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The infrared spectra of two isotopomers of deuterium cyanide, D12C14N and D13C14N, were measured in emission at temper-
atures of 1370 K and 1520 K, respectively, in the range from 450 to 850 cm−1 and, for D12C14N, also from 1800 to 2800 cm−1.
Assignments were made for rovibrational transitions to high bending states, v2 = 9 for D13C14N and v2 = 11 for D12C14N. To aid
and verify the assignments, bands of the lower bending states, up to v2 = 3, were also measured in absorption at room temperature.
A global fit was made of all measurements available to us for each isotopomer. In addition to giving the rovibrational constants
for each state measured, the power series expansion constants are also given and compared with those of the other deuterium
cyanide isotopomers. The D12C14N laser transitions are verified as arising from the consequences of the Coriolis interaction
between the J = 21 levels of the 0202 and 091e0 states. C© 2002 Elsevier Science (USA)
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INTRODUCTION

It is widely believed that the reaction path of the isomerization
between hydrogen cyanide and hydrogen isocyanide takes place
along the bending coordinate of hydrogen cyanide (1). This and
the simplicity of hydrogen cyanide have given rise to many stud-
ies of the potential barrier for this isomerization (2–4 ) and of
the bending motions of hydrogen cyanide (5–7 ) and hydrogen
isocyanide (8–10), of which only a few are mentioned in the
references.

Though the spectrum of hydrogen cyanide and the underlying
potential function of the isomerization was of great interest, a
potential function reaching from the hydrogen cyanide to the hy-
drogen isocyanide has not yet been published with spectroscopic
accuracy (11). In an attempt to guide the closing of this gap in the
theory, measurements of highly excited hydrogen cyanide and its
various isotopomers have been made in the Giessen Laboratory.
The current measurements deal with the spectrum of D12C14N
and D13C14N in the range of the bands of the bending motion
from 450 to 850 cm−1 and those of the stretching motions of
D12C14N in the range from 1800 to 2800 cm−1. The transitions
in the higher wavenumber range were found as an accidental
impurity in an emission spectrum of HCN used for HNC mea-
surements (12). The D12C14N spectra were thermally excited
Supplementary data for this article are available on IDEAL (http://www.
idealibrary.com) and as part of the Ohio State University Molecular Spec-
troscopy Archives (http://msa.lib.ohio-state.edu/jmsa hp.htm).
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to temperatures of 1370 K while the D13C14N spectrum was at
a temperature of 1520 K. A new oven was used for the higher
temperature measurements along with a new ceramic emission
cell. The oven was capable of heating the cell to 2000 K. It was
equipped with a controlling device that allowed the heating to
be adjusted by an external PC (personal computer) according to
a previously set heating program.

Until these measurements, there seem to have been only five
works reporting the rotationally resolved spectrum of D13C14N
(13–17 ). The earlier rovibrational transitions of D13C14N were
measured as impurity lines in absorption measurements that
were dominated by other isotopomers (16, 17 ). In an earlier
report of the absorption measurements used here (18) the ana-
lysis could be carried on up to the third bending vibrational level
of D13C14N.

A number of earlier measurements have been reported on the
infrared and millimeter wave spectrum of D12C14N. The most
recent also involved a summary of the results for all data on the
isotopomers of DCN available at that time (18).

Six laser transitions have been observed for D12C14N. Those
transitions (19) were attributed to the relatively high vibrational
states 0202 and 0910 which can now be quite accurately de-
scribed. The present work verifies the assignment of the laser
transitions and makes use of the very accurate frequency mea-
surements for five of those transitions to better describe the 0202
and 09le0 levels.

In addition to the emission measurements in this work, ab-
sorption measurements were made in the bending fundamental
region in order to calibrate the emission spectra and provide
better measurements on the lowest bending levels.
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EXPERIMENTAL DETAILS

The spectra were measured with the Fourier transform
spectrometer Bruker IFS 120 HR. It was equipped with a
liquid-helium-cooled Ge : Cu detector and a 3.5-µm Mylar beam
splitter. The whole optical system was evacuated during the mea-
surements.

For the absorption measurements a multipass absorption cell
made of borosilicate glass and sealed with KBr windows was
used. A total absorption pathlength of 338 cm was realized with
four passes through the cell. The parameters for the measure-
ments are listed in Table 1.

As an internal calibration standard the low-pressure absorp-
tion measurements were made with 0.25 Torr N2O added to the
cell (20). All scans were added and calibrated by linear regres-
sion with a single calibration factor. The emission measurements
were calibrated internally by using the lower vibrational state
transitions measured in absorption.

Calibration uncertainties (or errors) are difficult to estimate.
For this paper we estimate that the calibration uncertainty should
be given by the formula

uncertainty (in cm−1) = wavenumber × 2.0 × 10−7.

Those uncertainties primarily affect the vibrational energy levels
given in the second columns of Tables 3 and 5 and should be
added in quadrature to the uncertainties given in those tables.

For the emission measurements on D12C14N the same quartz
emission cell as described in Ref. (18) was used. For the emission
measurements on D13C14N a 90-cm cell made of Al2O3 was
used. The cell was fitted with KBr windows that were kept at
room temperature by water-cooled copper collars. The central
30 cm of the cell were placed in an oven that could be heated to
2000 K. The measurement itself took place at a temperature of
about 1520 K.
TABLE 1
Parameters of the FTS Spectral Measurements Used in This Work
C© 2002 Elsevier
For almost a hundred years it has been known that hydrogen
cyanide decomposes when brought into contact with hot ceramic
materials (21). To compensate for the slow decomposition of the
sample, the contents of the cell were changed every 2 h. Each
time the cell was filled to a pressure of about 12.5 mbar. The
effect of pressure broadening was negligible compared to the
high-temperature Doppler-broadening effect. At 1400 K the full
Doppler width of the lines would be 0.0029 cm−1 at 570 cm−1

and 0.012 cm−1 at 2400 cm−1. The effect of pressure shifting
was neglected. The instrumental linewidth was roughly equal to
the high-temperature Doppler width in each case.

The deuterium cyanide samples were prepared by treating
potassium cyanide and phosphorus pentoxide with D2O. In the
case of preparing D13C14N the potassium cyanide was enriched
to 99% 13C. The spectra all showed considerable contamination
with HCN due to H2O adsorbed on the surface of the emission
cell. Later measurements on HCN showed similar contamina-
tion due to DCN, presumably arising from surface desorption.
Some of the D12C14N measurements made in the region 1800 to
2800 cm−1 came from DCN contamination found in the emis-
sion spectrum of HCN.

ANALYSIS OF THE MEASUREMENTS

Vibrational and Rotational Constants

The emission spectrum of D13C14N is shown in Fig. 1. It is no-
ticeable that the Q-branches are clustered according to the value
of v2 − l with the highest-frequency cluster being the strongest.

Table 2 summarizes the various vibrational transitions that
were observed in this work in either absorption or emission.
Most of the rotational assignments were made with the help
of the Giessen Loomis–Wood program (22). Unfortunately the
lmax hot bands for D13C14N, beginning with l = v2 = 5, overlap
Science (USA)
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FIG. 1. Overview of the emission spectrum of the ν2 region for D13C14N. The band center of the fundamental lies at 561.3 cm−1. The Q-branches form clusters
separated by about 7 cm−1. The highest cluster, at about 561 cm−1, has transitions with v2 − l = 0, the next lower cluster has v2 − l = 2, then v2 − l = 4, etc.
almost exactly over a wide range of rotational quantum numbers,
so the analysis of the lmax hot bands for that isotopomer be-
comes more difficult with increasing vibrational quantum num-
ber. Beginning with the seventh excited state it is impossible.
On the other hand, the bands of the lmax − 2 series (for which
v2 − l = 2) are adjacent but nicely separated, so that an assign-
ment was relatively easy. For D12C14N the overlap of the lmax

hot bands was not a problem and those transitions, which are
generally the strongest transitions for a given value of v2, were
identified up to v2 = 11 → 10.

The assignments were verified by the use of combination dif-
ferences for the lower vibrational quantum numbers up to v2 = 3
and by comparing the estimated values of the vibrational and
rotational constants with those calculated at each step from the
assigned lines. Additionally the relative line intensities, mostly
given by the Hönl–London factors and the vibrational factor de-
pending on v2 and l (18), were carefully regarded to verify the
assignments.

The fitting program took into account the effects of l-type
resonance by diagonalizing the Hamiltonian for each J value.
The analysis used the following matrix elements:

〈v, l, J |H |v, l, J 〉
= G(v, l) + Bv[J (J + 1) − l2] − Dv[J (J + 1) − l2]2

+ Hv[J (J + 1) − l2]3 [1]
C© 2002 Elsevier
〈v, l, J |H |v, l ± 2, J 〉
= 1/4{qv − qv J J (J + 1) + qv J J J 2(J + 1)2 + ql(l ± 1)2}

× {(v2 ∓ l)(v2 ± l + 2)[J (J + 1) − l(l ± 1)][J (J + 1)

− (l ± 1)(l ± 2)]}1/2 [2]

〈v, l, J |H |v, l ± 4, J 〉
= (ρv/16){(v2 ∓ l)(v2 ± l + 2)(v2 ∓ l − 2)(v2 ± l + 4)

× [J (J + 1) − l(l ± 1)][J (J + 1) − (l ± 1)(l ± 2)]

× [J (J + 1) − (l ± 2)(l ± 3)][J (J + 1)

− (l ± 3)(l ± 4)]}1/2. [3]

In Eq. [1] we use Bv , Dv , and Hv to indicate constants that
actually depend on both v and l. Instead of reporting values
of G(v, l) it is more common to report values of G0(v, l) =
G(v, l) − G(0, 0) to indicate vibrational energy levels that are
measured relative to the ground vibrational state for which v = 0
and l = 0. Since the G0(v, l) do not always represent the center
of the infrared bands, we also define a Gc(v, l) that does define
the band centers and may be determined from the equation

Gc(v, l) = G0(v, l) − Bvl2 − Dvl4 − Hvl6. [4]
Science (USA)
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TABLE 2
Band Centers in Wavenumbers (cm−1) for the Infrared Bands Measured for This Work

a The uncertainty in the last digits (twice the standard deviation) is given in parentheses. An asterisk,*, indicates the band was
measured in emission and a dagger, †, indicates the band was measured in absorption.
These are the same matrix elements and constants as were
used in an earlier paper on HCN emission measurements (23)
and the same least-squares program was used in the present
analysis. One feature of this program is that it treats the unre-
solved lines of split transitions as the average of the two split
levels or transitions.

In the least-squares analyis data were drawn from other works
(13–18, 23, 26, 27 ) and combined with the present data, with
each set of data weighted by the inverse square of the mea-
surement uncertainties. For some data, such as the millimeter-
wave measurements, those uncertainties were taken from the
literature. In other cases, the uncertainties were given by the
rms (root-mean-square) deviation of each subband, or group
of measurements. For the infrared data the uncertainties do
not reflect calibration uncertainties, which were given in the
section on experimental details. In general, the emission mea-
surements were given uncertainties of 0.0005 cm−1, except
in the high-wavenumber region where the uncertainties were
C© 2002 Elsevier
0.002 cm−1. The absorption measurements were given uncer-
tainties of 0.0002 cm−1.

Especially useful in the assignments were the R-branches
of the rotation–vibration transitions. Due to the Hönl–London
factors the intensities of the R-branch transitions are greater
than those of the P-branch transitions, so that in many cases the
R-branches are the only available information about the higher
bending states. As mentioned before, the transitions in the R-
branches of the lmax series of D13C14N are severely overlapped,
and therefore couldnot be used for many vibrational states. On
the other hand, the transitions of the lmax − 2 series were nicely
spread so that one could estimate the successive lmax − 2 series
just by regarding the pattern of the previous lmax − 2 series in
the Loomis–Wood plot. These difficulties were largely absent in
D12C14N.

The molecular constants resulting from the fit of all assigned
transitions are presented in Tables 3 to 6. Constants are included
for several states which are not included in Table 2. These involve
Science (USA)
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data taken from earlier work (13–18, 23, 26, 27 ) and included
in the present global fit.

Quantum Number Expansion of the Constants

After as many rotational–vibration lines as possible of each
vibrational level were assigned, the molecular constants were
fit to the usual series expansions in the vibrational quantum
numbers. With the constants thus determined, we could predict
the molecular constants of the next vibrational level. This pro-
cess was begun using the constants given in Ref. (18) and, aside
from a few additional constants, most of the constants were only
changed by a small amount. The final constants obtained after

all the measurements were added to the fit are given in Tables 7
TABLE 3
Rovibrational Constants for D12C14N in cm−1 after Correction for l-Type Resonance

a To get observed band center use Gc(v, l) = G0(v, l) − Bvl2 − Dvl4 − Hvl6.
b The uncertainty in the last digits, twice the estimated standard error, is given in parentheses.
c Constants enclosed in square brackets were fixed for the last-squares fit.
d Laser measurements provide the only direct information on the 0202 and 0910 levels.
C© 2002 Elsevier
to 9. In order to ensure that the constants for all isotopomers
were based on comparable calculations, we refit the constants
for D12C15N and D13C15N and show those revised constants as
well. Since most of the constants were only marginally changed
upon isotopic substitution, if a constant could not be determined
for one isotopomer, that constant was fixed at the value found for
D12C14N, except for the constants calculated by Nakagawa and
Morino (24). Instead of transferring directly the constants found
for D12C14N, we used, for the xi j constants, the ratio given by
the calculations of Nakagawa and Morino. For those constants
that could be determined for two or more isotopomers, the sub-
stitution ratio observed was found to be very close to that given
by Nakagawa and Morino (24, 25).
Science (USA)
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TABLE 3—Continued
TABLE 4
l-Type Resonance Constants for D12C14N in cm−1

a The uncertainty in the least digits, twice the estimated standard de-
viation, is given in parentheses.

b Forv2 > 1 the data were fit with ql = (0.427 ± 0.032) × 10−5 cm−1.
c Values enclosed in square brackets were fixed in the least-squares fit.
C© 2002 Elsevi
The constants given in Table 7 were determined by the use of
the following expansion:

G(v, l) =
∑

ωi(vi + di/2)

+
∑ ∑

xi j (vi + di/2)(v j + d j/2) + g22l2

+
∑ ∑ ∑

yi jk(vi + di/2)(v j + d j/2)(vk + dk/2)

+
∑

yill(vi + di/2)l2 +
∑ ∑ ∑ ∑

zi jkh

× (vi + di/2)(v j + d j/2)(vk + dk/2)(vh + dh/2)

+
∑ ∑

zi jll(vi + di/2)(v j + d j/2)l2 + zllll l
4

+ z22222(v2+1)5 + z222ll(v2 + 1)3l2 + z2llll(v2 + 1)l4.

[5]

Here and in the following equations the sums run over 1, 2, and
3 for the three normal vibrational modes with the condition that
h ≥ k ≥ j ≥ i . The degeneracy of the normal modes, d, is 1
for the stretching modes and 2 for the bending mode. Not all
the terms in Eq. [5] could be determined even for D12C14N for
which we have the most data.

The rotational constants and the centrifugal distortion con-
stants given in Tables 8 and 9 were determined through the
er Science (USA)
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TABLE 5
Rovibrational Constants for D13C14N in cm−1 after Correction for l-Type Resonance

a To get observed band center use Gc(v, l) = G0(v, l) − Bvl2 − Dvl4 − Hvl6.
b The uncertainty in the last digits, twice the estimated standard error, is given in parentheses.
c Constants enclosed in square brackets were fixed for the least-squares fit.
following expansion series:

Bv = Be −
∑

αi (vi + di/2)

+
∑ ∑

γi j (vi + di/2)(v j + d j/2) + γll l
2

+
∑ ∑ ∑

γi jk(vi +di/2)(v j +d j/2)(vk +dk/2)

+
∑

γill(vi + di/2)l2 +γ2233(v2 +1)2(v3 +1/2)2

+ γ12ll(v1 + 1/2)(v2 + 1)l2 + γ22ll(v2 + 1)2l2, [6]

Dv = De +
∑

βi (vi + di/2) + βll l
2 + β2ll(v2 + 1)l2, [7]

and

Hv = He +
∑

εi (vi + di/2) +εll l
2. [8]
C© 2002 Elsevier S
For the l-type resonance constants in Table 9 the following
expansions were used:

qv = qe +
∑

πi (vi + di/2)

+
∑ ∑

πi j (vi + di/2)(v j + d j/2), [9]

qv J = qeJ +
∑

πi J (vi + di/2) + π22J (v2 + 1)2, [10]

qv J J = q∗
J J + π1J J (v1 + 1/2) + π2J J (v2 + 1), [11]

and

ρv = ρ∗ + ρ2(v2 + 1). [12]

Analyzing the Laser Transitions

Although transitions from the highest l values of the v2 = 9
state were observed in the emission spectrum, the weaker
cience (USA)
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TABLE 6
l-Type Resonance Constants for D13C14N in cm−1

a The uncertainty in the last digits, twice the estimated standard deviation,
is given in parentheses.

b For v2 > 1 the data were fit with ql fixed at 0.40 × 10−5 cm−1.
c Values enclosed in square brackets were fixed in the least-squares fit.

transitions to the 0910 level could not be identified. After the
constants in the power series expansion had been determined
without including the D12C14N laser transition measurements,

we calculated the laser transitions to verify that they have been
TABLE 7
Constants in cm−1 for the Vibrational Energy Levels of Four Isotopomers of DCN

a The uncertainty (one standard deviation) in the last digits is given in parentheses.
b Values enclosed in square brackets were fixed during the fit.
c Since the standard deviations come from weighted fits, they are dimensionless.
C© 2002 Elsevier
correctly identified. The agreement between the calculated and
observed laser transitions was within ±0.0001 cm−1 for the
purely rotational transitions. The separation of the J = 21 levels
of the 0202 and 09le0 states was calculated to be 0.06 cm−1 which
was greater than the observed separation, 0.01 cm−1, but in good
agreement considering that neither of the two vibrational states
had been directly observed by us. The five c.w. laser transitions
measured by Hocker and Javan (26) with an accuracy of ±3 MHz
(±0.0001 cm−1) and the one other pulsed laser transition (27 )
measured with considerably less accuracy (±0.004 cm−1) were
then added to the fit after correcting for the effect of the Coriolis
coupling of the two states.

The correction for the perturbation was made by assuming
that the calculated separation of the J = 21, J = 20 levels of
09le0 is correct in the absence of the perturbation. The difference
between the observed and calculated separation represents the
displacement of the J = 21 level. This shows that the J = 21
level is displaced to lower wavenumbers by 0.00558 cm−1. The
J = 21 level of the 0202 state will then be displaced to higher
wavenumbers by the same amount. The observed separation of
the two levels, �, is 0.0163 cm−1, according to the measured
laser transitions. The unperturbed separation of the two J = 21
levels, δ, will then be 0.0163 − 2(0.00558) = 0.005145 cm−1.
Science (USA)
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isotopomers.
TABLE 8
Rotational Constants in cm−1 × 10−3 for Four Isotopomers of DCN

a The uncertainty (one standard deviation) in the last digits is given in parentheses.
b Values enclosed in square brackets were fixed during the fit.
c Since the standard deviations come from weighted fits, they are dimensionless.
If W is the off-diagonal coupling constant connecting the two
levels then

�2 = 4W 2 + δ2. [13]

We find that W = 0.00774 cm−1, about the order of magnitude
expected. With such a coupling constant, the J = 20 and J = 22
levels should be shifted by only 0.000054 cm−1.

DISCUSSION

The bending vibrations of D12C14N and D13C14N have been
observed to the ninth excited state and even to v2 = 11 for the
former isotopomer. As was seen in previous measurements, the
potential function for the bending motion is fairly harmonic so
that the predictions of each successive higher vibrational level
were reliable. As earlier observed, the constants change only
slightly from one isotopomer to another for heavy atom substi-
tutions, provided the data are analyzed in a consistent man-
ner. The main difference between the present constants and
those given earlier (18) is due to the need for a few higher
order constants because of the more extensive measurements
for DCN. Comparison with the earlier work shows the sensi-
tivity of the constants to the inclusion of more constants and
therefore the importance of making a consistent analysis for all
C© 2002 Elsevier
The present measurements give a value for the l-dependent
l-type resonance constant, ql , that is slightly smaller, but sim-
ilar in magnitude and sign to the values found for some HCN
isotopomers (23). Since there is a strong correlation between
ql and ρ, the present new values for ρ are quite different from
the values given in earlier work (18) where ql was not deter-
minable. Only in the case of the more extensive measurements on
D12C14N could we simultaneously determine a value for ρ and
ql , consequently the same value of ql was assumed for the other
isotopomers of DCN in order to obtain a consistent analysis for
all the isotopomers.

In addition to the interaction between the nearby 09le0 and
0202 levels of D12C14N we have also found that the 1001 and
086e0 levels of D13C15N cross at J = 14. Transitions involving
the 086e0 J = 14 level are not fit well, but otherwise do not seem
to show the effect of what should be a very weak interaction
because of the large �l involved. However, we have noticed
that the Dv for the 0860 state is too small; see Table 2 of Ref.
(18). Centrifugal distortion constants can be a sensitive indicator
of some perturbations but it is not certain that the perturbation
and the small value for Dv are related.

We have also found that the 0112 level of D13C14N is
only about 1.5 cm−1 above the 0800 level, so they should
cross between J = 5 and J = 6 but the interaction at such
low J should be hard to detect. Our measurements on the
0800 level only go down to J = 16. The 0202 level is about
Science (USA)
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TABLE 9
Some Higher Order Constants in cm−1

a The uncertainty in the last digits, one standard deviation, is given in
parentheses.

b Constants enclosed in square brackets were fixed for the least-squares fit.
c The standard deviations are dimensionless because they come from

weighted fits.
C© 2002 Elsevie
25 cm−1 above the 09le0 level and the 0222 and 0930 lev-
els are even closer but those vibrational states have not been
observed.

The new values for Be are consistently smaller than the values
used in Ref. (23) by about 1.9 MHz. They give a CH internuclear
distance that is larger by about 0.0002 × 10−8 cm and a CN
internuclear distance that is shorter by 0.00006 × 10−8 cm.
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