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This paper reports the results of our use of Cavity Ring Down Spectroscopy to extend the study of
highly excited vibrational states in HCN. We extend our previous study of tA&'¥N isotopomer,
reporting on some weaker bands between 17 500 and 19 500. cwie also report spectra of
overtone and combination bands with six, seven, and eight quanta of stretching vibration in the
isotopomers FPCN and H3C“N in the interval from 17 500 to 23 000 cmh. The observed
spectroscopic constants and band intensities are compared with calculated values. All but one of the
observed bands can be fit to within experimental accurae.02 cm'!) to the standard
distortable—rotor Hamiltonian. The one perturbed band has been successfully analyzed in terms of
three anharmonically coupled levels. An anomalous line intensity distribution has been observed in
the 125 and 016 I1—3 bands, which we believe is produced by Coriolis coupling.1895
American Institute of Physics.

I. INTRODUCTION samples, we unfortunately did not determine accurate inten-
sities for these isotopomers. Fot38'*N we do report some
The experimental investigation of highly excited mo- estimated band intensities, but these should be considered as
lecular states provides information essential to characterizinpwer bounds for the real values, due to the unknown sample
both intramolecular dynamics and potential energy surfacegartial pressure. As with previously reported data, good
Comparison of both experimental overtone transition eneragreement is found between our observed spectroscopic data
gies and intensities with theoretical values provide compleand predicted band origingCarter, Handy, and Mills,
mentary tests ofab initio and empirical potential energy “CH&M” 1718 and intensitie§Peter Botschwing).
surfaces. The observable effects of coupling between qua-  In this paper, we use Hertzberg'’s convention for number-
siseparable modes, give information relevant to studies oig the vibrational modes of HCN since most of the literature
intramolecular vibrational energy redistributi¢ivR). has used these labels; is the CN stretchy, the degenerate
Extensive experimental data are available for the mosbending mode, ana; the CH stretch. Many recent authors
common isotopomers of hydrogen cyanide. The lower vibrahave inverted the numbering of the two stretching modes to
tional states have been investigated by several authdrs. be consistent with modern conventions. Also, in the follow-
Overtone spectra with up to six stretching quantp to  ing, we will refer to the three isotopomers more simply as
18500 cnl) have been thoroughly characterized usingHCN, HCN and HCN.
photoacoustic and White-cell absorption spectroscopies by The experimental methods and much of the analysis
Lehmann, Smittet al®~'°Diode laser spectra of the first CH have closely followed those discussed in our previous paper.
stretch overtone have been reported by Sashdang, Ro-  One problem will be considered in detail. This concerns the
gaski, and Wodtké4 used stimulated emission pumping analysis of the HEN 206 band system, which is the only
(SEB to study high overtones and combinations of the bendobserved overtone band that cannot be fit to an effective
ing and the CN stretching modes. Carrasquétaal® have  Hamiltonian for a single vibrational level. We have found
used collisional energy transfer from the3level to popu-  that the observed spectrum can be quantitatively fit to an
late states dark in both overtone and SEP spectroscopies. \@fective Hamiltonian that contains three vibrational bands
have previously reported on higher overtone transitions, wittffoupled by anharmonic interactions.
energy up to 23000 cit, well above the isomerization Another problem comes from the observation that the
barrier'® The present paper represents a continuation of thgfl1'5<-000) band in HCN and HCN, and the
study. (01'6—000) band in K°CN are all characterized by an

As a result of increased sensitivity in the spectral regionRnomalous asymmetry in the line intensity of theand R
17 500-19 500 cm, we have been able to detect somebranches. This Herman—Wallis effétt! is attributed to
weaker HC“N overtone bands, which we report in the Coriolis mixing with, states possessing much larger transi-

present paper. We also report spectra of the isotopomeFEO” strengths. We are presently trying to calculate this effect,
H12CSN and HECMN in the spectral region from about which has also been observed in lower vibrational transitions

17 500 to 23 000 cm. Isotopic shifts, when viewed as a in HCN.?2 This analysis will represent a further test of the
perturbation using the Hellmann—Feynman Theorem, givgualit%/gof the availableab initio dipole moment surface for
the kinetic energy of the substituted atom in the vibrationalHCN-

state. As such, they are direct measures of the distribution of

vibrational energy in the molecule, and a sensitive test of thdl- EXPERIMENT

character of approximate vibrational wave functions. Due to ~ We have used a recently introduced technfdoé cavity
poor control over the purity of the isotopically enriched ring down spectroscopyCRDS to study very weak visible
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overtone transitions of HCN and some of its isotopomerstematically smaller than the HCN values, in some cases by as

The theory and our implementation of CRDS is described irmuch as 30%and not very reproducibléas much as 10%

detail in our previous pap¥tto which the reader is referred variation between separate measurements

for details. This technique gives sensitivity comparable to  However, the band intensities for the normal HCN re-

intracavity photoacoustic spectroscopy with a continuougorted here and in our previous paper, were remeasured us-

wave (cw) laser. CRDS uses pulsed lasers of much loweing HCN cryotrapped from a 2% commercial mixture with

average power than the cw lasers required for photoacoustide (by Matheson gasg@sThese measurements yielded more

spectroscopy at comparable sensitivity. CRDS is an absorgonsistent and repeatable results, allowing us to place an

tion technique and directly gives spectra in absolute absoerror bar of 10% on the reported band intensities. In view of

bance units. In our work, knowledge of sample concentratiorihese circumstances, we decided not to report the band inten-

has been the limiting factor in the determination of absolutesities we measured in the isotopomers, except for a few

integrated band intensities. bands for which we did not measure the corresponding band
A brief description of our experimental setup is as fol- in the principal isotopomer. These intensities should be con-

lows. An excimer-pumped dye laser is coupled into an opti-sidered as lower bounds to the real values.

cal cavity formed by a pair of high-reflective mirrors, which

act as the input and output windows of our gas cell. Light

from the dye laser strikes the front mirror, and a small frac-

tion (~10 ppm is transmitted into the optical cavity. The !ll. DATA ANALYSIS

exponential decay'ring-down” ) of the light intensity inside

the cavity is monitored as the laser frequency is scanned. Th

effect of sample absorption is detected as a decrease in t_gscribed in our preyious paper. The §pgctra were linearized
time constant of the exponential decay when the laser il frequency by using gtalon transmlss[on peaks reco.rded
tuned into resonance with the molecular transition. The ,,ef_durlng the laser scan. Line frequencies, linewidths, and inte-

fective” absorption pathlength can be defined in terms of thisqra’[eOI |nten3|t_|es were determmed_fr_om a fit of th_e spectrum
time constant. For high quality mirrors, we have observe 0 a sum of Voigt line shapes. The fitting program is based on

decay time constants on the order of 186, which corre- ;:eoritr%;\/zgné)erg;hgiig;ﬂgé S;ﬁ:ﬁ::%lﬁf me[')n;;\fvagéonn
spond to an effective absorption path-length of 60 km. 9 - oY 9giing

The performance of CRDS can be substantially degradefgxed and floated parameters, the program is capable of pro-

: " ; . . ucing excellent fits even in presence of strong line blending.
by the presence of impurities on the dielectric coating of thq:Or each band, the integrated band intenSjtwvas obtained
mirrors, such as dust or chemical deposits, that increase mi[)- '

ror loss and lower the effective pathlength of the cell. We y averaging over'the value calculated from all the strong
have found* that one has to be careful when evacuating theand_l\_/;/:zll};istglr\éegslellr:jetsé calcula from the fitted line in-
ring down cavity(RDC) and filling it with sample. If these tensity and shape are given in Ref. 10. Physic&}yis equal

operations are done too quickly, transitory condensation may, Avogadro’s number times the absorption cross section in-

occur which leaves the mirror surfaces dirty. We observed 3k grated over the band wave number. For ¥he S, transi-
improvement by a factor 3 of the ring down time in the rang

e,. . wpn . .
tions, there was no significant Herman—Wallis correction to
from 17500 to 19500 cm when the cell was slowly g

- . . he line intensities. This correction results from rotation—
pu_mped before filling. We did not make a system_atlc _study Oibration interactions. In the case of the very wddk-3,
this problem, and hy “slowly” we mean a. pumping time of transitions, we did find a substantial Herman—Wallis correc-
10 minutes to 1 hour. Unfortunately, we did not observe suclﬁon For these bands, in the fit & the individual line

a dramatic improvement when using mirrors coated forStrengths are corrected by a factor of{(Am)2, (mis —J in

higher frequencies, perhaps due to their higher intrinsic IosstheP branch and+1 in theR branch whereA is the linear
The HCN samples used in this study were prepared b¥|erman—WaIIis coefficient

the reaction of KCN with stearic acid. The solids are mixed

together and are nonreactive. The reaction bulb is the@actor as (1 Am), which gives twice the coefficient for a
pumped down to less than 10 mtorr pressure. When thﬁ/eak Herman—Wallis effe@®2! The present formula
stearic acid is meltecaround 71 °Gthe reaction to produce q4hted by Watsoff, gives reasonable intensities even for a
HCN and potassium stearate proceeds slowly and to Compl%ﬂong Herman—Wallis effect, as observed in the

tion in a few hours. We used about a 2:1 stoichiometric €Xtundamentaf? The band intensity and Herman—Wallis coef-
cess of stearic acid. For production of both th€E&N and ficient determined for each of thH« 3 bands have the
HC™N isotopomers, we used isotopically labeled KCN Saltsfollowing values:

with reported isotopic purity of 90 and 97%, respectively.

The data analysis was done using the same methods as

Note that the old convention was to define the correction

These salts were kindly provided by Dr. Alec Wodtke. Fou- Transition | So(cm/mo) | A

rier transform infraredFTIR) spectra of these HCN samples HCN 115000 0.012%8) 0.011G298)
reveal impurities of CQ and water, which were partially ~ H3CN 11'5-000 0.007#4) 0.008624)
removed by cryotrapping. HYCN 016000 0.01167) 0.028132)

Due to the incomplete purification and to the presence of
other unknown impurities, the band intensities we obtained The present results give Herman—Walliscoefficients
from the isotopomer samples were not very consistgyd-  about an order of magnitude larger than those observed ear-

Downloaded-18-Mar-2002-to~128.112.83.42 GReMs R Rio Y uLR%: N8 -R18-4RRHaBL 429% pyright, ~see-http://ojps.aip.orglicpoljcper.jsp



D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN 635

TABLE |I. Intensities, band origins and rotational parameters of the new overtone transitions in HCN,
HCN, and HE®N. No statistical error bars are given for the intensities, since other sources of error give an
effective uncertainty on the order of 10%. The same holds for the band origin values, whose error depends on
the calibration procedure and i80.02 cmi L. The errors for the other parameters are given as two standard
deviations. The lower state rotational constants were constrained in the fits to the accurate experimental values
(Refs. 3, 5, and 32

Intensity Band origin ABX 10 ADX10°
Transition cm/mol cmt cmt cm !
HCN: B, = 1.478 221 62 cm!, D,=2.909 9410 ® cm™*
11'5—010° 3.7011) 17 449.296 —62.9414) 0.0338)
403—000 3.846)x 1072 17 699.376 —70.2616) —0.112(40)
1185000 1.274)x 1072 18 162.762 —63.7114) —0.4934)
11'5—000° 1.528)x 1072 18 162.748 —55.348) 0.1910)
01'6—010 2.574) 18 255.855 —65.638) —0.0510)
602—000 1.5310)x 102 18 603.438 —78.95) —0.1(24)
304—000 9.810)xX 1072 18 661.368 —72.31(6) —0.2410)
215010 0.473) 19 428.022 —70.710) —2.(8)
HBCN : B, = 1.439995 cm?, Dy=2767 562 4106 Cm *
11'5010° - 17 333.724 —58.91(14) —0.0242)
105—000 - 17 431.957 —59.8512) —0.0930)
403—000 - 17534.654  —67.1336) —1.1(16)
1185000 - 18 041.118 —59.6714) —0.1232)
115000 - 18 041.114 —51.7412) 0.2718)
01'6—010 - 18 140.160 —60.945) —0.136)
006—000 - 18257.280  —62.28828) —0.08726)
304— 000} =4.66x 1072 18 506.862 —67.9420) 2.2(5)
72°1—00C =1.5x1072 18512.576 —70.76) 2.4(16)
12°5000 =1.9x1072 18 636.389 —51.4712) 4.3328)
01°6—000° =1.3x1072 18 847.496 —61.4316) 0.1(5)
016000 =>1.2x1072 18 847.500 —53.948) 0.1810)
205—000 - 19388.873  —68.696) —0.066)
503—000 =9.1x1073 19 477.623 —75.7642) 1.4(20)
11'6—010 - 20 087.932 —69.3536) 0.418
106—000 - 20206.535  —70.65828) —0.066)
017010 - 20833.220  —72.7740 -3.512
007—000 - 20971.361 —73.72842) —0.146)
305—000 - 21325.219 —78.1012) —0.31(30)
HC®™N : By = 1.435248 cm?', D,=2.747 732 %10 %cm?!
205—000 - 19 459.738 —70.736) 0.1712)
106—000 - 20301.905  —72.8412 —0.0926)
007—000 - 21093.192 —76.465) —0.2410)
305—000 - 21 386.892 —80.2736) —0.1(14)
206—000 perturbed, see 3 levels fit.
107—000 - 23000.358  —84.298) 0.01(18)

These two bands are strongly mixed, producing transfer of intensity from the 304 to’tteaiid. Notice also

the large “centrifugal distortion” parameter of these bands.
The q k-doubling parameters for these transitions are reported in Table VII.

lier for the transitions from the ground states to Hestates
(0,0, and (0,05 [A=0.0014(5) and —0.00143),

bands that appeared in some of oUEN scans, we were

able to determine the amount of HCN impurity in the

respectively.*” . . H'CN sample. Since we synthesized®&N from isotopi-
The results of our data analysis are reported in Table Ioay enriched KCN, the impurity derives from the salt. The

As gxplamed above, we do not report the |nt'enS|ty of most 0bartial pressure of HCN found from 205, 006, and 105 band
the isotopomer bands since the corresponding values for nor-

- 1 .
mal HCN are more accurate. Also, we do not list the standar petctrfa aptp?alre(: TO(F;CtN seans, |st.8.1|, 8_'|_35’ &nd 7t?1 torr
deviations for the intensity data, since the effective experi-Ou of a fotal o onc resp_ec 'Ve_y_' 0o alp e_se
mental reproducibility is much larger, roughly 10%. The values, we have used the band intensities determined in our
! - . 6 . . .

same argument holds for the band origins, where the absoluf¥€Vious work'® These values are consistent with the nomi-
wave number calibration was obtained by observing the opnal 10%12C content of the salt. Even after correction for the
togalvanic effect in a Neon hollow-cathode laf{g® The  presence of this impurity, the band intensities fdPEN are
accuracy of these calibration lines is 60.02 cn L. consistently smaller than the corresponding values in HCN.

From the intensity of the normal isotopomer overtoneThis indicates additional impurity levels varying from 10%
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TABLE Il. Calculated intensities in cm/mol for the over tone transitions in

[ L AR AR RS R RS LR IRARRR
the range 17 500 to 23 000 ¢t for the most common isotopomers. As 04 - 9
explained in the text, we used the potential by CH&Ref. 17 and 1
Botschwina’s dipole moment surfa¢Bef. 19. Experimental values are for )
HCN, as reported here and in our previous pajRef. 16. 03 a ‘ , ’ “ ”
: i Hl J\ ]
State Experiment HCN HCN HC*N 8 02 f ‘”WW M "Lj \‘W.Nﬂ”\f m M ” "MJ‘ i M“
I

105 3.51 4.32 4.04 4.17 E Lol i \ I\ s ”h

006 261 3.15 3.58 3.32 £t Wwwu b ’M g il Jw‘ ”mf

403 0.038 0.049 0.049 0.16 Sean 2 l ‘ l”

304 0.098 0.14 0.097 0.14 L | y ’u \ E ﬁ }N ]H Hmw\ il

205 0.58 0.66 0.52 0.57 o,o-,,www AN AN Ww L

106 0.89 1.15 1.14 1.15 i a(Scan 1)+ b (Scan 2)

007 0.55 0.55 0.67 0.60 ) 181120 IIII 184‘140 lllll 13460 I I184I180 18;00 18;20 18;40

602 0.015 0.018 0.003 0.005 ¥

305 0.092 0.099 0.064 0.075 Wavenumber / cm

206 0.22 0.28 0.25 0.24

107 0.24 0.30 0.33 0.32

FIG. 1. 304 and 7 overtone transitions in ¥CN. Experimental condi-
tions: 100 torr, 60 km absorption path length. Two scans are shown together
with a linear combination of the two that removes the spurious lines almost

to 30%, if one assumes that the corresponding bands shoufampletely'
have the same intensity. The same observation holds for the
isotopomer HEN. predlctlons based upon literature anharmonic constants.

To estimate the expected change in band intensity with 1€ assignment of some of the weaker overtones was
isotopic substitution, we made intensity calculations using'©t completely obvious. In HCN, the 304 transitioFig. 1)
the accurate potential surface recently fitted by CH&®ind ~ @PPears as two overlapping bands with aimost the same ori-
the ab initio dipole moment surface by Botschwifawe gm but qu.|te different rotational spacing. CH&MS calcula-
used a prografd that calculates the Hamiltonian matrix on a tionS predict these to be an almost 50% mixture of the 304
basis of products of Morse oscillator wave functions for the2Nd 721 states, with some contribution from the 602 state.
two bond coordinates. The basis included all bound stateghe rotational fit to these bands is satisfactdfye rms de-
with energy expectation value of 60 000 ¢ (for HCN viation for the combination differences is close to the stan-
these are 382 wave functigng correction was included to dard deviation, but gives anomalously largeD values(see
account for the bend-stretch coupling to second order. Théable ). As an indication of the strength of the mixing we
matrix of eigenvectors was used to transform the dipole moSan compare the expectéd values for the 304 and 72
ment operator to obtain transition moments from the ground
state. The resulting intensity values of the bands of interesfABLE lil. Comparison of the band originén cm ™) of the observed X
for the most common HCN isotopomers are listed in Table II. transitions with values calculated by CH&M18 The accuracy of the ex-
With a few exceptions, these values compare very 1‘avorab|<plerlmental values s 0.02 crh
with the experimental oné$.Even though the isotopic varia-  state Experiment Calculated Observed—Calculated
tion is somewhat larger than we had expected, especially fot
the weaker bands, it is generally smaller than the uncertain-
ties of our H3CN and HG®N experimental intensities. Fur- 403 17699.376 17 699.88 —0.50
ther, the calculated values do not show the observed system—ggi 12 22?"3122 12 Zgg'g; 1(1)'4112
atic trend of smaller intensities for the'¥¢N and HG®N ' ' '
isotopomers. We conclude that the observed lower intensitiesH"CN:

of these species is due to reduced sample purity and we 105 17 431.957 17 430.78 +1.18
report only the intensity data of a few'CN bands which 403 17534.654 17535.33 —0.68
we did not already measure in HCN. 006 18 257.280 18255.78 *+1.50

. . o 304 18 506.862 18505.73 +1.13

The presence of lines due to impuritigi&ely water and 7901 18512.576 18'510.55 4203
CO,) complicated some of our spectra, like the 30@00 1205 18 636.389 18 638.60 —221
and the 403-000 H*CN transitions. In these cases we cryo- 205 19 388.873 19 387.49 +1.38
trapped the sample back into its bottle and let it slowly 503 19477.623 19478.03 —0.41
evaporate to refill the RDC, before taking a second scan. Due 106 ;8 Sgi'ggi ;g Sgg'gi ig'ig
to the different vapor pressures, we usually obtained cleaner 55 21325219 2132423 40.99
spectra. When the signal/noise allowed, we used spectral
subtraction to eliminate the impurity lindsee Fig. L HCEN:

Bands were vibrationally assigned by using the predic- 205 19 459.738 19458.16 +1.58
tions of the variational calculations of CH&N1*® which, as ég? 2(1) gg;-i’gg 2(1) gg?-i? ig-gg
shown in Taple I, ge_nerally preqlct the observed energy ;o 21 386,892 21 385.80 +1.09
levels to within a few inverse centimeters. For most transi- 1q7 23000.358 22 995.68 +468

tions, the assignments could also be unambiguously made hy
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states,—67.54 and—74.17 (<10~ 2 cm™ ), with those ob-  TABLE IV. Fit of AB’s for all known overtone states in’fCN. Calculated

tained from band fits—-67.94 and—70.70 for the assigned UsingBo=1.439 9922) cm ’. Equal data weighting was used. Some of the
81 pand tivelv. Th | tch Idvalues have peen obtamgd from a hot bano! by a}ddlng the kd®vof one

304 and 7 an _S*_ respecuvely. ec (_)SG match WouUlC s ihe states in the transition. All values are in units of 16m ™. Errors are

suggest that the mixing of the two states is not as strong agven as two standard deviations. Locked parameters are from a previous fit

50%. The regular intensity profile rules out the contributiondone on HCN with a special model weightiligef. 29.

of Coriolis type interaction, consistent with tesymmetry

. . State AB/103cm?t Fit Obs.—Calc. Ref.
of these states, and supports an anharmonic coupling be-
tween them. Finally, if we assume that the®Z2band has OliO 3.221 3.204 0.017 35,36
negligible transition strength compared to the 304, the ob- (1);2 ‘2-836 ‘g-ggg ‘8-822 367
served intensity ratio of the bands-(:3), gives the size of %/ _279 5765 0025 5
the mixing amplitudes, which are roughly75%=0.87 and 0220 6.4691 6.419 0.050 38
V25%=0.50, respectively. Combined with the observed 020 6.1603 6.119 0.042 38
splitting of the two levels, we calculate the effective anhar- 01'1 —6.2168 —6.204 —0.013 38
monic matrix element304H|72°1)=2.47 cm *. 001 ~9.6283 9.633 0.005 38
h ted\B values reported above have been ex- o —19.1% —1o102 —o.084 6

The expecte , por ! 0112 ~15.928 ~15.909  —0.019 6
trapolated from a nonweighed fit involving &IB’s for pre- 002 —19.5449 —19.563 0.018 39
viously observed FCN transitioné® plus those from our 012 —15.949 —15.909 —0.040 6
own data, excluding states that are too weak or likely af- 102 —28.919 —28.853 —0.066 39
fected by small perturbations. To extend the fit, we had to 003 —29.7620 —29.790 0.028 39
lock £ th h i Table IV 103 —38.880 —38.901 0.021 40
ock some of they parameters, as shown in Table IV, to o5 _51.1537 _51.135 —0.019 a
values obtained from a previous fit done with weights ac- 303 —57.456 —57.591 0.135 41
counting for the expected model erréfsThis was necessary 204 —58.3883 —58.333 —0.055 41
since the new data tended to destabilize the fit. While this 105 —59.8674 —59.887 0.020 41
could be a consequence of the lower quality of the added (1)(1)165 :gg'ggg :gg?gg 7060(;1472 41
data,_ it more likely refle_cts a failure of the gnharm_onlc €X- o1l _57.695 57699 0.004
pansion at these energies, caused by the increasing chancs —67.13 —67.171 0.041
for quasiresonances. HCN has been more thoroughly studied05 —68.687 —68.796 0.109
in the mid and near-IR and thus the second order vibration— (1)86 —72-622 —72-222 00616%8

L ; : . 7 -73.7 -73. -0.
rotation interaction constants could be determined from fits 305 78095 77861 0234

to lower energy band®. Similarly, we did a nonweighted
least-squares fit of the observA® values for all the known  Fit model:

HC™N bands in order to improve the vibration—rotation in-

teraction constants for this isotopomer. As shown in Table V, Bv=Be=Zaii+0/2)+ 2y (0+0 /2)(ny+; 2+, /2
due to the limited number of observed bands of this isotoFit results/103 cm™?

pomer, we needed to constrain most of th@arameters to |, __g 4016 1= —0.078926) y1,=—0.180locked
their HCN values?® a,=—3.31754)  yy=—0.070Clocked  y,s=—0.22428)

In HCN, the 304 state is again perturbed, but mainly by a;=-9.65068) ¥33=—0.1498) ns=—0.18024)
the 602 state. This is a case of the 3—2 anharmonic resonance ¥,,==0.078locked

between modes; andv; that appears sporadically through- Standard deviation8.7x10°% cm™*
out the HCN overtone spectrutfi®* The band origins for the
304 and 602 states, are 58 Chaway. For these states, We o in HCN. Using the relative intensitiéwhich are not

do not even find unusually largeD values. Assuming that  attected by errors due to sample puignd the observed
most of the 602 transition intensity is due to the miXing, gpjitting, we can calculate effective coupling matrix ele-
from the intensity ratio we obtain the mixing amplitudes 0.93 ,ants. These are shown in Table VI. We see that except for
and 0.37 for the 304 and 206 states,_gespectively, Implying &e jowest member of the progression, the agreement with
matrix element304H[206=29.9 cmT*. the scaling formula is within a few percent. The lowest mem-
In the fitting of a complex spectrum, itis extremely valu- por hag the weakest mixing of the levels, and thus for this

able to predict anharmonic matrix elements by scaling foreaqe the assignment of negligible intrinsic intensity for the

mulas based upon harmonic oscillator matrix elements of th% 0,2 state may be responsible for the overestimate of the
lowest order that can couple the two states. For example, Wﬁ]:,:lt;.ix element.

have

The assignments of transitions such a%3% 000, could
be checked against the hot bands with the same upper state,
like 0116—01'0. In all cases the rotational constants of the
=Kpaal(v1+ 1) (v1+2)(v1+3) va(v3— 1), (1)  upper state match within the experimental error. Also the
values ofq derived both from the combination band and
whereKy11;33would be constant for all cases of interaction from the corresponding hot band are in good agreertsss
with the same form. Little is known about the accuracy ofTable VII). With respect to the band origins, in'#&N the
such scaling laws, especially at high energy. With the preser{ot—cold band difference matches the known bend funda-
results, there are now four examples of the 3—2 resonang@ental frequency within the experimental errors, while in

W:<V1,V2,V3|H|V1+3,V2,V3_2>
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TABLE V. Fit of AB’s for all known overtone states in H&8N. Calculated
using B,=1.435 2492) cm ! (Ref. 3. Equal data weighting was used.

D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN

TABLE VII. Values of the gqK-doubling parameter for somH states.
Errors are given as twice the standard deviations. The two values derived

Some of the values have been obtained from a hot band by adding thigEom the hot bands are obtained by fitting the model in E4.to the
known AB of one of the states in the transition. All values are in units of resolved splittings, withg” fixed to the literature values of 1.871 933 and
103 cm™L. Errors are given as two standard deviations. Locked parameter$.7698)x103 cm™* for HCN and H3CN respectivelyRef. 32 and &

are from a previous fit done on HCN with a special model weightRef.

29). State q'/107 3 cm™?! Source
State AB/1073 cm? Fit Obs.—Calc. Ref. HCN:
11'5 2.094) 115000
01'0 3.391 3.347 0.045 35,36
11%0 —6.380 —-6.285 —0.095 37 HYCN:
011 —6.405 —6.456 0.051 38 11'5 1.985) 11'5-000
001 —-10.0043 —-10.017 0.013 38 11'5 1.94810) 11'501'0
002 —20.3050 —20.321 0.016 39 01'6 1.875) 016000
003 —-30.888 —-30.912 0.024 39 01'6 1.8635) 01'6—01'0
005 -53.0722 —~52.954 -0.118 41
303 —-58.2241 —58.436 0.212 41
204 —-59.6113 —59.809 0.198 41
105 —61.7473 —61.799 0.051 41
006 —64.5829 —64.406 —0.177 41 V(J)Zv0+(ZB”+AB)m+(AB—AD)m2
205 —~70.726 —70.714 —-0.012
106 ~72.82 —73.120 0.300 —2(2D"+AD)m®—ADm* )
007 ~76.46 ~76.144 -0.316
305 —-80.27 —79.700 —0.570 wherem is the same as defined before. This model derives
107 —84.284 —84.729 —0.445 from the usual term value&(J)=Eq+B[J(J+1)—/?]
Fit model: —D[J(J+1)—/?]2 In this case as in the following ones,

B,=Be—Sa(ni+d: 12)+ iy (M 12)(ny+; 12)+ 1y, ./

Fit results/10°% cm™*

a;=—9.3544) 1= —0.0353locked v1,=—0.1373locked
a,=—3.3634) v,,=0.0503locked v,5=0.214%locked
a3=10.0120) v33=—0.14328) v13=0.1310)

v,,=—0.201 83locked
Standard deviation2.8x10™* cm™*

the lower state rotational constants were kept locked in the fit
to the accurately known experimental valtig&32

For IT<II transitions(hot bandy we could not resolve
the Q branch and the”-type splitting except for relatively
largeJ values. For those doublets that could be resolved, we
used the center of the doublet. The fitting model is

(J)=vo— AB—AD+(2B"+AB+4D"+2AD)m
+(AB+AD)M?—2(2D"+AD)m3—ADm*.

()

For two hot bands enough doublets could be resolved to

HCN we actually had to use the bend fundamental to caliallow fitting the splitting to the model

brate the 135010 band since we did not have calibration

Av(9)=4(q'+q")m+4(q' —q")m?, 4

lines in the region scanned while we did for the correspond-

ing cold band.
Rotational fits for> <2, transitions were done using the
model

TABLE VI. Analysis of the scaling law fot n,0,4H|n+3,0,2 interactions.
From properties off a 2 matrix, if all intensity comes from one of the two
basis functions|W|=|AE[\I,1,/(1,+1,). The values folK111.33have been
calculated using Eq.).

Band origin Intensity W Ki11:33
State cm? cm/mol et cm?t
004 12 635.888 157(00)
302 12 657.8763 9.125) 5.016) 0.5907)
104 14 670.447 9.49)
402 14 653.660 8.330 8.3784) 0.49372)
204 16 674.211 1(2)
502 16 640.313 0.49) 13.35) 0.49618)
304 18 661.368 0.098)
602 18 603.438 0.01%) 19.64) 0.51610)

with the results listed in Table VII. This model derives from
E*(J) = Eo + B[JJ + 1)-1] — D[J(J + 1) — 1]?
*9(vpeng + 1)I(J + 1). Centrifugal corrections to thg's
were found not to be significantly different from zero when
included in the fits.

For I1—3, transitions the® andR branches involve the
e sublevels, while the Q branch involves only theublev-
els. The term values given above, with=1 for thell state,
give the fitting models for the R and P branches

v(J)=vy—B"—AB,—D"—ADq+(2B"+ AB+2D"
+2ADg)m+ (ABg+2D"+ADg)m?

—2(2D"+ADg)m3—AD m*, (5)
and for the Q branch
v(J)=vo—B"—AB;—D"—AD;+ (AB;+2D"
+2AD)J(J+1)—AD{J(JI+1)]% (6)

From the difference of the rotational constants of ¢rend f
levels we obtairg=(B.— B)/4, whose values are also listed
in Table VII.
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FIG. 3. Reduced energy plot of upper state term values for the assigned
FIG. 2. 206 overtone transition inCN feet-to-feet with simulation from ~ transitions in the perturbed 206 band in M. A J-dependent offseBJ(J
fit using the three-level model numbergee text Experimental conditions: ~ T1) (With B=1.3532 cm ") has been subtracted to make the rotational
100 torr, 18 km absorption path length. progressions more apparent.

] band 3 are both split into doubletsee Fig. 2 We attribute
In each fitted band, we checked for the presence of weafis 14 4 fourth “dark state” whose energy dependencelon
rovibrational perturbations by comparing the standard deviayg t5st with respect to the size of its coupling with state 3.

tion of the observed and calculated ground state combinatiog,g perturbation appears to be very localized and will be
differences with the standard deviation of the fit. Since thg,nored in the following.

combination differences are not sensitive to perturbations of 14 effective Hamiltonian model that we employed to fit

the upper level, their standard deviation is a reference valug,e opserved spectrum was chosen to have Anharmonic

for the wave numbgr .preci_sio!’llof the data. In no cases Wa{SJ-independer)tcoupling between states with the sathe
the fit standard deviation significantly larger than that of the

ground state combination differences. Thus we conclude that Ei(J)  Viz Vi3
the effect of local(heterogeneousperturbations, which re- H(J)=| V2 Ex(J) Vg 7)
sult from the crossing of vibrational levels as a functiord pf Vv Vv Ea(J)
shift the observed energy levels by an amount no greater than 13 3 =3
our experimental precision. where E;(J)=E;o+B;J(J+ 1), possibly with higher order
terms inJ(J+1). Parameters of the fit are tigg, the band
origins »; and the coupling matrix elements;. The fact
A low resolution[0.2 cm * full width at half maximum  that all three bands could be followed down to Idwwith
(FWHM)] overview of the spectrum of the 206 band in more or less constant relative intensities, confirms that the
HCN is shown in Fig. 2, foot to foot with a simulation from three states are not connected bygependent Coriolis cou-
a fit based on model 4, as described below. A high resolutiopling, consistently with their assignment Asstates.
scan was also taken to partially resolve the many blended We initially fit the observed energies of the upper state,
lines. The Lambda—Physik FL-2002 dye laser we employeabtained from our assigned spectrum, constraining the accu-
for this measurements allows a 0.1 chFWHM resolution  rately known ground state rotational paramefeFis fit re-
when operated with an intracavity etalon. quired calculating the eigenvalues id{J) for eachJ. The
Initial assignments were made by searching for grounaore of the fitting program was the IMSL nonlinear least-
state combination differences. This demonstrated that thequare fitting routine ZXSSE, the same used for all the
spectrum consists of threkeprogressions. In Fig. 3 we show spectral line fitting. At the end of the fit, the projection co-
a reduced energy plot of upper state term values for the afficients of the eigenstates of the interaction Hamiltonian
signed transitions. A J-dependent offset BJ(J+1) onto the zero order basis states were given by the eigenvec-
(B=1.3532 cm?) has been subtracted to make the rota-tors of H(J). By assuming that only one of the three zero
tional progressions more apparent. It is evident that there isrder states has a non zero dipole moment matrix element
strong interaction, the three progressions getting closer atith the vibrational ground state, the squares of the projec-
higherJ’s with an avoided crossing aroude=17. At highJ,  tion coefficients on this state are proportional to the relative
the intensity of the middle progression dies out. Only oneintensities of the three transitions for eadh A realistic
“bright state” (206) is expected in this spectral region, and simulation of the spectrum was done by including the rota-
anharmonic mixing is responsible for the transition intensitytional Hanl-London factors, the Boltzmann population fac-
of the other two states. tor of the lower state and &dependent pressure broadening
It can be seen that band(8s labeled in Fig. Bhas a (empirical fitted modified exponential gdMEG) law as in
small energy jump betweeh= 13 and 14. Correspondingly, Ref. 33. The effects of pressure shifts are expected to be
in the spectrum we find that the(14) andR(12) lines of  negligible’ While the line positions were reproduced fairly

The perturbed 206 system in HC °N
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TABLE VIII. Fits of 206 band in HE®N by a three levels model. All parameters of fit are in units of &riThe
frequency data points were 50, while the projection coefficients derived from the relative intensities were 45.
See the text for details about the fitting models used. In these Bis;1.435248 cm! and
D(=2.747 732 X10 ¢ cm™! (Ref. 3.

Model 1 2 3 4
Frequency Pts 50 50 50 50
Projection Pts 0 0 45 45
Freq. rms 0.037 0.015 0.055 0.022
Proj. rms - - 0.078 0.073
v 22227.30 22227.74 22227.38 22 227.57
v 22225.23 22223.30 22 224.05 22 223.59
Vs 22217.73 22219.09 22218.87 22218.99
AB; —98.54x10 3 —95.39x10 3 —95.71x10°3 —97.55x10° 3
AB, —78.20x10°® —-81.88x10°® —83.97x10 3 —79.87x10°3
AB, —69.13x10°3 —64.01x10°3 —66.90x10° 2 —64.52x10°3
Vo 2.72 0.41 2.87 2.77
Vs 2.09 3.70 0.16 0.32
Vis —-0.36 2.19 3.20 3.33
D, - 0.66x10°° - —0.25x10°°
D, - 0.17x10°° - 0.95x10°°
D, - 1.1x10°° - 0.96x10°°

well by this fit, direct comparison with the observed spec-cantly improves the fit, especially with respect to the fre-
trum made it clear that the correct band intensity profile wagjuencies. WithouD; terms, we also tried to include in the
not reproduced. This was true whatever choice we made fatoupling coefficients terms of the for;J(J+1), with re-

the bright state. Inclusion of &[J(J+1)]* term in the  sults comparable to the last fit model. These variations to the
Ei(J) expansion improved the standard deviation by a factofnodel give an estimate of how stable tBeand V;; values

2, making it the same size as the experimental error, but stilire if one introduces higher order terms in the effective
produced unacceptable line intensities. Final parameter val4gmiltonian.

ues and statistics of these fits are reported in the first and | these last fits, the bright state was chosen to be the

second column of Table VIII. _ . _ middle state 2. It is interesting that the inclusion of the in-
In order to improve the fit, we decided to include infor- (e njty information gives the fit a strong convergence prop-

mation contained in the relative line intensities. For edch erty, which virtually allows for an automatic assignment of
Vgejd'\i'd‘alq theblnt?]nsmes of ‘_a" the asls'g_”ﬁ‘?];"l) an:l h the bright state. In fact, using the same initial conditions, but
(J+1) lines by the appropriate population factors of t eassigning bright state character to any one of the zero order

|_n|t|al state and by the rotational b-London fact(_)rs. Only .States, the fits converge always to the same solution, but with
lines that were not strongly blended were considered. This . .

. s . . a different correspondence of the diagonal states to the zero-
would give the “vibrational” intensity for all the correspond-

| . g order states, such that the closest to the bright state is again
ing upper levels. For some values hfwhere the intensities

of each of the three components could be determined, thtéje middle one. This also assures us that no other assignment

sum of these would give the nonfractioned vibrational inten-WOUId lead 10 a correct reproduction of the experimental

sity of the 206 transition. We averaged total vibrational in-Spectrum. , , . .
tensity over these values df and then we used it to nor- In the least-squares fit to both line positions and mixing

malize the intensities of all the states we considered. In thi§€fficients, some relative weight factor for this two inde-

way, we obtained experimental values for the square of th@€ndent data sets must be used in the definition ofthdn _
projection coefficient of each rovibrational level on the th€ present case, the relative error in the line frequencies,

bright state level belonging to the sarde which could be ~0.01 cmi Y, nearly matched that of the mixing coefficients,
directly included in the fitting procedure. Due to faster con-~2%, and therefore we could use a weight factor of 1. We
vergence, the fitting time actually decreased, despite the afound that if we weighted the frequency some 50% more
most doubled number of fit data. This fact indicates that théhan the mixing coefficients, or the other way round, the
inclusion of the intensity information breaks strong correla-result of the fit would be unacceptable either for the intensi-
tions among the parameters of the model, responsible for #es or for the frequencies, respectively.

sluggish convergence to an incorrect solution. The results As mentioned earlier, we used “parameter toggling” to
and statistics for this fit are in column 3 of Table VIII, while make the fit more robust. In fact, if one tries to fit all the
column 4 gives the results of a fit which also includes theparameters itd(J) simultaneously, the fit will not converge,
D; parameters. In the table, we separately give rms deviaeven for good choices of the initial values. This is a problem
tions of the frequency and of the intensity data points. It caroften found in nonlinear least squares fits plagued by high
be seen that the inclusion of the distortion terssignifi-  levels of correlation among the parameters. By grouping the
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parameters so that inside each group the correlations amedicted by the variational calculation. At laly the mixing
smaller, it is possible to make the fit converge with respect tof the three states is not dramatic, and the dominant character
variations of these parameters alone. These best fit pararnf the eigenstates is that of the nearest basis state. For ex-
eters are then frozen while the next group of parameters iample, thel=0 projection amplitudes of the middle state on
varied, and the cycle repeated until convergence. In théhe zero-order states 1, 2, and 3 are, in the ore€r3006,
present case, we found that we could get stable convergen€e9335, and—0.1955.
by putting into one group all thé independent parameters The assignments of HC&M are based upon the maxi-
(that is,{»;, Vj;}), and all the remaining ones into another mum overlap of the eigenfunctions with the basis functions
group. Depending on the fit model this second group waghat were used in the final diagonalization. However, as they
{Bi} or {B;j, D;} or {B;, V|;}. A disadvantage of this tech- pointed out to us, the basis they use in the final diagonaliza-
nique is that it is more involved to obtain the standard errorstion is already a contraction of the original product basis, and
since the Jacobian matrix at the converged point in the fulthus could be strongly “renormalized” by interactions al-
parameter space has to be evaluated separately at the engady treated in earlier diagonalizations. Further, it must be
Since in our case the standard errors are certainly smalléemembered that it is extremely difficult to assign unambigu-
than variations due to changes in the Hamiltonian modePus guantum numbers in a multidimensional system, and at
(i.e., model errors we did not calculate them. this energy, HC&M remarked that their program gave many
The above analysis demonstrates that this region of th@uplicate assignments. However, th@ values calculated
absorption spectrum of HEN is dominated by transitions to by HC&M for the states they assign as 206, 802, anti702
three interacting, states. We now turn to the results of the respectively, are-79, —87, and—50 (x10 % cm '), and
variational calculations of CH&M € to try and assign the compared with the extrapolated values given before are quite
normal mode character of these states. Based upon the agPnsistent with the assignment by their program. In conclu-
sence of bend-stretch perturbations throughout the spectrurdion, the states predicted by HC&M are not as close to the
we expect the basis states to contain little or no bendin@bserved ones as it seems at a first glance, since indeed their
excitation. Within a 30 cm® region about the observed ordering is incorrect.
bands, only three such states are predicted, with band ori-  The specific values foAB calculated by HC&M cannot
gins at 22 230.65, 22 224.23, and 22 218.05 &mThese be directly compared with those in Table VIII since their
states were assigned as’®?2 802, and 206, respectively. Values are calculated from the rotational energy dependence
Comparison of the experimental band origimeich can be (betweenJ=0 and 1 of the eigenstates, while our values are
read from Fig. 3 with these predicted values is strikingly for the deperturbed basis states. The avefager the three
good. Notice that these “observed” values are further sepaState$ can be compared since the perturbations should not
rated than the zero-order fitted band origifEable VIII) effect the average energy at eakch\B for the three states is

since they refer to the eigenstates, which are pushed apart lgiculated by HC&M as-72.10"° cm™* while our analy-
the anharmonic interactions. sis gives—81.x 103 cm 1. This level of agreement is con-

The spectroscopic constants of our fits supports the aSistent with the accuracy of HC&M'’s predicted rotational

signment of the absorption features to these three states, bgRnStants for unperturbed stretching states in the same en-

not in the order predicted. As discussed above, our modéifdy region, where they consistently predict rotational con-

requires the zero order intensity to be given to the middle oftants slightly too large.
the three zero order states, and based upon the principal iso-
topomer, we expect the dominant transition strength to com&/- CONCLUSION
from the 206 state. Further support for reassignment comes The present paper extends our earlier study of the over-
from the extrapolatedAB’s for the states 802, 206, and tone spectrum of HCN, using the method of cavity ring down
02’7 (using the expansion in Table)Vwhich are—96.2,  spectroscopy. We have reported numerous bands of the two
—81.9, and—65.9x10 3 cm™!, respectively. Comparison minor isotopomers of HCN.
of the fittedAB'’s from Table VIl shows excellent agreement Variational calculations on the empirical potential of
if we assign the states 802, 206, andD2o states 1, 2, and CH&M does an excellent job of predicting these observed
3, respectively. Lastly, the coupling coefficients derived fromband positions, including isotopic shifts. In the one observed
the fit further support this assignment. The anharmonic couease of an extensively perturbed band system, with three
plings between states 2—1 and 2—3 are substantially largestrongly interacting levels, the empirical potential accurately
than the 1-3 coupling. This is consistent with a simple conpredicts the three states that are interacting, as shown by the
sideration of the total number of quanta that the interactiordeperturbed rotational constants and qualitatively by the size
operator has to exchange to connect state?d6) with 2  of the three interaction matrix elements. Although the ob-
(802 (10 stretching quanja2 with 3 (027) (5 stretching  servedJ=0 levels splittings are also accurately predicted by
and 2 bending and 1 with 3(15 stretching and 2 bendihg theory, the zero order assignment of the levels does not agree
Given the weakness of the bend-stretch coupling in HCN, iwith our deperturbation of the observed spectrum. Despite
is reasonable that a fifth order interaction that mixes in thehis one failing, the observed spectra strongly reinforce the
bending mode could be of the same size as a eight orderccuracy of this empirical potential up to the highest ob-
matrix element that couples only stretching modes. served levels of HCN. By extension, the variational method
The difference in the assignment is not due to compariof force field refinement is demonstrated to be the best avalil-
son of the results of the deperturbation with the eigenstateable method for determining potential energy surfaces from
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