs) = A(eQq);= —[A(eQqw +
bond length is unusually short. For example, the 1.736 A bond A(eQqy)].
length reported in Table 5 is significantly shorter than the 1.853  Distinguishing electronic rearrangement from zero point
and 1.831 A values observed in GiH3®” and BrH-NHj,3 oscillation effects, however, is not easily done in this system.
respectively, and even slightly shorter than the 1.78 A distance Nevertheless, it is interesting to compare g@ur HsN—HNOs;
reported for FH-NH3.3° Interestingly, it is also even slightly  with that derived from the previously published quadrupole
shorter than the 1.78 A distance observed WOHHNO3,% coupling constants of ¥—HNO3.3° For that complex, we
despite the 0.1 A increase in the van der Waals radius of nitrogencalculate a value of eQgof 0.075 MHz, which is not equal to
relative to oxyger® This no doubt derives from the increased but is certainly closer to that of free nitric acid than is eQuf
basicity of ammonia relative to that of water. H3sN—HNOs. Interestingly, in HCFHNO3 (where the hydrogen

It is also of interest to examine the consistency of the observed bonding should be even weaker), preliminary anafysisves
19N hyperfine structure with the geometry of the dimer a value of eQg equal to 0.047 MHz. Since the vibrational
determined above. Albinus et dlhave given the orientation  amplitudes of the nitric acid should not be too different in these
of the principal axis systenx(y, 2) for the quadrupole coupling  three systems, the correlation between g@qd base strength
tensor in free nitric acid. With their choice of axis labeling, the would appear to indicate that electronic distortion is significant,
x-axis forms an angle of 16%6with the a-axis of H“NOs;, at least in the NiBlcomplex. Such a conclusion is reasonable

where eQg and eQgy are in the in-plane eigenvalues of the
quadrupole coupling tensor of free nitric a¢idUsing the
literature values eQg = 1.103(19) MHz and eQg =

Discussion
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in light of similar observations for the R—HX complexe$* (14) Legon, A. C.Chem. Soc. Re 1993 153 and references therein.

and, more recently, even weakly bound complexes gD ¢ (15) Nguyen, M.-T.; Jamka, A. J.; Cazar, R. A.; Tao, F.-MChem.
y y P 0 Phys.1997, 106, 8710.

lusi (16) Tao, F.-M.J. Chem. Phys1998§ 108 193.
Conclusions (17) Cazar, R. A.; Jamka, A. J.; Tao, F.-¥1.Phys. Cheml99§ 102,

; ; 5117.
Mlcroque spectra OT four isotopomers ojfk-HNO; have (18) Latajka, Z.; Szczesniak, M. M.; Ratajczak, H.; Orville-Thomas, W.
been ob'galned by Fourier transform spectroscopy. The spe(':traJ.J. Comput. Cherl98Q 1, 417.
are consistent with a planar heavy-atom frame and the formation (19) Balle, T. J.; Flygare, W. HRev. Sci. Instrum.1981, 52, 33.
of a linear or near-linear hydrogen bond involving the lone pair  (20) (a) Phillips, J. A.; Canagaratna, M. Goodfriend, H.; Grushow, A.;
on the ammonia and the acidic proton of the nitric acid. The ﬁ"”;'c’;;rfb“%%po'.‘" *l(_l RJ. Am. th,a’.“' So?giéég 12549. (b) Phillips,
. A h NO . | b d f AL D. esis, University o Innesota, .
hydro_g(_an b(?nd length is 1.736(63) A. The single bona of  (21) (a) Legon, A. C.; Wallwork, A. L.; Rego, C. Al. Chem. Phys.
the nitric acid forms an angle of 54(4yith the line joining 199Q 92, 6397. (b) Lovas, F. J.; Suenram, R. D.; Fraser, G. T.; Gillies, C.
the centers of mass of the monomer units, and@hexis of \JN-;HZQéolr(n, PJJJ C}?em. I.:])h>I/DS19ES8'I88’ 7232f /&c) Ggrt]owskg, gégg; flhfn'
.. . . . ., AQjauk, P. J.; Keen, J. D.; Emilsson, J..Am. em. S0
the ammonia is orlented.at 21¢3yith respect to the same line.  ’goq° (d) Emilsson, T.: Klots, T. D.: Ruoff, R. S.. Gutowsky, HISChem.
The nitrogen-nitrogen distance, which is the most accurately pnys.199q 93, 6971.
determined structural parameter in this study, is 3.344(12) A.  (22) Chilton, T. H.Strong Water Nitric Acid: Sources, Methods of
The experimental structure is in excellent agreement with Manufacture, and UsesdIT Press: Cambridge, 1968; p 166.

A . . P (23) (a) Townes, C. H.; Schawlow, A. IMicrowave Spectroscopy
recent ab initio studié8that give a binding energy of 14.3kcall  ,ver: New York, 1975. (b) Gordy, W.: Cook, R. Microwave Molecular

mol. The hydrogen bond distance is exceptionally short and is Spectra John Wiley and Sons: New York, 1984. (c) Robinson, G. W.;
consistent with the large calculated binding energy. Fine Cornwell, C. D.J. Chem. Physl1953 21, 1436.

nuclear hyperfine structure suggests significant electronic distor- _ (24) This procedure was necessary because the small valug of

. L . . produced singular matrices in our Gats®rdan matrix inversion subrou-

tion of the nitric acid upon complexation, but the degree of {ine causing the least squares fit to terminate.

distortion is difficult to separate quantitatively from zero point (25) During the preparation of this manuscript, Prof. F.-M. Tao kindly

averaging effects. _ca!ct(Jante(zdethe internal rotation barrier for us. The value obtained, 31:3 cm
IS Inaeea low.
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