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Abstract

The strengths or integrated absorption intensities of individual features in band v ¼ 6 v ¼ 0 of gaseous 14N16O

X 2Pr are measured at (297.35� 0.4) K with spectral resolution 6 m�1. For unresolved features near band heads

in R branches, partition of total intensity enables estimates for each transition, apart from spin-rotation doubling

and hyperfine effects. As a sum of these strengths of lines, the strength of the entire band centred near 1 083 606 m�1,

including sub-bands for both 2P1=2 and
2P3=2, is ð5:63� 0:28Þ � 10�27 m. We compare measured strengths with those

calculated from deduced values of transition moment for electric dipolar moment and Herman–Wallis coefficient.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Nitrogen (II) oxide, NO, participates in impor-
tant processes photophysical, chemical and even

biochemical. In an atmospheric context NO is a

significant product of fumes exhausted from en-

gines involving combustion of hydrocarbon fuels

with air as oxidant, and is also a primary product

of photochemical decomposition of atmospheric

nitrogen dioxide in relation to photochemical smog.

Quantitative knowledge of radiative balance of our
terrestrial atmosphere requires measurement of

absorption of spectral lines of atmospheric con-

stituents. There exists no previous report of mea-

surement of a band that corresponds to the fifth

overtone in the vibration-rotational spectrum of
NO. Despite its small intrinsic intensity, befitting a

fifth overtone, this band lies in the near infrared

region, about wave number 1:08� 106 m�1 or
wavelength 0.9 lm, at which there is great solar ir-
radiance, such that activation ofNOmolecules with

light in this near infrared region can produce en-

ergetic molecules that can transfer energy to other

species, such as O2 or O3, to promote their chemical
activity. For these reasons direct measurement of

strengths of lines in this vibration-rotational band

of NO is a worthy exercise in metrology.

2. Experiments

We recorded all spectra with an interfero-

metric spectrometer (Bomem DA8, evacuated to

*Corresponding author. Address: Department of Chemistry,

University of Southern Denmark, Campusvej 55, Odense M

5230, Denmark.

E-mail addresses: yplee@mx.nthu.edu.tw (Y.-P. Lee),

ogilvie@cecm.sfu.ca (J.F. Ogilvie).

1350-4495/03/$ - see front matter � 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S1350-4495(03)00122-1

Infrared Physics & Technology 44 (2003) 199–205

www.elsevier.com/locate/infrared

mail to: yplee@mx.nthu.edu.tw


�4 Nm�2) and a vessel to contain gaseous sam-
ples. The latter cylindrical cell (Infrared Analysis,

model 100, of White type) has an optical path of

length 1.375 m between mirrors that produce

multiple internal reflections for an absorbing path

of maximum length 107.25 m; spots in sequences
on internal mirrors from the beam of a helium–

neon laser enable a precise count of a number of

passes of the beam through a gaseous sample, to

define a total length from increments eight times

the base path variable on adjusting the angle of a

field mirror. Because the strength of this band is so

small we employed the maximum practicable path

for all measurements, but we managed to measure
strengths of lines with pressures/105 Nm�2 in a

range [0.4, 1.075] according to a limit of the ap-

paratus. With a capacitance manometer (MKS

model 221A, precision 0.5% of reading), we mea-

sured the pressure of a gaseous sample before and

after each collection of interferograms. With a

digital thermometer (Omega, two thermocouples

of type K) that provides an indication of maxi-
mum and minimum temperatures (in �C) over a
duration of spectral measurements, we monitored

the temperature of the vessel; for all spectra sub-

jected to analysis of line strengths, the mean tem-

perature was 297.35 K, and a maximum acceptable

variation of temperature was �0.4 K.

For all spectral measurements we employed a

beam splitter made of fused silica, a tungsten fila-

ment as source and an avalanche Si photodiode at

ambient temperature as detector. To limit the region

of radiation reaching the detector we employed op-

tical filters (CVI Corporation), with a pass band/
106 m�1 [1.02, 1.14] at half maximum transmission.

To attain a ratio of signal to noise sufficiently large,

�20 at best, for the weak lines being measured, we
accepted a spectral resolution 6 m�1, which was

worse than the ultimate resolution 0.8 m�1 of the

interferometer in this region but still significantly

greater than minimum widths of measured appar-

ent lines in our spectra of NO, about 9 m�1 at the
smallest pressure. About 600 interferograms ac-

cumulated over 13.5 h were co-added; a result-

ing interferogram was converted through Fourier

transform into a spectrum with apparent energy as

a function of wave number. A ratio of that spec-

trum with a reference spectrum yielded an absor-

bance spectrum, such as that appearing in Fig. 1.

To process these data, and for further analysis of
spectra, we employed software (Grams, Galactic

Industries) designed to operate with the interfero-

metric spectrometer, a commercial spreadsheet and

a symbolic processor (Maple, Waterloo Maple

Inc.) for regression procedures; we carried statisti-

cal information through the analysis.

wave number/106 m-1

1.076 1.080 1.084

ab
so

rb
an

ce

0.002

0.006

0.010

Fig. 1. Vibration-rotational band 6–0 of gaseous 14N16O, at pressure 73 460 Nm�2, temperature (297.35� 0.4) K and length 107.25 m

of optical path, in electronic ground state X 2Pr; decadic absorbance plotted as a function of wave number recorded with spectral

resolution 6 m�1.
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Passage of gaseous NO (AGA Specialty Gas,

nominal chemical purity 99.0% in a cylinder as

received) through a trap charged with silica gel and

cooled to 195 K served to remove other oxides of

nitrogen but not N2 or O2. Because the gas cell had

a large volume and large area of internal surface,
its evacuation through a narrow valve presented a

problem for removal of residual water vapour,

notorious for its retention on polar or metallic

surfaces. As the region of band 6–0 of NO, hence

involving six vibrational quanta in the transition,

corresponds to absorption by water molecules in

transitions involving only three vibrational quan-

ta, vestigial water vapour even at a much smaller
pressure can absorb as intensely as NO. Although

some lines due to water vapour remain visible in

the figure near 1:075� 106 m�1, on heating the cell
and protracted pumping we removed much water

so that there was minimal interference with mea-

surable features of NO.

3. Analysis of spectra

In its electronic ground state X 2Pr, NO has net

electronic orbital angular momentum that couples

with net spin angular momentum, reflecting elec-

trons of odd number, to produce two substates
2P1=2 and

2P3=2 [1]. For NO this coupling of orbital

and spin angular momenta is characterised ac-
cording to a parameter Ae � 12325 m�1; as implied
by a symbol 2Pr, substate

2P1=2 lies below substate
2P3=2. Because Ae has a value much smaller than
harmonic vibrational parameter Y1;0 � 190 413
m�1, for small values of quantum number J for
total angular momentum including a rotational

contribution, NO tends towards Hund�s limiting
case a; for large values of J , spin uncoupling makes
this limiting case tend towards case b. As Ae is less
than mean thermal energy, corresponding to 20 657

m�1 at the temperature of our measurements, both

substates have comparable populations in states of

the same value of J 00 for the state v ¼ 0. Apart from
hyperfine effects resulting from finite nuclear spin

on 14N, each rotational state in each electronic

substate comprises two components, labeled e and
f, corresponding to formal degeneracy implied by

an electronic state of type P, but an influence of

molecular rotation eliminates this degeneracy.

With rotational selection rules DJ ¼ �1, 0 and
þ1, this condition yields 24 rotational branches
associated with a given change of vibrational quan-

tum number, Dv > 0. Of these branches, 12 corre-

spond to a change also of total electronic angular
momentum, implying transitions between two

electronic substates; being much weaker than cor-

responding transitions within each separate sub-

state, such transitions in two satellite bands are not

detectable in our present experiments. Of 12 re-

maining branches, divided into two P, two Q and

two R branches for a vibrational transition within

each substate, the splitting/m�1 originating from
spin-rotational interaction in an expected range [0,

5], depending on substate, rotational branch and

value of J 00, is too small to be detected in our
measurements because of both our spectral reso-

lution and collisional broadening of spectral lines

at pressures of sample that we employed. We like-

wise ignore hyperfine splitting of rotational tran-

sitions that has a maximum magnitude smaller
than 5 m�1. For this reason we observed features

that appear to be single lines in, in total, two P, two

Q and two R branches, one of each branch within

each substate. Because a line in either Q branch is

much weaker than a line originating in the same

lower state in P or R branches, only a few Q lines

are measurable, but for each P and R branch we

measured about 20 lines.
Each R branch has a head beyond which rota-

tional transitions reverse direction, tending toward

smaller wave number with increasing value of J 00.
These heads occur at J 00 ¼ 14:5, such that transi-
tions for both smaller and larger values of J 00 occur
with significant intensity. For this reason, not only

is there overlap of lines between R branches for

each separate substate but also there is severe
overlap and blending of lines near each head. In

our attempt to assign a strength or integrated ab-

sorption intensity to each individual feature, dur-

ing fitting of areas of lines we identified all likely

significant transitions and specified both their

wave numbers and their widths within narrow

ranges, allowing the fitting programme to yield

best estimates of individual contributions to a total
intensity of several blended lines. Wave numbers

are calculated as differences between terms of
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known vibrational states [2], and limits of widths

are set according to widths of isolated features

elsewhere in the band. For all lines we allowed a

combination of gaussian and lorentzian shapes in

the fitting; this procedure reflects an effort to ob-

tain optimal estimates of areas under conditions of
a moderate––at best––ratio of signal to noise and

multiple underlying transitions, as described

above. According to an expected wave number

and quantum number J 00 of a particular feature,
we recorded in a spreadsheet the stature, full width

at half maximum stature and area, as derived from

the fitting procedure at convergence, for gaseous

samples at three pressures. For lines in P branches,
to ensure optimal precision of measurement of

characteristics of each line, each region of fitting

was so narrow as to contain, typically, only two

discernible features; for lines in Q and R branches

the regions were adjusted to comparable widths

for isolated features, but were necessarily larger to

encompass several overlapping lines near heads of

R branches. According to these data, if all transi-
tions were isolated single lines, we might extract a

shift of wave number with pressure, a width of

wave number with pressure and a wave number of

a line extrapolated to zero pressure; under condi-

tions of only multiplets and many blended lines

and only moderate ratio of signal to noise at best,

such data essentially lack meaning, and only the

area of each double transition, due to spin-rota-
tional splitting, we consider further.

Within experimental error, integrated areas of

the same lines measured for samples at three var-

ied pressures within the total specified range are

proportional to the pressure of a sample; because

the integrated absorbance is thus within a linear

regime, we attribute the absorption to properties

of individual NO molecules with minimal inter-
ference from intermolecular interactions, although

an increasing width of a feature with increasing

pressure in the same range clearly indicates the

existence of such interactions; we hence neglect

effects of presence of (NO)2. At such small net

absorbances, <0.01, prospective distortion of line

shape due to effects of saturation of absorption is

negligible. An effective strength or integrated ab-
sorption intensity Sl of an apparent line is defined
according to an equation [1],

Sl ¼
Z
lne ½I0ð~mmÞ=Ið~mmÞ�d~mm=LN

in which an integral corresponds to a measured

area of a spectral line, L denotes a length of optical
path through an absorbing sample and N denotes

the number of molecules per unit volume; I0ð~mmÞ
denotes a signal at wave number ~mm in absence of a
sample, obtained from a reference spectrum, and

Ið~mmÞ denotes a corresponding signal in presence of
a sample. The integral is formally evaluated over

the entire range of wave number, but in practice

the line is fitted to gaussian and lorentzian forms in
optimal combination, from which an area is cal-

culated within a fitting procedure. For a gaseous

sample at pressure P and temperature T , we cal-
culated the number density of molecules N ac-

cording to a formula for an ideal gas,

N ¼ PNA=RT

in which NA is Avogadro�s constant and R is the
gas constant, with no correction for non-ideal

behaviour within the range of pressure employed

in our experiments. As vibrational states with

vP 1 lie at least 187 608 m�1 above the ground

state v ¼ 0, thermal population of those states af-
fects only 10�4 of the entire sample. Through a

factor 0.99394 we account for a presence of iso-
topic variants other than 14N16O in supposed

natural abundance. All such corrections are much

smaller than experimental error in measuring

strengths of individual features, 10% at best, or of

the total as band strength, 5%.

In Table 1 we present the strength of each

measurable apparent line, characterised by both a

value of quantum number J 00 for total angular
momentum of the lower state of the transition in

absorption and a wave number calculated as the

difference of published spectral terms [2]. From a

sum of all these strengths of spectral features de-

noting transitions within both substates,

Sb ¼
X

Sl

we derive a band strength Sb ¼ ð5:63� 0:28Þ�
10�27 m, in which an indicated uncertainty, here

and elsewhere, denotes a single standard error as-

sociated with a weighted mean from multiple
measurements on samples at three pressures. This
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band strength corresponds to a magnitude of

electric dipolar moment jp60j ¼ ð5:27� 0:13Þ�
10�35 C m for the pure vibrational transition. For

comparison, the corresponding magnitude of

electric dipolar moment p60 for this transition 6–0
from strengths of individual features [1,3] in the

sub-band for 2P1=2 is jp60j ¼ ð5:263� 0:019Þ�
10�35 Cm and Herman–Wallis coefficient C6

0 ¼
0:00596� 0:00089; for features in the weaker sub-
band for substate 2P3=2, jp60j ¼ ð5:378� 0:028Þ�
10�35 Cm and C60 ¼ 0:00590� 0:00097. The best
estimate of this transition moment from all data is

Table 1

Values of quantum number J 00 for total angular momentum of the lower state of a transition, wave number ~mm/m�1 of each apparent line
in P, Q and R branches, and line strength Sl/10�28 m observed and calculated, for vibration-rotational band 6–0 of 14N16O in electronic

ground state X 2Pr at (297.35� 0.4) K
J PðJÞ Sl;ob Sl;cal QðJÞ Sl;ob Sl;cal RðJÞ Sl;ob Sl;cal

Sub-band 6–0 for substate 2P1=2

0.5 1083605.77 0.22 0.20 1084076.38 0.44 0.40

1.5 1083104.18 0.47 0.38 1083574.79 0.12 0.08 1084359.13 0.79 0.71

2.5 1082738.80 0.68 0.66 1083523.14 0.04 0.05 1084621.21 1.17 0.98

3.5 1082352.77 0.96 0.88 1084862.63 1.38 1.20

4.5 1081946.07 1.15 1.06 1085083.34 1.38 1.38

5.5 1081518.71 1.14 1.18 1085283.35 1.52 1.50

6.5 1081070.67 1.27 1.25 1085462.63 1.53 1.57

7.5 1080601.95 1.24 1.27 1085621.17 1.55 1.59

8.5 1080112.52 1.35 1.25 1085758.94 1.53 1.56

9.5 1079602.38 1.29 1.19 1085875.91 1.47 1.49

10.5 1079071.52 1.04 1.10 1085972.06 1.32 1.38

11.5 1078519.92 1.08 0.99 1086047.35 1.29 1.26

12.5 1077947.57 0.94 0.88 1086101.76 1.16 1.11

13.5 1077354.45 0.64 0.76 1086135.25 1.30 0.97

14.5 1076740.56 0.79 0.64 1086147.79 0.65 0.82

15.5 1076105.88 0.60 0.53 1086139.34 0.51 0.69

16.5 1075450.40 0.54 0.43 1086109.88 0.77 0.56

17.5 1074774.10 0.30 0.34 1086059.36 0.37 0.45

18.5 1074076.98 0.22 0.26 1085987.75 0.33 0.35

19.5 1073359.02 0.24 0.20 1085895.00 0.28 0.27

20.5 1085781.08 0.18 0.21

Sub-band 6–0 for substate 2P3=2

1.5 1083430.42 0.34 0.39 1084236.16 0.25 0.26

2.5 1082570.37 0.28 0.25 1083376.11 0.24 0.24 1084504.06 0.50 0.45

3.5 1082172.12 0.47 0.41 1083300.07 0.15 0.17 1084750.15 0.68 0.60

4.5 1081752.25 0.41 0.53 1083202.33 0.15 0.12 1084974.45 0.73 0.72

5.5 1081310.77 0.66 0.61 1085176.90 0.68 0.80

6.5 1080847.74 0.74 0.66 1085357.52 0.72 0.84

7.5 1080363.17 0.79 0.68 1085516.29 0.69 0.85

8.5 1079857.10 0.66 0.67 1085653.20 0.93 0.84

9.5 1079329.57 0.59 0.64 1085768.26 0.86 0.80

10.5 1078780.60 0.64 0.59 1085861.44 0.68 0.74

11.5 1078210.25 0.65 0.53 1085932.76 0.66 0.67

12.5 1077618.54 0.41 0.47 1085982.21 0.49 0.59

13.5 1077005.49 0.35 0.40 1086009.78 0.52 0.51

14.5 1076371.16 0.38 0.34 1086015.50 0.45 0.43

15.5 1075715.56 0.25 0.28 1085999.33 0.43 0.36

16.5 1075038.73 0.23 0.22 1085961.29 0.29 0.29

17.5 1074340.70 0.25 0.18 1085901.39 0.28 0.23

18.5 1073621.49 0.14 0.14 1085819.61 0.13 0.18

19.5 1085715.97 0.08 0.14
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thus jp60j ¼ ð5:31� 0:13Þ � 10�35 Cm. For each

observed line the table includes a corresponding

strength calculated on that basis.

4. Discussion

Despite the importance of NO in atmospheric

processes, this work marks the first direct obser-

vation of a vibration-rotational band of NO in

electronic ground state X 2Pr for which Dv ¼ 6,
from the vibrational ground state in absorption.

For reasons already mentioned, no useful infor-
mation is derived from measurements of wave

numbers of features that are actually at least

doublets due to spin-rotational splitting––apart

from additional hyperfine splitting, of widths or of

shifts of features caused by collisional effects in our

samples at finite pressures.

According to entries in the table, measured

strengths of individual lines vary fairly regularly
within each branch, although we performed no

further manual smoothing after averaging for our

multiple samples at three pressures. Overlapping

and blended lines in the region of heads in R

branches are a further complication, but a strategy

of limiting both wave number and width of each

component contributing to a measured profile of

absorption seems to have proved reasonably ef-
fective. In P branches measurement of further lines

of NO is hampered by a presence of lines of water

vapour; the total contribution of all further lines of

NO to a total band strength is estimated to be less

than 10�29 m, which is much smaller than the es-

timated error of our total band strength. As all

features have small maximum net absorbance in

our spectra and as lines overlap and blend in a
region of heads of R branches, observed and cal-

culated strengths of lines generally agree satisfac-

torily in relation to rough values of measured

strength; agreement is typically superior for fea-

tures in a sub-band belonging to substate 2P1=2

than for those of substate 2P3=2 because of smaller

absorbances of the latter. For practical use in

other contexts, values of line strengths calculated,
rather than measured, are recommended because

calculated values result from application of two

parameters deduced from 80 separate absorp-

tion features through well established theoretical

relations [1,3]; with two parameters, namely jp60j
and C60 , according to their derived values, we not
only reproduce strengths of 80 apparent lines up

to J 00 ¼ 20:5 within error of measurement at

(297.35� 0.4) K, but also can estimate strengths of
lines within that range of J 00 at arbitrary other
temperature.

With the same samples we remeasured strengths

of lines in band 5–0 of NO near 9:1� 105 m�1,
yielding a band strength Sb ¼ ð5:058� 0:055Þ�
10�26 m at (297.35� 0.4) K. Apart from a factor

lne ð10Þ that was inadvertently omitted in calcu-
lating line strengths from integrated areas in our
previous work [4], such that all strengths of lines

and the total band strength there reported should

be multiplied by 2.3026, the present results are

consistent with the former results, which we made

on samples in an optical path of length only 20.25

m. A ratio of strengths of these two bands is thus

about 9, implying a much smaller decrease of ratio

for successive overtones than for CO [5] for which
the ratio is about 150. This condition reflects a fact

that with our present apparatus we can measure

strengths of individual lines in the fifth overtone

band of NO but only the third overtone of CO

[5].

We are aware of significant problems in deriving

intensities of lines under conditions of our exper-

iments and analysis, not only a small net absor-
bance of a line and severe overlap and blending of

apparent features near each head of an R branch,

but particularly the nature of unresolvable dou-

blets due to spin-rotational interaction [3], apart

from further complication from hyperfine effects.

We tested selected isolated apparent lines in two P

branches by fitting with either one or two lo-

rentzian components, and with either one or two
components of mixed lorentzian and gaussian

character; within an uncertainty indicated by fit-

ting a selected feature in varied ranges, the total

area is independent of such variation of fitting

conditions. As we can detect, within experimental

error, no deviation of profiles of isolated absorp-

tion features from what might be expected for a

line due to a single transition, we expect that error
from such sources is smaller than other error

present in our measurement of these weak lines.
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5. Conclusion

From measurement of strengths of individual

features in vibration-rotational band 6–0 of
14N16O in its electronic ground state X 2Pr, we
estimate, as a sum of contributions from lines in

both sub-bands consistent with fitting to lines in

each sub-band, a total band strength Sb ¼ ð5:63�
0:28Þ � 10�27 m at (297.35� 0.4) K, which is about
one ninth the strength of band 5–0.
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