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High-resolution measurements have been made on the infrared emission spectrdf@'éf,HH'*C"N, and H’C“N at
temperatures on the order of 1370 K. The measurements cover the region 400—8%Gitbna resolution of 0.006 cii. New
room-temperature absorption measurements are also reported@N\Hin the regions, 1200—1500 ¢mand 2500-3700 cm.

These measurements are combined with earlier measurements to obtain improved values for the rovibrational constants for these
three isotopomers. The high temperatures allowed us to measure the bending vibrational levels up to thetaté lat more than

7900 cm* above the ground vibrational level, forig€**N and H*C*N, and the 0 18 0 state for H*C**N. The Coriolis interaction
responsible for the laser transitions of€&'"N and H*C™N has also been observed, for the first time, foiG¥N. Newr, values

are given using th8, values found in this paper and in a recent paper on deuterated iSOtOpos®@Us.Academic Press

Key Words:HCN; bond distances; emission spectra; bending vibrations; isotope shifts; molecular spectra; rovibrational
constants; infrared spectra; Coriolis perturbations.

INTRODUCTION EXPERIMENTAL DETAILS

In a recent paperl] we reported the analysis of the high-
o Sn .
temperature emission spectrum ofO*N in which we observed were presented in Refl), Table 1 lists the conditions used in

levels up tov, = 12,1 = 12, which is nearly 6900 ct above the e recording of the emission spectra used in this work. Th

ground state. The present paper is a continuation of that work. We. ™. : i
have now measured and analyzed the high-temperature emisSion " spectra had a resolution, 0.006 trthat was some

spectrum in thev, region for H’C*N, HCEN, and HCHN. what larger than the Doppler width of 0.0036 cnat 1370 K

) :
These new measurements give term values for the bending stt 7?0 cm- Ntht of dthe absorplyon m;asure_lr_n i?ts ;V er
up tov, = 10 and = 10 in all three cases and upwtp= 11, = aken from spectra used in our earlier papesy. Tables 2,

11 for H2C™N and HC*N. The smallest-values were not 3, and 4 give the vibrational transitions that were included il

observed beyond, = 9 because of the less favorable intensit)'€ '€ast-squares fits used for this paper.
factors and the more crowded spectral region where those transil € calibration of all thezerH|55|on measurements made u
tions occur. In addition to observing high levels, the present ©f the v, transitions for H C"N that had previously been
measurements also extend to high rotational levels, thus givigorted 2, 3. For the isotopically enriched samples there wa:
better estimates of the higher order centrifugal distortion copufficient residual FFC*N in the sample to allow such cali-
stants,H,. Even though there is a high correlation with othépration. The accuracy of the calibration was checked by con
constants, we have observed tiiependence of thetype reso- Paring the present values for the vibrational levels with thos
nance constant, representeddpy values given from absorption measurements in our earlie
In an earlier paper2) we presented an analysis of thedaper ). Especially useful is the comparison of the presen
vibrational energy levels of HC*N and H?*C*N that included Value for the 030 level with that reported earlier from absorp-
some measurements through = 6. In Tables 1-4 of that tion measurements that were calibrated with the very precise
paper we presented a number of constants that were not mgwwn CO absorption lines4). A similar comparison was
sured, but were based on a modest extrapolation of the vibmaade for the present emission and absorption measureme
tional dependence of the rovibrational constants. The presémtHC*N. We believe that the accuracy of the energy level:
measurements vindicate our optimism for the accuracy of thaseasured in the emission spectra is well represented by t
extrapolations and extend our accurate knowledge of the bendeertainties given in the present tables. Energy levels abo
ing potential for three isotopomers of HCN to levels that ar®00 cm* and measured only in absorption spectra were nc
well above the ground state of the HNC isomer. so thoroughly checked and may have additional calibratio

N . . errors which lead to uncertainties on the order-d®.0008
Supplementary data for this article are available on the journal home page

1 1 . .
(http://www.academicpress.com/jms) and as part of the Ohio State Univer&? ~ @t 5000 cm™ and rising to twice that value at 10 000
Molecular Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.htmmfl.

Most of the details of the high-temperature measuremen
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TABLE 1 emission spectrum in the-branch region where the density of
Parameters of the FTS Spectral Emission Measurements lines is not nearly so great. Even in such a region of compa
Filename ZHCNEWS ZHCNEVS ZHCNEUS atively low line density, there are several lines that are not we
Species HI’CHN HBClN H'2cN resolved from other lines.
Region (cm'l) 400-855 420-860 400-860 . .
Date (D/M/Y) 2/2/97 1/2/97 31/1/97 To some exte_nt the success of finding transitions was ds
Pressure (mbar) 2.9 3.0 3.38 pendent on accidents of fate. If a long stretch of transition
g:gﬁi’;ﬁr(ig) 1370 1370 1370 should fall under some stronger transitions, then it was nc
of heated region 60 60 60 possible to be certain of the assignment of the few transitior
gpe‘}"t’,e diameter (mm)  3.15 315 3.15 that could be resolved and we chose to ignore those assic
esolution . .
(1/MOPD) (cm™) 00061 0.0061 0.0061 ments. That is the primary reason that the same levels were r
Bandpass opt. filter (cm™) ~ 400-900(4K) ~ 400-900(4K)  400-900(4K) observed for all isotopic species, even though the emissic
High pass el. filter (cm™) 197 197 197 t d und bl diti ft
Low pass el filter cm™) 1027 1027 1027 spectra were measured under comparable conditions of tel
Scans coadded 992 1200 850 perature, path length, and pressure.
Highest S/N (rms) ~400 ~400 ~400 ; 315
Detector Go:Cu (4K) Ge:Cu (4K) Ge:Cu (4K) In our earlier mez_i_surements or’D*™N (1) we showed that
Windows KBr KBr KBr the strongest transitions were of the type+ 1,1 + 1,J +
Beamsplitter KBr KBr KBr 1 —v,, | = v,, J. Fortunately for this study, those transitions
Focal length of v i . fth h he d .
collimator (mm) 418 418 418 were mostly in a region of the spectrum where the density c
Scanner velocity (cm/s) 1.266 1.266 1.266 lines was comparatively low. Those were the main factors th:
allowed us to observe such high vibrational levels with= |.
Figure 3 shows an overview of a region of the spectrum ©
ANALYSIS OF THE SPECTRA H™C"N that contains three series @-branch transitions of

the typev, + 1,1 + 1 — v,, | = v,. The figure shows the
Based on earlier measurements of the bending manifolds fapid decline in intensity with increasing values\af It also
H*C"N and H’C™N that extended t@, = 6, it was quite easy illustrates the change B for the Q branches as, increases.
to assign the strongest transitions to levels that had alreadylhe present measurements were analyzed in the same way
been observed. From the constants given in Tables 7-10 in Reft earlier measurement$, (2). For each isotopomer, all the
(2) it was then possible to calculate the transitions for the neptesent measurements were combined with previous measu
higher bending level. After the discovery and analysis of theents in a single least-squares fit that gave the values a
transitions for each new vibrational level was completed, a namcertainties for the rovibrational constants for each vibre
set of constants was determined and used to predict the locational state as corrected for the effectd #ype resonance and
of the next higher level. As long as the extrapolation was nfdr any Coriolis resonances that produce directly observe
more than one unit in the bending quantum numberthe displacements of some lines.
calculated transition wavenumbers were always within 0.04 The least-squares fit used an energy matrix with the diagon
cm ' of the observed transitions and usually within 0.02 &m matrix elements
A similar procedure was followed for ¥C"N except that

we bggan with much less |n_format|on ab(_)ut_the lower bendnagl, Vs, Va, 1, JH/NCVY, Vs, Vs, 1, J)
vibrations. Before analyzing the emission spectrum of [1]
H™C"N, we measured and analyzed the absorption spectrum =T(v, 1, ) = Go(v, I) + F(v, I, J),
in the region of the 2, band. Those measurements provided
information on bending levels through, = 5. Absorption where the unperturbed rotational term value is given by
spectra also were measured for the and v, + v; regions,
which gave more datg for the bending manifold as well as fgr(v, 1,3 =B,[I(J+1) — 17— D,[II+ 1) — 172
the transitions involvingy, through the 03%L levels. In the 2]
emission spectra we could identify transitions for all those +H I3+ 1) - 17
levels and then could extend the assignments to higher levels

using the “boot-strap” iterativelfechnique just described f@ihd the unperturbed vibrational term value is givenGyv,
extending the transitions for fC™N. I). The effects of-type resonance were taken into account by

As can be seen in Fig. 1 the emission spectrum was quii§ing off-diagonal matrix elements of the form
crowded, especially in the region 700—725 ¢rwhere there

were manyQ-branch transitions. Also visible in Fig. 1 are the<
Q-branch absorption lines of the 8a-00°0 transitions that
come from the cool portion of the absorption cell near the = %[q, — q,;J(J + 1) + g3, J%(J + )2+ q(l = 1)?]
windows. In fact, most of the emission lines in the region from _ B [3]
712 to 715 cm* are obscured by the strong self-absorption of XAz = Dlve =1+ 20+ 1) = 11 = 1]
the transitions from the ground state. Figure 2 shows the X [J(J+ 1) — (I +=1)(1 *2)]}%2

Vi, Vo, Vg, |, JJH/NC|vy, vy, v, | = 2, J)
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TABLE 2
Wavenumbers of Band Centers in cm™ for the Infrared Bands of
H™C*N Used in the Present Analysis

transition v transition v, transition v,

0110-00% 711.979 569(18)1*¢|  07°0-06%0  651.568 31(43)* 0112-0110  4166.315 480(65)t
02%0-00% 1411.413 375(26)t 07°0-06%0  713.288 28(30)* 02°2-00° 5571.733 697(123)+
02%0-00% 1426.529 865(23)F 0770-06%  729.035 46(47)* 02°2-0110  4859.754 129(113)}
02%-0110 699.433 806(23)1* 08%-07'0  669.125 58(47)* 0222-0110  4874.085 599(127)t
02%20-01'0 714.550 296(18)t* | 08%0-07'0  684.691 31(101)* 00°3-00% 6228.598 297(116)t
0310-00% 2113.450 489(23)% 08%0-07%0  700.435 16(72)* 0113-01'0  6218.058 07(55)F
03%0-00% 2144760 71150t 08%0-07°0  716.316 36(122)* 10°-00% 3311.476 829(49)t

0310-0110 1401.470 920(25)f 08%0-0770  732.251 73(45)* 10°0-0110  2599.497 261(48)t
03%0-01'0 1431.781 142(54)t 0910~08%  671.532 85(64)* 10%0-02% 1900.063 455(52)t
0310-02% 702.037 115(30)t* | 09%0-08%0  703.30221(103)* 1110-00%  4004.162 281(36)t
0310-02%0 686.920 62428)t* | 0970-0850  719.396 05(134)* 1110-01'0  3292.182 712(33)t
03%0-02%0 717.230 846(52)1* 09°0-08%0  735.572 55(48)* 11'0-02% 2592.748 906(34)t

04%-00% 2802.958 821(38)F 010'°0-09°0  738.997 16(269)* 11'0-0220 2577.632 416(32)t
04%0-01'0 2090.979 252(37)t 00°1-00%  2096.845 558(27)t 12°0-00%  4684.310 004(60)F
0420-01'0 2106.195 973(33)t 00°1-0110  1384.865 990(30)F 1220-00%  4699.208 984(89)t
04%0-02% 1391.545 446(41)% 01'1-00%  2805.581 932(47)t 12°-02% 3272.896 630(61)T
0420-02%0 1391.645 677(33)F 01'1-02%  1394.168 557(51)t 1220-02%0  3272.679 11987t

04%-03'0 689.508 331(41)T* 01'1-03'0  692.131 442(51)* 12%-0310 2570859 S15(6 1)t
04%0-0310 704.725 052(39)1* 01'1-00°1  708.736 373(53)* 1220-0310  2585.758 495(89)t
04%0-03%0 674.414831(60)* |- 02°1-00%  3502.119 692(61)T 1220-03%0  2555.448 273(93)t
04%-03%0 720.020 804(109)t*|  0221-00°%  3516.871 529(60)% 20%0-00% 6519.610 318(60)t

05'0-00% 3495.113 952(73)t 02°1-01'0  2790.140 123(6 )T 20°-0110  5807.630 749(59)t
05'0-0110 2783.134 383(72)t 0221-01'0  2804.891 960(58)F 2110-00% 7192.763 680(62)t
05'0-02%0 2068.584 087(72)t 02°1-0111  696.537 760(75)* 21'0-01'0  6480.784 111(59t
05%0-0220 2099.142 607(87)% 0221-01'1  711.289 597(74)* 22°0-01'0  7141.531 402(118)}
05'0-03%0 1381.663 463(74)t 03'1-00°  4201.205 507(49)t 2220-0110  7156.085 601(95)t
05%0-03%0 1381.911 761(98)F 03'1-01'0  3489.225 939(48)F 22°0-02% 6442.097 596(116)t

05'0-04% 692.155 132(78)* 03'1-02%  2789.792 133(51)T 2220-02%0  6441.535 306(93)t
05%0-0420 676.938 411(76)* 0311-02%0  2774.675 642(49)t 2310-00% 8516.469 15(22)%
05%0-04%0 707.496 930(91)* 03%1-0220  2804.307 166(163)t| 23'0-0310 6403.018 66(22)t
05%0-04% 722.918 549(262)* 03'1-02°1  699.085 816(75)* 23%0-03%0  6401.819 82(36)

06%-0310 2061.158 212(219)t 03'1-0221  684.333 978(75)* 30°-00% 9627.086 85(22)t
0620-03'0 2076.522 892(174)t 0331-0221  713.965502(167)*| 31'0-01'0 9568.383 982 1)t
06%0-03% 2092.263 340(297) 0491-03'1  686.833 54(30)* 20°1-00% 8585.581 07(12)f

06%-05'0 679.494 75(21)* 0421-03'1  701.732 46(43)* 20°1-00°1 6488.735 51(12)F
0620-0510 694.859 429(174)* 0441-03%1  716.763 26(43)* 2111-00% 9256.087 09(35)
0620-05%0 664.300 909(176)* 05'1-0110  4865.464 88(36)t 21'1-01'0  8544.107 52(35)F
06%0-05°0 710.351 58(29)* 05'1-04%1  685.405 40(40)*

0640-05% 649.323 99(37)* 05%1-0421  704.475 21(172)*

0650-05%0 725.923 98(37)* 05°1-04%1  719.672 38(99)*

07'0-06% 682.079 44(26)* 06°1-05°1  722.720 91(124)*

07'0-06%0 666.714 76(30)* 0092-00°  4173.070 839(77)%

07°0-06%0 697.618 98(39)* 0112-00°%  4878.295 049(63)t

% 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.

and the g, term is equivalent to ther, given in Ref. @). In that
earlier work we tried to determine thg, term from fits of the
(V1, Vo, Vg, |, JH/NC|Vy, vy, Vg, | £ 4, J) g, terms for> andlII states. In the present case thdepen

_ _ — dence is built into the energy matrix which is where it really
= (p/18){(ve = DV 1+ 2)(v, * | =2) belongs. The value of, seems to be fairly well determined
X (Vo= 1+ D[II+1) —1(1+1)][I(I+1) [4 although it is highly correlated withp, and both are small

off-diagonal constants coupling levels whose separation
-(lx1n(=*x2 +1)— (= + ) .
( ) NP+ =0 =2)(1 = 3)] many orders of magnitude larger than the coupling constant
X[II+1D)— (=3 =xH]Y2 For II vibrational states the coefficient gf is zero and so it

does not affect the value of, for Il states. Fow, = 2 states

In Eq. [3] we give theg, term which is equivalent to thgf theq, term cannot be distinguished from thgterm. Only for
term described by Watso®), For HCN thek andl quantum thev, > 2 states can we hope to determine a valuegfoln
numbers are the same. Although defined somewhat differenthyr fits we have used the same valugypfor all values ofv,.
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TABLE 3
Wavenumbers of Band Centers in cm™ for the Infrared Bands of
H™C*N Used in the Present Analysis

transition Y transition Y transition v

< C <

01%0-00% 705.965 7342 1D1* [ 0710-06%  677.389 49(56)* 03°1-0220 2763.455 35(32)t
02%0-00% 1399.760 658(34)t 0730-06%0  692.754 64(40)* 03°1-05'0  710.441 38(33)*
0220-00% 1414.634 4693 1)t 07°0-06%  708.264 99(45)* 03'1-02°1  693.169 534(168)*
02%-01'0 693.794 924(33)t* 0770-06%  723.873 18(31)* 03%1-0221  707.812 5331)*
02%0-01%0 708.668 73527)t* | 08%-0710  664.721 19(50)* 04°1-02% 3430.493 92(51)%
0310-00% 2096.269 75327t 08%0-07°0  695.694 95(86)* 0421-02%0 3430.282 29(55)t
03%0-00% 2126.119 952(84)t 08%0-07%0  711.424 25(57)* 04°1-03!1  681.294 38(51)*
03%0-01'0 1390.304 01927t 08%0-0770  727.244 78(43)* 0421-03'1  695.956 57(55)*

0310-02% 696.509 095(37)* 0970-08%0  714.668 13(129)* 0441-03%1  710.776 38(47)*

03%0-02%0 711.485 483(80)* 09°0-08%0  730.723 88(69)* 05°1-04%1  3271.505 828(104)F
04%-00% 2780.585 370(52)t 010%0-0970  717.997 20(101)* 05%1-04*1  3271.336 366(128)t
04%-0110 2074.619 636(51)t 010'%0-09%0  734.308 64(86)* 10%-00° 3293.513 232(117)t

0420-0110 2089.618 040(49)t 011'10-010'°0 737.996 80(159)* 1110-0110  3274.806 456(63)t
04%-02% 1380.824 711(5)t 00°1-00%  2063.047 099(46)t 1110-02% 2581.011 532(71)t
0420-02%0 1380.949 304(49)} 00°1-01'0  1357.081 366(43)t 11'0-02%0  2566.137 721(68)t

04%-0310 684.315 617(53)* 01'1-00%  2765.304 460(75)t 12°0-02°0  3256.079 946(165)%
0420-0310 699.314 021(53)* 01'1-0110  2059.338 727(75)t | - 1220-02%0 3255.874 415(165)t
0440-03%0 714.415459(131)y* | 01'1-02°  1365.543 802(80)t 13'0-0310  3237.154 3332)t

05'0-00% 3467.648 439(110)t 0111-0220  1350.669 991(79)t 13%0-03%0  3236.695 40(57)t
05'0-01%0 2761.682 705(109)f 01'1-00°1 702257 361(82)* 00%2-00%  4105.875 00(63)t
05'0-02% 2067.887 781(109)t 0291-00°  3455.790 658(78)% 01'2-00% 4804.177 75(28)t
05%0-02%0 2083.158357(132)t | 0221-00°%  3470.277 294(95)t 20°%-00% 6483.281 24(21)t
05'0-03'0 1371.378 686(109)t 02°1-01'0  2749.824 924(79)t 2110-0110  6445.692 88(22)t
05%0-03%0 1371.672 874(141)t 0221-01'0  2764.311 560(93)% 22%-02% 6408.201 54(89)F

0510-04% 687.063 069(108)* | 0221-03'0  1374.007 541(97)t | 22%0-02%0 6407.642 25(126)t
0530-04%0 702.209 053(134)* 0221-04%  689.691 924(106)*|  10°1-00% 5343.658 669(156)t
05%0-04% 717.457 500(151)* 0291-00°1  1392.743 558(88)t 11'1-00% 6027.345 8221t
06%0-05'0 674.707 87(21)* 02°1-01'1  690.486 197(105)*|  1111-01'0 5321.380 09(21)t
0620-05%0 689.876 43(25)* 0221-011 704972833113 12°1-00% 6699.101 06(42)t
06%0-05%0 705.193 10(24)* 03'1-01'0  3442.994 457(154)F| 20°1-00% 8519.244 37(100)t
06°0-05°0 720.610 309(196)* 03'1-02%  2749.199 533(157)t|  30°0-00% 9571.696 40(57)t

“ 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, 1, indicates the band was measured in absorption.

The value ofp, was even better determined thanand so it (v,, v,, vg, |, JJH/hc|vy, v, + 3,vs— 1,1 = 1,J)
was possible to obtain a rough estimate of the vibrational
dependence gj,.

In keeping with the notation used in our most recent paper
(1), we report the energy levels in terms Gf(v, |), where  In our least-squares fit of the data for*8"“N we have
Go(0, 0) = 0, but the observed band centers are given by combined all the data available to us in a single fit that had ove
8200 measurements. Included in the fit were the rotation:
transitions measured earligg{8). Each set of measurements,
or in some cases each measurement, was weighted by
inverse square of the measurement uncertainty. Many of tt
where transitions were unresolved doublets and in those cases ¢
program fits the unresolved doublets to the average position
the two transitions.

For the fits of the FFC"*N and H’C*N data we included
most of our earlier infrared measuremen® ), but some
Note that this definition of5.(v, ) is nearly the same as thevibrational levels that were not involved in the high-tempera
G, given in Ref. ). ture measurements were left out of the fit. A total of 12 20(

In this analysis no vibrational resonances have been amaeasurements were included in the’Gt*N least-squares fit
lyzed and so such matrix elements have not been used in #mel 7800 measurements in thé’ &N fit.
energy matrix. A single type of Coriolis interaction has been The rovibrational constants that resulted from the fits ar
found for these three isotopomers and was represented by dheen in Tables 5-8. In certain cases the data were not exte
off-diagonal matrix element sive enough to determine the values for some higher ord

=[W, +W,J(J+D][II+1)—I(x1)]Y2 [7]

ve= GV, 1)" = Ge(v, )", (5]

GV, 1) = Go(v, 1) = BJ2=DJI* = HJ%.  [6]
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TABLE 4

Wavenumbers of Band Centers in cm™ for the Infrared Bands of
H™C®™N Used in the Present Analysis

transition v, transition v transition v,

01'0-00% 711.026 55422)t*{  07'0-02%  3439.672 19(26)t 0331-06%0  12.524 49Q27)°
02%-00% 1409.306 512(37)% 0710-06%  680.991 569(191)*| 04°1-02% 3442.528 19516 1)}
0220-00% 1424.759 050(35)t 0710-06%0  665.296 64(28)* 0421-0220 3442.258 870(167)t
02%-0110 698.279 958(35)t* | 07°0-0620  696.859 47(36)* 0491-0311  685.820 104(183)*
0220-01'0 713.732 4963 1)¥* | 07°0-06%  712.846 00(21)* 0421-03!1  701.003 317(185)*
0310-00% 2110.330 492(35)t 0770-06%  728.902 68(21)* 0441-0331  716.325 21(46)*
03%0-00% 2141.308 510(61)t 08%-0710  667.863 47(84)* 10%0-00% 3310.089 147(86)t
0310-01%0 1399.303 938(34)t 0840-07°0  699.823 32(51)* 10%0-011'0  2599.062 593(86)t
033%0-0110 1430.281 956(58)t 0850~07°0  716.006 64(36)* 1110-0110 3290.813 166(65)t
0310-02% 701.023 980(43)* 0830-0770  732.255 38(24)* 11'0-02% 2592.533 208(72)t
03'0-02%0 685.571 442(39)* 09°0-08%  702.840 98(73)* 11'0-02%0 2577.080 670(70)t
0330-02% 716.549 460(57)* 0970-08%0  719.247 75(46)* 12%0-02% 3271.505 828(104)%
04%-00% 2798.635 100(66)t 09°%0-08%0 735710 98(44)* 1220-0220 3271.336 366(128)F
04%-0110 2087.608 546(65)t 010%0-0970  722.566 67(106)* 1310-03'0  3252.029 959(154)t
0420-01'0 2103.157 600(59)t 010'%-09%0  739.267 86(96)* 13%0-03%0 3251.633 2922)t
04%-02%  1389.328588(66)t | 011'10-0101% 742.923 88(167)* 00°2-00% 4108.640 17(112)t
0420-02%0 1389.425 104(58)F 00°1-00%  2064.316 173(47)t 01'2-00% 4813.162 01(91)}
04%-0310 688.304 608(67)* 00°1-0110  1353.289 619(46)t 20°-00% 6725247 18(91)t
04%20-0310 703.853 662(60)* 01'1-00%  2772.221 969(48)t 2110-0110  6477.771 658(164)F
0420-03%0 672.875 644(71)* 01'1-01'0  2061.195 415(45)% 22°0-02% 6439.125 33 1)t
04%0-03%0 719.476 219(126)* 01'1-00°1  707.905 797(64)* 2220-02%0  6438.619 9Q27)T
0510-0110 2778.706 252(87)% 02°1-00%  3467.783 161(79)% 10°1-00% 5360.254 347(166)t
0530-02%0 2096.193 130(124)t 02°1-01'0  2756.756 607(80)F 1111-00% 6049.010 01(52)F
05%0-03%0 1379.643 669(125)t 0221-0110  2771.784 170(96)F 1111-01'0  5337.983 46(52)1
0510-04% 691.097 707(93)* 02°1-01'1  695.561 191(89)* 12°1-00% 6725.247 18(91)t
05'0-04% 675.548 653(91)* 0221-01'1  710.588 755¢(101)*|  20°1-00% 8551.184 27(68)F
05°0-04%0 706.768 026(116)* | 0311-0110  3454.988 049(95)t 30°%-00% 9621.739 54(112)t
05°0-04%0 660.167 450(138)* | 03'1-02%  2756.708 091(99)t

05%0-04%0 722.511 469(161)* 0311-0220  2741.255 553(99)F

06°0-0510 678.254 33(21)* 03%1-02%0  2771.447 509(196)F

06%0-0510 693.949 262(169)* | 03'1-02°1 698231 442(121)*

06*0-05% 709.765 897(191)* 03%1-0221  683.203 879(133)*

06°0-05°0 725.654 213(131)* | 03%1-0221  713.395 835(199)*

¢ 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, T, indicates the band was measured in absorption.
b laser transitions

constants. Those constants that are given in square brack
were fixed at values extrapolated from the rovibrational depel
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dence of other vibrational states. We believe that such extra
olated values are better than fixing the constants at son
3| arbitrary value such as zero.

NEW RESONANCES THAT HAVE BEEN FOUND

Coriolis Resonances

For HC*N and H?C"™N it has previously been shown that
there is a Coriolis interaction that couples levels such a4 01
and 040, or 021 and 05°0. That interaction is represented by
the matrix element given above in Eq. [7]. Tables 5 and 6 ¢
Ref. (2) give a good description of the Coriolis perturbations
found for H?C*N and H*C"N. The present measurements
give constants that are only slightly different, always within the

‘; i
; i Pl
o ks o, ukh\LMmuu-mAMnhm‘.um.u.n..l.‘.‘u

725

Note the weak self-absorption lines directed downward between 712 and #iacertainty of the constants. A few new level crossings hav
cm™. The first lines of severd) branches are indicated at the top of the figurebeen identified and those are given in Table 9. As was done
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HCN emission spectrum
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FIG. 2. The emission spectrum of thR-branch region for FFC**N. The numbered lines have been identified as follows: £r1384°1 R(33); 2,
03*1-021-021 R(42); 3, 010°0-090 R(27) and 090-080 R(28); 4, 07°0-06"0 R(35); 5, 07°1-01*1 R(33); 6, 03°1-02°1 R(36); 7,
02%0-010 R(32): 8, 05'0-04"0 R(32); and 9, 0¥0-020 R(41).

Table 5 of Ref. 2), the third column of Table 9 gives the actuabrv, and 3, + v, states are not fit very well with a single
(or perturbed) separation of the interacting levels at the croasteraction constantyV,. Instead, we added th&dependent
ing point. constantW,,, given in Eq. [7]. In Table 9 we have given the
The same Coriolis interaction has now been observed dtiective interaction constant at tAealue for each of the three
affect levels of H’C*N beginning with the levels 08 and crossing points.
02°1. Table 9 shows the perturbations that have been observe@he interaction constants coupling equivalent states in di
for H®C"N. In most cases only a single perturbation constarigrent isotopomers have similar values, at least in some cas
W,, could be determined for the coupling between a given pd@m the other hand, the constants coupling different vibration:
of states. However, the three resonances observed betweerstages are often quite different. Some of that difference may t

0550—0550 0770-0660 0880—0770

Relative Intensity

WAVENUMBERS (cm™1)

FIG. 3. The emission spectrum of BC**N showing the region of the 66—050, 070—-06°0, and 080—070 Q branches. The first line of ea-branch
series is indicated at the top of the plot. The stronger lines have been truncated so that the weaker lines may be seen more easily.

Copyright © 2000 by Academic Press



HIGH-TEMPERATURE MEASUREMENTS ON HCN 73

TABLE 5
Rovibrational Constants in cm™ for H*C*N after Correcting for I-Type Resonance

vivy vy Gy(v,D? B, D, x10° H,x10% g .
0000 0.0 1.478 221 846(22)° 2.910 28(14) 3.281(63) 66
0110 713.461 342(18) 1.481 772 688(65) 2.977 46(16) 3.914(67) 66
0 2 00 1411.413 37526) 1.485 828 440(104) 3.047 99(20) 5.280(81) 59
0 2 20  1432.469 854(23) 1.484 997 246(85) 3.040 79(18) 4.074(73) 60
0 3 10 2114.940064(23) 1.489 575 003(108) 3.113 65(99) 6.047(139) 58
0 3 30 2157.151530(53) 1.487 868 527(227) 3.100 24(108) 3.775(139) 53
0 4 00 2802.958 821(38) 1.493 863 846(339) 3.18574(219) 8.20(26) 53
0 4 20 2824.147 481(35) 1.492 984 78(23) 3.174 70(104) 6.17(20) 51
0 4 40 2887.627269(115) 1.490 359 41(67) 3.153 62(223) 2.85(34) 49
0 5 10 3496.611 789(73) 1.497 837 57(53) 3.248 66(308) 8.35(45) 53
0 5§ 30 3539.136 736(85) 1.496 029 18(56) 3.231 11(108) 5.62(46) 44
0 5 50 3624.011 124(254) 1.492 442 26(136) 3.204 05(397) 3.46(73) 45
0 6 00 4174.608 699(218) 1.502 394 81(170) 3.316 4(57) 8.02(180) 42
0 6 20 4195.979257(168) 1.501 468 93(153) 3.311 0(45) 9.94(194) 40
0 6 40 4260.002951(273) 1.498 681 13(160) 3.282 4(25) 5.26(108) 42
0 6 60 4366.411 034(388) 1.494 082 98(229) 3.242 2(66) 1.30(167) 39
0 7 10 4858.194 777(278) 1.506 643 21(185) 3.375 4(63) [11.56)° 43
0 7 30 4901.134 999(372) 1.504 738 00(214) 3.388 1(44) (9.30] 33
0 7 50  4986.834 944(353) 1.500 904 44(149) 3.323 99(154) [4.78] 38
0 7 70 5114.926 806(492) 1.495 250 79(196) 3.270 71(856) [-2.00] 39
0 8 00 5525.81371(54) 1.511 536 40(537) 3.428 7(148) [13.46] 39
0 8 20 5547.421 62(101) 1.510 543 74(562) 3.446 5(121) [12.33] 33
0 8 40 5612.148 81(74) 1.507 580 69(543) 3.442 4(86) (8.94] 26
0 8 60 5719.72392(113) 1.502 645 15(473) 3.340 8(49) [3.30] 39
0 8 80  5869.649 595(606) 1.495 911 59(264) 3.2877(117) [-4.61] 39
0 9 10 6198.862 66(71) 1.516 101 44(341) 3.556 7(27) [14.90] 36
0 9 30 [6242.34429] [1.514 049 2] [3.530 0] [12.64]

0 9 50 6329.079 72(115) 1.509 999 65(820) 3.506 4(124) (8.12] 25
0 9 70 6458.717 10(166) 1.503 925 48(702) 3.310 6(70) [1.34] 28
0 9 90  6630.662 306(700) 1.496 030 90(285) 3.111 68(233) [-7.70] 35
010 0 0 [6855.53278] [1.521 366 4] [3.661] [17.01]

010 2 0 [6877.42519] [1.520 307 8] [3.636] [15.88]

010 4 0 [6943.006 15) [1.517 145 3] [3.563] [12.49]

010 6 0 [7051.986 76] [1.5119194] [3.440] [6.84]

010 8 0 {7203.884 98] [1.504 697 8] [3.269] [-1.07]

01010 0  7398.036 51(136) 1.495 555 7(163) 3.260 4(457) [-11.23] 21
0 0 01 2096.845558(27) 1.468 142 050(133) 2.916 20(28) 3.21(14) 48
0 1 11 2807.053505(47) 1.471 573 85(29) 2.982 54(45) 3.92(19) 48
02 01 3502.119692(61) 1.475 493 33(44) 3.050 17(75) 5.40(42) 46
0 2 21 3522.770241(59) 1.474 677 90(41) 3.045 20(69) 4.50(31) 45
0 3 11 4202.684614(49) 1.479 106 85(54) 3.110 7(18) 5.30(108) 40
0331 4244.133 873(155) 1.477 426 82(109) 3.103 9(23) 4.60(104) 41
0401 4888.039 045(299) 1.483 252 97(232) 3.180 6(56) [7.57] 38
04 21 4908.867 504(418) 1.482 383 29(197) 3.167 8(31) [6.44] 35
0 4 41  4971.276 904(420) 1.479 788 14(191) 3.152 6(28) [3.06] 37
05 11 5578.931552(361) 1.487 110 50(356) 3.289 9(68) (8.61] 32
05 31 5620.780 89(169) 1.485 302 9(108) 3.210 8(148) [6.35] 26
0551 5704.316 32(99) 1.481 744 95(354) 3.195 0(57) [1.84] 36
0 6 01 [6254.37832] [1.491 538 8] {3.346] [10.32]

0 6 21 [6275.43537] [1.490 609 4] [3.330] [9.19]

0 6 41 [6338.53125] [1.487 834 5] [3.285] [5.80]

0 6 61 6443.390 24(147) 1.483 240 13(523) 3.229 5(76) {0.15] 34

4 To get observed band center use G,(v,l) = Gy(v,!)-B, 2~Dvl 4 H,l 6,
The uncertainty in the last digits, twice the estimated standard error, is given in parentheses.
¢ Constants enclosed in square brackets were fixed for the least-squares fit.

a normal vibrational dependence, but other factors may beAccording to the constants given in Table 10, the’22
involved. vibrational level for H’C*N is only about 6.7 crit above the
08°0 level. The lower level has a largBrvalue and so must
overtake and cross the ®level betweed = 12 and] = 14.
There is another accidental crossing of energy levels tHatfact we estimate that thé = 13 levels are only about
occurs in both FFC*N and HC¥N. In the former case the 0.01 = 0.10 cm* apart. Since the two levels have the same
02*°2 level is crossed by the 6® level at) = 28 and in the symmetry, a vibrational resonance between them is possik
latter case the 02 and 080 levels cross as well as the®@2 with a direct resonance constant due tokhg,,,ssterm in the
and 080 levels. This latter case will be discussed first. potential function. Other scenarios for the perturbation coul

Vibrational Resonances
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TABLE 6

Rovibrational Constants in cm™ for H*C**N after Correcting for I-Type Resonance
viv,lvs Goyv,)° B, D, x10° Hx107 g
0000 0.0 1.435 247 967(72)b 2.746 58(20) 2.864(64) 65
0110 712.465 207(23) 1.438 653 049(42) 2.808 74(19) 3.407(64) 65
0200 1409.306 512(37) 1.442 537 901(57) 2.87377(21) 4.592(72) 61
0220 1430.526 036(35) 1.441 746 413(85) 2.867 6121) 3.558(69) 66
0310  2111.776 619(35) 1.446 127 174(95) 2.934 43(53) 5.251(76) 60
0330 2154.309 033(60) 1.444 502 562(134) 2.92296(54) 3.262(76) 66
0400 2798.635 100(66) 1.450 231 738(434) 3.000 12(113) 6.662(183) 57
0420 2819.981 737(60) 1.449 395 644(279) 2.991 86(59) 5.602(125) 54
0440 2883.935 058(127) 1.446 895 57(49) 2.972 74(112) 2.433(178) 52
0510 3491.186 843(88) 1.454 036 307(352) 3.059 57(142) [7.547)° 56
0530 3534.023 023(121) 1.452 315 961(611) 3.045 87(83) 5.444(313) 45
0550 3619.518 665(189) 1.448 898 64(72) 3.018 80(186) 2.174(231) 52
0600 4167.987 14(23) 1.458 401 82(169) 3.13159(367) 10.44(155) 51
0620 4189.512 107(187) 1.457 509 73(120) 3.114 13(252) 7.33(89) 46
0640 4253.995 814(211) 1.454 858 61(116) 3.092 84(173) 5.33(75) 45
0660 4361.167 708(213) 1.450 480 47(85) 3.055 33(290) 0.48(40) 49
0710 4850.441 164(255) 1.462 458 16(133) 3.188 76(292) {10.20) 49
0730 4893.687 122(365) 1.460 620 75(168) 3.158 58(235) [8.23] 34
0750  4979.988927(258)  1.456 994 17(99) 3.132 87(89) [4.28] 41
0770  5108.982072(250)  1.45161190(77) 3.084 11(41) [ 1.65] 48
0800 5516.842 174(873) 1.467 149 0(86) 3.209 1(143) [11.93] 35
0820 [5538.601 76] [1.466 173 9] [3.240] [10.94]
0840  5603.778407(593)  1.463 347 0(30) 3.205 1(46) [7.97] 33
0860 5712.083 576(409) 1.458 690 56(178) 3.166 2(23) [3.03] 35
0880 5863.053 128(318) 1.452 260 35(107) 3.104 9(55) [-3.89] 39
0910 [6188.754 85] [1.471 471 6} [3.304] [13.25]
0930  [6232.51628] (1.469 521 8] [3.284] [11.27]
0950 6319.847 21(88) 1.465 654 7(54) 3.237 1(69) [7.32] 28
0970  6450.353988(554)  1.459 908 56(273) 3.1819(34) [1.39] 32
0990 6623.463 112(473) 1.452 391 01(170) 3.1103(74) [-6.51] 37
01000 [6844.150 66] [1.476 486 2] [3.367] [15.17]
01020 [6866.194 08] [1.475477 7] [3.356] [14.18]
01040 [6932.225 31] [1.472 466 0] [3.325] (11.21]
01060 [7041.947 20] [1.467 492 5] [3.274] [6.27]
01080  7194.864 13(31) 1.460 609 3(68) 3.1802(116)  [-0.64] 25
010100 7390.284 05(78) 1.451 967 5(42) 3.107 0(105) [-9.54] 31
01110 [7504.789 89] [1.481 183 7] [3.431] [16.69]
01130 {7549.181 42] [1.479 103 7] {3.408] [14.71]
01150 [7637.762 04} [1.474971 2] [3.362] [10.76]
01170 [7770.126 89} [1.468 841 5] [3.294] [4.83]
01190  [7945.668 49] [1.460 797 4] [3.203] [-3.08]
011110 8163.576 12(126) 1.450 949 8(74) 3.0857(150)  [-12.96] 28
0001  2064.316 161(47) 1.425 5§79 234(136) 2.752038(343)  2.88(17) 50
0111  2773.650 840(48) 1.428 870 742(345) 2.812658(589)  3.32(23) 49
0201  3467.783 161(79) 1.432 618 969(839) 2.87594(183) 5.54(107) 47
0221  3488.538 125(96) 1.431 850 163(642) 2.871064(1024)  4.12(41) 45
0311 4167.450 681(97) 1.436 077 73(72) 2.930 48(145) 4.52(70) 48
0331 4209.117 017(188) 1.434 495 40(139) 2.93055(258) 6.50(124) 41
0401  4851.834707(166)  1.440041 80(167) 2.993 6(35) 9.24(202) 38
0421  4872.774810(166)  1.439222 46(135) 2.988 5(25) 6.98(105) 43
0441 4935.520 086(457) 1.436 769 62(222) 2.9758(24) [2.66} 31
0511 [5541.781 17} [1.443 713 8] [3.052] [7.55]
0531 [5583.87051) [1.442 019 3] [3.043] [5.57]
0551 [5667.872 81} [1.438 658 5] [3.025] [1.62]

4 To get observed band center use G,(v,l) = Gy(v,))-B,l 2—Dvl 4—Hvl 6

The uncertainty in the last digits, twice the estimated standard deviation, is given in parentheses.
¢ The values enclosed in square brackets were fixed in the least-squares fit.

be found involving more indirect perturbations operatingeing 0.21+ 0.15 cm* below that of 08'0, although none
through larger potential constants but between more distarfitthese levels have been observed. Other levels are ¢
levels. pected to be more distant.

We have only one measurement of the= 13 level for ~ The crossing of the 2 and 08°0 levels of H*C"N also
08°0 and it does not seem to be displaced from its expectseems not to result in any perturbation of the levels. We hay
position, nor do the adjoining rotational levels. It can also lteed to use a vibrational perturbation matrix element in the
shown that the 022 levels are crossed by the WBlevels analysis of the measurements for those two states and t
with the J = 10 level of 0Z°2 being 0.27+ 0.15 cm* constant cannot be determined, but it must be small. In th
above that of the 0%0 level and thel = 11 level of 072 case, however, the relevant levels of the two states are alwa
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TABLE 7
Rovibrational Constants in cm™ for H*C*N after Correcting for I-Type Resonance

Vivyl vy Gy(v,* B, D, x10° H, %10 e
0000 0.0 1.440 000 472(69)° 2.768 54(18) 2.701(58) 69
0110 707.408 891(21) 1.443 157 181(56) 2.827 74(19) 3.215(62) 69
0200  1399.760 658(34) 1.446 801 862(133) 2.889 54(24) 4.344(76) 59
0220  1420.418451(31) 1.445 995 548(93) 2.88341(21) 3.336(71) 61
03 10  2097.719897227) 1.450 144 159(132) 2.94781(114) 4.62(14) 55
0330  2139.156364(83) 1.448 490 235(260) 2.934 19(125) 3.14(11) 56
04 00  2780.585370(52) 1.454 009 157(302) 3.009 68(241) 15.731° 54
0 4 20  2801.396409(51) 1.453 158 84(31) 3.002 23(126) 4.94(18) 52
0 4 40  2863.745 264(148) 1.450 615 79(55) 2.979 35(256) 2.47(18) 54
05 10  3469.106005(109) 1.457 566 02(51) 3.066 37(334) [6.28) 50
0530  3510.895 190(130) 1.455 818 26(54) 3.05137(106) [4.65] 47
0550  3594.301517(191) 1.452344 23(61) 3.017 48(450) [1.39] 51
06 00  4142.356311(238) 1.461 688 66(145) 3.129 4(50) [7.24] 46
06 20  4163.368023(274) 1.460 789 15(112) 3.1193(41) [6.43] 44
0 6 40 4226315 447(266) 1.458 095 20(105) 3.093 18(82) [3.98] 38
06 60  4330.934 569(263) 1.453 648 58(88) 3.048 16(682) [-0.10] 44
07 10  4821.211305(591) 1.465 508 80(331) 3.186 1(79) [7.79] 43
07 30  4863.452294(480) 1.463 643 40(261) 3.1610(52) [6.16] 37
07 50  4947.749918(494) 1.459 960 02(200) 3.1297(23) {2.90] 38
07 70  5073.746837(376) 1.454 498 75(143) 3.071 2(98) [-1.99] 44
0 8 00  5484.46698(76) 1.469 945 81(559) 3.2383(120) {8.75] 23
08 20  [5505.73240] [1.468 967 1] [3.24] - [7.94]

08 40  5569.43219(91) 1.466 108 67(629) 3.205 4(103) {5.49] 25
08 60  5675.28471(70) 1.461 376 01(345) 3.152 4(50) [1.41] 29
08 80  5822.832383(513) 1.454 862 63(180) 3.083 4(137) [-4.30] 44
09 10 [6153.17857] [1.474 033 6] [3.308] [9.30]

0930 [6195.97333] [1.4720602] . [3.285] [7.67]

09 50 [6281.37282] [1.468 140 3] [3.239] [4.41]

09 70  6408.99677(118) 1.462315 63(822) 3.171 2(140) [-0.48] 25
09 90  6578.276088(726) 1.454 704 13(310) 3.082 1(178) {-7.01] 33
010 00  [6805.804 85] [1.478 813 1] [3.370] [10.26]

010 20  [6827.37326] [1.477 793 4] [3.358] [9.45]

010 40  [6891.98124] [1.474 747 6] [3.321] [7.00]

010 6 0  [6999.33702] [1.4697160] [3.260] [2.92]

010 80  7148.95533(136) 1.462 731 6(101) 3.168 9(172) [-2.79] 26
01010 0 7340.15263(92) 1.453 989 30(424) 3.067 9(226) [-10.13] 32
011 10  [7463.62043] [1.483 273 3] [3.426] [10.81]

011 30  [7507.078 50] [1.481171 8] [3.401] [9.18]

011 50  [7593.795 64] [1.476 995 6] [3.349] [5.92]

011 70  [7723.37386] [1.470 798 4] [3.271] {1.02]

011 90  [7895.216 16} [1.462 661 0} [3.168] [-5.50]

01111 0 8108.525 63(124) 1.452 687 0(78) 3.053 9(296) [-13.66] 27
00 01  2063.047099(46) 1.430 246 801(292) 2.774 99(54) 3.03227) 50
01 11  2766.737 760(75) 1.433 299 14(38) 2.833 15(60) 3.52Q27) 50
0 2 01 3455790 658(78) 1.436 823 43(58) 2.893 74(67) {4.22] 46
0221  3476.021425(94) 1.436 032 78(44) 2.886 95(37) [3.41] 43
03 11  4150.400239(154) 1.440 047 05(110) 2.947 9(20) 5.27(60) 47
03 31  4191.035625(308) 1.438 422 42(131) 2.938 4(17) [3.14] 42
0 4 01  4830.254 576(507) 1.443 790 97(433) 3.0150(116) {5.73] 37
0 4 21  4850.688 54(54) 1.442 944 30(252) 2.999 3(43) [4.92] 36
0 4 41  4911.91319(54) 1.440 436 74(260) 2.978 9(35) {2.47] 36
05 11 [5515.67927] [1.447 228 6] [3.068] 16.28]

0531  5556.77320(198) 1.445 473 4(119) 3.020 2(163) [4.65] 24
0551  5638.77900(87) 1.442 049 04(480) 3.007 6(73) [1.39] 28
00 02  4105.874 995(627) 1.420 442 0(66) 2.786 2(110) [3.25] 25
01 12  4805.601 14(28) 1.423 389 89(424) 2.845 4(105) [3.66] 21
1000  3293.513232(117) 1.430 372 61(64) 2.746 80(88) 3.38(33) 46
1110  3982.205909(66) 1.433 718 62(22) 2.809 27(15) [3.56] 42
1200 4655840 604(168) 1.437 567 61(127) 2.878 77(139) [4.69] 33
1220  4676.255877(165) 1.436 748 13(94) 2.870 58(98) [4.09] 32
1310  5334.865200(319) 1.441 113 3(35) 2.944 5(68) [5.21] 24
1330 5375770 191(531) 1.439 426 8(64) 2.911 6(140) [4.00] 21
20 00  6483.28124(21) 1.420 456 62(101) 2.725 47(89) [4.02) 35
21 10  7153.08261(22) 1.423 989 43(161) 2.7925(216) [4.54] 29
2200  7807.962 196(891) 1.428 028 2(168) 2.884 7(858) [5.36] 16
2220  7827.98552(117) 1.427 199 1(237) 2.826(110) [4.76] 18
1001  5343.658 669(156) 1.420 812 00(87) 2.756 66(89) [3.58] 33
1111  6028.76989(21) 1.424 068 68(238) 2.823 0(51) [4.10] 24
1201  6699.10106(42) 1.427 826 6(73) {2.885] [4.92] 20
1221 [6719.318 18] [1.427004 8] [2.875] [4.32]

2001 8519244 37(100) 1.411 077 3(166) 2.7087(521) [4.25] 18
30 00  9571.696401(568) 1.410 231 8(69) 2.693 9(157) [4.69] 22

“To get observed band center use G(v,]) = Go(v,))-B,*-D*-H,1°®.

¢ Constants enclosed in square brackets were fixed for the least-squares fit.
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The uncertainty in the last digits, twice the estimated standard error, is given in parentheses.
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TABLE 8
I-Type Resonance Constants in cm™
for H*C*N, H*C®N, and H®*C"*N

MAKI ET AL.

V{VaV3 qv><103 qVJ><108 qV”><1012 pv><108
H12c14N

010 7.487 737 5(17)° 8.8749(18) 1.362(12)

020 7.595 614(664) 9.319 0(77) 1.408(25)°  [-1.84]°
030 7.709 264(38) . 9.878 7(99) 1.581(55) -1.964(73)
040 7.824 983(171) 10.427 6(243) 1.767(98) -2.007(73)
050 7.946 026(148) 11.020 5(304) 1.660(140) -2.123(74)
060 8.07021(29) 11.610(29) [1.78] -2.164(72)
070 8.200 98(35) 12.186(52) [1.86] ~2.284(74)
080 8.339 18(247) 13.263(293) [1.95] -2.613(183)
090 8.476 41(51) {13.65] [2.03] [-2.37]
0100 [8.6230] [14.40] [2.12] [-2.45)
011 7.479 547(393) 8.762 0(636) 1.07(24)

021 7.573 41(78) 9.167(46) [1.44] [-1.79]
031 7.673 968(309) 9.620(96) 1.41(72) -1.917(77)
041 7.778 25(201) 10.106(122) [1.61] -1.850(181)
051 7.896 22(130) 12.420(214) [1.69] [-2.00]
061 [7.995 2] [10.99] [1.78] [-2.10}
H12C15N

010 7.069 679 0(29) 8.0917(37) 1.190(14)

020 7.171 1937) 8.531 4(172) 1.305(38)  [-1.700]
030 7.277 459(73) 9.017 6(90) 1.455(25) -1.800(34)
040 7.385 494(166) 9.481(20) 1.499(62) -1.831(34)
050 7.498 983(135) 10.019 4(177) 1.531(57) -1.941(34)
060 7.617 30(35) 10.707(66) 1.92(35) -1.979(34)
070 7.740 92(32) 11.299(49) 1.94(12) -2.122(35)
080 7.874 0(36) [11.90] [1.99] [-2.18]
090 [8.001 1] [12.58] [2.10] [-2.26]
0100 ([8.1405] [13.30] [2.211 [-2.34]
0110 [8.2864] [14.06] {2.33] [-2.42]
011 7.064 002(378) 8.031 4(713) 1.225(274)

021 7.147 68(100) 8.332(164) 1.80(83) [-1.645]
031 7.239 552(382) 8.720(80) 1.26(41) -1.712(41)
041 7.33170(74) 9.131(63) [1.54] [-1.80]
051 [7.429 3] [9.54] [1.66] [-1.88]
H13C14N

010 7.166 195(13) 8.107 3(58) 1.135(18)

020 7.268 75(80) 8.495 1(186) 1.159(41)b [-1.714]
030 7.375 054(91) 8.969 1(171) 1.099(74) -1.752(82)
040 7.483 926(198) 9.430 7(235) 1.136(76) -1.805(80)
050 7.598 273(210) 9.991(30) 1.20(11) -1.885(82)
060 7.714 28(46) 10.357(63) 0.45(20) -1.926(81)
070 7.838 21(68) 10.998(156) 1.07(37) -1.921(91)
080 [7.965 1] [11.61] {1.1] [-2.004]
090 [8.098 1] [12.22] [1.1] [-2.05]
0100 [8.2370] [12.87] [1.1] [-2.10]
0110 [8.3823] [13.54] [1.1] [-2.14]
011 7.151 280(430) 8.050 7(738) 1.07Q27)

021 7.238 63(99) 8.453(64) [1.1] [-1.579]
031 7.331 685(584) 8.638(91) [t.1] -1.618(96)
041 7.43275(291) 9.505(239) [1.1] -1.774(272)
051 [7.526 4] [9.441] [1.1] [-1.726]
110 7.291 540(234) 8.723(19) [1.1]

120 7.404 91(173) 9.252(170) [1.1] [-1.714}
130 7.52592(237) 10.47(58) [1.1] [-1.752]
111 7.355 49(287) 9.63(78) [1.1]

121 7.494 3(233) [9.55] [1.1] [-1.714]
210 7.378 60(206) 8.556(339) [1.1]

220 7.478 0(558) [9.86] [1.1] [-1.714]
012 7.136 69(208) [8.10] [1.1]

4 The uncertainty in the last digits, twice the estimated standard error, is given in

Earentheses .

For v, > 1 the data were fit with ¢, (H'2C'¥N) = (0.828+0.033)x107% cm'!,
g, (H2CPN) = (0.854+0.017)x10 > em ™, and ¢, (H'*C'*N) =
(0.705+0.038) %1077 em™ 1.

¢ Values enclosed in square brackets were fixed for the least-squares fit.

turbations are too weak to displace the levels by more ths
0.0005 cm'. That is not surprising because such a high
order potential constant should be quite small and an
indirect resonance mechanism also would be expected
have a small effect. It does show, however, that the norm:
rules for interactions still seem to be effective as we g«
higher in the potential function. In a collision-free environ-
ment there is very little mixing of the high bending states
with nearby states containing some degree of stretchin
motion, even when they have the same symmetry.

VIBRATIONAL DEPENDENCE OF THE CONSTANTS

To extend our ability to calculate term values for highel
bending states, we have included the present measurement
a new least-squares fit of the various constants given in Tabl
5-8 to determine the best constants for the usual power ser
expansion in the vibrational quantum numbers and the qua
tum number for vibrational angular momentuin,The vibra-
tional term values were fit to the equation:

Go(v, 1) + G(0, 0)
= > w(vi + d/2) + 2> x;(v; + di/2)(v; + dj/ 2)
+ 0ol 2+ 2202 ViV + A/ 2)(v; + djf 2)
X (Ve dd2) + Dy (v + di/2)12

+ 2222 Zjnlvi + dif 2) (v, + di/ 2)(vy + di/ 2)
X (Vp +dp/2) + - - -

(8]

TABLE 9
New Coriolis Interactions Found for
H12C14N H13C14N and H12C15N

states involved  J at avoided- separationat  uppermost level interaction
crossing avoided-crossing at crossing constant, W7
(em™) (em™)
H12C14N
08%0-05°1 8 0.1341 05°1 0.004738(43)
082°0-05'¢1 26 0.4801 0sle1 0.004738(43)
0970-06°1 15 0.3921 0970 0.014435(45)
H13C14N
131°0-10%1 29 0.0676 10%1 ND?
082°0-05%¢1 36 0.4121 08%%0 ND
073¢0-04%] 43 0.6306 07°% [0.001767]
07%0-04"0 35 0.5658 04*0] [0.001767]
070- 04211 28 0.3653 04311 0.001767(11)
07'¢0-04°1 33 0.2669 04%1 0.001767(11)
062°0-03%1 26 0.7756 0620 0.002433°¢
06%10-03%11 36 0.1949 0620 0.002648
06%0-03'°1 16 0.2753 031°] 0.002287
05'%0-02%¢1 18 0.0817 05'¢0 0.002480(11)
05'fp-02211 8 0.2823 0221 [0.002480]
H12C15N
08%0-05'°1 39 0.8135 08% ND
08%60-05'°] 13 0.3673 05'°1 ND
082l0-05'1 26 0.3327 05' ND

separated by more than 0.9 tinso a weak interaction Would @ The uncertainties given in this table are twice the standard deviation,

be difficult to detect.

® ND indicates that the constant was not determined.
¢ The three avoided crossings for v, = 6 were fit to the constants W, = 0.002 194

These measurements indicate that these vibrational p&6:000 027 cm! and #,,= 034 20.03 x 10 cm!, see text.

Copyright © 2000 by Academic Press



HIGH-TEMPERATURE MEASUREMENTS ON HCN 77

TABLE 10
Constants in cm™ for the Vibrational Energy Levels of Four Isotopomers of HCN
Parameter H'2C*N HBCMN H’CPN H3CN
oy 3443.092 07(3226)* 3424.006 90(2999) 3441.700 57(2089) 3422.579 10(1779)
W, 726.959 68(575) 720.572 67(704) 725.905 83(660) 719.501 22(530)
w3 2127.397 48(4842) 2092.985 12(2164) 2093.952 08(2968) 2058.636 00(446)
X -53222286(10616)  -53.336 468(22226)  -53.310 336(7857) -53.292 10(844)
X3y -2.596 975(2083) -2.458 978(759) -2.620 141(2149) -2.486 960(2156)
Xg3 -10.080 943(37673) -9.897 972(5935) -9.784 584(14869) [-9.6]°
X, -18.954 192(9784) ~18.365 549(21105)  -18.913 788(9840) -18.270 02(659)
X3 -13.875 846(83596) -12.530 413(55348) -13.564 265(44166) -11.988 53(643)
Xy3 -3.206 376(8665) -3.705 772(1442) -3.061520(11203) -3.578 05(494)
g2 5.314 581(1065) 5.209 069(440) 5.364 149(1586) 5251 667(1017)
Vi 0.452 390(2733) 0.401 051(7579) 0.417 447(1495) [0.37]
Y222 0.020 448(450) 0.017 109(128) 0.021 534(356) 0.019 300(331)
V133 -0.038 823(11160)  [-0.039] [-0.038] [-0.039]
Vi -0.105 669(3635) -0.056 99(1626) -0.080 723(1121) [-0.083]
Vi -0.075 275(1820) -0.094 189(1331) -0.089 721(3739) -0.107 528(2328)
Vi3 -0.457 134(10767) -0.211 58(3002) -0.355 457(2902) [-0.29]
V33 0.118 946(54287) 0.139 35(1169) 0.147 340(22248) [0.158]
Y123 0.102 603(15159) 0.009 352(367) -0.003 220(3412) -0.099 993(5859)
V233 -0.122 485(4610) -0.113 005(513) -0.122 240(5439) [-0.111]
Va3 0.090 497(723) 0.115 073(332) 0.109 095(643) 0.143 419(1424)
Vi -0.036 003(1162) -0.034 356(903) -0.029 157(3042) -0.012 728(977)
Yau 0.004 421(413) 0.007 815(108) 0.003 605(309) 0.007 005(297)
Ysu -0.122 773(981) -0.140 156(297) -0.153 534(2395) -0.166 449(901)
i 0.009 434 4(2210) 0.011 166(1136) [0.009 4] [0.009 67]
Zy12 ~0.001 153 6(481) -0.001 063 5(130) -0.001 201 2(287) -0.001 217 9(149)
Z3333 0.005 404 1(13756)  [0.005 3] [0.005 3] [0.005 8)
21112 -0.018 369 9(5415) -0.022 821(3595) [-0.018] [-0.017 5]
2113 -0.123 247 9(18075)  -0.137 670(6657) [-0.121] [-0.121]
21122 0.013 781 3(3318) 0.015 604(362) [0.013 7] [0.015 5]
21133 0.0552822(48422)  [0.0514] [0.055] [0.051 4]
2113 0.088 754 4(16319)  [0.088] [0.088 5] [0.093 5]
Z132 0.001 647 0(1808) 0.002 394 5(1249) 0.002 990 8(5013) 0.003 456 1(2944)
21333 -0.028 285 5(78050)  [-0.028 0] [-0.028] [-0.033 6]
Zj323 -0.013 397 9(6744)  [-0.013 3] [-0.013] [-0.013 3]
Z1233 -0.033 945 4(66859)  [-0.033 0] [-0.033 5] [-0.036 6]
Zy323 -0.004 050 0(605) -0.004 783 6(413) -0.005 482 7(731) -0.006 901 9(1612)
2333 0.008 487 6(2014) [0.008 26] [0.008 5] [0.008 26]
Z3333 -0.002 680 1(6978)  [-0.002 5] [-0.002 5] [-0.002 5]
Zyu -0.015 617 9(2379) -0.018 683 0(2858) [-0.015 5] [-0.018 7]
Zyon 0.001 382 5(654) 0.001 299 2(133) 0.001 431 4(304) 0.001 420 9(173)
Z3a1 -0.007 157 0(2467)  [-0.007 3] [-0.007 1] [-0.007 3]
Z5 -0.005 114 1(2119) -0.005 830 2(1498) -0.006 963(493) -0.007 637 9(2599)
Zi3y 0.036 093 3(8474) 0.057 184 9(5074) 0.058 022 2(47306) [0.057 4]
Zy3y 0.005 910 7(1029) 0.006 480 1(310) 0.007 563 8(813) 0.008 567 2(2450)
Zyy -0.000 388 03(1604) -0.000 377 41(298) -0.000 389 5(68) -0.000 465 19(692)
Zoun -0.000 011 42(202) -0.000 011 77(36) -0.000 011 54(83)
Zyao 0.000 013 69(389) 0.000 013 39(87) 0.000 011 40(196)
253222 -0.000 008 08(208) -0.000 008 014(623) -0.000 006 08(136)
std. dev. of fit 17.4 2.9 72 14.0

Number of non-zero weighted measurements:
129 73 62 27

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

Here since we have defingg,(0, 0) equal to zero, the@(0, constants for FFC®N based on some preliminary measure
0) represents the zero-point vibrational energy. In this and thesnts. A more complete summary of data for&°N based
following equations the sums are over all values of the subn both absorption and emission spectra will be publishe
script from 1 to 3 except thah = k = j = i and the when the analysis of the emission spectrum is completed.
degeneracy is given by, = d; = 1 andd, = 2. These  The usual expression for the rotational constants was used
constants are given in Table 10. In Tables 10-13 we also gidetermine the constants given in Table 11:
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TABLE 11
Rotational Constants in cm™ x 10~° for Four Isotopomers of HCN
Parameter _ H'’C!*N HI3cMN H!2cN H3CN
B, 1484.775403(1981) 1446.386 010(3430)¢  1441.534 949(6771)  1402.551 283(3485)
a,  10.42987(365) 9.612 87(686) 10.009 02(319) 9.211 56(615)
@, -3.57053(215) -3.182 40(181) -3.423 32(161) -3.037 34(358)
@;  10.00542(259) 9.688 31(546) 9.591 86(1756) 9.268 82(628)
Y1 —0.146 922(1875) -0.138 874(3810) -0.144 308(763) -0.137076(781)
Y2,  0.046480(908) 0.043 785(518) 0.042 917(469) 0.043 290(940)
Y33 —0.029213(328) -0.026 134(2465) -0.031328(8759)  [-0.028]
¥,  0.194157(1125) 0.168 658(2855) 0.191 289(1914) 0.170 942(5689)
Y13 0.193750(3530) 0.166 865(3773) 0.186 503(1793) 0.158 034(11409)
Y23  -0.114872(2963) -0.100 423(1924) -0.108 049(1855) ~0.098 225(6525)
¥y  -0.195086(633) -0.189 172(319) -0.185 688(591) -0.181847(522)
¥;;  -0.0013230(3205)  -0.001 718(771) [~0.001 3] [-0.001 5]
Y232  0.0003419(1358) 0.000 362 4(799) 0.000 550 4(691) 0.000 135 3(1598)
Y333 [0.0] {0.0] [0.0] [0.0]
Y12 [0.0] [0.0] [0.0] [0.0]
Y53 0.0027895(11604)  [0.002 5] [0.002 5] [0.002 5]
Y122  0.0035292(2318) 0.004 341 5(5588) 0.004 186 9(4357) 0.003 278 6(2097)
Y223 —0.0069974(12356) -0.007 543 0(2304) -0.008 091 1(3588) -0.009 735(1255)
vis3  [0.0] [0.0] [0.0] [0.0]
Vass  [0.0] [0.0] [0.0] [0.0]
Y123  0.0155798(8297) 0.020 281(2987) [0.015] 0.028 72(1115)
Yip  -0.0028922(9347)  -0.003 558 4(4804)  -0.004 660 0(2854)  -0.005219(112)
Yau ~ -0.0040592(1315)  -0.003 901 7(632)  -0.003 941 1(1398)  -0.003 186(170)
Ysu  0.0083170(8158) 0.008 105 5(1586) 0.010 252(1091) 0.013 752(801)
Y2222  0.000 056 02(602) 0.000 045 76(559) 0.000 034 52(474) 0.000 054 71(960)
Yazps  0.0005613(1565)  [0.00060] [0.000 6] 0.000 758 4(1511)
Yy 0.001072(282) [0.001 00] [0.001 0] [0.001 0]
Yooy  —0.00019240(929)  -0.000 173 8(69) -0.000171 12(611)  -0.000 188 33(1248)
Y131 —0.003 556(863) [-0.003 5] [-0.003 5] [~0.003 9]
Vasu  -0.0008365(1397)  [-0.00075] -0.000 878(252) -0.001 587(240)
Yuu 0.000 074 15(422) 0.000 072 08(278) 0.000 071 98(234) 0.000 084 29(564)
std. dev. of fit 4.3 2.7 34 1.9
number of non-zero weighted measurements:
105 71 62 41

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

B, =B.— > ai(vi +d/2) + 2> v(v, + d/2)
X (v + Al 2) + 24+ 22D v + di2)
X (v + A/ 2) (Vi + dif 2) + D) v (v; + dif 2)12
+ Voood Vo + 1)+ Yopod Vo + 1) 3(vg + 1/2)
+ v (Vi + 1/2) A% + yop (v, + 1)22

HV = He + E Ei(vi + d,/2) + 622(V2 + 1)2 + €|||2. [11]

The I-type resonance constants were expanded in a simil
manner,

[9]
gy = Qe + > qi(vi + di/2) + x> qij(vi + di/2)

[12]
+ v (v + 1/2) (v + 1/2)12 X (Vi + di/2) + Qaaave + 1)°
+ Yo (Vo + 1) (Vg + 1/ 2)1% + %
and
The centrifugal distortion constants given in Table 12 were
based on fits to the expressions Ui = ey + 2 Gip(V; + di/2)
[13]

D,=Dc+ > Bi(vi +di/2) + 2> Bij(vi + di/ 2) r22 GnVs + dI2)(v, + d/2).

X (Vi + dif2) + Byl 2+ X Bu(vi + di/ 2)1° [10]

As can be seen in Table 8, there were very few measuremel
of g,;; andp, so those measurements were fit to an abbreviate

and power series
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TABLE 12

HIGH-TEMPERATURE MEASUREMENTS ON HCN 79

Centrifugal Distortion Constants in cm™ for
Four Isotopomers of HCN

the B, calculation for all isotopomers of HCN. For the DCN
isotopomers we could not use the constants for HCN becau
the isotopic shift was too large. Instead, we concentrated ¢

Parameter H'2’C*N HPCHUN H2CPN HICBN trying to get as many of the same constants as possible, and
Dex100 285873(14D7  271820(53)  269357(72)  256130(177)  {ransferring between DCN isotopomers those constants th
<100 ~3.564 1(1250) -2.855 7(660)  -3.0872(720)  -2.938(223) Id onlv be d ined .
B,%10 6.146 8(1054)  5.955 8(411) 6.223 3(537) 549991014y  could only be determined for one or two Isotopomers.
53*11%8 [8-8(5)(‘)]0(”13) [g-ggé]i(”o) [8-83318(786) [glggg?‘“) In Fig. 4 we give eight lines or curves each of which
10 0749(123)  -0.11243)  -0.158(49) 0.694(126) represents the family of internuclear distances that is compz
B:5x10 [0.000} [0.000} [0.000] [0.000] ; ; ;
ﬂﬁxloz 8.693(689) 4.136(452) 6.654(425) 6.253(545) ible with the B. vz_ilue for one |sptopomer of HCN (or D_C_N)_.
£y5<10° 4300(1423)  [43] [4.3] 6.15(322) The crossing points of these lines represent the equilibriul
B3%10 -0.902(732) ~1.346(298) -2.92(48) -3.534(507) ; ; ; ; ;
,szxm LA3(33)  083(212)  -0687QM)  -36350356) distances for each pair of _|sot0|d_3(; values given in Table 14.
ﬂmxmz ~2.196(469)  -0.188(314)  -1056(228)  -0.806(222) The four less steeply inclined lines (the dashed lines) are fi
By 10 -0.581(36) -0.176(14) -0.158(14) -0.165(36) : . .
p§f§x109 [0.700] ~0.089(120) 0.707(220) 130022) th_e deuterated species an_d the flgurg shows that their cross
std dev. offit 73 1.6 25 35 with the more steeply inclined HCN lines gives the best defi
number of non-zero weighted measurerents: “ " nition of the internuclear distances. The four DCN lines (a
Hex1011§ 2.356(45) 1.794(35) 1.927(102) 2.071(171) well as the HCN lines) are so nearly parallel that small error
€,x10 0.182(43) [0.300] 0.506(134) 0.389(242) : ; ; in
chaon 0.782(32) 0.766035) 0.632(79) 0.538(39) in _the B. values can make a Iz_irge difference in the crossin
ejxlolfz [0.0] [0.0] [0.0] [0.0] point and so the internuclear distances are poorly defined. F
x10 0.05 0.0 0.050(13 0.0 : :
662”2“012 _[028%(13) 7[0.2]11(12) 70'24358)) _[0_12)9(29) that reason, one should concentrate attention only on the i
std. dev. of fit 2.0 2.0 2.1 36 ternuclear distances set off by lines in the lower left-han

number of non-zero weighted measurements:

31

12

22

11

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

corner of the matrix of values given in Table 14. If we use the
spread in the internuclear distances as an indication of tt
uncertainty, the unweighted average distances in HCN a
r.(CH) = (1.065 112+ 0.000 048)x 10~° cm andr ,(CN) =

(1.153 283+ 0.000 011)x 10°® cm. These distances are basec

Ouas = O+ Aous(Vo + 1) + gays(vs + 1/2) [14]  on unified atomic mass units and other constants all of whic

are given in Ref. g). The differences shown in Table 14 are

and within the range of differences expected to arise from inacct
racies in both the data and the model. Cageal. (10) used
py = p* + po(V, + 1) + ps(vg + 1/2). [15] variational calculations to make tH&—B. correction. Their

Those expansion constants are given in Table 13.

EQUILIBRIUM INTERNUCLEAR DISTANCES

values for the equilibrium bond lengths are so close to ou
values that the uncertainties nearly overlap.

The closeness of the earlier internuclear distances to tl
present values shows that small differences in the models us
to calculate thd®, to B, correction are not very important when

We now have enough data to calculate the equilibriutight atom substitutions are used. They are, however, quil

internuclear distances, accurate through all of the quadratigportant for heavy atom substitutions. The heavy atom sul
rotational constants and many of the cubic constants, for HGhitutions for DCN show a wider range of internuclear distanc
using eight different isotopomers. Table 11 gives the values @flutions than the heavy atom substitutions for HCN, primarily
the rotational constants, including,, for the isotopomers, because the data for HCN are more extensive and more ac
HYC"N, H®C"N, H*C"N, and H’C™N. The B, values for rate, hence the model for calculating tBg to B, correction
the deuterated species are given at the bottom of Table itludes more of the higher order terms and gives a mot
These are slightly different from the values given in Ré&j. ( accurate value foB.. One is tempted to suggest that the heawv
because of a computational error that affects onl\Bhealues atom substitution for the hydrogen-containing isotopomer
in that paper. Until now, the most accurate experimental dgives equilibrium distances that are larger for the CH separ:
termination of the equilibrium internuclear distances for HCHon and smaller for the CN separation than the light aton
was given by Winnewisseat al. (6) based on th&, values for substitutions. However, the uncertainties are large enough
only two isotopomers, HC'N and D”C*N. That earlier work cast doubt on that conclusion.
useda; and +y; constants that were not as accurate as the
present values, and for DCN they were significantly different.
Table 11 shows that in most cases the constants for the
different isotopomers have nearly the same value. This encourThe present results show rather remarkable agreement w
aged us to fix those constants that could not be determinedtioe calculated constants given in square brackets in Tables
a certain isotopomer to the value found for a different isot@nd 4 of our earlier papeP). For thev, = 7 states the largest
pomer. Thus we were able to use the same model for makidifference between our estimat&d and the present measure

DISCUSSION
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TABLE 13

The Vibrational Expansion Coefficients in cm™ for the I-Type Resonance Constants
for Four Isotopomers of HCN

Parameter H'2cMN H*c!N H'2CN HYCN
q,* 103 7.229287(1837)  6.918 578(3380)7  6.815218(8096)  6.513 317(5063)
q,x10° 0.089 1(35) 0.094 2(59) 0.101 1(164) 0.096 8(65)
q,<10° 0.10271(115) 0.097 9(22) 0.097 58(100) 0.089 8(47)
q3><103 -0.021 9(16) -0.026 8(37) -0.017 2(145) ~0.02956(64)
q;,<10°% -0.162 8(100) -0.165 6(146) -0.193 8(256)  [-0.17]
g,<10* 0.011 69(253) 0.009 24(479) 0.011 08(51) 0.016 03(1142)
g33<10* [0.000] [0.000] [0.000] [-0.000]
q‘,2><10“ 0.116 57(577) 0.121 7(194) 0.115 4(160) 0.126 5(88)
q,3<10* 0.788 4(174) 0.796 9(584) 0.872(283) 1.023(121)
q'23><104 -0.1302(53) -0.140 7(66) -0.160 8(76) -0.172 4(61)
32,10 0.00061(17) 0.000 68(36) [0.000 63] ~0.000 1(9)
std. dev. of fit 7.1 3.9 6.9 6.0
number of non-zero weighted measurements:
35 20 19 16
4,10 7.763(81) 7.109(45) 6.998(54) 6.374(110)
q;<10 0.327(141) 0.252(28) 0.470(79) 0.391(52)
q,¥10 0.413(32) 0.376(39) 0.378(26) 0.366(126)
q3,<10 ~0.016(106) 0.010(59) -0.058(65) -0.087(53)
q;.°10 [0.000] [0.00] [0.000] [0.000]
422,10 0.018 9(24) 0.014 6(52) 0.017 5(34) 0.009(18)
g33,10 [0.000] [0.000] [0.000] [0.000]
4,210 0.058(40) [0.058] [0.057] [0.057]
q 13710 0.491(81) [0.490] [0.480] [0.490]
qzﬂst -0.125(38) [-0.125] [-0.115] [-0.12]
std. dev. of fit 2.8 28 33 5.1
number of non-zero weighted measurements:
27 16 16 14
g, %1012 1.172(19) 0.968(111)
q277<10'2 0.092(19) 0.111(9)
g3,y<10! [0.00] 0.009(222)
std. dev. of fit 2.3 2.0
number of non-zero weighted measurements:
7 10
p'x10% -1.606(43) -1.637(24) -1.493(30)
p,x108 -0.089(16) -0.048(9) -0.079(10)
<103 0.045(66) 0.134(37) 0.065(48)
std. dev. of fit 1.5 0.7 1.9
number of non-zero weighted measurements:
8 7 6

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

ment was 0.022 cii, for the 070 state. The rotational termtional and rotational constants to Egs. [8] and [9] are probabl
values were in equally good agreement. related to the Fermi resonances that have been ignored.
The present measurements give data for 20 more vibrationalTables 10-13 show that the heavy atom isotope shifts fc
energy levels involving the bending mode of@"N and yet most of the constants are not very large. Consequently, one ¢
only a few more constants were needed to produce a fit thigtnsfer from one isotope to another those constants that he
was nearly as good as that given in Red). (This seems to not been measured and still have confidence that calculat
indicate that the bending vibration is well behaved, which isansitions will not be greatly in error provided one is not trying
perhaps not surprising since the Coriolis interactions are quiteextrapolate too far outside the range of measurements. T
weak and do not affect the band centers. The bending levidsce-field calculations of Strey and Mill41{) and Nakagawa
with largel-values are too far from other levels with the samand Morino (2) are in good agreement with our measurement
symmetry to provide much opportunity for significant vibrafor the shifts in the lowest order vibrational and rotationa
tional resonance interactions, therefore resonances are nmyestants.
likely to affect the levels with the least vibrational angular Even thoughp, andq, are highly correlated, we still find
momentum. Those problems that do occur in fitting the vibraeasonably good agreement between the values found for t
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TABLE 14
Equilibrium Internuclear Distances® from B, Values for Different Pairs of Isotopomers

H]2C14N H13C14N H12C15N H13C15N D12C14Nb D13C14N DIZCISN
HBCHN  1.065346
1.153239
H2CI’N 1.065120 1.065521
1.153283  1.153206
HBCIN 1.065420 1.065586  1.065550
1153224  1.153194  1.153200
DIZC*N 1.065147 1.065158 1.065146  1.065168
1.153278  1.153274 1.153278  1.153270
DBCMN 1065107 1.065122 1.065107 1.065134 | 1.065577
1.153286  1.153281 1.153285  1.153277 | 1.153130
D'?CN 1.065080 1.065095 1.065081  1.065107 | 1.066576  1.064447
1.153291  1.153286 1.153291  1.153282 | 1.152785 1.153505
DBCIN  1.065073  1.065091 1.065075 1.065104 | 1.065636 1.065745 1.065142
1.153292  1.153287 1.153292  1.153282 | 1.153109 1.153074 1.153270

“ The upper entry is ,(CH) and the lower entry is ,(CN). All values are given in Angstrom units,
1x10"® cm. The values are based on unified atomic mass units and / = 505379.0722 / (B (MHz)).
b For the deuterated species the following values were used: Be(DIZC”N) =36 331.985 MHz,
B(DBC*N) = 35 710.934 MHz, B,(D'?C'*N) = 35 289.527 MHz, and B,(D'*C!°N) =
34 649.438 MHz.

different isotopomers. Because of the correlation, it is noegative. Yamadal@) has given a detailed description of how
certain that the isotopic differences are real. One migtiie phase choices affect the sign @f. Watson §) gave
remark that this work seems to give larger valuesgpthan formulas based on rotational-type contributions in which he
our earlier paper, Ref2j. However, ifq, is set to zero, then showed that ify, is positive andy,, is positive, therg, should
the values found fop, are close to the values found earlierpe smaller tham,,. On the contrary, we find that, is about
The dependence of the terms onv, is roughly the same for 100 times larger thag,,. Perhaps there are some vibrational-
all three isotopomers and probably includes some contribjype contributions that are much larger. On the other hand, if

tion from q, which was constrained to have no vibrationahroper analysis were performed with the Fermi resonance

dependence. _ ~taken into account, then the constants might be quite differer
The relative signs of, andp, are determined by the fit of ¢ js somewhat surprising that the power series for Ehe

the measurements, but the absolute signs depend on the a‘Rﬁ?ﬁs fit so poorly for the HCN species. Even thB, terms
Ifute S'grt]hquV' Slncet vr\]/e have arb!:_rarlly_used a p05|t|\t/eb3|g@or the 030 and 040 states are poorly fit, although the fit of th
or g, thengq, must have a positive sign ang, must be spectroscopic measurements is very good. Table 12 shows tl
a few constants found for C**N are quite different from
those for H*’C*N and H?C*N, even the signs of thg, terms

1.0656 S
are different. At first it was believed that the difference was du
10554 + to the inclusion of data for more of the higher stretching state:
To test that possibility we tried a fit in which the only data usec
L oss | were for vibrational states observed in boti*€f'N and
= H*C"N. That fit gave nearly the same constants as given i
] Table 12 and again the standard deviation of the fit f6OHN
o 1050y was quite poor. Since the centrifugal distortion terms ar
sensitive to weak interactions, the poor fit of thé’G‘N
10848 1 centrifugal distortion terms may be due to interactions the
were not taken into account in our analysis, especially th
1.0646 — —I it my possibility of Fermi resonance.

There are surprisingly large vibrational (brdependent)

shifts for some of the higher order constants suchdasand

FIG. 4. Plot of the equilibrium internuclear distances in angstrom unit o
(10 m) compatible with thé. values for four isotopomers each of HCN anda“' For exampleB, changes by less than 2% bshanges

DCN. The solid lines are for HCN and the dashed lines are for DCN. THEOM 1 to 9 with no change in the vibrational quantum num:
crossing points for the lines are given in Table 14. bers, whileH, changes by more than a factor of 10.

R (C-N)
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Note on Supplemental Data 3. A. Maki, W. Quapp, and S. Klee]. Mol. Spectrosc171, 420-434
S ) (1995).

An extensive listing of the data used in the least-squares A. G. Maki and J. S. Wells, “Wavenumber Calibration Tables
analysis is available from the authors in the form of a diskette from Heterodyne Frequency Measurements,” NIST Special Publicatio
containing ASCII files for Tables A-1, A-2, and A-3. These 821, U.S. Government Printing Office, Washington, D.C., 1991.
files are also available as supplementary data on the journal[also available in updated form via the internet at http://physics.nist

; . . .gov/]
home page (http://www.academicpress.com/jms). 5. J. K. G. Watson,J. Mol. Spectrosc101,83-93 (1983).
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