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High-Resolution Infrared Spectroscopy of trans- and cis-H'®*ON'30: Equilibrium Structures
of the Nitrous Acid Isomers
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In this paper, we present the first high-resolution spectra and analysis of the v, fundamental bands of fully
180-substituted nitrous acid, trans- and cis-H'®*ON'80. These bands are not perturbed by neighboring vibrational
levels and were used to determine for the first time accurate rotational and centrifugal distortion constants of
the ground and v, = 1 states of frans- and cis-H'8ON'80. The ground-state rotational constants were then
used, together with the rotational constants of other HONO isotopic species and with rotation—vibration
parameters from ab initio calculations, to determine accurate semi-experimental equilibrium structures of
trans- and cis-HONO. Our study confirms the results of a recent work by Demaison et al. (J. Phys. Chem. A
2006, 110, 13609—13617) concerning the structure of trans-HONO, whereas the new structure of cis-HONO
obtained in this paper is a significant improvement compared with the previous work of Cox et al. (J. Mol
Struct. 1994, 320, 91—106). The recommended parameters for the equilibrium structure of cis-HONO are
r(O=N) = 1.1816(10) A, r.((N—0) = 1.3887(10) A, r.(O—H) = 0.9744(7) A, 0. (ONO) = 113.18(1)°, and

O.(HON) = 104.67(4)°.

1. Introduction

Nitrous acid, HONO, is an important atmospheric molecule
(see ref 1 and references therein); in particular, it is a significant
source for OH radicals in the troposphere, and it is involved in
tropospheric HO, and NO, photochemical processes. Its sources
and sinks are not well understood, and in sitfu measurements of
HONO using spectroscopic techniques are currently developed
(see ref 2 and references therein).

HONO is also interesting for molecular physics and dynamics:
it is one of the smallest molecules presenting two isomeric
structures, and as early as in 1963, the possibility of photoin-
duced trans—cis isomerization has been investigated.’> This
makes HONO very attractive for ab initio calculations of
molecular dynamics (see refs 4 and 5 and references therein).
Nitrous acid exists in two stable planar configurations (trans
and cis),® and each isomer has six infrared-active fundamental
vibrations. The ground-state rotational and centrifugal distortion
constants of the most abundant species, 'H!0'N¢Q, are very
well established,” and there are also several high-resolution
studies of the DONO species (see ref 8 and references therein)
and of the HONO species.® However, in the latter study by
Cox et al.® concerning '80-substituted HONO, only the
rotational constants of frans-H'®ON'®0 and trans-H'|ON'°O
could be used for the structure determination; in particular, there
is complete absence of any high-resolution study of the '30-
substituted cis-HONO species, which is the reason why the
equilibrium structure of the cis-species is much less accurate
than the structure of the rrans-species.®?

Therefore, following our recent investigations”19 of HONO
and DONO, we decided to attempt recording the high-resolution
infrared absorption spectrum of fully '80-substituted HONO in
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order to determine the ground-state rotational constants of trans-
and cis-H'®*ON'80, which would provide new spectroscopic
information for an accurate determination of the equilibrium
structures of trans- and cis-HONO.

2. Experimental Section

The high-resolution absorption spectrum of fully 8O-
substituted HONO, H'30ON!#0, was recorded using the Bruker
IFS 125HR (an upgraded IFS 120HR) Fourier-transform
spectrometer at the Université de Paris-Est in Créteil. The
spectrometer was equipped with a SiC infrared broadband
source, with a KBr beam splitter, and with a HgCdTe detector
cooled to 77 K. The spectrum covering the 450—6000 cm™!
region was recorded in 14 blocks of 100 interferometer scans
each with a spectral resolution of 0.005 cm™!. The absorption
cell (installed on top of the sample compartment of the Bruker
instrument) is a White-type multipass cell with a base length
of 80 cm equipped with Csl windows. The optical path length
for the experiments described here was 960 cm. The HONO
sample was produced inside the absorption cell using a mixture
of N0, (about 2 hPa) and H,'80 (about 2 hPa); furthermore,
pure '80; (about 15 hPa) was added to the mixture. Due to the
pressure, the observed width of the HONO lines is about 0.005
cm™ !

Since the goal of this experiment was to perform a line-by-
line analysis of the spectra of trans- and cis-H'3ON!80, it was
essential to obtain a pure spectrum of fully '3O-substituted
HONO, without any traces of '°O-containg HONO. The reason
is that, from harmonic force field calculations (see below), we
knew that the v4 bands of all '°O- or '80-containing trans- and
cis-HONO species occur in the 780—860 cm™! region, so for
an isotopic mixture containing both %0 and 30, one would
expect an overlap of not less than eight fundamental bands over
arange of only 80 cm™!, which would be very difficult to resolve
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TABLE 1: Rotational and Centrifugal Distortion Constants of the v, = 1 and Ground States of trans- and cis-H'® ON'30 in the
A Reduction of the Watson Hamiltonian (I* Representation)

trans-H'"SON'30

cis-H'SON'30

parameter V4 ground state vy ground state
A (cm™) 3.004 822(16) 2.987 84(82) 2.758 892 6(29) 2.739 25(68)
B (cm™) 0.372 947 63(38) 0.374 884 5(44) 0.389 275 17(77) 0.391 722 9(48)
C (cm™) 0.330 200 70(34) 0.332 537 4(40) 0.339 039 16(67) 0.342 107 9(46)
Ay (107 cm™) 0.412 488(162) 0.419 39(177) 0.445 84(38) 0.4560(23)
Ay (107 cm™) 0.761 01(182) 1.3046(187) —0.8456(34) —0.3122(195)
Ax (107 cm™) 105.0610(100) 99.9541¢ 70.2763(184) 65.3248¢
0y (107 cm™) 0.052 506(132) 0.053 44(103) 0.072 44(30) 0.071 30(127)
Ok (107° cm™) 2.725(28) 2.38(41) 2.557(46) 2.81(41)
o (cm™1) 779.324 264(49) 837.308 478(89)
o (cm™h) 0.000 61 0.000 87 0.000 70 0.000 99
A (amu A?) 0.2411 0.0840 0.3062 0.0870
no. of lines 1217 591 1369 769
max J value 41 39 37 37
max K, value 13 11 13 12

“« Constant kept fixed to the value of H'*ON'O in ref 7.

TABLE 2: Rotational and Centrifugal Distortion Constants of the v, = 1 and Ground States of frans- and cis-H'3 ON'30 in the
S Reduction of the Watson Hamiltonian (/" Representation)

trans-H'SON'30

cis-H'SON'30

parameter V4 ground state V4 ground state
A (cm™) 3.004 849 8(16) 2.987 87(84) 2.758 670 7(18) 2.739 03(70)
B (cm™) 0.372 942 34(39) 0.374 879 8(45) 0.389 267 11(47) 0.391 717 0(49)
C (cm™ 0.330 206 22(34) 0.332 542 2(42) 0.339 048 54(41) 0.342 114 3(48)
Dy (107 cm™) 0.401 716(128) 0.409 96(73) 0.431 755(160) 0.44173(77)
Dk (107 ecm™1) 0.827 43(169) 1.3623(179) —0.737 15(175) —0.2232(155)
Dx (107 cm™) 104.9794(99) 99.8803¢ 70.0642(114) 65.2249¢
dy (107 cm™) —0.052 506(141) —0.053 43(104) —0.071 798(193) —0.071 40(131)
dr (107 cm™) —0.005 387(59) —0.004 70(89) —0.009 177(80) —0.007 33(114)
vo (cm™!) 779.324 259(49) 837.308 546(55)
o (cm™h) 0.000 61 0.000 87 0.000 70 0.000 99
A (amu A?) 0.2396 0.0828 0.3034 0.0850
no. of lines 1217 591 1369 769
max J value 41 39 37 37
max K, value 13 11 13 12

@ Constant kept fixed to the value of H'®ON'®O in ref 7.

and to analyze at room temperature. It is also important to stress
that the only infrared bands that were expected to be free of
perturbations due to neighboring vibrational states are the v4
bands, which is indicated both by the harmonic force field
calculations (see below) and by the previous analysis'! of the
v4 bands of the most abundant species, trans- and cis-H'8SON'30.

The presence of 30, in large excess inside the absorption
cell and the use of pure H,'30 for the synthesis of HONO did
indeed lead to a successful synthesis of frans- and cis-
H'8ON80. In particular, although there are also some lines of
isotopic NO; species (N80, and N'°0'80), the lines of HONO
with single '°O substitution are significantly weaker than those
of pure H'®ON'80, and the lines of H'®*ON'®O are probably
within the noise. One can thus conclude that the isotopic
predominance of '80-containing species within the absorption
cell resulted in a dominant presence of H'8ON!80O compared
with the 1°O-containing species so that the line-by-line analysis
of the two well-separated v4 bands of trans- and cis-H'SON'80
was feasible.

The line positions were determined using the peakfinder
routine of the OPUS software and were calibrated to absolute
wavenumbers using H,'30 lines from the HITRAN database,!?
and good agreement (a root-mean-square deviation of 0.0007
cm~! between the observed and reference line positions) was
observed after the calibration.

3. Rotational Analysis

The rotational assignments and analysis of the v4 fundamental
bands of both species were rather straightforward, although no
ground-state constants were known for trans- and cis-H'3ON'30.
Therefore, as a first step, the harmonic force field of trans- and
cis-HONO was calculated with the ASYM20 code written by
Hedberg and Mills!? using the known infrared band centers of
several HONO isotopic species including (DONO, HO'*NO),
and in this way, the centers of the v4 fundamental bands of
trans- and cis-H'SON'®0 and their ground-state rotational
constants (including the harmonic contributions to the vibrational
dependence of the rotational constants) were calculated. The
predicted band centers of the v4 fundamental bands of trans-
and cis-H'8ON'30 are, respectively, 780.3 and 835.6 cm™! (to
compare with the observed band centers in Tables 1 and 2),
thus indicating that the observed bands can indeed be attributed
to the fully '0-substituted nitrous acid isomers. As for the most
abundant species H'®ON'6O analyzed previously,'! the w4
fundamental band of the cis-isomer is observed to be higher in
energy than the v4 band of the frans-isomer.

To start with the rotational analysis, the ground-state rotational
constants predicted from the harmonic force fields were then
corrected for the anharmonic contributions using the ratio of
the ground-state rotational constants of the normal HONO



HR-IR of trans- and cis-H'8ON!30

calculated

1.4

-
L]
L

observed

transmittance I/l

T T - T
760 780 800

. -1
wavenumber in cm

Figure 1. Overview of the v4 band of rrans-H'SON'®0 at high
resolution. The upper plot shows the synthetic spectrum (shifted upward
for clarity) obtained using the rotational and centrifugal distortion
constants obtained in this study; the lower plot shows the experimental
spectrum. Note that all lines are well resolved. Strong lines in the
experimental spectrum that are not reproduced by the synthetic spectrum
are due to H,O and isotopic NO, species (N'¥0, and N'°0'#0).
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Figure 2. Expanded view of the Q-branch of the v4 band of trans-
H'8ON'80. Again, there are some lines due to H,O and isotopic NO,
species (N30, and N'°0'30) in the experimental spectrum that are not
reproduced in the synthetic spectrum. There is good agreement between
the calculated and observed spectrum concerning the HONO lines.

species (trans- and cis-H'®ON'°0) from experiment’ and from
the harmonic force field calculated in this study. To have a first
prediction of the rotational constants in the v4 = 1 states, the
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Figure 3. Part of the P-branch of the v, band of trans-H'®ON'30. See
also comments for Figure 2.

vibrational dependence of the rotational constants was estimated
using the rotational analysis of the v4 bands of trans- and cis-
H'®ON!60 published previously.!! With these constants, first
synthetic spectra of the v4 bands of trans- and cis-H'8ON'30
were calculated. Note that all calculations of this study were
made with a Watson-type Hamiltonian'* in the A- and S-
reductions (I" representation).

Although the spectrum is contaminated by strong lines of
isotopic NO; species (N'80, and N'°Q'80), in particular in the
region of the v4 band of trans-H'8SON'80 (see Figure 1), the
line-by-line assignments of HONO were rather straightforward:
after first assignments in the Q branches (see Figure 2), some
lines with low values of the J and K, quantum numbers were
identified in the P- and R-branches, leading to a first set of
rotational constants, which were used for new predictions. This
procedure comprising new line assignments and least-squares
fits of the rotational constants followed by new line predictions
was repeated until all strong isolated lines in the v4 bands were
assigned (see, for example, Figure 3). Figure 4 shows an
overview of the v4 band of cis-H'8ON'30, and Figure 5 shows
the Q-branch region of this band.

The final results of the rotational analysis are given in Tables
1 and 2. In the final calculations, 1217 observed infrared lines
of trans-H'® ON'80 and 1369 observed infrared lines of cis-
H'30ON'30 were included; the root-mean-square deviations
between the observed and calculated line positions are 0.000 68
cm™! for trans-H'8ON'30 and 0.000 70 cm™! for cis-H'SON'30.
These results are very similar to the previous analysis!! of the
v4 bands of trans- and cis-H'®ON'°0 indicating good quality

TABLE 3: Molecular Structure of cis-HONO with Distances (r) in A and Angles (0) in Degrees

method® basis set’ #O=N) HN—=0) +O—H) 0(ONO) O(HON)
CCSD(T) fe VTZ 1.1874 1.3915 0.9765 113.14 104.03
CCSD(T) fe vQZ 1.1841 1.3863 0.9750 113.22 104.52
MP2 fc vQZz 1.1888 1.3786 0.9771 113.29 104.44
MP2 fc V5Z 1.1883 1.3779 0.9773 113.30 104.66
MP2 fc augVQZ 1.1889 1.3799 0.9781 113.32 104.70
MP2 fc wCVQZ 1.1886 1.3779 0.9773 113.29 104.46
MP2 ac wCVQZ 1.1867 1.3743 0.9765 113.34 104.56
re 1.1816 1.3820 0.9743 113.27 104.84
re(se)! 1.1823(25) 1.3880(26) 0.9741(13) 113.19(4) 104.71(16)
re(se) 1.1816(10) 1.3887(10) 0.9744(7) 113.18(1) 104.67(4)
rd 1.190(5) 1.397(6) 0.975(3) 113.5(3) 104.4(4)

@fc = frozen core approximation; ae = all electrons correlated. * VnZ = cc-pVnZ; AVQZ = aug-cc-p-VQZ. < CCSD(T)/VQZ +
MP2(fc)[V5Z — VQZ] + MP2[WCVQZ(ae) — wCVQZ(fc)]. ¢ Semi-experimental structure, all parameters free; see text. ¢ Semi-experimental
structure with r.(O=N) = 1.1816(10) A fixed; see text. / Zero-point average structure from ref 6.
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Figure 4. Overview of the v4 band of cis-H'®*ON'8O at high resolution.
The upper plot shows the synthetic spectrum (shifted upward for clarity)
obtained using the rotational and centrifugal distortion constants
obtained in this study; the lower plot shows the experimental spectrum.
Note that all lines are well resolved. The v, band of cis-H'3ON'30 is
slightly weaker than the v4 band of trans-H'SON'80, as also observed
for the normal species H'®ON'°O. Note some small baseline problems
due to fringes in the 825—830 cm™! region.
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Figure 5. Expanded view of the Q-branch of the v; band of
cis-H'® ON'30. Note the good agreement between the calculated and
observed spectrum concerning the HONO lines.

also for the lower state rotational and centrifugal distortion
constants that were determined using ground-state combination
differences. The S-reduction provides slightly better fits as
indicated by the reduction'® parameters si;; (which is the
coefficient of the unitary transformation operator used to reduce
the Hamiltonian;'# it should be as small as possible in order to
ensure good convergence of the calculations). Note also that
only five of the six centrifugal distortion constants could be
determined for the ground states, and the Ak (or D) constants
were constrained in the least-squares calculations to the values
of the main isotopic species H'®ON'O published previously’
and compared with the estimations from the harmonic force
fields and ab initio calculations, in order to avoid any systematic
errors that might influence the structure calculations (see below).

4. Equilibrium Structures

4.1. Structure of trans-HONO. Because the rotational
constants of H'8ON!80 are determined for the first time, it is
tempting to recalculate a semiexperimental equilibrium structure
of trans-HONO to see whether these rotational constants
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improve the fit. Actually, the addition of these new data
decreases neither the standard deviation of the parameters nor
the condition number."> Furthermore, the parameters are left
unchanged. This confirms the accuracy of the parameters
determined in ref 9.

4.2. Ab Initio Structure of cis-HONO. The geometry of cis-
HONO was first optimized ab initio at the coupled cluster level
of theory with single and double excitations (CCSD)'® aug-
mented by a perturbational estimate of the effects of connected
triple excitations [CCSD(T)].!” The MOLPRO suite of programs
was used.!8 Unless otherwise mentioned, the frozen core (fc)
approximation was used, that is, only the valence electrons were
included in the correlation treatment. Dunning’s correlation-
consistent polarized basis sets,'® cc-pVXZ, with X =T, Q, were
used.

The small effect of basis set enlargement beyond quadruple-§
was tested with the cc-pV5Z basis set using the second-order
Mgller—Plesset perturbation theory (MP2).2’ The effect of
including diffuse functions was tested using the augmented
quadruple- basis set (aug-cc-pVQZ)?! at the MP2 level of
theory. Finally, to estimate the core correlation, the weighted
core-valence quadruple-C basis set (cc-pwCVQZ)??> was em-
ployed at the MP2 level of theory. For the calculation of these
small corrections, the use of the cheaper MP2 method is justified
by the fact that it gives almost identical results as the CCSD(T)
method, at least for first-row atoms. This was in particular
checked for trans-HONO.?

The results are reported in Table 3. The coupled cluster 7
diagnostic value?® is 0.021 at the CCSD(T)/cc-pVQZ level. This
is the same value as for frans-HONO, and it is slightly larger
than the usual cutoff value, 0.020. This suggests that the
CCSD(T) method is not fully reliable as was previously found
for trans-HONO. In particular, the CCSD(T) value of the length
of the long N—O bond is expected to be too short by about
0.008 A (trans-HONO value). Going from cc-pVQZ to cc-
pV5Z, all bond lengths remain almost unaffected: O=N and
N—O decrease by 0.0006 and 0.0007 A, respectively, while
O—H increases by 0.0002 A. The angle [J(HON) increases by
0.215°, while the [J(ONO) angle increases by only 0.012°. This
behavior is almost identical to that found for trans-HONO, and
it may be concluded that convergence of the geometrical
parameters of HONO within the cc-pVXZ series is almost
achieved with the cc-pVQZ basis set.

The inclusion of diffuse functions (at the aug-cc-pVQZ level)
increases the N—O bond length by only 0.0013 A and is almost
negligible for the other parameters. It is known>*?> that the effect
of diffuse functions rapidly decreases with the size of the basis
set; thus it should be completely negligible at the cc-pV5Z level.
Core correlation effects have the expected order of magnitude
leading to a decrease of 0.0019, 0.0036, and 0.0008 A for the
N=0, N—O, and O—H bond lengths, respectively. Adding the
core corrections as well as the small corrections, cc-pVQZ —
cc-pV5Z, to the valence-only CCSD(T)/cc-pVQZ values gives
an estimate of the equilibrium structure of cis-HONO.

In cis-HONO, +(O—H) is 0.009 A longer than that in trans-
HONO (0.9743 A compared with 0.9651 A). This is in perfect
agreement with the variation of the v(OH) stretching fre-
quency.?¢ This indicates that the ab initio value of this bond
length is reliable.

4.3. Semi-experimental Structure of cis-HONO. The an-
harmonic force field of HONO was calculated with the
Kohn—Sham density functional theory?’ using Becke’s three-
parameter hybrid exchange functional®® and the Lee—Yang—Parr
correlation functional,?® together denoted as B3LYP. These
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TABLE 4: Semi-experimental Equilibrium Rotational
Constants (MHz) of cis-HONO

A B C
HONO
se? 84145.20 13341.290 11516.000
o-c? —0.16 —0.414 0.190
DONO
se 70947.27 13060.740 11030.770
o-c —8.28 —0.274 0.190
HO®NO
se 80738.07 13335.270 11446.420
o-c —43.59 —0.273 0.401
HISONISO
se 82158.21 11892.170 10389.340
0-c —24.78 —0.338 0.218

% Semi-experimental equilibrium rotational constant, that is,
experimental ground-state constants corrected by ab initio
o-constants. » Residuals of rotational constants from least-squares
fit.

calculations were performed with the TZ2Pf basis set, a valence
triple-C plus double polarization plus f function basis set.3? This
B3LYP/TZ2Pf level of theory was chosen because it was found
to give the best results for trans-HONO. For these computations,
the Gaussian03 program was utilized.’!

The vibration—rotation interaction constants deduced from
the B3LYP force field were combined with the experimental
ground-state rotational constants to yield the semi-experimental
equilibrium rotational constants. These constants were corrected
for a small electronic effect using the experimental g-constants.3?
This correction is too small to significantly affect the final
structure. However, it decreases (in absolute value) the equi-
librium inertial defect,which is almost 2 orders of magnitude
smaller than the ground-state inertial defect (A, = —0.0019 uA?
to be compared with Ay = 0.0850 uA? for the parent isotopo-
logue), indicating that the equilibrium rotational constants are
reliable. The semi-experimental equilibrium rotational constants
are given in Table 4. The semi-experimental structure was
calculated using the iteratively reweighted least-squares
method,3? as for trans-HONO. A first fit whose results are given
in the second last line of Table 3 gave parameters in good
agreement with the ab initio structure, except, as expected, for
the r.(N—O) bond length whose ab initio value is obviously
too short as in frans-HONO. However, the fit is not well
conditioned; the condition number is as large as 439 and the
7.(O=N) and r.(N—O) bond lengths are highly correlated. For
this reason, the standard deviations of the parameters are rather
large. To avoid this problem, we have repeated the fit fixing
r.(O=N) at its ab initio value with an uncertainty of 0.001 A.
The result of the fit is given in the second last line of Table 3.
It is in good agreement with the preceding fit, but the standard
deviations are significantly smaller, and the condition number
is reduced to 22.8 indicating that all parameters are well
determined. It is worth noting that, as for trans-HONO, the
CCSD(T) method seems to deliver an accurate structure except
for the long r(N—O) bond length. This work provides further
evidence that the best method to determine the accurate
equilibrium structure of a small polyatomic molecule is the semi-
experimental technique.

It is interesting to compare this structure with that of the
trans conformer whose values are® r.(O=N) = 1.1686(1) A,
ro(N—0) = 1.4258(1) A, r.(O—H) = 0.9651(3) A, 0.(ONO)
= 110.654(4)°, and O.(HON) = 102.035(22)°. With the
exception of the r.(N—O) bond length, the values of all the
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parameters are larger in the cis form than in the trans form.
However, because the r.(N—O) bond length is significantly
shorter in the cis form (1.389 A compared with 1.426 A),
the H and end O atoms are close, their distance, 2.106 A,
being slightly shorter than the sum of the van der Waals radii
of the H and O atoms (2.160 A). For this reason, although
the bond angles are larger in the cis form, it is not possible
to exclude the existence of a weak internal hydrogen bond.

5. Conclusions

The infrared absorption spectrum of the v4 fundamental bands
of fully '80-substituted nitrous acid, trans- and cis-H'SON80,
was recorded using a high-resolution Fourier-transform spec-
trometer. The rotational analysis of these bands provided for
the first time rotational constants of both species that were used
to determine for the first time an accurate semi-experimental
equilibrium structure of cis-HONO and to confirm the previously
determined® equilibrium structure of trans-HONO.
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