
Climbing the Bending Vibrational Ladder in D13C15N
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Using a newly constructed Fourier transform emission apparatus, we have measured the threefold substituted HC
isotopomer, D13C15N, at 1370 K in the range from 450 to 700 cm21. We could assign hot bands with upper states up tov 2

l 5
1212. The assignments have been verified for states up tov2 5 5 by fitting with earlier room temperature absorption
measurements of overtone and hot bands. The intensities are shown to be in qualitative agreement with the expected inten
pattern for such emission spectra. All the measurements for D13C15N have been combined in a single least-squares fit that
includes approximately 2700 rovibrational lines which have a root-mean-square deviation on the order of 0.000 4 cm21. The
spectroscopic constants for the bending statesv2 5 1, . . . ,12 arereported, as well as for some combination states involving
the other vibrational modes. We also give the spectroscopic constants of various states of DCN, D13C14N, and D12C15N which
where obtained from room temperature absorption measurements.© 1999 Academic Press
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The spectrum of hydrogen cyanide, HCN, and that o
sotopomers has been measured extensively (1–5) because it i
ery simple and yet it shows many features that are of int
rom a theoretical point of view. The spectrum is also the b
or comparison with ab initio calculations (6–8). The bending
ode is of particular interest because of the large ampl
otion of the proton and also because the bending motio
irect pathway to the isocyanide isomer, HNC. In earlier w
aki (9) showed that high-temperature absorption meas
ents on HCN can be used to observe transitions to quite
ending states. In another high-temperature study Mak
ams (10) showed that absorption spectra of HNC could
btained in equilibrium with HCN.
The linear D13C15N molecule has three normal modes, t

tretching vibrations ofS1 symmetry, and the bending mode
symmetry:n1 is the CD stretch at 2581.64 cm21, n3 is the CN

tretch at 1885.32 cm21, andn2 is the degenerate bending mo
t 560.07 cm21. [Some workers use a notation that reverses
ole of v1 and v3 (11).] This is the first determination of th
ending mode fundamental wavenumber of this isotopom
ur knowledge.
Prior to this work there seem to have been only three pa

eporting measurements of this triply substituted spe
13C15N (12–14); all were microwave or millimeter wav
tudies. The present work was undertaken to obtain furthe
or a systematic body of measurements giving an overvie
he HCN potential energy surface and the pathway to iso
zation. This surface has been studied by various theore

ethods (8, 15).
Using a newly constructed emission apparatus, we

tudied the emission spectrum of the isotopically enric
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orm spectrometer (FTS) was used in the range from 45
00 cm21. We also report room temperature absorption m
urements of this and other isotopomers of DCN. The emis
pectrum gives many transitions to previously unobse
ending states up tov2 5 12 and some combinations of the C
tretch mode,n3, with various quanta of the bending mode,n2.
uch high bending states can be observed because
ibrational dependence of the harmonic oscillator trans
oment, which has been described by Makiet al. (3).
Parallel to the analysis of the D13C15N measurements, w

ave made similar analyses for DCN, D13C14N, and D12C15N.
he data for the latter three isotopomers came from r

emperature absorption measurements, some of which we
ntentionally enriched in deuterium (1–5).

Recently Bernath reported on the progress in high-resol
ourier transform emission spectroscopy (17). There exist
nly a small number of publications reporting the succes
ecording and analysis of high-resolution infrared emis
pectra of polyatomic molecules in the gas phase. Most o
ork has been done on diatomics, particularly on infra
lectronic transitions of molecules involving transition e
ents. The reasons for supplementing our absorption st
n the HCN isotopomers by infrared emission were as follo
i) to take advantage of the higher sensitivity and dyna
ange of emission spectroscopy, which is in principle a z
ackground method, (ii) to make accessible higher rov

ional states due to the substantial thermal excitation o
olecules at temperatures around 1370 K, and (iii) to ind
artial isomerization to the presently not fully character
pecies HNC and its isotopomers. Points (ii) and (iii)
trongly interconnected, since the bending vibration, which



be thermally excited very efficiently, may be considered as the
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285INFRARED SPECTRUM OF D13C15N
romoting mode for the isomerization process (10). In this
easurement, we did not see the isomer D15N13C. Results

oncerning the emission spectroscopy of the HNC isomer
e reported elsewhere.

EXPERIMENTAL ASPECTS

All measurements were carried out in Giessen with a Br
FS 120 HR Fourier transform spectrometer. The individ
CN isotopomers were synthesized by treating isotopic

abeled potassium cyanide (CIL, Andover, MA) with phosp
us pentoxide and H2O and D2O, respectively, as has be
escribed elsewhere (3).

mission Experiments

For emission spectroscopy, the spectrometer arrange
ad to be modified compared with the setup for absorp
xperiments by moving the sample cell from the output po

he entrance aperture of the interferometer. An emission s
ell was designed to optimize the signal-to-noise ratio for
as emission. The realization of this concept is shown to

n Fig. 1. The main components of the emission experim
ere the hot gas cell with cooled windows, an adjustable

or limiting the radiative field of view, and an evacua
hamber with transfer optics that focused the infrared emis
nto the entrance aperture of the spectrometer. Not sho
ig. 1 is the additional evacuated detector chamber that
ttached to the front exit of the parallel beam of the Bru

FS120HR spectrometer. Inside that chamber a combinati
wo mirrors provided the focusing of the modulated radia
nto the detector aperture. The advantage of this setu
omparison to using the standard detection chamber w
inimal number of mirrors between emission cell and dete

hus reducing the radiation losses.
The emission cell was a one-m-long quartz tube with 5

nner diameter fitted with KBr windows that, together w
heir seals (Viton O-rings), were held at room temperatur
water-cooled collar at each end of the cell. The central pa

he cell was enclosed in an electrically heated comme
urnace (RoK/A 6/60, Heraeus, Hanau, Germany) yieldin
eated region of 60 cm in length at up to 1500 K. To avoid
xchange and thus keep the high isotopic purity of app
ately 98% deuteration, the cell was treated several times
aseous D2O. Once the furnace and the preconditioned
ere at the required temperature, the cell was filled with
ample gas, D13C15N, to a pressure of 320 Pa, measured b
apacitance manometer (MKS baratron). For this pressur
ressure-broadening contribution to the linewidth was
.002 cm21. Although a further increase in pressure wo
ave brought a considerable increase in signal-to-noise

his pressure was the upper limit where pressure broad
id not yet dominate the spectral linewidth and lineshift eff

Copyright © 1999
 by
ill

r
l

ly
-

ent
n
o
ce
t
le

nt
is

n
in

as
r
of
n
in
a

r,

y
of
al
a

i-
ith
ll
e
a
he
a.

io,
ng
s

inewidth resulted from Doppler broadening, which was ab
.003 cm21 full width at half maximum (FWHM) at wavenum
ers around 600 cm21. The instrumental resolution was se
maximum optical path difference)21 5 0.0050 cm21, which
ives a FWHM of 0.003 cm21, just under the FWHM of th
xpected lines.
No indication of decomposition was found within the du

ion of the experiment of approximately 16 h (900 sc
ecorded at a scanner velocity of 1.27 cm/s). The spe
eatures remained constant during the entire data acqui
eriod. Unlike the stability found in these measurements
quartz cell, an attempt to record hydrogen cyanide emi

t further increased temperature in a ceramic cell failed, s
t was found that HCN decomposes efficiently in such a c

To exploit the signal-to-noise ratio in principle attainable
mission, an adjustable iris kept at room temperature

ntroduced to limit the field of view of the interferometer to
entral cylindrical volume of the emission cell. The aper
efined by this iris efficiently excluded the thermal continu
lack body radiation of the cell walls from the modulated
eam. A copper-doped germanium detector (Infrared Lab

ories Inc., Tucson, AZ) was used that limited the radiatio
avenumbers in the range 400–900 cm21. It was used with
andpass interference filter at liquid helium temperature in

he detector dewar. In practice, the room-temperature the
ackground cannot be blocked, and therefore the single-
pectra consisted of discrete D13C15N emission lines supe
osed on a modest thermal continuum. This situation tu
ut not to be a disadvantage, because on one hand the c
um could be removed by subtraction of an independe
easured background spectrum from the sample spectrum
n the other hand the continuum emission could be utilize
alculate the phase spectrum from the interferogram by
ertz method, which requires spectral energy over the e
avenumber interval within the detected range.
The rear window of the cell allowed the installation o
eNe laser with an expanded beam for the precise alignme

he emission light path. In this way the combination o
pherical and a plane mirror in the transfer optics cham
ould be carefully adjusted to image the emission perfect
he entrance aperture and to align the input beam alon
ptical axis of the interferometer. With the experimental s
escribed and the parameters summarized in Table 1, a s

o-noise ratio exceeding 1000 was achieved for the stro
mission lines.
The emission spectrum was calibrated by using the ca

ion factor determined for H12C14N emission lines again
12C14N lines from prior room temperature absorption spec
he absolute accuracy of the emission linepositions is a
0.0002 cm21. The absolute uncertainty of each band ce

an be estimated by taking the square root of the sum o
quares of the calibration uncertainty and the statistical u
ainty. Since the higher vibrational energy levels are de
ined by summing the band centers for several lower v
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286 QUAPP ET AL.
FIG. 1. Setup of the emission experiment.
Copyright © 1999 by Academic Press
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287INFRARED SPECTRUM OF D13C15N
FIG. 4. Loomis–Wood screen dump of thel max transitions of the first 11 bending transitions of D13C15N of which the highest 10 are visible. The colors
s follows: 011e0-000e0, black; 022e,f0-011e,f0, brown-violet; 033e,f0-022e,f0, violet; 044e,f0-033e,f0, gray; 055e,f0-044e,f0, green; 066e,f0-055e,f0, light blue;
770-0660, pink; 0880-0770, brown; 0990-0880, dark violet; 010100-0990, red; 011110-010100, yellow.
FIG. 5. Loomis–Wood screen dump of thel max-2 transitions of 053e,f0-042e,f0 to 01190-01080 of D13C15N. Colors are analogous to Fig. 4
Copyright © 1999 by Academic Press
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TABLE 1
Parameters of FTS Spectral Measurements for D13 15

288 QUAPP ET AL.
ional transitions, most of which come from the same spec
ith the same calibration, the error in the vibrational te
alues may be more accurately given by the productv2 3
60.0002) cm21.

bsorption Experiments

For the absorption measurements of the HCN isotopo
e used a commercial White-type multipass absorption
ade of borosilicate glass (Infrared Analysis Inc., New Y
Y). The cell had a base length of 0.82 m and a volum
pproximately 7 liters. The optical pathlength was varied

ween four and 24 passes. Sample pressures were restric
alues below 500 Pa to avoid significant pressure-induced
roadening and shift effects. Absorption measurements
ade on three isotopically enriched samples, D12C14N from
00 to 1250 cm21, D13C14N from 460 to 830 cm21, and
13C15N from 900 to 1250 cm21. Bands outside those regio
ere either measured in the emission spectrum of D13C15N, or

n absorption with samples containing H12C14N or heavy-atom
nriched samples of HCN.
For the calibration of the absorption spectra we used w

umbers of H2O present in the spectrum (18). Since the cali
ration constants were strongly dependent on the path-l
djustment of the multipass cell, each run had to be calib

ndividually. The uncertainty of the absorption measurem
ue to calibration below and above 1500 cm21 was determine

o be60.0002 and60.0004 cm21, respectively.
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ANALYSIS OF THE MEASUREMENTS

ssignment of the Transitions

In Fig. 2 we present an overview of the quite dense emis
pectrum of then2 region. The band center of then2 funda-
ental of D13C15N lies at 560.07 cm21. Note that theR-branch

egion is overlapped byP branches of the hotn2 transitions o
13C15N with band center at 705.01 cm21 (5). This impurity is
aused by residual H2O in the emission cell. Figure 3 sho
omeQ branches in then2 region. The assignment of tran
ions was aided by the Giessen Loomis–Wood program19).
his program cuts the spectrum into segments of 2B, whereB

s the rotational constant, and displays schematically con
ive segments, one above the other, on the monitor of a
onal computer. With a good estimate ofB0, and dB, lines
elonging to a single subband will appear aligned in a re
izable pattern. A peculiarity of the D13C15N isotopomer is
egular clustering in this presentation of the ladder of suc
ive l max hot bands of the bending mode. This is shown in
, while Fig. 5 shows a similar pattern for theR-branch

ransitions of thel max 2 2 hot bands. The nearly parallel curv
or the higher quantum numbers, beginning withv2 5 5, make
he assignment remarkably easy.

Estimated constants from previous data (12–14) or constant
etermined from a preliminary fit were useful in verifying
ssignments. For spectra such as these, with a high den

C N
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289INFRARED SPECTRUM OF D13C15N
ines, one must have a system for verifying new assignm
ased on predictions. Sometimes it seems we could assig
redicted transition because there is always a line nea
redicted position! We have used several criteria for verif
ur assignments: intensity,l -resonance splittings, rms dev

ion of the fit, and smooth variation of the rovibrational c
tants with vibrational quantum numbers.
From calculated intensities (see below) we know appr
ately how strong each transition should be. If a transitio

oo strong, it may be overlapped by another transition, bu
s too weak or is missing, then we must conclude that the
omething wrong with our other assignments for the ban
uestion. All transitions used in the fits had relative intens

hat were in approximate agreement with the expected
ntensity. No evidence was found for perturbations in the b
eported here for D13C15N.

In many cases theJ and l assignments of D13C15N could be
erified by the splitting of thee and f levels that can b
esolved at sufficiently highJ values. Even a crude appro
ation of the value of thel -type resonance constant will gi
n accurate estimate for theJ value at which the splittin
hould first be observed for levels withl . 1. As a genera
ule, we have found that most of the transitions could b
ith an rms deviation of 0.0004 cm21 or better. Weak trans

ions have somewhat larger rms deviations and some ju
ent had to be used to estimate what was an accep
ncertainty for the weakest transitions. In many cases a g
ibrational state was involved in more than one band.
tting procedure combines all the transitions involving a gi
tate to obtain a single set of constants for that state.
Figure 6 gives an overview of the transitions found

mission for D13C15N. The observed transitions are shown
old lines. In addition, we have measured the following t
itions in absorption: 0510–0310, 0530–0330, 0400–0200,

FIG. 2. Overview of the emission spectrum of then2 region for D13C15N.
he band center of the fundamental lies at 560 cm21. TheR-branch region i
adly overlapped byP-branch transitions of H13C15N.
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0 0. In Tables 2, 4, and 6 we give the largestJ value,Jmax, that
as included in the least-squares fit.

ibrational and Rotational Constants

The constants obtained from the analysis of these mea
ents are given in Tables 2 and 3 for D13C15N and in Table
–6 for the other isotopomers. The present analysis is the
s that given in our earlier papers, but we give in the ta
onstants that are based on a more standardized notatio
bserved transition wavenumbers,nobs, were fit with a nonlin
ar least-squares fitting program for which

nobs5 T~v, l , J!9 2 T~v, l , J!0, [1]

here the prime (9) and double prime (0) stand for the respe
ive upper and lower state term values. The term values,T(v,
, J), are given by the appropriate eigenvalues for the m
ormed with the diagonal matrix elements

v1, v2, v3, l , JuH /hcuv1, v2, v3, l , J&

5 G~v, l ! 1 Bv @ J~ J 1 1! 2 l 2# [2]

2 Dv @ J~ J 1 1! 2 l 2# 2 1 Hv @ J~ J 1 1! 2 l 2# 3,

nd with off-diagonal matrix elements

v1, v2, v3, l , JuH /hcuv1, v2, v3, l 6 2, J&

5
1

4
$qv 2 qvJ J~ J 1 1! 1 qvJJJ 2~ J 1 1! 2 1 ql~l 6 1! 2%

3 $~v2 7 l !~v2 6 l 1 2!@ J~ J 1 1! 2 l ~l 6 1!# [3]

3 @ J~ J 1 1! 2 ~l 6 1!~l 6 2!#% 1/ 2

FIG. 3. Part of the emission spectrum with theQ branches in then2 region
f D13C15N. The clusters at the high frequency end areR branch lines a

ntervals of 2B.
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290 QUAPP ET AL.
nd

v1, v2, v3, l , JuH /hcuv1, v2, v3, l 6 4, J&

5
1

16
rv$~v2 7 l !~v2 6 l 1 2!~v2 7 l 2 2!

3 ~v2 6 l 1 4!@ J~ J 1 1! 2 ~l 6 1!#@ J~ J 1 1!
[4]

2 ~l 6 1!~l 6 2!#@ J~ J 1 1! 2 ~l 6 2!~l 6 3!#

3 @ J~ J 1 1! 2 ~l 6 3!~l 6 4!#% 1/ 2,

hereJ is the quantum number for overall rotational ang
omentum,l is the quantum number for vibrational angu
omentum. The matrix has dimensions (v2 1 1) 3 (v2 1 1).

FIG. 6. Diagram of transitions in then2 band system of D13C15N. The dia
oints are connected by diagonal lines representing transitions, where

he consecutive sequences of diagonal lines cluster at nearly equal wav
he next are given at the end of each sequence. The positions of such c
he main diagonal for theDv 5 1, Dl 5 21 series. (Loomis–Wood scree
.) The small numbers within the grid, beside the lines for selected tr

ransitions.
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henv2 5 0 this is a 13 1 matrix for which the term value
(v, l , J), is given by Eq. [2]. For vibrationally degenera
tates the energy levels are divided intoe andf levels defined
ccording to their parity (20). For D13C15N the e levels are
elow thef levels for allP andF vibrational states, while fo
and G states thef levels are below thee levels. We hav

rbitrarily assigned a positive sign to theqv constants, whil
he signs of the remaining terms in Eqs. [3] and [4] are
etermined from the fit of the measurements.
The off-diagonal matrix elements given by Eqs. [3] and

epresent the effect ofl -type resonance, a type of Corio
esonance. As long as there are no vibrational resonance
sual definition of a vibrational transition,n0, is given by

n0 5 G~v, l !9 2 G~v, l !0, [5]

m is plotted as a matrix defined byv2 andl . Each grid point is a state, and t
bold lines are transitions observed in this work. Individual transitions along each o
umbers and the corresponding wavenumbers of the transitions from onoint to
ers of bands are given along the lower axis for theDv 5 1, Dl 5 1 series, and alon
mps of the transitions of the two sequences at the right are given in Fi
itions, are the calculatedL v scaling factors of the intensity of the correspond
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291INFRARED SPECTRUM OF D13C15N
lthoughn0 is not truly at the center of the band unless both
pper and lower states arel 5 0 states. The true center of ea
and,nc, is given by

c 5 n0 2 B9v l 9 2 2 D9v l 9 4 2 H9v l 9 6

1 B0v l 0 2 1 D 0v l 0 4 1 H 0v l 0 6.
[6]

he band centers,n c, for the bands measured in this work
iven in Table 7. Some older papers such as Ref. (9) definen0

n such a way as to be the same asn c. Another convenien

after Correcting f

Copyright © 1999
 by
eotation is to define a termG0(v, l ) relative to the zero-poin
nergy

G0~v, l ! 5 G~v, l ! 2 G~0, 0!. [7]

hese are the vibrational term values given in Tables 2, 4
. The least-squares programs used to obtain the consta
ables 2–10 are the same programs used for Refs. (1–5).
In only a few cases were all the higher order rovibratio

onstants adequately determined by the measurements.

) for D C N
l-type Resonance
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l-type Resonance Constants

TABLE
Rovibrational Constants
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Copyright © 1999 by
etermined, we estimated the approximate value of the con
hrough theHv, qvJJ, andrv terms. This was carried out by fittin
he various constants to a power series in the vibrational qua
umbers as indicated later and extrapolating to estimate the
f those constants that could not be determined because th
ere too sparse or too inaccurate. The analysis was do
everal cycles. The first cycle determined which constants
eterminable from the data. Those constants were then fi
ower series in order to calculate the undetermined constan

he next cycle. Some constants which could not be determ
rom the measurements were then held fixed at the calcu
alues in the next fit of the measurements. This gave impr
alues for the determinable constants and the cycle was rep
his self-consistent procedure converged quite rapidly to giv
onstants reported in Tables 2–10.

ibrational Quantum Number Expansions

The constants given in Tables 2–6 were fit to the usual p
eries expansion in the vibrational quantum numbersv and l to
etermine a set of constants which could be used to predict fu
ovibrational constants and unobserved term values. We
uccessfully used such predicted constants to climb up the

4
in cm21 for D12C14N

l-type Resonance
(in cm21) for D13C15N
after Correcting for
Academic Press
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293INFRARED SPECTRUM OF D13C15N
ng vibrational ladder of D13C15N. The constants allowed us
alculate the emission lines for new vibrational transitions w
n accuracy of60.05 cm21 (10 line widths) or better whe
xtrapolating to the next higher level. For the vibrational cons
iven in Table 8, we used the expansion

~v, l ! 5 O
i

3

v i~v i 1 di / 2! 1 O
i#j

3

xij~v i 1 di / 2!~v j 1 dj / 2!

1 g22l
2 1 O

i#j#k

3

yijk~v i 1 di / 2!~v j 1 dj / 2!

3 ~vk 1 dk / 2! 1 O
i

3

yill ~v i 1 di / 2!l 2

1 O
i#j#k#h

3

zijkh~v i 1 di / 2!~v j 1 dj / 2!

[8]

3 ~vk 1 dk / 2!~vh 1 dh / 2! 1 O
i#j

3

zijll ~v i 1 di / 2!

3 ~v j 1 dj / 2!l 2 1 zllll l
4 1 z222ll~v2 1 1! 3l 2

1 z22222~v2 1 1! 5.

for
D12C14N, D13C14N, and D12C15N
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ts

f the subscript from 1 to 3 for the three normal modes
$ k $ j $ i . The vibrational degeneracy is given byd1 5

3 5 1 andd2 5 2.
Since the emission measurements for D13C15N go to very

igh bending states, it was necessary to include consta
q. [8] that involve high powers in the bending quant
umber as well as high powers for the quantum numbe

he vibrational angular momentum,l . To make the constan
omparable, the higher order terms were given the s
alues for the other isotopomers of DCN. In those ca
here independent values can be obtained for all is
omers, it can be seen in Table 8 that they only differ b
mall amount. In those cases where a constant could n
etermined for any isotopomer, it was necessary to set
ero in the least-squares fit to Eq. [8]. All thexij constant
ould be determined only for D12C14N. Nakagawa an
orino (21) have given calculated values for those c

tants for D12C14N, D13C14N, and D12C15N and the ratios o
hose constants are very close to the ratios we obs
onsequently, we have used their calculated ratios to
ate the isotope shifts in those cases where the cons

ould not be determined from the measurements ma
his time. Strey and Mills (22) have also given calculate
alues for thexij constants. Although they give fewer s
ificant figures, their values are in fair agreement with th
f Nakagawa and Morino.
The rotational constants are fit to

Bv 5 Be 2 O a i ~v i 1 di / 2! 1 O g ij ~v i 1 di / 2!~v j

1 dj / 2!

1 gl l l
2 1 O g i j k ~v i 1 di / 2!~v j 1 dj / 2!~vk 1 dk / 2!

[9]

1 Ogi l l ~v i 1 di / 2!l 2.

he constants on the right side of Eq. [9] are given in Tab
n several cases certain constants could be determine
ome, but not all, isotopomers. In those cases the con
ere set equal to the value found for another isotopo
hen a constant could not be determined for any isotopo

t was set to zero. The centrifugal distortion constants give
able 10 were calculated by

Dv 5 De 1 O b i~v i 1 di / 2! 1 b22~v2 1 1! 2 1 b ll l
2

[10]

nd

Hv 5 H* 1 j2~v2 1 1! 1 j ll l
2. [11]

ere the asterisk indicates that the constant is neitherH 0 nor
e. The corresponding constants for the stretching m

ould not be estimated; they were set to zero. Thel -type
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esonance constants given in Tables 3 and 5 were fit t
quation

v 5 qe 1 O p i~v i 1 di / 2!

1 O p ij~v i 1 di / 2!~v j 1 dj / 2!
[12]

o obtain the constants ofqv given in Table 10. TheJ-depen
ent terms are obtained from the expression

qv J 5 q*J 1 p1J~v2 1 1! 1 p2J~v2 1 1! 2. [13]

able 10 gives the higher order constants only determine
he isotopomers D12C14N and D13C15N.

INTENSITIES

Aside from a frequency factor, the relative intensities
ransitions in emission are much the same as the re
ntensities of transitions in absorption. The absolute intens
re quite different, but in order to understand the form of
mission spectrum it is only necessary to consider the re

ntensities. In emission the intensity of a given rovibratio
ransition,Sm, can be approximated by

m 5 64p 4n m
3 Lv Lr exp[2~E9r 1 E9v!/kT#

3 273.15nAumu 2/~3hQrQvTF !,
[14]

Rovibrational Constants in c
after Correcting f
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he

or

f
ve
s

e
ve
l

hereQr and Qv are the rotational and vibrational partiti
unctions at the temperature of the measurement,n is
oschmidts number,E9r and E9v are the upper state rotation
nd vibrational energies,T is the temperature,F is the
erman–Wallis factor (assumed here to be 1.0),Lr is the usua
önl–London rotational intensity factor,L v is the vibrationa

ntensity factor (2), A is the isotopic abundance of the spec
eing considered,nm is the frequency of the line, andm is the
ibrational transition dipole moment. In Eq. [14] we ha
gnored the effects of self-absorption which are particul
mportant for understanding any quantitative intensity m
urements because of the configuration of our sample
hich has a layer of cool gas between the hot gas at the c
f the cell and the cold windows.
Maki et al. (2) have shown that for molecules where Fe

esonance can usually be ignored, such as HCN, one
ssume that all the hot bands for a given vibrational trans
ill have nearly the same transition dipole moment,mm. Then

he most important terms that will be different for each em
ion line will be the Ho¨nl–London term,Lr , the vibrationa
ntensity factor, L v, and the Boltzmann population of t
mitting state. The frequency factor also becomes importa

hese low wavenumbers, but we shall ignore that factor fo
ime being. For the present caseDv2 5 v92 2 v02 5 1, therefore
he vibrational intensity term has the form

Lv 5 ~v 02 1 l 0Dl 1 2!/ 2g, [15]

for D C N and D C N
l-type Resonance
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hereDl 5 l9 2 l0 andg is 2 unless eitherl9 5 0 or l0 5 0. As
n example of the significance of this term Table 11 show
alues of theLv term for all the allowed transitions withv02 5 6.
xcept for the weakest three transitions at the bottom of the

hese transitions have been observed and the intensities
ough agreement with Table 11 although we have not trie
ake any quantitative intensity measurements.
The effects of the rotational Ho¨nl–London term,Lr , are

qually important. ForP-branch transitions

Lr 5
1

2
~umu 2 lDl 2 1!~umu 2 lDl !/umu [16]

Measured in the
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e

le,
in

to

nd forR-branch transitions

Lr 5
1

2
~umu 1 lDl 1 1!~umu 1 lDl !/umu [17]

here umu 5 ( J9 1 J0 1 1)/ 2, l 5 l 0, andDl 5 l 9 2 l 0.
able 11 also shows the value of these terms forJ9 5 12.
hese emission spectra have an intensity pattern that is e
lent to that of a perpendicular transition for a symmetric ro
he intensity pattern resulting from the productL vLr explains
hy we are able to observe high levels ofv2 only for the

) for the Infrared Bands
resent Analysis
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ighest possiblel values,l 5 v 2. Of course, the density
ines and the signal/noise level precluded observing lines
ere very weak.
As mentioned earlier the frequency factor can also be

ortant for such long wavelength emission spectra. A
xample, the highest wavenumber transition is near 690 c21,
nd the lowest wavenumber transition used in our analy

) for the Vibrational E

TAB
Rotational Constants (in cm21 3
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-
n

is

ear 460 cm21. Just from the frequency factor alone the hig
avenumber transition would be stronger by a factor of (693/

460)3 5 3.4. In addition, the sensitivity of the spectromete
ower at lower wavenumbers. Both these factors contribu
he obvious drop-off in intensity seen in the lower wavenum
egion in Fig. 2. It also happens that the lower intensityDl 5
1 transitions occur in the lower wavenumber region.

rgy Levels of Four Isotopomers of DCN

9
3) for Four Isotopomers of DCN
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The constants given in Tables 8–10 are in good agree
ith those given by the force field calculations of Nakag
nd Morino (21) and Strey and Mills (22). In addition, the
ibrational dependence ofD andq and the ratio of their value
or the different isotopomers are in good agreement with
redictions of Nakagawa and Morino (23). The current bes
stimate of the value forBe for D12C14N, 36 331.856 0.23
Hz, is well within twice the standard deviation of the ear

alue given by Winnewisseret al. (24), 36 329.496 1.53
Hz.
It is interesting to note that the bending vibration is not v

nharmonic since 10 constants are enough to fit fairly we
9 observed bending levels that extend up tov2 5 12. It was

ound earlier that one almost needed a new constant to fit
easurement of a new stretching state for HCN.
For the first time these measurements show that the

TABLE 10
Some Higher Order Constants in cm21
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nt
a

e

y
e

ch

nd

enter,n c, of the bending fundamental of D13C15N is at 560.07
m21. This work also demonstrates that emission meas
ents can be used to explore the ladder of bending vibrat

tates up to term values of 6700 cm21, much higher than th
round state of the isocyanide isomer, DNC. Our new
tants could also be used to improve by over an orde
agnitude the transition wavenumbers derived by Thanh
ossi (25) from literature constants for DCN. Because of
any new measurements on the deuterated isotopome

an confirm the assignments of the millimeter wave spec
iven for all four DCN isotopomers forv2 # 3 by Preusser an
aki (14). Their measurements as well as all other avail
ata were included in our fit. All of the data of D13C15N that
ere used in our fits are available as an addendum to
aper.1
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