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The intermolecular vibrations of the NO dimer
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The far infrared spectrum of the NO dimer in the gas phase has been observed for the first time,
using a low temperatur€l00 K) long-path(180 m absorption cell. The spectroscopic results are
used, together with mid-infrared observations and high level QCTEAb initio calculations, to

locate the four low frequency intermolecular vibrational modes of (NO)v,
(symmetric benp=239.361 cm?, v; (intermolecular stretol=134.503 cm?, v, (out-of-plane
torsion~117 cm?, andvg (antisymmetric bend=429.140 cm®. These values agree poorly with
previous determinations based on condensed-phase spectra, indicating that there are large shifts in
going from the isolated gas-phase dimer to the liquid, solid, or matrix-isolated environments.
© 1998 American Institute of Physids$0021-960808)02235-1

I. INTRODUCTION definitive assignments of the three infrared-allowed low-
frequency fundamental vibrations; (a; symmetric benyg

Nitric oxide plays a major role in the atmospheric, sur-v; (a,; van der Waals stretghvg (b, antisymmetric bend

face, and biological sciences; interactions among NO radiwe also locate the remaining IR-forbidden moda, (a,

cals are thus of fundamental and practical importance. Theut-of-plane torsio)) with reasonable certainty on the basis

propensity of NO to form dimers, (NQ@) has long been of mid-infrared observations and theoretical considerations.

known, but there are still a number of mysteries surrounding@ur new values for the intermolecular frequencies agree only

this rather basic molecule. A solution of some of these myspoorly with the accepted condensed phase valtiéé sug-

teries is the subject of this paper. gesting that (NO) undergoes large vibrational frequency
The binding energy of the NO dimer is knoWfito be  shifts in going from the gas phase to the liquid, solid, or

approximately 700 cm', an amount that is larger than a matrix-isolated environments.

normal van der Waals interaction, but, of course, very much

smaller than a normal chemical bond. High-resolution gas-

phase microwave’ and infrare@#8-1° spectroscopy indi- - EXPERIMENT

cate that the NO dimer has a singlet ground electronic state \ost spectra were recorded with the safd m low-

and acis structure withC,, symmetry, a N-O bond length temperature, long-path, absorption cell and Bomem DA3.002
close to that of the monomét.15 vs 1.14 A a N—N bond FTIR spectrometer used previou%w to Study (NO}
length of 2.26 A, and &-N—O angle of 97°. Thev; (a1  Modifications for operation in the 200500 chregion in-
symmetrig andvs (b, antisymmetri¢ N-O stretching bands  cluded fitting the cell with polypropylene windows and the
of (NO), have been unambiguously located by gas-phasepectrometer with a Mylar beamsplitter and either a 4.2 K
spectroscopy at 1868.25 and 1789.10 ¢mrespectively.  Cu:Ge photoconductive detector320 cni®) or a 1.6 K Si
The four remaining fundamental vibrations occur at muchholometer detector. Absorption paths were in the range of
lower frequencies, corresponding to far infrared wave-140-200 m, corresponding to 28-40 passes of the cell.
lengths, but they have never previously been observed in th@ample pressures of up to 22 Torr of NO were used; to put
gas phase. However, since nitric oxide in its condensethese in perspective, it should be noted that we could easily
phases is made up to some extent of dimers, these vibratior®serve they; band of (NO), at only 0.6 Torr, and that the
have been extensively studied by infrared and Raman spegoncentration of dimers varies approximately as the square
troscopy in liquid, solid, and matrix-isolated N&-'°These  of the pressure. The sample temperatures were in a range
studies have not always agreed about the correct locatiorsgound 100 K, close to the lowest values possible for the
and assignment of the low frequency modes, but the geneparticular pressures used; in other words, the temperature
ally accepted values are probably those given by Nouwas determined by the vapor pressure of nitric oxide. One
et al1® and Menouxet all’ spectrum, covering the 100—200 chregion, was recorded
We have recently made the first gas-phase observationgith a 2 mcell, using a path of 80 m, a pressure of 35 Torr,
of the weak far-infrared spectrum of the NO dimer, and haveand a temperature of 115 K.
also recorded the mid-infrared spectrum with greater detail The NO samples were purified by passing the gas
and accuracy than previously accomplished. In the presenhrough a cold trap at-90 °C before entering the absorption
paper, we address the mystery of the intermolecular modesell. In the spectral regions of interest here, absorptions by
of (NO), by employing these data together with results fromimpurity molecules were not a problem, but we did note the
a new high-levelb initio calculation. The spectra result in presence of Clgand N;O impurities in the 1200—1400 cm
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FIG. 1. Observeduppe) and calculatedlower) v, fundamental band spec- FIG. 2. Observedupper trace spectrum of the NO dimer recorded with

tra of (NO),, with an absorption path of 140 m, a pressure of 12 Torr, andpath=180 m, pressure22 Torr, and temperatuz€d9 K. The most promi-

a temperature of 98 K. The experimental spectral resolution was 0.02 cm nent observed features are due to the— v difference band, which is

but here this is degraded to 0.08 chfor clarity. calculated in the lower trace. The inset shows the much weaker observed
spectrum of thevg— v, difference band near 1550 cih

region. Many other potential impurity molecules would, off . . .

L erence bands arise because of relatively large changes in the
course, have a negligible vapor pressure at our low samplg andC rotational constants for the, and v states relative
temperatures. 3

to v (see belowy

There is extensive and detailed agreement between the
observed and calculated spectra for thg— v3 band from
1650 to 1670 cm® as shown in Fig. 2. Other features ob-

The first, and strongest, new far-infrared band of (NO) served in Fig. 2 at 1677 and 1701 chran be explained as
that we observed is shown in Fig. 1. Even though this bandjue to analogous “piled-up’P-branch heads of sequence
located around 240 cn, turned out to be the strongest low bands built on vg«— 5, namely, vs+vz—2v; and v
frequency band of the dimer, it is still at least 100 times+2v3+3v5. The relative intensities in such a sequence are
weaker than the previously known andvs N—O stretching expected to be approximately proportional to exp
bands around 1800 crh. Inspection indicated that this was a (—hcnw/kT) for the vs+(n—1)vg—nv; sequence band,
typeb band, likev,, involving an upper state af; symme- and this agrees well with the observed intensities for the
try, and we assign it as the, fundamental because; was  sample temperature of 99 K. Various of these 1652, 1655,
subsequently located at a lower frequency. Since we havé677, and 1701 cim features have been observed weakly in
precise knowleddeof the rotational levels in the ground previous experiment®”1®but no meaningful assignment
vibrational state of (NO)and previous experienteith the  has been possible until now.
v, band, the analysis of, was relatively straightforward. The v4 state band origin and rotational parameters are
Ultimately, we made a detailed line-by-line analy$isas-  mainly based on line assignments in the typfmdamental
signing over 200 lines to transitions with<30 andK, v3; band around 140 cit. Figure 3 shows the extent of
=16, and fitting these with a standard deviation of aboutbscuration by the considerably stronger NO monomer lines
0.0006 cm't. We thus obtained a complete set of upper statarising from the 2IT5,—?I1;,, magnetic dipole spin
rotational and quartic centrifugal distortion parameters, andransition® Nevertheless, the cle@-branch peak at 138.37
determined thes, band origin to be 239.3605 crh cm L, as well as some individual resolved band lines in

The next vibration that we analyzed wag, the remain-  the 142, 145, and 149 cm regions can be seen. The com-
ing totally symmetric &;) mode of (NO)}. This mode is plete calculated; fundamental band at 115 K is shown in
readily apparent from a typa-difference bandys<—v5, ap-  Fig. 4; note the general similarity to the band in Fig. 1.
pearing in the 16501675 crhregion as shown in Fig. 2. The successful assignment of and v5 left vg, theb,
Fragments of thes; fundamental band are observed in theantisymmetric bending vibration, as the remaining unlocated
130-160 cm? region between lines of thélly,—2I1,, infrared-allowed mode. For this fundamental band, one ex-
monomer band. As shown in Fig. 2, our analysis explaingects a typex parallel band structure, similar to that of the
moderately sharg0.5 cnit) features at 1651.7 and 1654.8 band® at 1789 cm®. Finding this band was difficult because
cm 1 as being due, respectively, to tReandQ-branches of  of its extreme weakness. With some theoretical guidance in-
the vs—v5 band. Originally!® we assigned the peak at dicating thatvg should lie above the other fundamentéise
1651.7 cm! as the central peak of the typeband vs below), it was ultimately detected in the 430 ciregion, as
—v,, but the higher pressure spectrum obtained here showshown in Fig. 5. We have made a partial line assignment and
that this band has a similar appearance to the much weakét for this band, but there seem to be some perturbations of
vs— v, typeb band observed near 1550 chshown in the  the upper state. Our band profile calculation, shown in the
inset to Fig. 2. The somewhat unusual shapes of these diflower trace of Fig. 5, shows good, but not perfect, agreement

Ill. SPECTROSCOPIC RESULTS
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FIG. 5. Observeduppe) and calculatedlower) vg fundamental band spec-
FIG. 3. Observeduppe) and calculated’; fundamental band of (NQ) tra of (NO),, with experimental conditions as in Fig. 2. The prominent

with an absorption path of 80 m, a pressure of 35 Torr, and a temperature 9,1 re near 432 cit is due to the “piled-up”R-branch.Q-branch features
115 K. The upper trace is dominated by the much strof{&r5)-R(7.5) are evident near 429 ¢

lines of the?Il4,—2I1,,, electronic transition of the NO monoménclud-
ing those of'*N*60 and!‘N®0).

The results that we obtained for the intermolecular fre-

qguencies of (NO) are listed in Table |, where they are com-
with the observation; small discrepancies may be due to thpared with previous condensed phase vafuaad a recent
perturbations noted, and also due to centrifugal distortiorAr matrix isolation study’® There are large differences; our
effects. The presence of perturbations is not surprising ber, andv; values are much lower than these previous values,
causevg lies close to 4,4, 4vs, and 2v,, and therefore our v, is slightly higher, and ouwg is almost double. It is
quite a large number of overtone and combination vibrainteresting that an Ar matrix band is obsertéat 243 cm'?,
tional states could be perturbing its rotational structure. Avery close to our assignment @f at 239 cm®. However,
somewhat stronger band with typestructure(not shown this 243 cm! band was assigned ag, while a matrix band
hera was observed near 350 ¢ we assign this as the at 299 cmi! was assigned as,.'® The fractional isotope
v,+ v3 combination band. shift in vg can be calculated from the Teller—Redlich product

The location of the infrared-forbidden, vibration (a, rule? using the known rotational constants and the observed
out-of-plane torsionp was not immediately straightforward v/vs ratio. For the observeds ratio'® in an Ar matrix, the
from our results. However, guided by our force-field calcu-vg shift is calculated to be-1.94% for (°N*60),. The only
lations, we assigned a feature observed at 1672'dmthe  far infrared Ar matrix bands with approximately this shift are
typec vs—v, difference band, and therefore obtained aat 362.4 cm? in (**N*0), and 355.2 cm! in (**N€0),,
value of v,=117 cmi'l; more details are given in Sec. VI giving —1.99%. The other information from the product rule
below. We have not attempted to make a detailed band prds that forv, andv; the sum of the fractional shifts should be
file analysis of the 1672 ciit feature, since it is overlapped —3.42%, using the observed Ar matri%/ v, ratio. Unfortu-
by the strongews«— v3; band, and so we obtained no infor- nately, it does not seem possible to assign the far infrared
mation on the rotational parameters for thestate. observed band8to meet this requirement.

The observed changes in rotational parameters for the
intermolecular modes of (NQ)are listed in Table II, which
also gives valuds® for the intramolecular modes;; and
vs. The changes in th& and C rotational constants upon

TABLE |. Measured frequencies for the intermolecular modes of the NO
dimer (in cm™3).

Gas phase, Condensed phasedyiatrix isolation,

Vibration Present value Ref. 15 Ref. 16
Symmetric
vo(ay) bend 239.361 268 299.3
van der Waals
v3(ay) stretch 134.503 189 175.5
Torsion
T T T T T T a . 117 97 103.4
110 120 130 140 150 160 va(@2) (IR forbidden
Wavenumber / o'’ ve(by) ANUSYMMENiC o 140 215 242.8
62 bend

FIG. 4. The calculated spectrum of thwg fundamental band of (NQ)at
115 K.
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TABLE II. Changes in rotational constants with vibrational excitation for TABLE IV. Harmonic potential constarit®f (NO), .
the NO dimer.

Fit 2, Present
Vibrational Parameter Ref. 9 Fit 3 ab initio

Vibration originfcm ! AA/MHz AB/MHz AC/MHz
f, 14.68414) 14.66234) 14.410
vi(a;)? 1868.252 —-123 +17 +8 fr 0.30869) 0.19515) 0.358
v5(b,)P 1789.098 -138 +106 +67 f, 0.78461) 0.67117) 1.004
vy(a;) 239.361 +183 —147 —137 f, 0.03469) 0.034224) 0.096
va(ay) 134.503 -5 —244 —-174 fra 0.215
ve(by) 429.140 +41 —-423 —289 fRa 0.26947) 0.15516) 0.233
fon —-0.10416) —-0.231
#Brookeset al. (Ref. 7). frr 0.78312) 0.75934) 0.855
bWwatson and McKellatRef. 10. for 0.637150 0.27492) 0.050
fRrar —-0.394

vibrational excitation are considerably larger for the intermo-"Units correspond to energies in aJ, bond lengths in A, and angles in
lecular than for the intramolecular modes, which is not sur-radians.
prising since the former tend to involve larger amplitude

motions. The fact thaw, involves a large increas€l83 . .
neglect of anharmonicity causes each harmonic frequency to

MHz) in the A constant, whereas; involves little change i
(—5 MHz), helps to confirm their description as the symmet-be hlgh.er tr_]an the true fundamgntal frequency. Hence, the
ric bending and van der Waals stretching motions, respecc_)verestmatlon of the obsﬁelrved mtermolec.ular_ funda_mental
tively. frequenues(by 40-107 cm 5 or 17%—-63% is dlsapp0|_nt—

ing but not altogether surprising. Thg and vs frequencies
are underestimated by 0.3% and 3.0%, respectively.

These CCSEX) vibrational frequencies are now the best
We performedab initio force field calculations to pro- availableab initio predictions for (NO) by far, being con-
vide initial guidance for our experiments and further insightsiderably closer to the observed values than previous density

into the vibrational dynamics of (N@) We chose CCSO0)  functional theory prediction®-3°Further improvedb initio
theory??#3with the aug-cc-pVDZ basis €étfor the compu-  predictions would only be achieved with more expensive
tation of the harmonic force field because it predicts a reamethods which explicitly incorporate two reference elec-
sonably accurate geometry for the dimen(=2.227 A,  tronic configurations, since it has been obsefvétthat the
rno=1.169 A, Oyno=96.2°.2° The force field and har- (oyn)2—(c%y)? configuration contributes strongly to the
monic frequencies were computed from finite difference secground state wave function. Furthermore, since this second
ond derivatives of total energyvith displacements of 0.005 configuration has increased N—N antibonding character, its

A and 0.01 ragl using energies computed withoLPRO  full inclusion would likely result in a more weakly bound
(Ref. 26 and coordinate transformations franrper.?’ dimer.

Observed and calculated vibrational frequencies are
compared in Table Ill, and theb initio force field is given in
Table IV. Overall, it is significant and encouraging that thev' FORCE FIELD CALCULATIONS
relative ordering, and approximate magnitude, of abeini- We also made empirical harmonic potential calculations,
tio calculations agree well with the present experimental valas an extension of those described in Ref. 9. The observed
ues. In particular, theb initio results favor a significantly data that are fitted are the vibrational frequencies and their
higher value forvg than previously proposed:l’ The isotopic variations, the centrifugal distortion constants, and
present level of theory predicts,y to be 0.036 A too short the inertial defects. Ideally, these parameters should be cor-
compared to experimefitandr o to be 0.018 A too long, rected for anharmonicity, but this is not presently possible.
thus implying a dimer which is slightly too tightly bound. Our previous force fieldFit 2) (Ref. 9 from 1995, calcu-
This suggests that theb initio harmonic frequencies will be lated without knowledge of the intermolecular frequencies,
calculated too high for the intermolecular vibrations, and toocagrees well with the new experimental values reported here
low for the two NO stretch modes. Note as well that the(see Table Ill. The degree of agreement is probably fortu-

IV. AB INITIO CALCULATIONS

TABLE Ill. Observed and calculated intermolecular vibrational frequencies and isotope shifts of, (NO)
(in cm™).
Fit 3

Present Fit 2 force Fit 3 force fractional Present
Vibration Observed field, Ref. 9 field 5N shiftt ab initio
vy(ay) 239.361 259 242 —1.04% 279
v3(ay) 134.503 127 139 —-2.37% 201
v4(ay) 117 119 117 -1.99% 191
vg(by) 429.140 430 427 —1.88% 536

2This is the calculated Fit 3 fractional shift of th&%0), frequency relative toN€0), .
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V2 other words, as the symmetric in-plane bend. Thenotion
clearly corresponds to the dissociative intermolecular
___________ stretching mode, but neither, nor v correspond to a pure
N—N stretch motion. Andsg is the antisymmetric bend. The
predicted fractional®™N isotope shifts from the Fit 3 force
field are listed in Table IIl.

O Vg @)
VI. CONCLUSIONS
In conclusion, the far-infrared spectrum of the gas phase
N N NO dimer has been studied for the first time, and the loca-
tions of the four intermolecular modes have been deter-
V6 mined. The values proposed here for these vibrational fre-

quencies are rather different from previously accepted
values, which were based on condensed phase experiments.
In particular, thevg mode is found to lie at a relatively high
frequency(429 cnmi Y in rough accord with calculations, but
not with previous experiments. The lack of agreement be-
tween the gas and condensed phase results in the present case
is perhaps not surprising, both in view of the weak binding in
(NO),, which makes it especially susceptible to environ-
mental perturbations, and in view of the sometimes consid-
itous, but it does illustrate the value of accurate centrifugakrable scatter in values among the various condensed phase
distortion data in determining force fields. A repeat of Fit 2 experiments. In this context, it would be interesting to per-
(with f,,=f,,=f.,=0) including the new dataexcept form far infrared and Raman spectroscopy of the NO dimer
for v,) gave potential constants that agreed with the prein a neon matrix.
vious ones within their standard deviations; weighting of =~ Our CCSIT) ab initio calculation of the intermolecular
the data was similar to Ref. 9. When this fit was repeatedrequencies agrees well with experiment in terms of their
with each of these three constants in turn also adjustedelative ordering, but consistently overestimates their values,
the only significant improvement was fdr,,, which im-  due both to the neglect of anharmonicity and to an overesti-
proved the fit by about 40% and gavg=116cm. On  mation of the strength and rigidity of the intermolecular
the other hand, fits witt,, and eitherf,, or f,,, adjusted bonding in (NO). The multiconfigurational nature of the
tended to jump to a solution with, greater tharws, e.g., ground electronic state of the NO dimer makes accuahte
v,=158 cmL. initio calculations of its properties a very challenging prob-
These results suggested a search for the allowed lem. No experimental evidence was seen in our spectra for
—w, type< band in the regions either 120 or 160 ¢ other isomers of (NQ), nor are any other stable isomers
below vs. (Intermediate values near 135 chare unlikely  predicted by the CCSO) calculations.
because the large perturbing effect on the inertial defect of
v would have been detectable in our analysisvgf) In
general, typee bands have a strong sharp feature near thA\CKNOWLEDGMENTS
band center. The candidate we have chosen is the feature at
1672 cm! (see Fig. 2, some 117 cm?® below vs, which is
the strongest unassigned feature between 90 and 206 cm
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