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We have measured the Fourier transform spectrum (FTS) of two isotopomers of hydrogen cyanide (H*?*C*N
and H'C*N) from 500 to 10 000 cm™*. The infrared data have been combined with earlier published microwave
and submillimeter-wave measurements. From this analysis new vibration—rotation energy levels and constants are
given, based on the observation of a number of new vibrational levels, especially for H**C*N. The Coriolis
interaction involving Avs; = —1, Av, = 3, and Al = +1 has been observed for a great many levels and in some
cases the assignments of laser transitions allowed by this interaction are more clearly shown. New vibration—
rotation constants are given that allow one to predict the transition wavenumbers for most of the transitions below
10 000 cm™* with accuracies of about 0.5 cm™* or better. Values are given for the power series expansion of the
| -type resonance constants and for the centrifugal distortion constants, as well as the usual vibrational and rotational

constantS.  © 1996 Academic Press, Inc.

INTRODUCTION

The spectrum of hydrogen cyanide (HCN) has been of
great interest becauseit isvery simple and yet it shows many
features that are of interest from a theoretical point of view.
The spectrum has been the basis for a number of force field
calculations and it is aso of interest for comparison with
the predictions of ab initio calculations. The bending mode
of HCN is of particular interest because of the large ampli-
tude of motion for the light hydrogen atom and also because
the bending motion is a direct pathway to the HNC isomer.
For these applications, it is important to have a list, as com-
plete as possible, of the lowest energy levels including both
the vibrational and rotational term values for many isoto-
pomers. A great number of earlier papers have given mea-
surements for many of the lowest vibrationa states of HCN
but more recent advances in instrumentation have made it
possible to provide measurements with greater sensitivity
and accuracy.

In recent years there have been several new techniques that
dlow one to observe very weak transitions or transitions that
are not accessible through ordinary absorption spectroscopy
techniques (1-5). One of the most promising of these new
techniques is the ring-down laser absorption technique (5).

Since the advent of high resolution Fourier transform
spectrometers there have been several studies of the high
resolution spectrum of hydrogen cyanide (HCN) in rather
narrow spectral regions (6—8). In addition, the work of
Smith et al. (9) covers a wide frequency range that over-
laps with the present work. We have recently been in-
volved in an effort to make wavenumber and intensity
measurements of the infrared bands of several isotopom-

ers of HCN and DCN (10-12). The present work was
undertaken with the view of making a consistent and sys-
tematic body of measurements and analyses which would
give al the term values available from conventional ab-
sorption measurements with state of the art FTS instru-
mentation for the spectral range from 0 to 10 000 cm™*.
Particular attention was given to measuring transitions
involving the highest possible value for the bending quan-
tum number. We also give power series constants that can
be used to calculate the centrifugal distortion and |-type
resonance constants for levels that have not yet been ob-
served or whose constants are not well determined. This
paper is concerned with only two isotopomers, H*2C*N
and H*?C*N. We also have observed the bands of many
other isotopomers both in natural abundance and in isoto-
pically enriched samples and the results of those measure-
ments will be the subject of subsequent papers.

EXPERIMENTAL DETAILS

These measurements were made in Giessen with a
Bruker IFS120HR Fourier transform spectrometer which
has vacuum transfer optics and various absorption cells.
The spectrometer used several different detectors, beam
splitters, and optical filters appropriate to the different
spectral regions. The resolution of the measurements was
close to the Doppler limit and varied from 0.002 to 0.017
cm™* from the lowest to highest frequency. In many cases
the resolution was limited by the pressure broadened line-
widths. A multipass long path absorption cell was used
for most of the measurements of the normal isotopomer,
H™2C*N, with a maximum pathlength of about 352 m.
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The measurements of H**C**N were made with a smaller
White-type borosilicate glass cell with a base length of
0.82 m and a volume of 7 liters. Pressures up to about 5
Torr were used for the measurements of the weakest
bands. Higher pressures were not used because of the
counter productive effects of pressure broadening and
pressure shifts. Even at 5 Torr, the pressure shift might
be as large as 0.0008 cm™* (25 MHz) according to the
measurements of Smith et al. (13). The recent work by
Lemaire et al. (14) gave a smaller pressure shift,
<0.00041 cm™*, at 5 Torr for the v, band. Asyet there are
not very many good pressure shift measurements against
which to test the theory, but many workers now seem
to believe that, at least for molecules with large dipole
moments, the pressure shift will not be very dependent
on either frequency or vibrational state. The band centers
were generally determined by measurements at the lowest
possible pressure. In addition to affecting the band center
measurements, the pressure shifts could also affect the
rotational distortion terms, especially H, which are deter-
mined by the weak high-J transitions.

The spectra were calibrated using either OCS or CO
absorption lines wherever possible. The latest calibration
wavenumbers for these gases were used (15). In some
cases the wavenumbers of lines of CO, or H,O were used
(16). Sometimes it was necessary to use HCN lines from
other spectrafor the calibration, for instance, when a cali-
brated run overlapped an uncalibrated run. In many cases
different transitions were measured involving the same
upper state, but different lower states. Those measure-
ments, when combined with the measurement of the lower
state wavenumber separations, gave many different ways
of confirming the upper state wavenumbers. This showed
us that the calibration for some measurements was less
reliable than for other measurements. We believe these
problems are due to small phase errors or improper optical
alignment for a few spectra. Usually such problems are
apparent in slight asymmetries in the lineshapes. These
measurements were made over a period of several years
and there were many changes in the spectrometer and in
the measurement software over that time. When one takes
the calibration uncertainties into account, we believe that
none of the measurements has an absolute uncertainty
smaller than =0.0003 cm™* even though the statistically
determined uncertainties given in the tables may be
smaller. A better estimate of the true uncertainty of the
measurements would probably be given by adding in
quadrature the calibration uncertainty, =0.0003 cm™*, to
the statistical uncertainty given in Tables 1 and 3.

ANALYSIS OF THE MEASUREMENTS

In the absence of complications, the absorption lines can
be fit by means of the usua energy level polynomials

MAKI ET AL.

E=G, +BJWJ+1) —DJJJ+1)-17?
1
+HJ[JI+ 1) - 1%° .

and

Veps = E' — E, [2]

where the single prime (’) stands for the upper state and the
double prime (") stands for the lower state. In this paper we
define a band center, v, such that

ve=G' - G". [3]

Some papers define a v, that is identical to our v, while
others define a v, such that

vo = ve + (BJ?)" — (BJ?)". [4]

When a doubly degenerate vibrationa state is involved,
then vibrational angular momentum, denoted by the quantum
number |, must be taken into account. This gives an addi-
tional complication due to | -type resonance which is a cou-
pling between levels that have the same quantum numbers,
except that the | quantum numbers are different. The most
common evidence for |-type resonance is the doubling of
the v, = 1 states which could be viewed as a coupling of
thel = +1 levels with the | = —1 levels. Although weak,
this coupling mixes the two levels so that they become two
levels of opposite parity whose separation depends on the
coupling constant, usually designated as q. Because the lev-
els are of opposite parity, they follow different selection
rules for optical transitions. In this paper we use the usua
labeling convention (17) which, for HCN, results in the
lower energy level for a given J value of a Il state being
designated the e level and the upper energy level being desig-
nated the f level. The e levels have the same parity as the
X states. We also use a positive sign for the coupling con-
stant, q. For v, = 1 states, it is necessary to add to Eq. [1]
the term

+1/2[q, — qud(J + 1)
+ quu{ I3 + 1)}?1IJ + 1),

unless one prefersto solve the equivalent 2 X 2 matrix given
below.

When v, > 0, the allowed values for | are| = v,, | = v,
— 2, etc. to | = —v,. When v, > 1, the effect of |-type
resonance is more complicated and must be determined by
finding the eigenvalues of the energy matrix

Copyright © 1996 by Academic Press, Inc.
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| -2
w(l, 1 — 2)

| =,
E(v, J,1)
w( —21)

Here the diagonal terms are given by Eg. [1], without the
addition of Eq. [5], and the off-diagonal terms fall into two
categories, the usual |-type resonance terms given by
w(,l —2)y=w( -21)
=1/4[q, — q;I(J + 1)

+ Qud?(J + 1)

X {(vza+ D(v2— 1 + 2)

X [II+ 1) —I(l —1)]

X[3Q3+1) - (-1 -2},

(7]

and the higher order terms

W(l, 1 —4) =W( — 4,1)
= (p/168){ (vo + 1) (s — | + 2)
X (vs + 1= 2)(va — | + 4)
X [I + 1) — (1 — 1)]
X [3Q0 + 1) — (1 — 1)(1 — 2)]
X [I3+ 1) — (1 —2)(I - 3)]
X [3(J + 1) — (1 — 3)(1 — 4)]} 2.

(8]

Watson (18) has shown that the |-type resonance terms
should have an additional |-dependent term which he la
beled g{. We have ignored this term except in the power
series expansion given later where we have included a 7,
term to distinguish between the effective values of q, for
thel = 0, =2 interaction and for the| = +1, —1 interaction.

The energy matrix is diagona in all the vibrational and
rotational quantum numbers except |, the quantum number
for vibrational angular momentum. Because of its symmetry,
the energy matrix can be further simplified as shown by
Maki and Lide (19), but that was neither necessary nor
useful for the present analysis.

The analysis of the data for H?C**N was made by combin-
ing al the present measurements with earlier reported micro-
wave and submillimeter-wave measurements (20—25) inasin-
gle leas-squares andysis. This andysis involved trangitions
from the ground state as well as trangitions from vibrationally
excited states, so-called hot bands. All measurements included
in the analysis were given weights that were inversdy propor-
tiona to the square of the uncertainties of the measurements.
The uncertainties for the infrared measurements were deter-

E(v, ,1 —2) W( — 21— 4)
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E(v, J, -1

mined from the rms deviations of each set of measurements
for a single subband. When the absolute calibration of the
measurements wasin doubt, those measurements were assigned
a different vibrationa energy level or band center but they
were assumed to give the correct rovibrational congtants. Those
measurements that were believed to have the smallest cdlibra
tion errors were combined to give the band centers or vibra-
tional terms given in the tables.

Tables 1 and 2 give the constants that were the direct
output of the analysis of the measurements for H*C*N.
In this paper we denote the lowest frequency stretching
vibration (the CN stretch) as v and the highest frequency
stretching vibration (the CH stretch) as v,. This follows
the convention established long ago (26) but not observed
by many workers (9).

Our analysis included the effects of |-type resonance but
did not include an allowance for the effects of Fermi (or
other vibrational ) resonances. Both Wang and Overend (27)
and Nakagawa and Morino (28) discussed the possible ef-
fects of Fermi resonances involving the ki,, and kx,; potential
constants but the levels involved in those resonances are so
far apart that the rovibrational constants seem to follow a
nearly normal vibrational dependence, except when one is
trying to fit the vibrational energy levels to better than one
part in 10°. We think that the vibrational levels would have
been better fit by a power series in the vibrational quantum
numbers, if we had taken into account the effects of various
vibrational (or Fermi) resonances. Three vibrationa states
of H?C™N (111, 0331, and 04°1) showed the effects of a
weak Coriolis resonance which is discussed in the next sec-
tion. Bands involving those states were analyzed separately.

In only afew cases were all the higher order rovibrational
constants adequately determined by the measurements.
Rather than arbitrarily set to zero al those constants that
could not be directly determined, we estimated the approxi-
mate value of the constants through the H, and g, terms.
This was done by fitting the various constants to a power
series (as described in a later section) and calculating the
values of those constants that could not be determined be-
cause the data were too sparse or too inaccurate. To accom-
plish this, the data were analyzed in severa cycles, the first
cycle determined which constants were determinable from
the data. Those constants were then fit to a power series in
the vibrational quantum numbers in order to calculate the
constants that could not be determined for other vibrational
states. Those undetermined constants were then fixed in a
new least-squares fit of the measurements and new energy
levels and rovibrational constants were determined that were
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TABLE 1

Rovibrational Constants (in cm™) for H*2C*N after Correcting for |-type Resonance

YATAR G} B, D, x10° H,x10% J_.
0000 0.0 1.435247934(87)° 2.746 96(45) 2.9923) 49
0110 711.026543(25)  1.438653063(47) 2.809 16(46) 3.48Q7) 45
0200  1409.306518(46)  1.442537933(62) 2.88172(123)  5.61(75) 41
0220  1424.759043(47)  1.441746516(103) 2.86459(102)  3.00(75) 40
0310 2110.330481(48)  1.446127307(117) 2.946 660(696) 4.44(60) 39
0330  2141.308318(207) 1.444502711(157) 2.911081(856) [3.791° 31
0400  2798.635046(93)  1.450231970(772) 3.02552(295) [5.88] 29
0420  2814.184004(113) 1.449396 673(803) 3.00572(160)  [5.28] 30
0440 [2860.78214] [1.4468970] [2.950] [3.48]

0510  3489.733095(314) 1.454034925(3418)  3.09155(789) [6.46] 22
0530  3520.951790(1003) 1.4523360(307) [3.055] [5.26] 14
0550 [3583.30066] [1.448 904} [2.98] [2.86]

0600 [4167.99426] [1.458376] [3.169] [7.34]

0620  4183.66896(1827) [1.457501] [3.152] [6.74]

0640 [4230.68238] [1.454 876] [3.098] [4.94]

0660 [4308.84023] [1.450500] [3.009] [1.94]

0710  4848.98908(436) [1.462412] [3.240] [7.93]

0730 [4880.51642) [1.460 620] [3.200] [6.73]

0750 [4943.45793] [1.457035] [3.130] [4.33]

0770 [5037.603 03] [1.451658] [3.030] [0.73]

0001  2064.316149(50)  1.425579243(143) 2.752352(576) 2.91(32) 41
0111  2772.221950(67)  1.428870640(417) 2.812934(564) [3.44] 31
1000  3310.089142(87)  1.425244015(399) 2.724348(609) 3.2724) 50
0201  3467.783137(84)  1.432619092(875) 2.88224(149) [4.33] 37
0221  3482.810823(120) 1.431848987(756) 2.866 124(956) [3.73] 34
1110  4001.839711(70)  1.428857481(375) 2.793 146(650) 4.37(29) 46
0002  4108.640172(1135) 1.415843 19(1642) 2.7308(382)  [2.78] 21
0311  4166.014536(168) 1.43607547(129) 2.94024(180) [4.91] 32
0331  4196.207054(376) 1.43448888(304) 2.90493(471) [3.71] 29
1200  4680.812378(125) 1.432965 67(109) 2.87115(219)  4.9793) 37
1220  4696.095273(173)  1.43215755(106) 2.85400(189) [4.97] 37
0112  4813.162002(920) 1.41903297(1520) 2.7953(508)  [3.36] 18
0401  4851.834669(293) 1.440043 71(565) 3.0284(165)  [5.79] 24
0421  4867.017816(335) 1.43922375(431) 3.0004(104)  [5.19] 23
0441 [4912.51907] [1.436774) [2.950] [3.39]

1001  5360.254350(168) 1.41578311(113) 2.73510(140)  [3.40] 29
1310  5362.360432(165) 1.43677825(128) 2.944 84(186)  [5.54] 30
1330  5392.941608(303) 1.43512084(178) 2.90530(246)  [4.34] 28
1400  6031.20303(3971) [1.441121] [3.025] [6.42]

1420 [6046.54748] [1.440271] [3.007] [5.82]

1440 [6092.483 85] [1.437722] [2.954] [4.02]

1111 6049.009876(448) 1.419308 61(593) 2.8109(149)  [3.99] 21
2000  6516.507348(147) 1.414945363(841) 2.703 156(871) [4.03] 33
1201  6725.247203(906) 1.42331213(1161) 2.8921(278)  [4.87) 21
1221 [6740.32545] [1.422495] [2.892] 4.27]

2110  7188.798202(168) 1.41875936(156) 2.77253(302) [4.61] 27
2200  7848.43183(316)  1.4230755(248) [2.86] [5.50] 14
2220  7863.37891(269)  1.422201 6(655) [2.84] [4.90] 9
2001  8551.184269(689) 1.405 681 07(553) [2.72] [3.95] 16
3000  9621.73954(113)  1.40436425(1332) 2.7210286)  [4.57] 22

* Based on Eqs. [1] and [2] and G, = 0.0 cm™.

® The uncertainty in the last digits, twice the estimated standard deviation, is given in

arentheses.

The values enclosed in square brackets were fixed in the least-squares fit.

used in a new power-series fit. This procedure converged
quite rapidly to give the constants reported in the accompa-
nying tables. Since only afew measurements existed for the
Ova; terms, when that term was indeterminate, we fixed it at
the value measured for the 01'0 state.

Tables 1 and 3 also give the value for J;,, which indi-
cates the highest rotational level for which we have mea-
surements. Calculated transition wavenumbersarereliable
up to that value of J, but extrapolation beyond J,. iS not
very reliable. One reason that we used fixed values for
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TABLE 2
I-type Resonance Constants (in cm™) for H2C*N
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TABLE 3
Rovibrational Constants (in cm™*) for H**C**N after Correcting
for |-type Resonance

ViV,V, g X 10° g, % 10° G X102
010  7.0696853(41)°  8.1012(62) L335(I8]) v G B, — bxi0 mxi0”_J,,
. 0000 0.0 1.478221 840(24) 2.01047(22)  3.40(12) 49
020 7.17171(119) 8.414 4(739) [1.3] 0110  711.979570Q24)  1.481 7727785108) 2.97785(28)  4.12(14) 44
030 7.277509(112)  9.0033(359)  [1.3] 0350 1426303500  Lisomamday 3097839 46106 4
040 7.384 986(846) [9.385] [1.3] 0310 2113:450495228; 1.489575 oso£143; 3.1265343)  5.63(30) 38
0330 2143.760660(78)  1.487869058(557)  3.08838(142)  4.45(103) 34
050 7.49901(132) 9.950(385) (1.3] 0400 2802.958835(35)  1.493863568(391)  3.21233(106)  7.27(19) 35
060 [7.6130] [10.31] [1.3] 0420 2818.175530(32)  1.492 985 422(349) 3.18741(99) 5.32(83) 36
0440 2863.781386(163)  1.49036047(242) 3.1280(81) “51F 18
070 [7.7333] [10.838] [1.3] 0510 3495.113914(125)  1.497837723(977)  3.28268(153)  [7.55] 29
011 7.064 573(489) 8.1321(777) [1.3] 8228 gggg%g;g]s(lu) %gg ggg 3]81(1111) [g.%‘_‘,]ZSI(WI) {2(3)2} 25
[3586. . . .
031 7223603 o7 (] ML MR umen b b
: : : 0640 4236.02469(197)  1.498679 6(197) 3.2769(540)  [6.22] 20
041 7.32836(481) 8.81(116) [1.3] 0660 [4312.63284] [1.4940657) [3.200] [3.30]
110 7.199748478)  9.1634(831)  2.91(36) 0710 Wssessuoll [1.30ected] B4 .27
120 7.31097(132) 9.2022(915) [1.3] g;gg [ggie;.gé(l) 22] [1.582 gg; 8] [3.331 [g.;g]
[: . ] [1.4 ] [3.22] [2.26]
130 7.430701(854) 9.960(150) [1.3] 0001 2096.845570(30)  1.468142027(150)  2.9163337)  3.30Q20) 42
140 [7.5499] [10.33] [1.3] 0111 2805.58192442)  1.471574033(290)  2.98307(51)  4.1925) 42
1000 3311.476834(54)  1.467798342(222 2.8856236)  3.62(15) 49
111 7.28020(700) 10.09(226) [1.3] 0201 3502.119705277; 1.475 49323(56) ) 305702(62)  [5.04] ) %
0221 3516.871524(69)  1.47467797(39) 3.04176(39)  [4.46] 34
é % (1) [zggg %(190) [2‘22477) B g} 1110 4004.162302(41)  1.471559956(234)  2.95835(45)  4.58Q21) 43
. . . 0002 4173.070838(83)  1.45800352(55) 2.92178(138)  2.91(90) 37
220 [7.4138] [10.08] [1.3] 0311 4201.205479(42)  1.47910765(33) 3.12528(49)  [5.76] R
. . . 0331  4230.837077(190)  1.47742594(134) 3.089 1(20) [4.59] 27
012 7.056 88(524) [8.400] [1.3] 1200  4684.310033(63)  1.475839 19(54) 3.04306(104)  5.14(59) 37
= — — - = 1220  4699.208941(94)  1.47499636(66) 3.02275(126)  5.12(70) 37
The uncertainty in the last digits, twice the estimated 0112  4878.295067(69)  1.46131562(65) 2.98511(175)  2.48(119) 34
standard error, is given in parentheses 0401 4838.038874(137)  1.48325590(146) 3.2121(40) 16.76] 26
. 0421  4902.938093(222)  1.482 383 26(294) 3.1719(69) [6.17] 2
® Values enclc;sed in square brackets were fixed for the least- 0441 [4947.60631] [1.4797984] [3.133] [4.42]
squares fit 1310  5366.875461(72)  1.47980871(45) 3.11952(60)  [6.09] 30
. 1330  5396.703877(152)  1.47808201(101) 3.07905(145)  [4.93] 29
c . - 8 1001  5393.697713(61)  1.457934 54(47) 2.80464(86)  3.80(40) 42
Ff’lr v, > 1 all data were fit with p 0.952(78) X 10 0511 5577.44507(75)  1.4871002(171) 3.315(79) [7.47) 16
cm’, 0531 [5607.40807] [1.4853006] [3.24] [6.30]
0551 [5667.26151] [1.4817519] [3.17] [3.97]
0202  5571.733700(118)  1.465 101 96(183) 3.05931(401)  [4.96] 27
0222 5586.065168(132)  1.464 302 88(140) 3.04593204)  [4.38] 2
. . ) 1400  6036.962409(412)  1.48432736(653) 3.22240202)  [7.09] 20
some of the poorly determined higher order constants in 1420  6051.918637(409)  1.48343953(697) 3.1536(204)  [6.51] 20
: : 1440  6096.734393(517)  1.48078797(1238)  3.151(73) [4.78] 13
the analysis was to ensure that extrapolation beyond Jmac 1111 6083.348250(50)  1.461 584 82(38) 29701377  [4.19] 36
would not deviate from reality too quickly. Another reason 0003 6228.598299(125)  1.44780785(113) 2.9297(19) [3.16] 28
was to ensure that _the other constants are as close to the 0312  G6T.CES83(105)  1.468387770) 3.14605) [5.67) 18
true values as possible. i esiowm vwmin e e b
Tables 3 and 4 givetherovibrationa constantsdetermined  1s10 (6709.49843) [1.488531] [3.285] [7.84]
for HC*N. The analysis of the transitions was more com- 1330 (g sssss) (14830859 B el
plicte for HZCN because o many vibrationdl levels 361 MG o (olien G p
were affected by the Coriolis interaction discussed in the g i (1) g 232?23;8‘3“?3% }.13323‘;73%&8) %33?51(12735) lg.ggl %(13
next section. Those vibrational states that were not affected 0422 [6966:21403§ ) [1:471723(4]) [3:19]( ) {6:09}
by the Coriolis interaction were included in a large least- 2‘}‘}3 [;?gg:;gczsg]l(s’/) [}132?3;32?2(47) [32531748(89) [1:3345) 38
i esent i easu 1311 7440.477829(81)  1.469599 76(77) 3.12860(142)  [6.04] 25
Squares fit of al the pr L Infrareq m rements and.th.e 1331  7469.89453(87)  1.4678809(69) [3.09] [4.87] 16
earlier reported measurements of microwave and submilli- 1000 Tesanrealy  Lasoisosey  2olccn Dol 18
. . 7853. ( 465 541 33(107) . [5.
meter-wave measurements (19—-22, 29). This analysiswas 3220  7868.065 178(105)  1.46470083(75) 3.0066505) .11 31
. - 1215 ; 1401 8107.96880(370)  1.4739884(302) B21] [7.04] 1s
identical to that use(_j for H*C™N as descrlbed ab_ove-_ 1421 8122.73310(338)  1.473 1217(449) B3.19] (6.46] 12
A separate analysis was made for each pair of vibrational 1441 [8167.01740] [1.4704987] B.13] [4.71]
T " 1112 8141.73126(102)  1.451554 1(194) 2.950(68) [4.24) 17
states coupled through the Coriolisinteraction. Themeasure- 2310  8516.469 147(234)  1.46972943(286) 3.106 6(68) (6.41] 2
2330 8545.580538(394)  1.46801178(424) 3.069 6(95) [5.24] 24
ments for those states were analyzed after the best values 5001  ssssss1071(129)  1.44742974(84) 2871970107  [3.90] 31
; 1202 8816.00349(130)  1.4556182(218) 3.076(70) (5.25] 18
had been.determl ne(_j .for the constants for the lower states 392 830,411 56, (14547852 308 A
involved in the transitions. Those lower state constants were 2 (1) (1) ; 3332'2?3?;8?7) }‘ﬁé (2)33 gggz) %‘38‘3‘(25%8) ggg %;
then fixed at the values given in Tables 3 and 4. 3000 9627.08691(27)  1.446033 12(124) 2.83879(127)  [4.27) 3
2201 9914.39915(178)  1.4556610(180) [(3.04] 15.61] 14
_ 2221 [9928.82316] [1.454 8663} [3.02] [5.03]
THE (v1, v, w3, Hon, vz + 3,0 = 1, 1 = 1) 3110 10280.36355(23)  1.4502265(24) 2915449  [498] 25
CORIOLIS COUPLING 3200 10921.44454(448)  1.454921(65) [3.02] [5.98] 17
3220 10935.59633(276)  1.454134(38) 13.001 [5.401 13

At least 22 laser transitions have been observed for
H*2C*N and 4 more for H**C**N (31-33). They have been

:Based on Egs. [1] and [2] and G, = 0.0 cm.

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

¢ Constants enclosed in square brackets were fixed for the least-squares fit.
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TABLE 4

I-type Resonance Constants (in cm™*) for H2C*N
VyVoV3 GoX10° g, x10° Gy X 10"
010  7.487740021)" 8.8793(27) 1.429(37)
020  7.596423(180) 9.2945(219) 1.402(156)°
030  7.709283(46) 9.883 1(196) 1.623(172)°
040  7.824082(148) 10.322(21) [1.4]¢
050  7.94575(34) 10.879(70) 1.4
060  8.06778(207) [11.35] [1.4}°
070 [8.1947] [11.94] [1.47¢
011  7.47979(26) 8.818 8(241) [1.4]
021  7.57520(60) 9.192(68) [1.47¢
031 7.673 860(210) 9.608(37) [1.4]°
041  7.77552(109) [9.814] [1.41¢
051 7.8915(25) [10.42] [1.41°¢
110  7.60706(28) 9.599(60) 1.88(29)
120 7.72718(54) 10.111(56) [1.47°
130  7.85215(28) 10.672(46) [1.47°
140  7.96857(398) [11.15] {1.47°
150 [8.1114] [11.73] [1.41
111 7.67590(101) 10.053(52) [1.4]
121 7.77828(165) 9.961(237) [1.4)°
131 7.8977147) 10.876(105) [1.41°
141 [8.0091] [11.23] [1.47
112 7.7546(66) [10.56] [1.4]
122 [7.8405] [10.79] [1.47¢
210  7.69412(58) 10.170(133) 2.97(73)
220  7.82242(141) 10.66(18) [1.47°
230  7.95717(164) 11.43(50) [1.47°
211 7.8092(43) 11.58(134) [1.4]
221 [7.962] [11.43] [1.47°
310 7.758 6(30) 10.56(77) [1.4]
320  7.807(178) [11.06] [1.4]¢
012  7.47166(43) 8.881(58) [1.4]
022  7.5495(32) 9.05(65) [1.4]°
032  7.62839(156) [9.45] [1.4]°¢
042 [7.7249] [9.67] [1.4)°
013  7.4557(54) 7.29(406) [1.4]

* The uncertainty in the last digits, twice the estimated
standard deviation, is given in parentheses.
® Also fit was the I, /+4 coupling constant, p = -0.1085
(+0.0016) x 107 cm™.
¢ Values enclosed in square brackets were fixed in the least-
squares fit.
4 Fixed in the fit was the 1, 144 coupling constant, p =
-0.1085 x 107 ecm™.

shown (30, 34—36) to be based on rotationa transitions
between adjacent vibrational states that have different popu-
|ations due to the discharge conditions and a differing rate of
collisional relaxation. Those rotational transitions between
different vibrational states would normally be extremely
weak. However, the mixing of the two vibrational states
through a Coriolis interaction causes them to become more
nearly like ordinary rotationa transitions between levels
within the same vibrational state. The most important Cori-
olis interaction for HCN couples levels that differ by one
quantum of v5 and three quanta of v,, such as the levels

01%°1 and 04°0. It couples levels that have the same rota-
tional J value, but | values that differ by one. The e levels
are coupled with other e levelsand f levels are coupled with
f levels.

Because the rotational constants are quite different for
such pairs of levels, there is a high probability that there
will be a crossing or near coincidence of the levels at some
value of J even if the rotationless band centers are fairly
distant. For example, the 022" 1 and 0570 levelsare21 cm™*
apart for the hypothetica J = 0 level and yet there is a
crossing at J = 26. The usual requirement for such acrossing
is that the vibrational state with the most bending quanta
(which will be the state with the larger rotational constant,
B,) be lower in frequency than the other state. Otherwise,
the rotational manifolds are not likely to cross. At the cross-
ing point the rotational levelswill be displaced so the separa-
tion of the two vibrational states for that Jis slightly larger
than expected.

In afew cases where the levels are rather widely separated
even at the crossing point, the Coriolis interaction may be
so widely distributed among several different levels that the
closest levels will appear to be closer together when the
Corialis constant is included in the fit. That was found to
be the case for the 11*°1—142°0 interaction where the closest
approach is only 0.77 cm™,

In our analysis we have used the same one-step approach
to solving the energy matrix aswas used in an earlier analysis
(35) although we represent the Coriaolis term slightly differ-
ently. The energy matrix included the complete submatrix
for | -type resonance for both vibrational states and the appro-
priate matrix elements for the Coriolis coupling terms, as
illustrated in Eq. [ 5] of Ref. (35). For the Coriolis coupling
matrix element we used the form

(vg, V2, Vg, g, v2 4+ 3,03 — 1,1 = 1)
= FTW[J(J + 1) — I(l =1)]Y2

From our measurements the Coriolis coupling terms can
be determined only from the transitions to those levels
that are at a crossing point, or a few higher or lower J
values because those are the only levels whose displace-
ment is greater than or equal to the measurement uncer-
tainty. The other transitions can be quite well fit to the
usual constants and therefore do not contribute to de-
termining the Coriolis constants.

In several cases two crossing points have been ab-
served for a pair of interacting vibrational levels, (e.g.,
03'1 and 06°0). Even though one crossing involves the
e levels and the other involves the f levels, the symmetry
of the energy matrix requires that the same interaction
matrix element be used for both crossings. Since the mea-
sured displacement of the levels seems to require two
different values for the interaction constant, we added a
J-dependent term to the interaction matrix element such
that
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TABLE 5
Coriolis Interactions Observed or Expected for H*C*N and H'?C**N

levels that are coupled at the crossing point Interaction constant  Laser
v,v,'v, and v,v,'v, J separation (cm™) displacement (cm™) | W (cm™) Observed
H12C14N

o1*1 04°0 10  -0.1218"  0.014 13" 0.002 473 9(15)°  yes
02°1 050 25 0.253 14 0.076 00 0.002 720 8(30)  yes
02%1 050 26 -0.19221 0.065 26 0.002 720 8(30)  yes
031 06°0 42  [-0.66] no
031 060 17 0.137 13 0.000 28 0.000 661(10) no
031 06%0 29  -0.35053 0.01375 0.001 878(27) yes
03*1 06*0 35  [-0.42] no
0471 070 45  [0.04] no
04>1 07*0 29  [0.06] yes
04%1 070 23 [0.46] no
02%2 05'1 16  -0.463 17 0.016 60 0.004 733(45) yes
10°1 130 47  [0.39] yes
111 140 31 -0.771 -0.002 8 0.008 10(113) no
1171 1470 45  [0.73] no
12%1 15%0 44 [0.048] yes
121 15%0 36 [-1.03] no
10°2 131 35  [-0.307] yes
112 14°1 49  [-0.10] no
112 141 24 [0.51] no
112 1471 34 [0.11] no
1242 151 49 [0.08] no
12%2 15%1 34 [0.16] no
12¥2 15%1 29 [0.88] no
H12C15N

11%1 14%0 11 0.197 22 0.001 35 0.001 42(31) no
111 140 9 0.170 88 0.000 85 0.001 42(31) no
111 14°0 32 [-0.390] 0.017 1 0.001 42(31) yes
03*1 06*0 20 0.395 39 0.016 29 0.003 92(22) yes
03*1 0670 25  -0.476 40 0.033 91 0.004 90(15) yes
04°1 070 18 0.276 9 0.1324 0.004 54(4) no
04”1 070 22 0.630 4 0.035 4 0.005 11(14) no

# The actual perturbed separation of the energy levels is given for the J at the crossing point.
A negative sign indicates that the level on the right is higher than the level on the left at the

indicated J value.

® The displacement is the absolute value of the difference between the perturbed line position
and the position calculated assuming the interaction constant is zero for the J value indicated in
column 3. No value is given when the interaction constants could not be determined.

° The uncertainty in the last digits, twice the estimated standard error, is given in parentheses.
4 The square brackets indicate crossings that are outside the range of measured FTS transitions

for both levels.

® A negative displacement indicates that the levels would be farther apart if the Coriolis term

WEre zero, see text.

W=W, + W;J(J + 1). [10]
However, we cannot be certain that the interaction con-
stant is truly the same for the two interacting rotational
manifolds and so in Table 5 we have reported two differ-
ent values for the interaction constant. Those two values
come from our evaluation of Eq. [10]. One could imagine
that the e levels might appear to have a different Coriolis

interaction if there were also a weak interaction with a
Z level.

In the case of the interaction between the 050 state and
the 02°1 and 0221 states, the crossings are at adjacent J
values (J = 25 and 26) but states with different | values are
being coupled. In this case there is no discernible difference
between the two interaction constants so we arbitrarily re-
quire that they be the same. In Ref. (35) it was shown that
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TABLE 6
HCN Laser Transitions

upper state lower state J' J" Observed® Calculated Relative Ref.
v, V) vy v, v,/ v, (cm™) (cm™) Intensity

HlZcMN
04°0 04°0 9 8 26.843 601(17)* 26.843 61 0.6 30
011 04°0 10 9 29.712579(17)  29.712 57 0.6 30,31
04°0 04°0 10 9 29.834 446(17)  29.834 42 <0.4 30
011 04°0 11 10 32.166 033(17)  32.166 02 1 30
01*1 011 11 10 32.287 864(17)  32.287 87 0.4 30
051 051 15 14 44.853(7) 44,8512 0.08 29
0272 051 16 15 47.393(3) 473950 0.2 29
02%2 02%2 17 16 49.737(8) 49.738 3 0.5 29
02°1 050 25 24 74.111(10) 74.1157 0.8 29
02°1 050 26 25 76.430(10) 76.429 8 4 29
02%1 050 26 25 77.743(10) 77.7422 9 29
02%1 050 27 26 79.262(10) 79.262 0 3 29
031 06%0 29 28 86.109(8) 86.110 0.5 29
04%1 07*0 30 29 89.233(12)* 89.229 02 29
131 131 34 33 98.759(10) 98.762 0.2 29
10°2 131 35 34 101.325(4) 101.326 0.8 29
10°2 10°2 36 35 103.733(13) 103.714 0.2 29

? ? 427 417 122.618(14)* 0.1 29

121 15%0 44 43 129.868(20) 129.865 0.003 29
12%1 15%0 45 44 131.418(21) 131.423 0.005 29
130 130 47 46 136.796(17) 136.827 0.008 29
10°1 13%0 48 47 139.084(6) 139.077 0.3 29

H"C"N
03*1 060 21 20 60.551(12) 60.556 3 1 29
031 06%0 25 24 72.063(9) 72.078 5 1 29
14°0 14°0 31 30 88.253(24) 88.254 8 0.1 29
111 14°0 32 31 90.711(14) 90.711 0 1 29

* The uncertainty in the last digits, twice the estimated standard deviation, is given in parentheses.
An asterisk indicates that the measured wavenumber was not included in the analysis.

the expected vibrational dependence for the coupling terms
was not obeyed and so we saw no reason to assume any
particular vibrational dependence.

Table 5 shows the observed or expected crossings where
the Coriolis coupling will be greatest. In some cases the
displaced levels have been observed and included in the
least-squaresfits. In other cases, indicated by square brackets
in Table 5, the crossing is expected to occur at rotational
levelsthat aretoo high to be observed in the present measure-
ments.

Not al of the crossing points given in Table 5 have been
observed as laser transitions. In Table 6 we give the observed
laser transitions for HCN, their assignments, and the wave-
numbers calculated from the constants given in Tables 1
through 4 plus the Coriolis coupling constant if given in
Table 5. Most of the weaker laser transitions were only
measured in pulsed systems and the wavenumber measure-
ment was not very accurate (31). In those cases where we
are certain of the assignments, the wavenumbers of the laser
transitions were included in the least-squares analysis.

Fewer examples of this resonance have been found for
H*C*N than for H**C*N because of the large displacement
of the CN stretching vibration to lower wavenumbers for
the N isotopomer. No other examples of level crossings
accompanied by either Coriolis or vibrationa interactions
have been found in our measurements for these two isoto-
pomers. The existence of av, = 2, vs ¥ 3 vibrational interac-
tion has already been observed to affect some vibrational
levels beyond 10 000 cm™* but we have followed the exam-
ple of others (9) by not including those perturbed levelsin
any of this work.

VIBRATIONAL QUANTUM NUMBER EXPANSIONS

The constants given in Tables 1 through 4 were fit to the
usual series expansion in the vibrational quantum numbers
to determine a new set of constants which would be consis-
tent for the two isotopomers. For the vibrational term values
we used the expansion
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GV + B\,I2 + GO = z Wi (Ui + d|/2) + ZZ X”-(vi + di/Z)(v,- + d]/2) + g22|2
+ 55 vik(ui + di/2) (v + d/2)(ve + d/2) + 5 yu(v + di/2)I?
+ Zzzz Zijkh(vi + di/2)(Uj + dj/2)(v|( + dk/2)(vh + dh/Z)

where G°, which is the zero point energy, is given by the
right-hand side of Eq. [11] with all vibrational quantum
numbers equal to zero and | = 0. This has the effect of
setting Gy = 0. In this and the following equations the
sums are over al values of the subscript from 1 to 3
(representing the three vibrational normal modes for
HCN) with the exception that h = k = j = i. Asusual,
the vibrational degeneracy is given by d; = d; = 1 and
d, = 2. This expansion is the same as that used by Smith
et al. (9) even though the left-hand side looks different
because our Eq. [1] does not include a — Bl ? term and so
that term must be added to Eq. [11] to give constants on
the right-hand side that agree with standard usage. For
comparison with other papers, one should remember that
the some workers use x;, in place of g,, while other work-
ers define g, slightly differently. Our definition of G,
also is different from that of some other workers. With
these definitions, the values of G, given in Tables 1 and
3 are the same as the v, for transitions from the ground
state to each of the states listed.

The fit used to determine the vibrational constants in-
cluded 112 different energy levels used to determine the
45 constants for H?C*N. In addition to the measure-
ments given in Table 3, we aso included in the fit the
SEP measurements beyond 13 670 cm™*, where the cali-
bration is more reliable (1, 2), and the data given by
Smith et al. (9) and by Romanini and Lehmann (5) for
those levels that were not measured in the present work.
We also included the measurements by Saury et al. (4)
and by Baskin et al. (3) which were made with their
collisional energy transfer technique. Those measure-
ments are not accurate enough to change any of the con-
stants, but they did give a few percent reduction in the
uncertainties of some of the constants given in Table 7.
No transitions beyond 19 000 cm™* were included in the
| east-squares fits.

All the data used in this analysis were weighted by the
inverse square of the uncertainty in the measurement. For
the present measurements we used an uncertainty that
was twice the uncertainty of the G, values given by the
least-squares fits of the individual rovibrational transi-
tions. In most cases, this is too optimistic because there
should also be an absolute uncertainty of about +0.0003
cm~* which was not included in the uncertainty. For the
SEP measurements we used uncertainties of +0.1 cm™*,
or greater if so indicated. Smith et al. (9) used a
weighting scheme that allowed for the model error caused

[11]

+ 53> zu(v + di/2)(y + d/2)17 + zyl*,

by the omission of higher order terms because they were
most interested in obtaining constants and uncertainties
that were more likely to approach the values given by a
potential function. We did not use such a weighting
scheme because we thought that Fermi resonance should
also be included if one were to obtain constants that could
be related to a potential function. Instead, we thought it
was more important to determine the effective constants
needed to calculate unobserved transitions. In fact, earlier
versions of these constants allowed us to predict to within
0.05 cm™! the transitions for several previously unob-
served vibrational states and helped to assign some very
weak transitions. All of the measurements below 12 000
cm™* were fit by the constants in Tables 7 to 10 to within
+0.06 cm ! and most of the measurements were fit to
within +0.002 cm™*.

The vibrational constants determined for the two isoto-
pomers are given in Table 7. This table shows that most
of the constants are only slightly changed in going from
H*C™N to H*™C™N. A complete set of all the constants
through the z;,,, terms was needed to fit the measurements
for the normal isotopomer to within about 10 times the
estimated uncertainty of the measurements. The measure-
ments for H*2C*N did not extend to such high vibrational
guantum numbers; consequently, fewer constants could
be determined from the data. We have fixed the values
of some of the higher order constants for H*?C*N at
the values found for H*C*N, in order to allow a more
reasonable comparison of the constants for the two isoto-
pomers and also to allow usto extrapolate to higher vibra-
tional states.

Even though very high order constants were included
in the fit, the weighted standard deviation of the fit was
about 15, for H*C*N, because some of the energy levels
were fit with deviations on the order of 15 or more times
the uncertainty assigned to the measurements. Most of
the lower vibrational states were fit to within one or two
times the estimated uncertainty. The largest deviations
occur among the higher vibrational states as one might
have expected since we know that there are serious model
errors in our analysis. The deviations could have been
reduced by adding more constantsto the fit, but the uncer-
tainty of any added constants was generally equal to, or
larger than, the value of the constant. Probably the power
series model does not converge very rapidly because it
is a poor approximation for the effects of resonances
which may get stronger and then weaker as the relative
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positions of levels shift with increasing quantum num-
bers. Since the energy levels are determined with more
significant figures than the other rovibrational parameters
(except for a few microwave measurements), it is not

TABLE 8
Rotational Constants (in cm™* x 1073)
for H2C¥N and H*C*N

surprising that they are more poorly fit.

A similar expansion has been used for the rotational con-

stants given in Table 8,

TABLE 7

Constants (in cm™*) for the Vibrational Energy Levels
of H2C¥N and H®*C®N

Parameter H“C"N H“C"N
B, 1484.780 811(2299)" 1441.540 564(7402)
o, 10.435 29(422) 10.012 37(348)
o -3.574 40(216) -3.424 62(203)
oy 10.002 84(259) 9.590 65(1904)
Yu -0.145 020(2408) -0.142 961(831)
Y2 0.043 053(682) 0.041 065(606)
Yus -0.029 179(424) -0.031 238(9501)
Yia 0.195 899(1482) 0.192 617(2133)
Yo 0.196 127(4319) 0.187 909(1953)
Yo -0.120 675(1565) -0.112 034(2054)
Y -0.190 750(467) -0.182 604(396)
Vi -0.001 552 8(4180) [-0.001 551°
Yom 0.001 164 5(641) 0.001 066 3(588)
Y333 [0.0] [0.0]
Y12 [0.0] [0.0]
Yim 0.003 456 8(3027) 0.004 045 5(4817)
Yis 0.002 739 7(14353) [0.002 74]
Y133 [0.0] [0.0]
Vi 0.013 345 8(8253) [0.013 3]
Ya33 [0.0] [0.0]
Yo -0.003 234 9(2967) -0.004 729 9(4566)
Yu -0.002 149 0(2340) -0.004 130 3(4028)
Yo -0.005 849 5(1081) -0.005 235 4(697)
Yar 0.003 416 7(2772) 0.005 021 3(4200)

std. dev. of fit 5.2 3.6

number of non-zero weighted measurements:

82

41

® The uncertainty (one standard deviation) in the last digits is
given in parentheses.
Values enclosed in square brackets were fixed during the fit.

B,=Bo— 3 (v + 0i/2)
+ 3> yi(u + di/2) (v + d/2) + yl?
+ 353 viu + di/2) (v + d/2) (v + c/2)
+ Y vu(u + d/2)1?,

and also for the centrifugal distortion constants given in

Table 9,
DV = De + z /Bi ('Ui + d,/2)
[13]
+ zz /Bij(vi + d,/2)(U] + d]/Z) + /6|||2
and
HV = He + z €j (Ui + d,/2) + €|||2. [14]

[12]

Parameter H”C“N H’CN
W, 3443.080 76(3522)" 3441.704 79(2128)
W, 726.960 74(843) 725.905 91(858)
W, 2127.412 01(4694) 2093.977 71(3074)
X, -53.203 496(17428) -53.301 313(8045)
Xz -2.599 847(2606) 2,622 345(3494)
X33 -10.091 733(37340) -9.798 489(15242)
X2 -18.939 592(14798) -18.895 636(9638)
X5 -13.910 718(75360) -13.631 887(45223)
Xp3 -3.209 492(9643) -3.064 251(12780)
£ 5.314 057(2367) 5.364 238(1323)
Yin 0.447 836(4467) 0.414 713(1531)
Vom 0.021 381(435) 0.022 341(646)
V333 -0.039 269(11589) [-0.039]°
Yz -0.113 845(6114) -0.086 681(1150)
Vizs -0.077 350(2977) -0.093 593(3768)
Yis -0.464 875(11846) -0.353 281(2975)
Vs 0.157 604(49054) 0.195 201(22777)
in 0.097 544(14655) -0.006 565(3502)
Vass -0.120 962(5137) -0.119 726(5594)
Vom 0.092 102(1184) 0.110 244(1991)
Yun -0.035 176(1840) -0.034 992(2460)
Yo 0.004 273(927) [0.004 3]
Vau -0.121 280(2171) -0.153 293(2751)
Zim 0.009 674 7(3396) [0.009 67]
Zym -0.001 298 3(290) -0.001 313 4(405)
Z3333 0.005 774 6(14820) [0.005 8]
Zin -0.017 473 0(8295) [-0.017 5]
Zins -0.121 055 6(19609) [-0.121]
Zim 0.014 111 3(5431) [0.014 1]
Ziss 0.051 417 4(43483) [0.051 4]
Zizs 0.093 470 9(3112) [0.093 5]
Z19m 0.001 862 1(2656) 0.003 233 9(5182)
Zy33s -0.033 592 6(70450) [-0.033 6]
Zim -0.013 256 1(6982) [-0.013 3]
2733 -0.036 601 4(58016) [-0.036 6]
Zyo3 -0.004 179 3(1044) -0.005 539 4(2255)
Zarss 0.008 255 7(3380) [0.008 26]
Zoa3a -0.002 471 0(10081) [-0.002 5]
Ziu -0.015 507 8(3732) [-0.015 5]
Zyon 0.001 517 9(956) 0.001 312 7(308)
Zyn -0.007 320 5(4493) [-0.007 3]
Zion -0.005 405 5(3001) [-0.005 4]
Zian 0.035 796 0(8066) 0.058 514 5(48664)
Zoan 0.005 638 0(3800) 0.007 525 5(3472)
Zu -0.000 448 9(170) -0.000 502 4(351)

std. dev. of fit 14.6 7.4

Number of non-zero weighted measurements:

112 43
* The uncertainty (one standard deviation) in the last digits is given in
arentheses.

Values enclosed in square brackets were fixed during the fit.

Note that here, and later, we have used single, double, and
triple subscripts to indicate different orders of magnitude for
the constants.

For determining these rotational constants we have used
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the constants given in Tables 1 and 3 as well as constants
given in the recent papers by Smith et al. (9) and Romanini
and Lehmann (5). The weights used in the least-squares
analysis were based on one standard deviation as given by
the present band analysis and three standard deviations for
the data taken from the literature.

The measurements of these rovibrational constants are
easier to fit with fewer constants but the overall standard
deviation of the fits is greater than one because there are
many deviations that exceed the uncertainties of the mea-
surements. Again, the constants for the higher energy levels
are more difficult to fit to within their uncertainties even
though they are often more poorly determined. All of the
higher order constants should be treated as effective con-
stants because they will depend on the fixed values used for
the next higher order constants. The centrifugal distortion
constants are particularly sensitive to any vibrational (or
Fermi) resonances and will also depend on how well we
have taken into account the effects of |-type resonance.

The highest order centrifugal distortion constants, the H,
terms, were very poorly determined (see Tables 1 and 3) and
we could only make avery crude estimate of their vibrational
dependence, given in Table 9. In the analysis, however, we
have used estimated values because we think they are closer
to readlity than the value zero.

TABLE 9
Centrifugal Distortion Constants (in cm™)
for H**C*N and H**C"*N

Parameter H"”C"N H”C"N
D,x105 2.852 97(149)° 2.693 21(69)
B,x10¢ -3.409 1(1549) -3.187 7(617)
B,x10° 6.795 7(922) 6.275 6(424)
B,x10® 0.529 6(2084) 0.634 3(823)
B,,x10° 0.494(331) [0.494]
B,,x10° 0.740(134) [0.740]
B;x10° 0.078(606) [0.000]
B,,x10° 5.577(335) 6.139(363)
B;x10° 4.575(834) [4.57]
B,5x10° -1.700(369) -2.685(383)
B,x10° -4.643(133) -4.444(97)
std. dev. of fit 3.8 1.7
number of non-zero weighted measurements:
67 37
H,x10" 2.458(103) 1.975(195)
€,x101 0.284(77) 0.543(228)
€,x10" 0.857(60) 0.734(147)
€,x10 -0.083(105) [-0.08]
€,x10" -0.146(47) [-0.15]
std. dev. of fit 14 2.0

number of non-zero weighted measurements:
19 9

® The uncertainty (one standard deviation) in the last digits
is given in parentheses.

Values enclosed in square brackets were fixed during the
fit.
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TABLE 10

The Vibrational Expansion Coefficients (in cm™?) for the
I-type Resonance Constants for H*?C**N and H*C*N

Parameter H">C"N H?C"N
q.x10° 7.229 679(2027)° 6.816 059(5199)
m,x10° 0.088 5(33) 0.101 7(96)
m,x10° 0.101 16(79) 0.095 6(22)
7,x10° -0.018 3(33) -0.016 4(86)
7, ¥10* -0.162 6(93) -0.195 5(169)
m,,x10* 0.017 64(111) 0.016 69(328)
T,,x10* -0.006 8(95) [-0.006 8]°
<10 0.118 40(542) 0.118 2(109)
7,,x10* 0.790 3(155) 0.862(158)
T,,x10* -0.137 8(47) -0.152 1(114)
7,x10* -0.009 0(39) -0.014(13)
std. dev. of fit 6.5 4.5

number of non-zero weighted measurements:

31 16
qex10° 7.556(78) 6.742(64)
u,x10° 0.649(142) 0.771(84)
<108 0.528(42) 0.479(25)
;%108 -0.185(85) -0.033(95)
<108 -0.094(41) [-0.094]
Hyx 108 0.002 3(52) [0.002]
Hyx10° 0.056 0(253) [0.056]
ppx10° 0.026(22) [0.026]
p5x108 0.465(43) [0.465]
Wy, <108 -0.108(16) [-0.108]
u<10° -0.072(14) [-0.072]

std. dev. of fit 1.4 3.0
number of non-zero weighted measurements:
22 13

* The uncertainty (one standard deviation) in the last digits
is given in parentheses.

® Values enclosed in square brackets were fixed during the
fit.

The | -type resonance constants given in Tables 2 and 4
were fit to the expansion

G =0+ > m(v +d/2)
+ zz ﬂ-ij(vi + di/2)(vj + d]/2) + 77'|||2

[15]

to obtain the constants given in Table 10, which aso gives
the next higher J-dependent terms given by a least-squares
fit to the expression
O = Oy + ) iy + di/2)

+ zz uij(vi + di/2)(Uj + dJ/Z) + /.L|||2.

[16]

In Egs. [15] and [16] we have used an effective value of |
that is the average of | for the two states being coupled, i.e.,
| = Oforthel = +1, —1 interaction and | = 1 for the | =
0, =2 interaction.
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DISCUSSION

Al > 1 Transitions

For both isotopomers a number of unusual Al > 1 transi-
tions were observed and included in the present analysis.
Such transitions have aready been observed in earlier work
on HCN (35) and other molecules such as N,O (37) and
C,H, (38). They are usually thought to gain intensity from
the | -type resonance between, for instance, | = Oand | = 2
states or | = 1 and | = 3 states. The resonance mixes the
two states so that a transition that is normally alowed to
thel = O state will also become allowed to the | = 2 state at
least for higher rotational levels where the mixing is greater.
However, we have also observed a number of Q-branch
transitions of the type | = 2 « 0, f —e, such as 022'0-—
00°0. They are not allowed, even when the effects of | -type
resonance are taken into account, because the resonance does
not mix the e and f states. These transitions are an order of
magnitude weaker than the Al = 2 and Al = 3 transitions
that are allowed through |-type resonance. Quantitative in-
tensity measurements of those transitions will be the subject
of another paper.

High-Order Constants

The higher order constants given in Tables 7—10 are use-
ful for estimating the values of the different rovibrationa
constants for H*?C*N and H*C*N but it is uncertain how
accurate those estimates may be. The uncertainties given in
the tables are based on the results of aleast-squares analysis.
Such analyses are reliable only if the model used in the fit
isredistic, if the uncertainties used for the data are accurate,
and if there is a statistically significant number of measure-
ments. None of those requirements has been fulfilled and
that is the reason that the weighted standard deviation of the
fitsislarger than 1.0. The uncertainties for the constants for
H™C™N will be too small because some of the constants
were fixed in the least-squares fits. In almost al cases, the
uncertainties for the constants for H*>C*N should be larger
than the uncertainties for the same constants for H?C*N.
In some cases the difference in the value of a constant for
H*C™N and H*C™N is smaller than the uncertainty in the
constant. It is possible that one should use the values found
for H*>C*N for even more of the H?C*™N constants on the
assumption that the isotope shift istoo small to be measured.

Nakagawa and Morino (39) have published values for the
m; constants that were given by a force field calculation.
Their values are quite close to the values given in Table 10.

Our 7, term is nearly equivalent to Watson's g term
(18) and probably should be the same order of magnitude
as the q; term. It could only be determined from measure-
ments of the splitting of IT states and the | -type resonance
between £ and A states. For all other examples of |-type
resonance the qf term is off diagonal in the energy matrix
and couples levels that are too far apart. The uncertainty in
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the value of , is the same order of magnitude as the value
and is also about ten times as large as the g, term so we do
not believe that the value given in Table 10 should be com-
pared with any theoretical value. It may be an artifact created
by our model which ignores the effects of vibrational reso-
nances.

Severa high-order centrifugal distortion-like constants
have been determined with considerable reliability for HCN,
notably the H, terms and the q,;; and p terms; the latter are
given in footnotes to Tables 2 and 4. Only a few vibrational
transitions were measured to high enough rotationa levels
to evaluate g,3; and p and so no vibrational dependence could
be determined. Enough H, terms were measured to lead us
to believe that we can see their vibrational dependence but
the uncertainties are so large that we may only be observing
experimenta artifacts.

The present value for p, the matrix element coupling |
with | + 4, is about half the value found earlier by Maki
and Lide (19). This discrepancy is not the result of any
difference in the matrix elements; rather, it is because the
present analysis includes more high-order terms such as the
| dependence of the centrifugal distortion terms and the H,
terms. Adding more terms to an analysis often changes the
value of the high-order constants by more than the statisti-
cally determined uncertainty. As further evidence that this
term is real, the value for H?C™N is dlightly smaller than
the value for H2C*N and has the same sign. In addition,
our determination of p from apreliminary analysis of spectra
of DC*™N and D*C*N indicates that it is on the order of
half the size found for the hydrogen species and also has a
negative sign with respect to g, which is given a positive
sign for this work. Terms equivalent to our p have been
observed for acetylene by Sarma et al. (40, 41) (and also
by earlier workers) and they are also opposite in sign to the
g term and have magnitudes close to that of the g, term.

B. Constants

For H*2C*N the present B, value of 1.484781 + 0.000002
cm ™t is not significantly different from the value 1.484773
+ 0.000008 cm™* given by Winnewisser et al. (21). For
H®C™N the present B, value given in Table 8 is also in
excellent agreement with the value implied from ther, values
given in Ref. (21).

Check of SEP Assignments

We have used the constants given in Tables 7 and 8 to
check the assignments of the stimulated emission pumping
(SEP) measurements of Yang et al. (1) and Jonas et al.
(2). When the uncertainty in the SEP measurementsis taken
into account, our calculated band centers and rotational con-
stants agree with all the assignments of Y ang et al. and most
of those of Jonas et al., but we question the assignments by
Jonas et al. for the (0, 4°2, 6), (0, 10°?, 4), and (2, 10°?,
1) levels. The (0, 10°2, 4), (2, 10°2, 1) levels are predicted
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by our constants to be 16 and 25 cm™* higher, respectively,
than the positions given by Jonas et al., while all the other
transitions (with two exceptions) up to 19 000 cm™* are fit
to within 2 cm™ of our calculated position with the highest
frequency transitions having the largest deviations. Only a
fairly strong vibrational resonance with some other level
could displace both of these levels by that much and that
seems unlikely. Even the well-known resonance between the
(2,0°, 4) and (4, 0°, 1) levels, which are separated by less
than 3 cm™, displaces those levels by no more than 8.5
cm™t. The correct assignment for four of the six levels in
question would seem to be G(0, 4°, 6) = 14 992.06 cm™*,
G(0, 42, 6) = 15004.54 cm™*, G(0, 10°, 4) = 15002.13
cm™*, and G(0, 10%, 4) = 15016.861 cm™*, which agrees
with Carter et al. (42). We aso believe that the other two
levels are probably G(3, 2°, 2) = 14 987.01 and G(3, 22,
2) = 15000.81 cm™* although we have no explanation for
the intensity of the SEP measurements. The former four
levels have the | = 0, | = 2 energy level separation that we
calculate, while the latter two have a separation that is too
small by 0.4 cm™. For the other assigned energy levels our
calculated separation of the | = 0 and 2 levels is within
0.27 cm™* of the separation measured by SEP. This good
agreement leads usto believe that the accuracy of this differ-
ence measurement is not affected by the calibration uncer-
tainty of 2 cm™* suggested by Yang et al. for those SEP
measurements below 13 670 cm™.

Another important criterion for the assignments is the B
value for the state. The SEP measurements give B values
that are consistently larger than the values that we calculate.
That is aso the case for our suggested assignments but is
not the case for the two Jonas et al. assignments involving
v, = 2. Asindicated by Jonas et al. a weak resonance could
affect the apparent B, values so this argument is not at al
conclusive.

Jonas et al. suggested that the intensity and therefore the
observation of the (2, 12°2, 2) level is due to mixing with
the nearby (0, 12°2, 5) level through the Av, = =2, Auv; =
+3 resonance which also couples the (2, 0°, 4) and (4, 0°,
1) levels. Evidence of this interaction is provided by the
separation of the | = 0 and | = 2 levels. The 15.07 cm™*
separation of the G(2, 12°?, 2) levels is smaller than the
predicted value 15.31 cm™* and the 15.10 cm™* separation
of the G(0, 12°?, 5) levelsislarger than the predicted value
of 14.83 cm™*. The B values also seem not to agree although
the sum of the B values for the two states is close to the
calculated value. In this case the resonance between these
levels is certain to be important and is complicated by a
low-J crossing of the rotational manifolds of these levels.
Especially important for this level crossing is the larger B
value expected for the state that is at lower frequency. As
the separation of the interacting levels diminishes with in-
creasing values of J, there will be an increase in the effect
of the resonance. For instance, if the unperturbed separation
of the levels is the same as the observed separation of the
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band centers, 3.2 cm™2, then the two vibrational states will
be exactly coincident between J = 11 and J = 12, according
to our calculated unperturbed B values, B(0, 12°, 5) =
1.470875 cm™* and B(2, 12°, 2) = 1.493760 cm™*, and
ignoring the | -type resonance which will be nearly the same
for both states. Since the unperturbed separation of the two
states is certain to be smaller than the observed separation,
the crossing should occur a even lower J. Both of these
levels, and their | = 2 companions, will also move into
coincidence with the (0, 6°2, 7) levels between J = 14 and
J = 18, depending on the levels involved.

For these higher vibrational states where the rotational
levels of one vibrational state will come close to and cross
the rotational levels of another vibrational state, the correct
vibrational assignments can only be understood when all
interacting levels are included in a perturbation analysis. In
many cases nearby vibrationa states will not have large
enough interaction matrix elements to affect the energy lev-
elsand intensities, but in the cases cited above the interaction
seems not to be trivial and the mixing of the energy levels
will be strongly J-dependent because the separation of the
energy levels is strongly J-dependent.

Observed and Expected Coriolis Interactions

Of the 23 examples of level crossings and accompanying
Coriolisinteractions givenin Table 5 for H*?C*N, 9 of them
areresponsible for 21 laser transitions. Some of the crossings
we have located are at rotational states beyond the range of
the present measurements, but seven points of interaction
have been directly verified by the observation of transitions
that are dlightly displaced from the expected position.

In some cases where the observed displacement is less
than 0.01 cm™*, the value of the interaction constant and its
uncertainty are poorly determined. Only afew measurements
of small displacements of weak transitions do not give much
confidence in the interaction analysis. From these measure-
ments the vibrational dependence of the Coriolis interaction
constant does not seem to be systematic and may be partially
obscured by experimental error. In an analysis of the spec-
trum of H**C**N to be published later we have observed the
same Coriolisinteraction between 050 and 022°1 and 02> 1
and find that the interaction constant (W = 0.002493 =+
0.000008 cm™) is nearly the same as that observed for
H 12C 14N .

The four laser transitions for H**C**N were used in the
least-squares fits and are responsible for determining the
position of the 0620 and 14°0 states as well as improving
our knowledge of some other constants. The FTS transition
measurements extended beyond the Coriolis crossing points
for the 033°1, 03%"1, 04°1, and 042"1 states so that we can
be certain that the crossing does exist at the J values given
in Table 5. The low-J crossings of the 11'1 state with the
1470 state were observed in a spectrum of the 11'1-00°0
band in a sample that was not enriched in ®N. Those lines
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were so weak and the perturbation caused such a small shift
that the Coriolisinteraction constant was poorly determined.
Furthermore, no transitions were observed for either the 14°0
or 1420 states with the exception of the two laser transitions.

The P(19) and R(17) 07*°0—02°0 transitions have been
observed even though no other transitions involving 07'0
were found. Those transitions have nearly the same intensity
as the 04°1-02°0 transitions because the Coriolis mixing of
the levels is nearly 50:50 at J = 18. The strong Coriolis
mixing is also shown by the very small difference between
the perturbed separation and twice the displacement of the
levels; see Table 5.

Because of the symmetry of the energy matrix, the same
term describes the coupling of the 0331 and 062°0 levels
and the coupling of the 03371 and 0620 levels. In order to
alow for a small difference between the effective Coriolis
constants for those two interactions, a J-dependent Coriolis
term was included in the fit. The fit then gave W = (0.2146
+ 0.0356) x 1072 + (0.424 + 0.061) x 107° J(J + 1)
which is equivalent to the values given in Table 5 at J =
20 and J = 25.
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