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Rotational Analysis of the 5933 A Band of NO,*

CHARLES G. STEVEN

Department of Chemistry, Columbia University, New York, New York 10027

By exciting NO; with a narrow band (0.035 cm™ FWHM) tunable dye laser in the region of
5935 &, an extensive analysis of the K = 0, 1, and 2 subbands of a vibronic transition has been
carried out. The analysis of this transition proves that the upper state has the electronic
symmetry 2Bs. The origin of the analyzed band is placed at 16 849.48 cm™ and the following
molecular constants provide a best fit to the measured line positions: 4, = 7.85 cm™, B,
= 0.451 cm™, C, = 0.394 cm™, and ey + €. = —0.0877 cm™. The band exhibits a number
of obvious perturbations with a marked intensity falloff for increasing NV and K values. Large
centrifugal distortion constants are required, apparently caused by N-dependent perturba-
tions. A large inertial defect, A = 3.26 amu A?, is also found. By attributing the inertial defect
to the vibrational dependence of 4,, we estimate the geometry for the NO; 2B; excited state
extrapolated to the vibrational origin to be 7o = 1.31 A and 8, = 111°.

I. INTRODUCTION

The visible absorption spectrum of NO; (shown in Fig. 1) has long been a source of
frustration to spectroscopists because of its complex vibrational and rotational structure
which has proved highly resistant to analysis by traditional methods. At least two elec-
tronic transitions, 2Bs < 24, and 2B« 24,, are predicted by theoretical studies (1)
to provide the major absorption strength in this visible region, with smaller contribu-
tions expected from the forbidden 24, «— 24 as well as possible quartet—-doublet transi-

tions. Another source of comnplexity is anticinated in the spectrum of NQO, throuch the
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possible interaction of the low-lying electronic states caused by the breakdown of the
Born-Oppenheimer (BO) approximation.

In the parlance of radiationless transitions, the low-lying electronic states of NO;
represent a prime example of “intermediate case’” states (2) in which a given BO state
interacts with a relatively sparse set of neighboring states. It is this sparseness of inter-
acting levels which can give rise, in large part, to the complexity of the spectrum since
the distribution of interacting states is not a smooth function of energy, as found, for

example. in laree molecules or in predissociation. Indi i
example, in large molecules or in predissociation. Indirect evidence that the upper states

in this system of NO; are indeed perturbed has been provided by numerous lifetime
studies (3) that have yielded lifetimes which are longer by more than one order of
magnitude than estimates based on integrated absorption coefficient measurements.
This so-called anomolous lifetime behavior is predicted to be characteristic of “inter-
mediate case” states undergoing radiationless processes (4).

1 This work was supported by grant NSF-GP-31336 from the National Science Foundation.
2 Present address: Lawrence Livermore Laboratory, Mail Station L-211, University of California,
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F16. 1. Low-resolution absorption spectrum of NOs. The inset shows an expanded region under higher
resolution. The shoulder at 5935 A marks the region which has been extensively investigated using laser-
induced fluorescence. The spectra were kindly made available to us by R. Pirkle and J. C. D. Brand
(University of Western Ontario).

Traditional spectroscopic methods have met with some success in analyzing a number
of relatively unperturbed K = 0 subbands of the 2By «— 24, transition (5). The identifi-
cation and analysis of transitions to the 2B, state has represented more of a challenge.
Success has, in the main, relied upon the development of new experimental techniques.
Using the technique of laser-induced fluorescence, Abe and co-workers (6) and also
Brand et al. (7) have succeeded in exciting several rotational levels of the 2B, «—2%4,
transition within the narrow bandwidth of their fixed frequency lasers. These studies
have yielded partial information about the rotational structure of the 2B; state. The
newly developed technique of microwave optical double resonance (MODR), with
microwave transitions occurring both in the excited state (§) and ground state (9) has
a sub-Doppler width resolution and opens a new dimension to experimental investiga-
tions of complex systems. In particular, MODR in the ground state permits the assign-
ment of the fine and hyperfine components of the optical transition, while MODR in
the excited state permits the location of nearby levels not optically connected to the
ground state. Another technique which circumvents the Doppler-width limitations to
high-resolution spectroscopy has been demonstrated by Demtréder, Paech, and Schmiedi
using a molecular beam of NO: excited at right angles with a single-mode argon ion
laser (10). By tuning the laser through the 5145 A line, hyperfine transitions of NO,
have been observed. Quite recently, Bird and Marsden (17) have reported the observa-
tion of pure rotational resonance Raman scattering from NO, using several ion laser
lines. Rotational analysis of the scattered light has enabled them to identify the vibronic
symmetry from which they have been able to deduce the presence of the 2B, and 2B,
electronic states at the laser frequencies employed.

Laser-induced fluorescence using tunable lasers offers the flexibility in excitation
frequency necessary to provide a systematic and complete examination of the rota-
tional transitions of a vibrational band. This technique was first applied to the visible
system of NO, (12) and several rotational assignments made of a K = 0 subband asso-
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Fi16. 2, Block diagram of experimental apparatus.

ciated with the 2B, «— 24, transition in the region near 5935 A (see inset in Fig. 1). We
report now the results of an extensive examination of the X = 0, 1, and 2 subbands
of this system. This provides a verification of the 2B electronic nature of the upper state
as well as estimates of the equilibrium structure of the upper state.

II. EXPERIMENTAL DETAILS
A. Fluorescence Excitation and Detection

The experimental apparatus used for the laser-induced fluorescence studies (see Fig.
2) is a somewhat modified version of that reported previously (72). The active medium
of the dye laser is a rhodamine 6G/methanol solution which circulates through a quartz
tube located along one focal line of a polished aluminum elliptical cavity (MgF; over-
coated). A commercial xenon flashlamp (Xenon Corp.) lies along the other focal line,
surrounded by a quartz water jacket. Both the quartz tube and the flashlamp have the
dimensions 13 cm X 0.3 cm. It is found necessary to maintain the average temperature
of the circulating water between 15°C and 25°C. Lower temperatures resulted in the
deposition of a yellowish material on the lamp wall near the center while higher tem-
peratures resulted in the deposition of a bronze-colored material. A discharge of typically
11 joules/pulse of electrical energy (0.1 pF at 15 KV) is passed through the lamp by
triggering a hydrogen thyratron (EG & G model 1802) at a pulse rate of 5-7 pps. The
concentration of the dye is adjusted to give maximum output at the wavelength region
of interest. The pulse width of the laser energy is approximately 200 nsec FWHM.

The laser cavity is terminated at one end by a 609, reflecting mirror and at the other
by an 1800 line/mm grating (PTR optics) operated in first order. The laser bandwidth
is narrowed using a 6X beam expander and several etalons. The principal etalon (Co-
herent Radiation model 760) consists of two air-spaced quartz plates whose outer sur-
faces are wedged to avoid interference effects. The inner surfaces have a reflectivity of
approximately 309, at 5935 A. The plate separation was adjusted to give a free spectral
range (FSR) of 4.37 cm™, which exceeds the bandpass of the grating (~3 cm™ full
width). This etalon decreases the laser bandwidth from approximately 1 cm™ to 0.25
cm~! FWHM. At a fixed grating angle, the laser can be tuned approximately 1.5 cm™






ANALYSIS OF THE NO, ?B; 5933 & BAND 171

about the center frequency passed by the grating without jumping to an adjacent order
of the etalon. The etalon is situated in a thermally lagged housing and maintained at a
constant temperature (40.05°C) by circulating water from a constant-temperature
bath through the brass housing. Further narrowing of the laser bandwidth is achieved by
the use of two quartz plates (uncoated, A/20 flatness) which serve as auxiliary etalons.
The plate thicknesses are 1 cm (FSR ~ 0.34 cm™) and 0.3 cm (FSR ~ 1.14 cm™)
and decrease the laser bandwidth to 0.035 cm™ FWHM, as determined interferometri-
cally (see Fig. 3). The auxiliary etalons increase the average intensity/cm somewhat
and dramatically improve the frequency stability.

The fluorescence cell is placed inside an external multiple-reflection cavity formed by
refocusing the laser beam back into the dye cavity by means of a 1009 reflecting mirror
(3 m radius of curvature). The fluorescence signal increases by a factor greater than 4
over single-pass intensity.

The fluorescence is collected by a lens and observed at right angles to the excitation
direction with a 1 m spectrometer (SPEX 1704) equipped with curved slits and a 1200
line/mm grating blazed for maximum efficiency at 10 000 A. Emission spectra are re-
corded in second order which provides a dispersion of ~3.2 A/mm. A dove prism is
used to rotate the fluorescence image into coincidence with the spectrometer slit orienta-
tion. The signal from an EMI 9659 photomultiplier (S-20 response) is fed into a PAR
CW-1 boxcar integrator using a 15 usec observation window initiated by the laser trigger.
The fluorescence spectra are obtained by scanning the specirometer with a stepping
motor (typically at 0.9 A/min for high-resolution spectra) through the spectral region
of interest. For rotationally resolved studies, the absolute wavelength of the NO; lines
is established by simultaneously recording the known standard lines of a Ne emission
lamp. In this way, the measurement accuracy of the NO; fluorescence lines is 0.1 A.

B. NO; Samples

The NO. (Matheson, 99.59, pure) is stored in a liquid nitrogen-cooled coldfinger. To
obtain an NO; sample, the coldfinger is raised in temperature using a dry-ice-acetone
bath and the condensate is pumped on to remove the more volatile constituents. After

several freezing—pumping cycles the NO, is admitted to the fluorescence cell. Only NO;

from pure white condensate is used. This purification procedure proved not to be critical
except for lifetime studies. The pressure for the fluorescence studies was in the range of
20-50 mTorr, as determined by a thermocouple gauge (calibration checked against the
known vapor pressure of NO; at the temperature of the dry-ice-acetone bath). The gas
handling system is grease-free as well as mercury-free.

C. Absorption Spectrum

The high-resolution absorption spectrum was photographed by M. M. Hessel using a
Kodak 103 emuision in second order on the Argonne National Laboratory (13) 9.1 m
concave-grating spectrograph with a dispersion of about 0.36 A/mm. Frequencies were
measured relative to thorium emission line standards (13, 14) using a Grant photoelec-
tric comparator. The reproducibility for unblended lines was approximately +=0.01 cm™.,

Fi6. 3. Interference fringes photographically recorded (200 laser shots). The separationbe tween
the fringescorresponds to 0.727 cm™ and the measured FWHM is 0.035 cm™.
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D. Laser Frequency Tuning

With the help of the 1 m spectrometer, the grating and primary etalon are tuned
simultaneously to the frequency of a standard Ne emission line located in the vicinity
of a desired excitation frequency. The fine tuning of the laser frequency so that it comes
into coincidence with an absorption line is accomplished as follows. The etalon is
fastened to an optical mount equipped with precision vernier micrometers. The microm-
eters are scaled to 10~ inch and rotate the etalon about the vertical axis with a 3 inch
lever arm. The laser frequency as a function of etalon rotation can be established by
using the resonance condition

v (cm™) = m/2nh cos 8, 1)

where 8 is the angle with respect to normal incidence to the inner reflective surfaces, %
is the plate separation (in cm), # the refractive index of the etalon medium (air in this
case), and m is the order passed by the etalon. For small angles of rotation, cos 8 can be
replaced by (1 + 34%/b%), where b is the lever arm length and 4 is the micrometer head
displacement from normal incidence (normal incidence causes laser action to occur off
the etalon reflective surfaces, allowing a convenient means of establishing this orienta-
tion). The dependence of laser frequency on the micrometer head position is established
from Eq. (1) by considering two frequencies in the same order m. The change in laser
frequency from »; to vz = »1 4 Av in the same order m resulting from a change in
micrometer position from d; to ds = d; + Ad is given by

AII/Ad = I:(dl + dz)/Z] (Vl/bz). (2)
Thus, provided d% < #?, the change in frequency (Av) resulting from a change in microm-
eter setting (Ad) is proportional to the mean displacement from normal incidence.

Given a known frequency (») at one displacement (d;) and a desired frequency {(vs),
the new micrometer setting (ds) is given then by rearranging expression (2) to yield
dy = [d® + (vo/v1 — 10202, 3)
This expression is independent of the nature of the etalon (free spectral range, etc.)
and requires only knowledge of the length of the rotation lever arm. This length can
be established empirically by tuning the laser from coincidence with one Ne standard
line frequency to another. In this way, the tuning calibration was established and pro-
vided a tuning precision of better than 5%,. That is, tuning the laser 2 cm™ places the
frequency within 0.1 cm™ of the desired value. Knowledge of the free spectral range of
the etalon then enables tuning of the laser to any desired frequency with this precision.
Fine tuning of the laser onto an absorption line is then accomplished by maximizing
fluorescence intensity.
III. RESULTS
Figure 4 shows a low-resolution fluorescence spectrum, uncorrected for photomul-
tiplier and spectrometer response, resulting from excitation at 5935.6 A. The relative
fluorescence intensities are characteristic of the emission caused by excitation in the
region 5930-5940 A indicating that the strongly absorbing states in this region all have
similar vibrational character (Franck-Condon factors). Furthermore, the strength of
the absorption and fluorescence together with results of the rotational analysis argue
that the transition is electronically allowed. The strong fluorescence derives from excita-
tion of the totally symmetric ground vibrational level. For an electronically allowed
transition, the prominent fluorescence features correspond to transitions between states
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F16. 4. Low-resolution (~20 cm™) fluorescence spectrum for excitation at 5935.6 & at 50 mTorr NO,
pressure.

of the same vibrational symmetry. Thus we conclude from the absence of emission to
odd quanta of »3 (symmetry &,) that the upper-state vibrational symmetry is totally
symmetric.

Much weaker vibronic transitions are also observed at various wavelengths in this
region. A “hot” band originating from the (0, 1, 0) vibrational level of the ground state
is excited here and gives rise to a weak (<0.19 of the strong emission) transition,
detected in the anti-Stokes region. In addition, weak features are observed, as reported
previously (12), which are best interpreted as originating from a 2B; upper state.

Transitions to these states as well as transitions involving the tails of nearby vibronic
states and perturbation-derived energy levels give rise to an apparent absorption con-
tinuum in this region at Doppler-limited resolution. The intensity of this background
absorption continuum contributes as much as 209, of the intensity of the strongest
resolved lines, as determined from the absorption spectrum and from the unresolved
laser excitation spectrum. The continuum is most pronounced where the resolved NO:
lines appear in the absorption spectrum, and seem to disappear where there are no NO
vibronic transitions.

Rotationally resolved fluorescence spectra were obtained by monitoring the emission
to the 3»; level of the ground state. Emission to this band is less intense than to either
vs or 2v; (see Fig. 4) but allows a considerably better determination of the value of the
quantum number K involved in the transition. This arises because of the large interac-
tion in the NO, ground state between rotation about the top axis (a-axis) and the bend-
ing vibrational mode (»2), which causes the rotational constant A to have the vibra-
tional dependence, A, = A — a"va — ¥2%,% Considering only progressions in »; and
transitions between levels having the same N, K values, the displacement from the
excitation energy of a fluorescence line for a near-symmetric rotor can be approximated
by the expression (15)

AE(v3) = E(0,7,0; N, K) — E(0,0,0; N, K) = w02
+ x29%22 + (Bo, — BONWV + 1) + [(4s, — 40) + (Byy — Bo)IK%.  (4)
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Since in the ground state of NOy, B,, = B, the expression reduces to
AE ('1)2) = wzo'l)z + x22°v22 — (0[207)2 + 720‘1)22)K2. (5)

Using recently determined values for the constants (/6) gives the energy difference
(cm™) AE(3) = 2246.07 4 1.16K? and the significant dependence of AE on K is
apparent.

Figure 5 shows rotationally resolved fluorescence spectra which illustrate this K
dependence. Excitation energies were used where several transitions lie within the laser
bandwidth. The expected origins for the transition sequence N — N’ in absorption
followed by N’ — N in emission for K = 0, 1, and 2 are indicated by arrows in the figure.
The identification of the K value is unambiguous at the resolution employed (~1 cm™
FWHM). The displacements, AE(3), determined from the fluorescence spectra are
2246.0 0.2, 2247.2 + 0.2, and 2250.8 & 0.2 cm™ for K = 0, 1, and 2 respectively, in
good agreement with the values calculated using Eq. (5).

The emission line pattern is characteristic of a parallel (¢-axis) transition following
AK = 0 selection rules. In general, only P- and R-emission lines are observed with the
present excitation intensity, the Q lines being considerably weaker, as expected for a
parallel transition (Z5). The identification of an absorption line as a P- or R-branch
member follows simply from the appearance of transitions to either the low-energy side
(P) or the high energy side (R) of the K origin line, as shown in Fig. 5. The identification
of the N values involved is made by comparing the fluorescence line separation with
known ground state energy differences. The ground state energies were calculated using
a complete matrix diagonalization doublet-asymmetric rotor computer program de-
veloped in J. C. D. Brand’s laboratory.® The ground state rotational constants reported
by Hurlock et al. (16) were used along with the microwave-determined spin con-
stants (17).

A densitometer tracing of the high-resolution absorption spectrum in this region is
shown in Figs. 6-8. The P, (0, and R branches in K = 0, 1, and 2 are clearly separated
and consequently the transitions are simply labeled by the upper-state quantum num-
ber N’ (K is the same in both states). Those transitions that have been identified by
fluorescence analysis are indicated by solid lines; the dashed lines identify transitions
that have been assigned by ground state combination differences. Individual Q-branch
members are not labeled.

Examination of the N’ values in K = 0 shows that even members of the branch are
missing. This arises as a consequence of the nuclear spin statistics in N'® O, which allow
only levels of A, or A, spinrovibronic symmetry to exist [In Hund’s case (b) states,
the spin functions are totally symmetric (Z8).] Only a 2B, state has missing even N
values for K = 0, thus providing direct proof of the vibronic symmetry of the upper
state.! As mentioned earlier, the absence of odd quanta of s in the fluorescence spectrum
requires the upper state to have only totally symmetric vibrational symmetry. This
establishes the 2B; electronic symmetry for this state.

3 We thank J. C. D. Brand and J. L. Hardwick (University of Western Ontario) as well as C. Seliskar
(University of Cincinnati) for making programs available to us.

4 The use of C;, symmetry is not meant to imply that the NO bond lengths are necessarily equal, since
tunneling through a reasonably small barrier allows the molecule to exhibit the same nuclear spin
statistics.
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F1c. 5. High-resolution (~1 cm™) fluorescence spectra in the region of 3, for excitation in the 5933 A
band at 50 mTorr NO; pressure.

value. These are indicated in Figs. 6—8 by the doubled lines. Anticipating the results
of the analysis, these doublets are ascribed to transitions involving the two spin com-
ponents F1(J = N + %) and Fe(J = N — }).

In Table I we present a listing of the line positions (in cm™) and their assignments.
All P-branch members shown have been identified from their fluorescence spectrum.
The R-branch members are assigned on the basis of ground state combination differ-
ences. In some cases (indicated by asterisks) the assighments have been verified by
fluorescence. The last column of Table I gives the difference between the observed
R-branch member position and the position calculated by adding ground state energy
differences to the observed position of the corresponding P-branch member. In assign-
ing the R-branch iransitions, the presence of spin doubling in the ground state sometimes
gives rise to ambiguities. If the spin splitting in the ground state is sufficiently large, i.e.,
larger than the uncertainty due to line position measurement or blending, a unique
assignment of a transition as either F; — Fy or F2— F; can be made. This appears to
be the casein the K = 1, N’ = 2 and 3 transitions and the choice made is shown in the

A larg number of the transitions are found as doublets with the same upper-state N
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last column of Table L. If the spin splitting is comparable to the line position uncer-
tainty, then we are confronted with a choice which is indicated in Table I. If only one
entry is listed for the line position of the R-branch member, then either choice of spin
components leads to a unique line assignment, i.e., a choice of either F; or F, for the
P-branch member leads to only one possible line assignment for the corresponding
R-branch member. Dual entries in this column occur in the lower N’ values of K = 2
where the two choices lead to two different (adjacent) lines for the corresponding
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F1c. 7. Densitometer tracing of high-resolution absorption spectrum (P branch, high N’ values) with
assignments.
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R-branch member. The low absorption intensity of these transitions prevents reliance
upon the quality of the residuals in making the assignment. Dual entries in the last
column are made where the two choices lead to differences exceeding 0.01 cmm—!. We have
also marked in Table I those transitions identified by microwave-optical double-reso-
nance studies of Tanaka et al. (9).

The quality of the fit of the R-branch members by combination differences is rea-
sonably good. The discrepancies between observed and calculated values, which are
somewhat larger than the uncertainty in line position measurements, are apparently
caused by the blending of lines. In particular the large discrepancy (0.05 cm™) for
K =0, N =3 at 16851.99 cm™ arises from a blend with an unidentified stronger
feature.

The intensity distribution in this band (see Figs. 6-8) is decidedly non-Boltzmann.
The peak intensity at room temperature in the P branch should occur at ¥' = 15. In
K = 0, however, the branch peaks at N’ = 7 and rapidly diminishes in intensity with
the last observed member being N’ = 17. There are no prominent absorption lines
belonging to this band at longer wavelengths. A similar intensity falloff is seen for
K = land K = 2. The P-branch transition to N' = 7, K = 0 gives rise to the strongest
emission intensity with a sharp drop in intensity at N’ = 9, K = 0. The system also
loses intensity prematurely as a function of K, both in absorption and in emission. The
intensity ratios of the K = 1 to the K = 0 subband and the K = 2 to the K = 0 sub-
band should be approximately 0.9 and 0.67, whereas the observed ratios are roughly 0.5
and 0.2, respectively.

In the R-branch region of the spectrum, there are a number of strong absorption
features which appear to be caused by a band whose origin lies further to the blue.
Laser-induced fluorescence has been obtained for the relatively intense unassigned fea-
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TABLE I

P-Branch members® R-Branch members?
NK-;. K+1’ NK—l-K+1” v (cm™) NK——]. K+1” v (cm™) obs—calc (cm™)
F, Fy
1a 202 16 847.82¢ 000 16 850.37¢ 0.00
303 404 46.20¢ 202 52.11¢ 0.00
46.03¢ 51.99¢ 0.05
Sos Gos 44.52¢ '™ 53.79¢ —0.01*
44.28¢ 53.55¢ —0.01*
707 8os 42.79¢ 06 55.44¢ 0.00
42.44¢ 55.11¢ 0.02
9 109, 10 40.88¢ 8os 56.89¢ —0.01
40.41- 56.46¢ 0.03
110, 11 120, 12 3880° 100, 10 5820° 001
38.23¢ 57.59¢ —0.03
139 13 143, 14 3é56 126, i2 5930‘: 000
150, 15 160, 18 32.72¢ 144 14 58.81¢ 0.00
170,17 180,18 27.76 164,16 57.18 —0.02
27.99 57.45 —0.02
212 318 46.96¢ 15 51.09 —0.01
312 443 46.27 21 52.31 0.03
45.86¢ 51.86¢ 0.01
414 515 45.18¢ 313 52.66¢ 000 —0.02
45.08¢ 52.58¢ 0.03 0.00
514 615 44.52 445 53.94 0.00*
43.98 53.39 0.01
615 T 43.31¢ 515 54.12¢ 0.007 —0.02
43.13¢ 53.94¢ 0.005 —0.02*
716 817 42.68 015 55.53 0.02
42.03 54.84 —0.02
818 9y 41.13¢ 711 55.28¢ —0.01
40.98¢ 35.11¢ 0.00
918 1049 42.93 817 59.18 0.00
42.44 58.68 —0.01
101,10 111, 11 39.17¢ 91 56.66¢ 0.01
39.04 56.50 0.01
Ui 12un 40.79 105 60.44 —0.02
40.60 60.29 —0.02
124,12 134,13 37.60 11,1 58.38 0.02
37.01¢ 57.81 0.00
134,12 144,13 39.17 12,11 62.26 0.02
38.80 61.91 —0.00
143,14 151,15 35.16¢ 134,18 59.30¢ 0.01
15,14 164,15 37.25 14,13 63.74 —0.,01
17118 18;57 36.56 164,15 66.61 0.06
35.11 69.99 —0.02
181,18 19,1 30.74 174,17 61.52 0.01
194,18 201,19 34.13 184,12 67.42 —0.02
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TABLE I—{continued)

P-Branch members® R-Branch members?
Ne_yxy' Ne_ k" v (cm™) Ne_,x.," v (cm™) obs—calc (cm™)
F Fa

204,20 214,21 27.99 19,1 62.11 0.03

214,20 22,21 3215 204,19 68.92 0.05

31.92 68.64 0.00

23,22 24; 9 29.76 22,2 69.91 0.04
3a 490 45.62¢ 22 51.46, 51.66 0.02 0.04
4p Sas 44.99¢ 392 52.58, 52.66° 003 —0.03
44.67 52.19, 52.31 —0.04 0.00
Ses 624 43.85 449 53.17 005 —0.00
43.31 52.58, 53.66 —0.00 0.02

625 726 42.79 524 53.74, 53.78 —~0.02 0.00%
42.57 53.51, 53.55 000 -—-0.02*

725 82 42.44 624 55.11 000 —0.01
%y 104 40.36 824 56.46 0.05 0.03
104 115,10 39.17 [ 56.88 0.00 0.02
38.91 56.64 0.01 0.00
113 125,10 37.84 10,5 57.31 0.02 0.01
122,11 13,12 37.01 115,10 58.10 000 —0.01
162,15 175,18 3234 125,10 60.21 0.04 0.03

s Identified by laser-induced fluorescence.

b Assigned by ground state combination differences. Asterisks denotes verification by fluorescence.
¢ Also observed and assigned by Tanaka and Harris (23).

ture lying between the R(4) and R(6) branch members of K = 0 (see Fig. 8). This has
beenidentified as a P-branch transition with N’ = 15, K = 3. Thelocationof the K = 3
P branch at this energy (16 854.56 cm™) is not expected, based on the location of the

a1 and Z — 9 aihhondas
Iy ™ 1 dallu IN = 4L dUballud.

IV. ANALYSIS

A. Rotational Line Fit

A full asymmetric rotor matrix diagonalization computer program for doublet states
was used to analyze the spectra. The program is based upon the asymmetric
rotor formulations of Raynes (79) and includes matrix elements due to spin interac-
tions of the types (NK |H| NK), (NK |H| NK x2), (NK |H| N — 1K), and
(NK |H| N — 1K =+ 2). The program adjusts the rotational and spin constants in
an iterative manner to obtain a least-squares fit to the observed line positions. The
upper-state constants are free to vary while the ground state constants are fixed to
rotational constants from infrared studies (16) and the spin constants from microwave
studies (7). The calculated line positions for this band revealed the presence of numer-
ous perturbations. As a consequence, the significance of including high-order terms in
the analysis, such as the spin matrix elements off-diagonal in both IV and K, are difficult
to assess.
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TABLE I

OsserveD aND CatcuLaTep® K=0O LINE POSITIONS
FOR P BRANCH MEMBERS

TRANSITION ASSIGNED SPIN v v v
0BS CALC 085 - CALC
N' N COMPONENT > o Z
KoKy, K, Ky, (cm-1} {cm™) (cm™)
: 2 F 16847-74° 16847-77  -0.03
ol 02 Fa 47-82 47-84 -0-02
3 a Fy 4603 46-04 -0-01
03 o4 Fp 46-20 46-19 0-0l
5 6 Fy 44-28 44-27 0-01
os os Fp 44-52 4451 001
7 s Fy 42-44 42:43 0-0l
o7 LY Fp 42-79 4a2-77 0-02
9 10 . F| 40-4) 40-34 -0-03
o9 oo Fa 40-88 40-89 -0:0l
0" 12 Fy 38-24 38-22 0-02
on 012 Fa 38-80 38-80 0-00
13 14 Fy 35-67
013 0 14 Fp 36:56 3639 017
15 16 F 3272 32:67 0:05
013 016 Fp 33:55
17 I8 Fy 28:00 29-09 -1-09
o7 o8 Fa 29-76 3015 -0-39

S Line positions ore colculated using both ground and upper state spin matrix elements.

4 This line , seen in the absorption spectrum, has been ossigned on the basis of
providing the best fit; its fluorescence spectrum was not investigated.

In the K = 0 subband, the analysis including spin effects provides a quite satis-
factory fit to the observed line positions up through N’ = 11, as shown in Table II.
The assignments of the Fy <> F; and F; <> F; transitions is based upon two points: (1)
the sign of the spin constant (ess + €..)/2 is determined by the relative positions of Fy
and Fy in N’ = 9, K = 0 as determined by the microwave study of Tanaka ef al. (9);
and (2) the ability of the present assignment to reproduce the remainder of the K = 0
line positions. For N’ = 13 and 15 we have located only one spin component, and at
N’ = 17 both spin components are seen but the fit has clearly gone awry.

The K = 1 and K = 2 subbands appear to be substantially more perturbed than the
K = 0 subband, and it is not possible to assign the spin components unambiguously,
except for the low N’ values of K = 1 (see Table I). Instead, the K = 1 subband was
fit by comparing the mean of the two observed line positions for a fixed N’ value with
the two possible calculated line positions. Where only one spin component was observed,
it was omitted from the fit.

In carrying out the fitting procedure, only N’ values up through 11 were used for
K = 0, and the N’ values of 2-6, 8, and 10-13 were used for K = 1, No N’ values for
K = 2 were used in the analysis since the constants obtained from K = 0and K =1
provided a satisfactory fit for K = 2, Moreover, inclusion of K = 2 in the analysis did
not seem warranted because of the larger scatter associated with this weaker and some-
what more perturbed subband.

Table III lists the upper-state molecular constants derived from this analysis, and
Fig. 9 illustrates the quality of the fit obtained for all the observed P-branch members.
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TABLE W

DERIVED UPPER STATE MOLECULAR CONSTANTS
FOR THE NO, 2B, 59332 BAND

MOLECULAR CONSTANT VALUE (cm™)
T, 16849-48
A, 7-85
8, 0:4224
B, 0451
Cy 0-394
cop * €co -0-0877
Dy (K=0,2) 3-5x10°%
Dy (K=1) axi07®

We have plotted in Fig. 9 the difference between the observed and calculated line posi-
tions as a function of the excited state quantum number N’. For the K = 0 subband the

residuals are formed hv comparing the observed line nositions with those calculated

fosiiluars Qic 10108 COIRpaiiil L0 0DserveQ 100 POSILIOLNs WILH LN0sC calliialec

using the full Hamlltoman 1ncludmg spin interaction. For N’ < 11, the residuals for the
F, and F, spin components coincide with the accuracy of the figure. For the K = 1 and
K = 2 subbands, the residuals represent the difference between the observed line posi-
tions and the mean of the calculated ¥y« F; and Fj <> F, transitions.

We have chosen to display separately in Fig. 9 the K = 1 subband residuals for even
N’ and odd N’. A sharp perturbation in the odd N’ values of the K = 1 subband is
readily apparent and dashed lines have been included in F ig 9 to serve as an aid in
recognizing the trends in the residuals. The fit found for the members of the K =0
subband and the K = 1 subband (even N’ values) is quite satisfactory for the lower N’
values. In K = 2 there is a larger scatter present in Fig. 9 but it appears to be randomly
distributed about the mean of the calculated position, which is based on the constants
determined from K = 0 and K = 1. The general appearance of the spin splittings in
the K = 1 subband allows qualitative estimates to be made regarding the magnitudes

and signs of the spin-rotation constants. To a first approximation,® the spin splittings
in the K = 1 subband can be represented, using Lin’s notation (20), as

(F1—F2)/(N+ %) = &+ (€aa — &)/ NV + 1) £ (ec — €55)/4, (6)

where &5 = 3 (ess + €.), F1and F; are the energies, and the (+) and (—) signs are
associated with the even N’ and odd N’ values, respectively, for the 2B, state considered

here. The absence of any observable trend that could be attributed to the (eqe — €s5)/
N/N -L- 1\ term aroues in Eqa. (6) that l‘a | is lesg than a few tenths of 2 e, The

PO Qighls 1R B4. U/ VAl | &q ) 15 1638 Lnal aiew ienins gr a ¢m . 1€

much larger splittings associated with odd N’ values coupled with the negative sign of

5 Tt should he noted that thege conclusions are based 1inon the acsumntion +ha

At should be note & ahoai P, 1)

that these conclusiens are based upon the assumption that the observed splittings
are not caused by interactions with local states and that the effective spin—rotation Hamiltonian derived
from a Van Vleck transformation retains its validity. The well-behaved nature of the K = 0 spin split-
tings would seem to justify the assumption in this subband.
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Fic. 9. Deviations between the observed and calculated line positions as a function of the excited
state rotational quantum number N,

s determined from K = 0 suggests that ey is negative and larger than e... Using the
mean splittings for the even and odd N’ values in the region 3 < N’ < 13 and setting
(€ae — &b)/N{V + 1) = 0 yields a rough value for ey of approximately —0.08 cm™,
while e, is determined to be less than 0.01 cm™.

Note that in Table III the centrifugal distortion constant Dy is unusually large and
a separate value is required for K = 1 different from K = 0 and K = 2. The magnitude
of the Dy values and the fact that it differsfor K = 0, K = 2, and K = 1, together with
the dramatic intensity falloff as N’ or K increases, argue for the presence of a substantial
interaction between this state and a number of others.

B. Perturbations

In addition to the smooth N'- and K-dependent perturbations, there is a sharp per-
turbation seen in the K = 1 subband (see Fig. 9). This sharp perturbation is interesting
in that a distinction is made on the basis of even and odd N” values. A strong interaction
is seen in both the F; and F» components of the odd N’ levels cutting between N' = 7
and N’ = 9 with a maximum resonance at N’ = 9, whereas little or no interaction is
observed in the even N’ levels in this region. The observation that the perturbation
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affects both the F; and F; components requires that the perturbing levels have the same

N value (selection rule AN = ﬂ\ in order to conserve J. A microwave-ontical double-

Qilll otaClrinr IkiL al 232 OIRCE L0 LOaCE L3 IO pLaeal QOUDNC

resonance signal from the 9 level of this system to a level, called x, lylng 47.6 GHz
higher in energy has been observed by Tanaka, Field, and Harris (21). They have con-
cluded that this mystery transition is to a J = 19/2 rotational state of some other vi-
bronic state which perturbs the 2B, 914 level. Using the known energies, this x level lies
approximately 8.65 cm™! below the directly observed 915 (J = 19/2) level (assuming the
lower energy transition is assigned Fy<«— Fs). The displacement of this level from its
unperturbed position is approximately 1.2 cm™. For a two-state interaction scheme in

which the perturbineg states are displaced eaually in energy, the unnerturhed nosition

4204 LLC pPpCILUI DS Slalls adt QUISpiallts thualsy A1 CLUTIE) )y +a0 WAPCILLI Ol posiiivil

of the x level would be placed approx1ma.tely 6.25 cm~! below the unperturbed position
of the 945 level and an interaction matrix element of approximately 3 coa™! would account
for the observations. However, it does not seem possibie, on the basis of a simpie two-
state model, to place a perturbing level 6.25 cm™ below the 9y, state and also above the
71 level (with AN = 0) without making unreasonable demands on the B value of the
perturbing state. Since the unperturbed separation of the %5 and 7,6 levels is approxi-
mately 17.7 cm™, the separation of the corresponding N = 9 and N = 7 levels of the

erturbing state would at best (assuming an N-dependent matrix element) be roughly

pe
6 cm! requiring a B value of 0.18 cm™.. Furthermore, the displacements involving
N’ =5 and 11 would not be reproduced. The possibility that more than one vibronic
state is responsible seems unlikely in view of the regular behavior of the displacements.
A further possibility is that a single state is responsible but due to simultaneous inter-
actions between the two principal states and others, the resulting energy displacements
are unsymmetrical.

The distinction made between even and odd N’ values can occur with AK = 0 selec-

Jag har allacein o  — 1 amavagwy lavela af 4ha mamtenhine cdnéa ~orraanand
LlUl.l ruies IJ)’ dllUWllls l,l.lC I — 1 Cllclsy IEVELS OI Luc PCL ur Ullls oLatc LU LULICDPUIILI.
closely to a symmetric top. The asymmetry distortion of the observed 2B, K = 1

energy levels would then allow one set (odd N') to come into resonance with the per-
turbing state while affecting only a subtle displacement of the even N’ energy levels.
Similarly, the K = 2 energy levels of a perturbing state could give rise to this distinc-
tion. An appealing candidate for interaction is the K = 0 sublevels of a perturbing
state when, due to nuclear spin statistics, only one set {(even or odd) of N’ levels exists,
and an obvious distinction is made. The condition that AN = 0 requires this state to
be a vibronic 2B, state providing interaction with the odd N’ values only. The electronic
2B, state can couple with the 2B, state through the interaction electronic orbital motion
about the b-axis (symmetry z-axis) with either molecular rotation or electronic spin
(spin—orbit) about this axis providing AK = =1 selection rules. If, indeed, the 2B,
electronic state is responsible for the perturbation, an estimate of the frequency of the
symmetric stretching motion of this state is possible. Using the origin of the 2B, state
determined by Brand and Hardwicke (5) and assuming a B value of 0.37 cm™ (in
qualitative agreement with the observed perturbation) would place the origin of this

2R <rilwn ity 1 qént + 146 QKD 1 T 3
B, vibrational state at 16 862 cm™. The (0, 1, 0) band origin is calculated to be at

~15 662 cm™!, which leaves a difference of 1200 cm™ as the vibrational frequency of
the symmetric stretching mode of this state. If the above interpretation is correct,
then progressions in upper-state v, differing by ~1200 cm™ from the fundamental pro-
gression should be observable in absorption.
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Speculation regarding the nature of the perturbing state(s) is a particularly tenuous
endeavor without substantial experimental information to provide guidelines. The un-
certainties are compounded in multiplet states where spin-orbit coupling must be enter-
tained along with the possibilities of vibration—rotation (Coriolis), vibration-electronic,
and rotation—electronic coupling between states as well as higher-order combinations of
these interactions.

Verification of a particular mechanism should be possible using laser-induced fluores-
cence since the rotational fluorescence of the mixed state will, in most cases, differ from
the pure state. Examination of the rotational structure of the emission from the per-
turbed 9 level failed, however, to provide information regarding the nature of the per-
turbing state. Several weak emission lines are observed Wthh do not correspond to the
expected P and R transitions from 933 but the low intensity of these features has pre-
vented a detailed interpretation. More intense laser excitation should aliow a definitive
investigation of the nature of these interactions.

V. DISCUSSION
The technique of tunable, narrow-band laser-induced fluorescence has proved to be

Aatve nrahe af tha vatat 1 at £ £ ¢hic haond Tha »na ava rowaalas o
an incisive Prooe o1 the rotational structure of this band. The results have revealed the

presence of numerous perturbations in this band which make assignments by tradi-
tional techniques exceedingly difficult and fraught with uncertainties. We have suc-
ceeded in assigning approximately 130 transitions in the NO; 5933 A band and we find
that the upper-state energy levels are well represented, on the whole, by the formulas
appropriate to a near-prolate symmetric top (x, = —0.994). Although we do not now
understand the nature of the observed anomalous intensity distribution, the present
analysis enables us to determine the geometry of the excited state. Of course such a
determination is subject to the possible uncertainties arising from a failure to com-
pletely deperturb the system. Nevertheless, we believe it is possible to extract a mean-
ingful albeit approximate structure of the NO. 2B, excited state from the moments of
inertia obtained in this analysis.

The NO, molecule is a 17-valence—electron system. A qualitative picture of the
geometry expected for the electronic states of NO. is provided by the Walsh diagrams
(22). The NO, X 24, ground state has the electronic configuration (1¢1)? (155)? (2¢4)?
(1802 (331)% (2b2)2 (3b2)? (1a2)? (4ay) and is predicted to be bent, where we use the nota-

A At o L ul s nl o lo e mehitala givran b Rasrmalla of 27 (72 Tha lasract 1
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NO: 2B, state has the electronic configuration (1a,)? (185)% (261)? (161)2 (3a1)? (2b2)? (3b2)
(1a2)? (4a.)? and is also predicted to be bent. The 90° conformation is heavily favored
by the (4a¢,) orbital while the (3b2) orbital shows a slight preference for the 180° con-
formation. Since the NO; 2B, state differs from the X 24, state by the promotion of an
electron from the bonding (3b.) orbital to the nonbonding (4a:) orbital, the Walsh
diagram predicts that (1) the 2B, state of NO. should have a substantially more acute
bond angle than the ground state, and (2) the NO bond distance in the 2Bs state should

he lancer than in tha Y 24. otate
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We turn now to the determination of the excited state geometry from the deduced
molecular constants. The values of the rotational constants given in Table III for
K = 0,1, and 2 ought to be regarded as phenomenological in that they simply represent
constants which reproduce the residuals reported. The Dy constant used in the analysis
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must obviously be viewed in this sense because of the different value required for K = 1
and also because of the significant intensity decrease with increasing N. Furthermore,
the observation of N’ = 15, K = 3 at 16 854.56 cm™ questions the mechanical sig-
nificance of the 4, value reported here. We have been informed (23) that a number of
observations of P-branch members of K = 3 and K = 4 subbands have been located
to the blue of the 16 849.48 cm™ band origin. Assuming that these higher K subbands
are associated with the same upper-vibronic state, their location requires an 4, value
considerably larger than the 7.85 ¢cm™ found for K = 1 and 2. A perturbing state
coming into resonance between K = 2 and K = 3 would account for this observation.
An alternative exnlanation is that the apnarent band svstem in this region is a comnosite
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of vibronic states derived from a given Born-Oppenheimer state interacting with a
number of other states. The resulting spectrum is then derived from transitions to these
daughter states having, on the whole, complementary intensity distributions, i.e., the
sum of the individual intensity distributions would recapture the Boltzmann distribu-
tion for a near-symmetric top. It is felt that the constants B and C represent more nearly
the constants of mechanical significance for this band. In particular, the interactions
responsible for the large apparent distortion correction have a strong dependence on

the quantum number N and plots of the residuals. not including this correction, smoothlv
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approach zero residual values in an asymptotic fashion as one approaches low values of
N. Hence, the fit to low values of N excluding distortion extrapolates to essentially the
same B and C values as those obtained using higher ¥ values including distortion. The
B value reported here differs somewhat from that reported by Abe (6a) in the 5145 A
region (0.477 cm™!) and by Brand (7) in the 6470 A region (0.345 cm™). However, as
pointed out by these authors, the possibility that the constants obtained are determined
in part by local perturbations (7) or different vibronic transitions (6a) cannot be ruled

out in x'npn'r of the limited number of rotational levels excited
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The large inertial defect found for this band, A = 3.26 amu A2, can be attributed to
nonrigid rotation about any or all of the three major axes. In the ground state of NOs,
the interaction of the bending vibration and rotation about the g-axis gives rise to a
substantial dependence of the A, value on the number of vibrational quanta excited;
on the other hand, the B, and C, constants show little dependence on the bending
motion. Brand and co-workers (7) have tentatively made the vibrational assignment of
the 5933 A band as 14! 2¢° 3,°. Thus, given the fact that the 4, value is already suspect

in view of the nossible perturbation of the K sublevels. together W!fh the exnected Qh‘npo‘
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dependence of 4, on the number of bending quanta excited, we make the assumption
that the inertial defect is contained wholely in A4,. With the further assumption that
B, and C, do not depend on the vibrational state, a rough estimate of the N-O bond
length and the O-N-O bond angle at the (0, 0, 0) origin of the 2B; state is made of
7o = 1.31 A and 8, = 111°. Although our estimates of r and 6, are admittedly quite
crude, we cannot doubt their qualitative significance, namely, that the NO; 2B, state is
considerably more bent than the NO, 24, ground state (24) (8, = 134.25°) and that the
bond length of the 2B; state is significantly longer than that of the 24, ground state
(re = 1.197 A). These findings are in agreement with the qualitative arguments based
on the simple Walsh diagrams. The values obtained here may be compared to the
theoretically calculated equilibrium values of Burnell, May, and Gangi (fe¢) who find
8. = 101.3° and with the most recent ab initio calculations of Gillespie ¢t al. (25) who
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find 6, = 101.7°, and r, = 1.26 A. The qualitative discrepancy between the extrapo-
lated experimental geometry determined here and the best calculated geometry is pre-
sumably caused primarily by our failure either to fully deperturb the analyzed band or
to accurately account for the vibrational dependence of the rotational constants. The
analysis of additional bands by laser-induced fluorescence will provide increased con-
fidence in the geometry of the NO; 2B; excited state and further our understanding of
the nature of the interactions responsible for the perturbations seen in this system.
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