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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 the H12C14N isotopomer,
reporting on some weaker bands between 17 500 and 19 500 cm21. We also report spectra of
overtone and combination bands with six, seven, and eight quanta of stretching vibration in the
isotopomers H12C15N and H13C14N in the interval from 17 500 to 23 000 cm21. 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 accuracy (;0.02 cm21) 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 1115 and 0116 P←S bands, which we believe is produced by Coriolis coupling. ©1995
American Institute of Physics.
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I. INTRODUCTION

The experimental investigation of highly excited m
lecular states provides information essential to characteri
both intramolecular dynamics and potential energy surfa
Comparison of both experimental overtone transition en
gies and intensities with theoretical values provide comp
mentary tests ofab initio and empirical potential energ
surfaces.1 The observable effects of coupling between qu
siseparable modes, give information relevant to studies
intramolecular vibrational energy redistribution~IVR!.

Extensive experimental data are available for the m
common isotopomers of hydrogen cyanide. The lower vib
tional states have been investigated by several author2–5

Overtone spectra with up to six stretching quanta~up to
18 500 cm21) have been thoroughly characterized usi
photoacoustic and White-cell absorption spectroscopies
Lehmann, Smithet al.6–10Diode laser spectra of the first CH
stretch overtone have been reported by Sasada.11 Yang, Ro-
gaski, and Wodtke12–14 used stimulated emission pumpin
~SEP! to study high overtones and combinations of the be
ing and the CN stretching modes. Carrasquilloet al.15 have
used collisional energy transfer from the 3n3 level to popu-
late states dark in both overtone and SEP spectroscopies
have previously reported on higher overtone transitions, w
energy up to 23 000 cm21, well above the isomerization
barrier.16 The present paper represents a continuation of
study.

As a result of increased sensitivity in the spectral reg
17 500–19 500 cm21, we have been able to detect som
weaker H12C14N overtone bands, which we report in th
present paper. We also report spectra of the isotopom
H12C15N and H13C14N in the spectral region from abou
17 500 to 23 000 cm21. Isotopic shifts, when viewed as
perturbation using the Hellmann–Feynman Theorem, g
the kinetic energy of the substituted atom in the vibratio
state. As such, they are direct measures of the distributio
vibrational energy in the molecule, and a sensitive test of
character of approximate vibrational wave functions. Due
poor control over the purity of the isotopically enriche
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samples, we unfortunately did not determine accurate inte
sities for these isotopomers. For H13C14N we do report some
estimated band intensities, but these should be considere
lower bounds for the real values, due to the unknown sam
partial pressure. As with previously reported data, goo
agreement is found between our observed spectroscopic d
and predicted band origins~Carter, Handy, and Mills,
‘‘CH&M’’ 17,18! and intensities~Peter Botschwina19!.

In this paper, we use Hertzberg’s convention for numbe
ing the vibrational modes of HCN since most of the literatu
has used these labels;n1 is the CN stretch,n2 the degenerate
bending mode, andn3 the CH stretch. Many recent authors
have inverted the numbering of the two stretching modes
be consistent with modern conventions. Also, in the follow
ing, we will refer to the three isotopomers more simply a
HCN, H13CN and HC15N.

The experimental methods and much of the analys
have closely followed those discussed in our previous pap
One problem will be considered in detail. This concerns th
analysis of the HC15N 206 band system, which is the only
observed overtone band that cannot be fit to an effect
Hamiltonian for a single vibrational level. We have foun
that the observed spectrum can be quantitatively fit to
effective Hamiltonian that contains three vibrational band
coupled by anharmonic interactions.

Another problem comes from the observation that th
(1115←000) band in HCN and H13CN, and the
(0116←000) band in H13CN are all characterized by an
anomalous asymmetry in the line intensity of theP andR
branches. This Herman–Wallis effect20,21 is attributed to
Coriolis mixing withS states possessing much larger trans
tion strengths. We are presently trying to calculate this effe
which has also been observed in lower vibrational transitio
in HCN.22 This analysis will represent a further test of th
quality of the availableab initio dipole moment surface for
HCN.19

II. EXPERIMENT

We have used a recently introduced technique23 of cavity
ring down spectroscopy~CRDS! to study very weak visible
633)/633/10/$6.00 © 1995 American Institute of Physicsct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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634 D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
overtone transitions of HCN and some of its isotopome
The theory and our implementation of CRDS is described
detail in our previous paper16 to which the reader is referred
for details. This technique gives sensitivity comparable
intracavity photoacoustic spectroscopy with a continuo
wave ~cw! laser. CRDS uses pulsed lasers of much low
average power than the cw lasers required for photoacou
spectroscopy at comparable sensitivity. CRDS is an abso
tion technique and directly gives spectra in absolute abs
bance units. In our work, knowledge of sample concentrat
has been the limiting factor in the determination of absolu
integrated band intensities.

A brief description of our experimental setup is as fo
lows. An excimer-pumped dye laser is coupled into an op
cal cavity formed by a pair of high-reflective mirrors, whic
act as the input and output windows of our gas cell. Lig
from the dye laser strikes the front mirror, and a small fra
tion (;10 ppm! is transmitted into the optical cavity. The
exponential decay~‘‘ring-down’’ ! of the light intensity inside
the cavity is monitored as the laser frequency is scanned.
effect of sample absorption is detected as a decrease in
time constant of the exponential decay when the laser
tuned into resonance with the molecular transition. The ‘‘e
fective’’ absorption pathlength can be defined in terms of th
time constant. For high quality mirrors, we have observ
decay time constants on the order of 100ms, which corre-
spond to an effective absorption path-length of 60 km.

The performance of CRDS can be substantially degrad
by the presence of impurities on the dielectric coating of t
mirrors, such as dust or chemical deposits, that increase
ror loss and lower the effective pathlength of the cell. W
have found,24 that one has to be careful when evacuating t
ring down cavity~RDC! and filling it with sample. If these
operations are done too quickly, transitory condensation m
occur which leaves the mirror surfaces dirty. We observed
improvement by a factor 3 of the ring down time in the ran
from 17 500 to 19 500 cm21 when the cell was slowly
pumped before filling. We did not make a systematic study
this problem, and by ‘‘slowly’’ we mean a pumping time o
10 minutes to 1 hour. Unfortunately, we did not observe su
a dramatic improvement when using mirrors coated
higher frequencies, perhaps due to their higher intrinsic lo

The HCN samples used in this study were prepared
the reaction of KCN with stearic acid. The solids are mix
together and are nonreactive. The reaction bulb is th
pumped down to less than 10 mtorr pressure. When
stearic acid is melted~around 71 °C! the reaction to produce
HCN and potassium stearate proceeds slowly and to com
tion in a few hours. We used about a 2:1 stoichiometric e
cess of stearic acid. For production of both the H13CN and
HC15N isotopomers, we used isotopically labeled KCN sa
with reported isotopic purity of 90 and 97%, respective
These salts were kindly provided by Dr. Alec Wodtke. Fo
rier transform infrared~FTIR! spectra of these HCN sample
reveal impurities of CO2 and water, which were partially
removed by cryotrapping.

Due to the incomplete purification and to the presence
other unknown impurities, the band intensities we obtain
from the isotopomer samples were not very consistent~sys-
J. Chem. Phys., Vol. 102Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subjec
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tematically smaller than the HCN values, in some cases by
much as 30%! and not very reproducible~as much as 10%
variation between separate measurements!.

However, the band intensities for the normal HCN r
ported here and in our previous paper, were remeasured
ing HCN cryotrapped from a 2% commercial mixture wit
He ~by Matheson gases!. These measurements yielded mo
consistent and repeatable results, allowing us to place
error bar of 10% on the reported band intensities. In view
these circumstances, we decided not to report the band in
sities we measured in the isotopomers, except for a f
bands for which we did not measure the corresponding ba
in the principal isotopomer. These intensities should be c
sidered as lower bounds to the real values.

III. DATA ANALYSIS

The data analysis was done using the same method
described in our previous paper. The spectra were lineari
in frequency by using etalon transmission peaks record
during the laser scan. Line frequencies, linewidths, and in
grated intensities were determined from a fit of the spectr
to a sum of Voigt line shapes. The fitting program is based
the Levenberg–Marquardt least-square minimizati
algorithm.25 By an automatic scheme of toggling betwee
fixed and floated parameters, the program is capable of p
ducing excellent fits even in presence of strong line blendi
For each band, the integrated band intensityS0 was obtained
by averaging over the value calculated from all the stro
and well-resolved lines.

The factors used to calculateS0 from the fitted line in-
tensity and shape are given in Ref. 10. Physically,S0 is equal
to Avogadro’s number times the absorption cross section
tegrated over the band wave number. For theS←S transi-
tions, there was no significant Herman–Wallis correction
the line intensities. This correction results from rotation
vibration interactions. In the case of the very weakP←S
transitions, we did find a substantial Herman–Wallis corre
tion. For these bands, in the fit ofS0 the individual line
strengths are corrected by a factor of (11Am)2, (m is2J in
theP branch andJ11 in theR branch! whereA is the linear
Herman–Wallis coefficient.

Note that the old convention was to define the correcti
factor as (11Am), which gives twice theA coefficient for a
weak Herman–Wallis effect.20,21 The present formula,
adopted by Watson,26 gives reasonable intensities even for
strong Herman–Wallis effect, as observed in then1
fundamental.22 The band intensity and Herman–Wallis coe
ficient determined for each of theP←S bands have the
following values:

Transition S0~cm/mol! A

HCN 1115←000 0.0129~8! 0.0110~28!
H13CN 1115←000 0.0073~4! 0.0086~24!
H13CN 0116←000 0.0116~7! 0.0281~32!

The present results give Herman–WallisA coefficients
about an order of magnitude larger than those observed
, No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Intensities, band origins and rotational parameters of the new overtone transitions in HCN,
H13CN, and HC15N. 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 is;0.02 cm21. 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 DB3103 DD3106

Transition cm/mol cm21 cm21 cm21

HCN: B0 5 1.478 221 62 cm21, D052.909 9431026 cm21

1115←010b 3.70~11! 17 449.296 262.94~14! 0.03~38!
403←000 3.84~6!31022 17 699.376 270.26~16! 20.11~40!
11e5←000b 1.27~4!31022 18 162.762 263.71~14! 20.49~34!
11f5←000b 1.52~8!31022 18 162.748 255.32~8! 0.19~10!
0116←010 2.57~4! 18 255.855 265.63~8! 20.05~10!
602←000 1.53~10!31022 18 603.438 278.9~5! 20.1~24!
304←000 9.8~10!31022 18 661.368 272.31~6! 20.24~10!
2115←010 0.47~3! 19 428.022 270.7~10! 22.~8!

H13CN : B0 5 1.439 995 cm21, D052.767 562 431026 cm21

1115←010b – 17 333.724 258.91~14! 20.02~42!
105←000 – 17 431.957 259.85~12! 20.08~30!
403←000 – 17 534.654 267.13~36! 21.1~16!
11e5←000b – 18 041.118 259.67~14! 20.12~32!
11f5←000b – 18 041.114 251.74~12! 0.27~18!
0116←010b – 18 140.160 260.94~5! 20.13~6!
006←000 – 18 257.280 262.288~28! 20.087~26!
304←000a >4.6631022 18 506.862 267.94~20! 2.2~5!
7201←000a >1.531022 18 512.576 270.7~6! 2.4~16!
1205←000 >1.931022 18 636.389 251.47~12! 4.33~28!
01e6←000b >1.331022 18 847.496 261.43~16! 0.1~5!
01f6←000b >1.231022 18 847.500 253.96~8! 0.18~10!
205←000 – 19 388.873 268.69~6! 20.06~6!
503←000 >9.131023 19 477.623 275.76~42! 1.4~20!
1116←010 – 20 087.932 269.35~36! 0.4~18!
106←000 – 20 206.535 270.658~28! 20.06~6!
0117←010 – 20 833.220 272.77~40! 23.5~12!
007←000 – 20 971.361 273.728~42! 20.14~6!
305←000 – 21 325.219 278.10~12! 20.31~30!

HC15N : B0 5 1.435 248 cm21, D052.747 732 331026 cm21

205←000 – 19 459.738 270.73~6! 0.17~12!
106←000 – 20 301.905 272.82~12! 20.09~26!
007←000 – 21 093.192 276.46~5! 20.24~10!
305←000 – 21 386.892 280.27~36! 20.1~14!
206←000 perturbed, see 3 levels fit.
107←000 – 23 000.358 284.28~8! 0.01~18!

aThese two bands are strongly mixed, producing transfer of intensity from the 304 to the 7201band. Notice also
the large ‘‘centrifugal distortion’’ parameter of these bands.
bThe q k-doubling parameters for these transitions are reported in Table VII.
d
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-
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lier for the transitions from the ground states to theS states
~0,0,4! and ~0,0,5! @A50.0014(5) and 20.0014(3),
respectively#.10

The results of our data analysis are reported in Table
As explained above, we do not report the intensity of most
the isotopomer bands since the corresponding values for n
mal HCN are more accurate. Also, we do not list the standa
deviations for the intensity data, since the effective expe
mental reproducibility is much larger, roughly 10%. Th
same argument holds for the band origins, where the absol
wave number calibration was obtained by observing the o
togalvanic effect in a Neon hollow-cathode lamp.27,28 The
accuracy of these calibration lines is of;0.02 cm21.

From the intensity of the normal isotopomer overton
J. Chem. Phys., Vol. 102Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subjec
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bands that appeared in some of our H13CN scans, we were
able to determine the amount of HCN impurity in the
H13CN sample. Since we synthesized H13CN from isotopi-
cally enriched KCN, the impurity derives from the salt. The
partial pressure of HCN found from 205, 006, and 105 ban
spectra appeared in H13CN scans, is 8.1, 8.35, and 7.6 torr
~out of a total of 100 torr!, respectively. To obtain these
values, we have used the band intensities determined in o
previous work.16 These values are consistent with the nomi
nal 10%12C content of the salt. Even after correction for the
presence of this impurity, the band intensities for H13CN are
consistently smaller than the corresponding values in HCN
This indicates additional impurity levels varying from 10%
, No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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636 D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
to 30%, if one assumes that the corresponding bands sh
have the same intensity. The same observation holds for
isotopomer HC15N.

To estimate the expected change in band intensity w
isotopic substitution, we made intensity calculations usi
the accurate potential surface recently fitted by CH&M17 and
the ab initio dipole moment surface by Botschwina.19 We
used a program29 that calculates the Hamiltonian matrix on
basis of products of Morse oscillator wave functions for t
two bond coordinates. The basis included all bound sta
with energy expectation value of 60 000 cm21 ~for HCN
these are 382 wave functions!. A correction was included to
account for the bend-stretch coupling to second order. T
matrix of eigenvectors was used to transform the dipole m
ment operator to obtain transition moments from the grou
state. The resulting intensity values of the bands of inter
for the most common HCN isotopomers are listed in Table
With a few exceptions, these values compare very favora
with the experimental ones.16 Even though the isotopic varia
tion is somewhat larger than we had expected, especially
the weaker bands, it is generally smaller than the uncerta
ties of our H13CN and HC15N experimental intensities. Fur
ther, the calculated values do not show the observed syst
atic trend of smaller intensities for the H13CN and HC15N
isotopomers. We conclude that the observed lower intensi
of these species is due to reduced sample purity and
report only the intensity data of a few H13CN bands which
we did not already measure in HCN.

The presence of lines due to impurities~likely water and
CO2) complicated some of our spectra, like the 304←000
and the 403←000 H13CN transitions. In these cases we cry
trapped the sample back into its bottle and let it slow
evaporate to refill the RDC, before taking a second scan. D
to the different vapor pressures, we usually obtained clea
spectra. When the signal/noise allowed, we used spec
subtraction to eliminate the impurity lines~see Fig. 1!.

Bands were vibrationally assigned by using the pred
tions of the variational calculations of CH&M17,18which, as
shown in Table III, generally predict the observed ener
levels to within a few inverse centimeters. For most tran
tions, the assignments could also be unambiguously mad

TABLE II. Calculated intensities in cm/mol for the over tone transitions
the range 17 500 to 23 000 cm21, for the most common isotopomers. A
explained in the text, we used the potential by CH&M~Ref. 17! and
Botschwina’s dipole moment surface~Ref. 19!. Experimental values are for
HCN, as reported here and in our previous paper~Ref. 16!.

State Experiment HCN H13CN HC15N

105 3.51 4.32 4.04 4.17
006 2.61 3.15 3.58 3.32
403 0.038 0.049 0.049 0.16
304 0.098 0.14 0.097 0.14
205 0.58 0.66 0.52 0.57
106 0.89 1.15 1.14 1.15
007 0.55 0.55 0.67 0.60
602 0.015 0.018 0.003 0.005
305 0.092 0.099 0.064 0.075
206 0.22 0.28 0.25 0.24
107 0.24 0.30 0.33 0.32
J. Chem. Phys., Vol. 102Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subjec
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predictions based upon literature anharmonic constants.10

The assignment of some of the weaker overtones wa
not completely obvious. In H13CN, the 304 transition~Fig. 1!
appears as two overlapping bands with almost the same o
gin but quite different rotational spacing. CH&M’s calcula-
tions predict these to be an almost 50% mixture of the 30
and 7201 states, with some contribution from the 602 state
The rotational fit to these bands is satisfactory~the rms de-
viation for the combination differences is close to the stan
dard deviation!, but gives anomalously largeDD values~see
Table I!. As an indication of the strength of the mixing we
can compare the expectedDB values for the 304 and 7201

FIG. 1. 304 and 7201 overtone transitions in H13CN. Experimental condi-
tions: 100 torr, 60 km absorption path length. Two scans are shown togeth
with a linear combination of the two that removes the spurious lines almos
completely.

n

TABLE III. Comparison of the band origins~in cm21! of the observedS←S
transitions with values calculated by CH&M.17,18 The accuracy of the ex-
perimental values is 0.02 cm21.

State Experiment Calculated Observed–Calculated

HCN:

403 17 699.376 17 699.88 20.50
602 18 603.438 18 602.27 11.16
304 18 661.368 18 660.92 10.45

H13CN:

105 17 431.957 17 430.78 11.18
403 17 534.654 17 535.33 20.68
006 18 257.280 18 255.78 11.50
304 18 506.862 18 505.73 11.13
7201 18 512.576 18 510.55 12.03
1205 18 636.389 18 638.60 22.21
205 19 388.873 19 387.49 11.38
503 19 477.623 19 478.03 20.41
106 20 206.535 20 203.66 12.88
007 20 971.361 20 968.94 12.42
305 21 325.219 21 324.23 10.99

HC15N:

205 19 459.738 19 458.16 11.58
106 20 301.905 20 298.95 12.96
007 21 093.192 21 091.17 12.02
305 21 386.892 21 385.80 11.09
107 23 000.358 22 995.68 14.68
, No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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states,267.54 and274.17 (31023 cm21), with those ob-
tained from band fits,267.94 and270.70 for the assigned
304 and 7201 bands, respectively. The close match wou
suggest that the mixing of the two states is not as strong
50%. The regular intensity profile rules out the contributio
of Coriolis type interaction, consistent with theS symmetry
of these states, and supports an anharmonic coupling
tween them. Finally, if we assume that the 7201 band has
negligible transition strength compared to the 304, the o
served intensity ratio of the bands (;1:3!, gives the size of
the mixing amplitudes, which are roughlyA75%50.87 and
A25%50.50, respectively. Combined with the observe
splitting of the two levels, we calculate the effective anha
monic matrix element̂304uHu7201&52.47 cm21.

The expectedDB values reported above have been e
trapolated from a nonweighed fit involving allDB’s for pre-
viously observed H13CN transitions29 plus those from our
own data, excluding states that are too weak or likely
fected by small perturbations. To extend the fit, we had
lock some of theg parameters, as shown in Table IV, t
values obtained from a previous fit done with weights a
counting for the expected model errors.29 This was necessary
since the new data tended to destabilize the fit. While t
could be a consequence of the lower quality of the add
data, it more likely reflects a failure of the anharmonic e
pansion at these energies, caused by the increasing ch
for quasiresonances. HCN has been more thoroughly stu
in the mid and near-IR and thus the second order vibratio
rotation interaction constants could be determined from
to lower energy bands.29 Similarly, we did a nonweighted
least-squares fit of the observedDB values for all the known
HC15N bands in order to improve the vibration–rotation in
teraction constants for this isotopomer. As shown in Table
due to the limited number of observed bands of this iso
pomer, we needed to constrain most of theg parameters to
their HCN values.29

In HCN, the 304 state is again perturbed, but mainly
the 602 state. This is a case of the 3–2 anharmonic reson
between modesn1 andn3 that appears sporadically through
out the HCN overtone spectrum.30,31The band origins for the
304 and 602 states, are 58 cm21 away. For these states, w
do not even find unusually largeDD values. Assuming that
most of the 602 transition intensity is due to the mixin
from the intensity ratio we obtain the mixing amplitudes 0.9
and 0.37 for the 304 and 206 states, respectively, implyin
matrix element̂ 304uHu206&529.9 cm21.

In the fitting of a complex spectrum, it is extremely valu
able to predict anharmonic matrix elements by scaling f
mulas based upon harmonic oscillator matrix elements of
lowest order that can couple the two states. For example,
have

W5^n1 ,n2 ,n3uHun113,n2 ,n322&

5K111;33A~n111!~n112!~n113!n3~n321!, ~1!

whereK111;33 would be constant for all cases of interactio
with the same form. Little is known about the accuracy
such scaling laws, especially at high energy. With the pres
results, there are now four examples of the 3–2 resona
J. Chem. Phys., Vol. 102Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subjec
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known in HCN. Using the relative intensities~which are not
affected by errors due to sample purity! and the observed
splitting, we can calculate effective coupling matrix ele-
ments. These are shown in Table VI. We see that except fo
the lowest member of the progression, the agreement wit
the scaling formula is within a few percent. The lowest mem-
ber has the weakest mixing of the levels, and thus for thi
case the assignment of negligible intrinsic intensity for the
u3,0,2& state may be responsible for the overestimate of th
matrix element.

The assignments of transitions such as 0116←000, could
be checked against the hot bands with the same upper sta
like 0116←0110. In all cases the rotational constants of the
upper state match within the experimental error. Also the
values ofq derived both from the combination band and
from the corresponding hot band are in good agreement~see
Table VII!. With respect to the band origins, in H13CN the
hot–cold band difference matches the known bend funda
mental frequency within the experimental errors, while in

TABLE IV. Fit of DB’s for all known overtone states in H13CN. Calculated
usingB051.439 992~2! cm21. Equal data weighting was used. Some of the
values have been obtained from a hot band by adding the knownDB of one
of the states in the transition. All values are in units of 1023 cm21. Errors are
given as two standard deviations. Locked parameters are from a previous
done on HCN with a special model weighting~Ref. 29!.

State D B/1023 cm21 Fit Obs.–Calc. Ref.

0110 3.221 3.204 0.017 35,36
1110 26.696 26.624 20.072 37
0201 23.09 23.065 20.025 6
0221 22.79 22.765 20.025 6
0220 6.4691 6.419 0.050 38
0200 6.1603 6.119 0.042 38
0111 26.2168 26.204 20.013 38
001 29.6283 29.633 0.005 38
101 219.186 219.102 20.084 6
0112 215.928 215.909 20.019 6
002 219.5449 219.563 0.018 39
0112 215.949 215.909 20.040 6
102 228.919 228.853 20.066 39
003 229.7620 229.790 0.028 39
103 238.880 238.901 0.021 40
005 251.1537 251.135 20.019 41
303 257.456 257.591 0.135 41
204 258.3883 258.333 20.055 41
105 259.8674 259.887 0.020 41
006 262.300 262.253 20.047 41
1115 255.697 255.739 0.042
0116 257.695 257.699 0.004
403 267.13 267.171 0.041
205 268.687 268.796 0.109
106 270.658 270.826 0.168
007 273.728 273.668 20.060
305 278.095 277.861 20.234

Fit model:

Bn5Be2(ai~ni1di /2!1(i.jgij~ni1di /2!~nj1dj /2!1gl l l
2

Fit results/1023 cm21

a1529.40~16! g11520.0789~26! g12520.180~locked!
a2523.317~54! g22520.070~locked! g23520.224~28!
a3529.650~68! g33520.149~8! g13520.180~24!

gl l 520.075~locked!

Standard deviation58.731025 cm21
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638 D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
HCN we actually had to use the bend fundamental to ca
brate the 1115←0110 band since we did not have calibratio
lines in the region scanned while we did for the correspon
ing cold band.

Rotational fits forS←S transitions were done using th
model

TABLE V. Fit of DB’s for all known overtone states in HC15N. Calculated
using B051.435 249~2! cm21 ~Ref. 3!. Equal data weighting was used
Some of the values have been obtained from a hot band by adding
known DB of one of the states in the transition. All values are in units
1023 cm21. Errors are given as two standard deviations. Locked parame
are from a previous fit done on HCN with a special model weighting~Ref.
29!.

State DB/1023 cm21 Fit Obs.–Calc. Ref.

0110 3.391 3.347 0.045 35,36
1110 26.380 26.285 20.095 37
0111 26.405 26.456 0.051 38
001 210.0043 210.017 0.013 38
002 220.3050 220.321 0.016 39
003 230.888 230.912 0.024 39
005 253.0722 252.954 20.118 41
303 258.2241 258.436 0.212 41
204 259.6113 259.809 0.198 41
105 261.7473 261.799 0.051 41
006 264.5829 264.406 20.177 41
205 270.726 270.714 20.012
106 272.82 273.120 0.300
007 276.46 276.144 20.316
305 280.27 279.700 20.570
107 284.284 284.729 20.445

Fit model:

Bn5Be2(ai~ni1di /2!1(i.jgij~ni1di /2!~nj1dj /2!1gl l l
2

Fit results/1023 cm21

a1529.35~44! g11520.0353~locked! g12520.1373~locked!
a2523.36~34! g2250.0503~locked! g2350.2145~locked!
a3510.01~20! g33520.143~28! g1350.13~10!

g l l 520.201 83~locked!

Standard deviation52.831024 cm21

TABLE VI. Analysis of the scaling law for̂ n,0,4uH un13,0,2& interactions.
From properties off a 232 matrix, if all intensity comes from one of the two
basis functions,uWu5uDEuAI 1I 2/(I 11I 2). The values forK111;33 have been
calculated using Eq.~1!.

Band origin Intensity uWu K111;33

State cm21 cm/mol cm21 cm21

004 12 635.888 157.0~10!
302 12 657.8763 9.11~25! 5.01~6! 0.590~7!

104 14 670.447 9.42~9!
402 14 653.660 8.33~10! 8.378~4! 0.4937~2!

204 16 674.211 1.7~1!
502 16 640.313 0.40~4! 13.3~5! 0.496~18!

304 18 661.368 0.098~1!
602 18 603.438 0.015~1! 19.6~4! 0.516~10!
J. Chem. Phys., Vol. 102Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subje
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n~J!5n01~2B91DB!m1~DB2DD !m2

22~2D91DD !m32DDm4 ~2!

wherem is the same as defined before. This model derive
from the usual term valuesE(J)5E01B@J(J11)2l 2#
2D@J(J11)2l 2#2. In this case as in the following ones,
the lower state rotational constants were kept locked in the
to the accurately known experimental values3,5,6,32

ForP←P transitions~hot bands!, we could not resolve
theQ branch and thel -type splitting except for relatively
largeJ values. For those doublets that could be resolved, w
used the center of the doublet. The fitting model is

n~J!5n02DB2DD1~2B91DB14D912DD !m

1~DB1DD !m222~2D91DD !m32DDm4.

~3!

For two hot bands enough doublets could be resolved
allow fitting the splitting to the model

Dn~J!54~q81q9!m14~q82q9!m2, ~4!

with the results listed in Table VII. This model derives from
E6(J) 5 E0 1 B@J(J 1 1)21# 2 D@J(J 1 1) 2 1#2

6q(nbend1 1)J(J 1 1). Centrifugal corrections to theq’s
were found not to be significantly different from zero when
included in the fits.

ForP←S transitions theP andR branches involve the
e sublevels, while the Q branch involves only thef sublev-
els. The term values given above, withl 51 for theP state,
give the fitting models for the R and P branches

n~J!5n02B92DBe2D92DDe1~2B91DBe12D9

12DDe!m1~DBe12D91DDe!m
2

22~2D91DDe!m
32DDem

4, ~5!

and for the Q branch

n~J!5n02B92DBf2D92DDf1~DBf12D9

12DDf !J~J11!2DDf@J~J11!#2. ~6!

From the difference of the rotational constants of thee and f
levels we obtainq5(Be2Bf)/4, whose values are also listed
in Table VII.

.
the
of
ters

TABLE VII. Values of the qK-doubling parameter for someP states.
Errors are given as twice the standard deviations. The two values deriv
from the hot bands are obtained by fitting the model in Eq.~4! to the
resolved splittings, withq9 fixed to the literature values of 1.871 933 and
1.769~8!31023 cm21 for HCN and H13CN respectively~Ref. 32 and 6!.

State q8/1023 cm21 Source

HCN:
1115 2.09~4! 1115←000

H13CN:
1115 1.98~5! 1115←000
1115 1.948~10! 1115←0110
0116 1.87~5! 0116←000
0116 1.865~5! 0116←0110
, No. 2, 8 January 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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639D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
In each fitted band, we checked for the presence of we
rovibrational perturbations by comparing the standard dev
tion of the observed and calculated ground state combinat
differences with the standard deviation of the fit. Since th
combination differences are not sensitive to perturbations
the upper level, their standard deviation is a reference va
for the wave number precision of the data. In no cases w
the fit standard deviation significantly larger than that of th
ground state combination differences. Thus we conclude th
the effect of local~heterogeneous! perturbations, which re-
sult from the crossing of vibrational levels as a function ofJ,
shift the observed energy levels by an amount no greater th
our experimental precision.

The perturbed 206 system in HC 15N

A low resolution@0.2 cm21 full width at half maximum
~FWHM!# overview of the spectrum of the 206 band in
HC15N is shown in Fig. 2, foot to foot with a simulation from
a fit based on model 4, as described below. A high resoluti
scan was also taken to partially resolve the many blend
lines. The Lambda–Physik FL-2002 dye laser we employ
for this measurements allows a 0.1 cm21 FWHM resolution
when operated with an intracavity etalon.

Initial assignments were made by searching for groun
state combination differences. This demonstrated that t
spectrum consists of threeJ progressions. In Fig. 3 we show
a reduced energy plot of upper state term values for the
signed transitions. A J-dependent offset BJ(J11)
(B51.3532 cm21) has been subtracted to make the rota
tional progressions more apparent. It is evident that there
strong interaction, the three progressions getting closer
higherJ’s with an avoided crossing aroundJ517. At highJ,
the intensity of the middle progression dies out. Only on
‘‘bright state’’ ~206! is expected in this spectral region, and
anharmonic mixing is responsible for the transition intensi
of the other two states.

It can be seen that band 3~as labeled in Fig. 3! has a
small energy jump betweenJ513 and 14. Correspondingly,
in the spectrum we find that theP(14) andR(12) lines of

FIG. 2. 206 overtone transition in H13CN feet-to-feet with simulation from
fit using the three-level model number 4~see text!. Experimental conditions:
100 torr, 18 km absorption path length.
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band 3 are both split into doublets~see Fig. 2!. We attribute
this to a fourth ‘‘dark state’’ whose energy dependence onJ
is fast with respect to the size of its coupling with state 3.
This perturbation appears to be very localized and will be
ignored in the following.

The effective Hamiltonian model that we employed to fit
the observed spectrum was chosen to have Anharmon
(J-independent! coupling between states with the sameJ

H~J!5F E1~J! V12 V13

V12 E2~J! V23

V13 V23 E3~J!
G ~7!

whereEi(J)5Ei01BiJ(J11), possibly with higher order
terms inJ(J11). Parameters of the fit are theBi , the band
origins n i and the coupling matrix elementsVi j . The fact
that all three bands could be followed down to lowJ, with
more or less constant relative intensities, confirms that th
three states are not connected byJ-dependent Coriolis cou-
pling, consistently with their assignment asS states.

We initially fit the observed energies of the upper state
obtained from our assigned spectrum, constraining the acc
rately known ground state rotational parameters.3 This fit re-
quired calculating the eigenvalues ofH(J) for eachJ. The
core of the fitting program was the IMSL nonlinear least-
square fitting routine ZXSSQ,25 the same used for all the
spectral line fitting. At the end of the fit, the projection co-
efficients of the eigenstates of the interaction Hamiltonian
onto the zero order basis states were given by the eigenve
tors of H(J). By assuming that only one of the three zero
order states has a non zero dipole moment matrix eleme
with the vibrational ground state, the squares of the projec
tion coefficients on this state are proportional to the relative
intensities of the three transitions for eachJ. A realistic
simulation of the spectrum was done by including the rota
tional Hönl–London factors, the Boltzmann population fac-
tor of the lower state and aJ-dependent pressure broadening
~empirical fitted modified exponential gap~MEG! law as in
Ref. 33!. The effects of pressure shifts are expected to b
negligible.7 While the line positions were reproduced fairly

FIG. 3. Reduced energy plot of upper state term values for the assigne
transitions in the perturbed 206 band in HC15N. A J-dependent offsetBJ(J
11) ~with B51.3532 cm21) has been subtracted to make the rotational
progressions more apparent.
No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VIII. Fits of 206 band in HC15N by a three levels model. All parameters of fit are in units of cm21. The
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 fits,B051.435 248 cm21 and
D052.747 732 331026 cm21 ~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

n1 22 227.30 22 227.74 22 227.38 22 227.57
n2 22 225.23 22 223.30 22 224.05 22 223.59
n3 22 217.73 22 219.09 22 218.87 22 218.99
DB1 298.5431023 295.3931023 295.7131023 297.5531023

DB2 278.2031023 281.8831023 283.9731023 279.8731023

DB3 269.1331023 264.0131023 266.9031023 264.5231023

V12 2.72 0.41 2.87 2.77
V23 2.09 3.70 0.16 0.32
V13 20.36 2.19 3.20 3.33
D1 – 0.6631025 – 20.2531025

D2 – 0.1731025 – 0.9531025

D3 – 1.131025 – 0.9631025
r

-
n
nt

,

well by this fit, direct comparison with the observed spec
trum made it clear that the correct band intensity profile w
not reproduced. This was true whatever choice we made
the bright state. Inclusion of aDi@J(J11)#2 term in the
Ei(J) expansion improved the standard deviation by a fact
2, making it the same size as the experimental error, but s
produced unacceptable line intensities. Final parameter v
ues and statistics of these fits are reported in the first a
second column of Table VIII.

In order to improve the fit, we decided to include infor
mation contained in the relative line intensities. For eachJ,
we divided the intensities of all the assignedR(J21) and
P(J11) lines by the appropriate population factors of th
initial state and by the rotational Ho¨nl–London factors. Only
lines that were not strongly blended were considered. Th
would give the ‘‘vibrational’’ intensity for all the correspond-
ing upper levels. For some values ofJ, where the intensities
of each of the three components could be determined,
sum of these would give the nonfractioned vibrational inte
sity of the 206 transition. We averaged total vibrational in
tensity over these values ofJ, and then we used it to nor-
malize the intensities of all the states we considered. In th
way, we obtained experimental values for the square of t
projection coefficient of each rovibrational level on th
bright state level belonging to the sameJ, which could be
directly included in the fitting procedure. Due to faster con
vergence, the fitting time actually decreased, despite the
most doubled number of fit data. This fact indicates that th
inclusion of the intensity information breaks strong correla
tions among the parameters of the model, responsible fo
sluggish convergence to an incorrect solution. The resu
and statistics for this fit are in column 3 of Table VIII, while
column 4 gives the results of a fit which also includes th
Di parameters. In the table, we separately give rms dev
tions of the frequency and of the intensity data points. It ca
be seen that the inclusion of the distortion termsDi signifi-
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cantly improves the fit, especially with respect to the fre-
quencies. WithoutDi terms, we also tried to include in the
coupling coefficients terms of the formVi j8 J(J11), with re-
sults comparable to the last fit model. These variations to the
model give an estimate of how stable theB andVi j values
are if one introduces higher order terms in the effective
Hamiltonian.

In these last fits, the bright state was chosen to be the
middle state 2. It is interesting that the inclusion of the in-
tensity information gives the fit a strong convergence prop-
erty, which virtually allows for an automatic assignment of
the bright state. In fact, using the same initial conditions, but
assigning bright state character to any one of the zero orde
states, the fits converge always to the same solution, but with
a different correspondence of the diagonal states to the zero
order states, such that the closest to the bright state is agai
the middle one. This also assures us that no other assignme
would lead to a correct reproduction of the experimental
spectrum.

In the least-squares fit to both line positions and mixing
coefficients, some relative weight factor for this two inde-
pendent data sets must be used in the definition of thex2. In
the present case, the relative error in the line frequencies
;0.01 cm21, nearly matched that of the mixing coefficients,
;2%, and therefore we could use a weight factor of 1. We
found that if we weighted the frequency some 50% more
than the mixing coefficients, or the other way round, the
result of the fit would be unacceptable either for the intensi-
ties or for the frequencies, respectively.

As mentioned earlier, we used ‘‘parameter toggling’’ to
make the fit more robust. In fact, if one tries to fit all the
parameters inH(J) simultaneously, the fit will not converge,
even for good choices of the initial values. This is a problem
often found in nonlinear least squares fits plagued by high
levels of correlation among the parameters. By grouping the
, No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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641D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
parameters so that inside each group the correlations
smaller, it is possible to make the fit converge with respect
variations of these parameters alone. These best fit para
eters are then frozen while the next group of parameters
varied, and the cycle repeated until convergence. In t
present case, we found that we could get stable converge
by putting into one group all theJ independent parameters
~that is, $n i , Vi j %!, and all the remaining ones into anothe
group. Depending on the fit model this second group w
$Bi% or $Bi , Di% or $Bi , Vi j8 %. A disadvantage of this tech-
nique is that it is more involved to obtain the standard error
since the Jacobian matrix at the converged point in the f
parameter space has to be evaluated separately at the
Since in our case the standard errors are certainly sma
than variations due to changes in the Hamiltonian mod
~i.e., model errors!, we did not calculate them.

The above analysis demonstrates that this region of t
absorption spectrum of HC15N is dominated by transitions to
three interactingS states. We now turn to the results of the
variational calculations of CH&M17,18 to try and assign the
normal mode character of these states. Based upon the
sence of bend-stretch perturbations throughout the spectru
we expect the basis states to contain little or no bendi
excitation. Within a 30 cm21 region about the observed
bands, only three suchS states are predicted, with band ori
gins at 22 230.65, 22 224.23, and 22 218.05 cm21. These
states were assigned as 0207, 802, and 206, respectively.
Comparison of the experimental band origins~which can be
read from Fig. 3! with these predicted values is strikingly
good. Notice that these ‘‘observed’’ values are further sep
rated than the zero-order fitted band origins~Table VIII!
since they refer to the eigenstates, which are pushed apar
the anharmonic interactions.

The spectroscopic constants of our fits supports the
signment of the absorption features to these three states,
not in the order predicted. As discussed above, our mod
requires the zero order intensity to be given to the middle
the three zero order states, and based upon the principal
topomer, we expect the dominant transition strength to com
from the 206 state. Further support for reassignment com
from the extrapolatedDB’s for the states 802, 206, and
0207 ~using the expansion in Table V!, which are296.2,
281.9, and265.931023 cm21, respectively. Comparison
of the fittedDB’s from Table VIII shows excellent agreemen
if we assign the states 802, 206, and 0207 to states 1, 2, and
3, respectively. Lastly, the coupling coefficients derived from
the fit further support this assignment. The anharmonic co
plings between states 2–1 and 2–3 are substantially lar
than the 1–3 coupling. This is consistent with a simple co
sideration of the total number of quanta that the interactio
operator has to exchange to connect state 1~206! with 2
~802! ~10 stretching quanta!, 2 with 3 (0207) ~5 stretching
and 2 bending!, and 1 with 3~15 stretching and 2 bending!.
Given the weakness of the bend-stretch coupling in HCN,
is reasonable that a fifth order interaction that mixes in th
bending mode could be of the same size as a eight or
matrix element that couples only stretching modes.

The difference in the assignment is not due to compa
son of the results of the deperturbation with the eigensta
J. Chem. Phys., Vol. 102,Downloaded¬18¬Mar¬2002¬to¬128.112.83.42.¬Redistribution¬subjec
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predicted by the variational calculation. At lowJ, the mixing
of the three states is not dramatic, and the dominant chara
of the eigenstates is that of the nearest basis state. For
ample, theJ50 projection amplitudes of the middle state o
the zero-order states 1, 2, and 3 are, in the order,20.3006,
0.9335, and20.1955.

The assignments of HC&M are based upon the max
mum overlap of the eigenfunctions with the basis function
that were used in the final diagonalization. However, as th
pointed out to us, the basis they use in the final diagonaliz
tion is already a contraction of the original product basis, a
thus could be strongly ‘‘renormalized’’ by interactions al
ready treated in earlier diagonalizations. Further, it must
remembered that it is extremely difficult to assign unambig
ous quantum numbers in a multidimensional system, and
this energy, HC&M remarked that their program gave man
duplicate assignments. However, theDB values calculated
by HC&M for the states they assign as 206, 802, and 0207
respectively, are279, 287, and250 (31023 cm21), and
compared with the extrapolated values given before are qu
consistent with the assignment by their program. In concl
sion, the states predicted by HC&M are not as close to t
observed ones as it seems at a first glance, since indeed t
ordering is incorrect.

The specific values forDB calculated by HC&M cannot
be directly compared with those in Table VIII since the
values are calculated from the rotational energy depende
~betweenJ50 and 1! of the eigenstates, while our values ar
for the deperturbed basis states. The average~over the three
states! can be compared since the perturbations should n
effect the average energy at eachJ. DB for the three states is
calculated by HC&M as272.31023 cm21 while our analy-
sis gives281.31023 cm21. This level of agreement is con-
sistent with the accuracy of HC&M’s predicted rotationa
constants for unperturbed stretching states in the same
ergy region, where they consistently predict rotational co
stants slightly too large.

IV. CONCLUSION

The present paper extends our earlier study of the ov
tone spectrum of HCN, using the method of cavity ring dow
spectroscopy. We have reported numerous bands of the
minor isotopomers of HCN.

Variational calculations on the empirical potential o
CH&M does an excellent job of predicting these observe
band positions, including isotopic shifts. In the one observ
case of an extensively perturbed band system, with thr
strongly interacting levels, the empirical potential accurate
predicts the three states that are interacting, as shown by
deperturbed rotational constants and qualitatively by the s
of the three interaction matrix elements. Although the o
servedJ50 levels splittings are also accurately predicted b
theory, the zero order assignment of the levels does not ag
with our deperturbation of the observed spectrum. Desp
this one failing, the observed spectra strongly reinforce t
accuracy of this empirical potential up to the highest o
served levels of HCN. By extension, the variational metho
of force field refinement is demonstrated to be the best ava
able method for determining potential energy surfaces fro
No. 2, 8 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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642 D. Romanini and K. K. Lehmann: Overtone spectroscopy of HCN
experimental data, at least for triatomics for which con
verged variational calculations are ‘‘cheap’’ enough to allo
their inclusion in a least squares fitting package.

While, due to problems of sample purity, most of th
band intensities could not be measured accurately except
the principal isotopomer, the intensities that were determin
are in agreement with predictions based on Botschwina’s
pole moment surface. It should be noted that the overto
intensities are significantly more accurately predicted by t
new CCSD~T!19 calculations compared with the earlie
coupled electron pair approximation~CEPA! calculations
~also by Botschwina34!. The observed perpendicular bands o
HCN are found to be much weaker than the parallel band
and show evidence of Herman–Wallis effects likely due
Coriolis mixing with states responsible for the much strong
parallel bands. We are currently working on a calculation
Herman–Wallis effects in HCN combining a simplified two
dimensional variational treatment of the vibrational wav
functions ~treating the bending mode as harmonic! with a
perturbation treatment of vibration–rotation interactions. W
will report on this work at a later time.

The present results, combined with recent work in oth
laboratories, demonstrates that HCN continues to be an i
portant model system for testing the highest levels of theo
In a future publication, we will present results for a study o
pressure broadening and line mixing in HCN, studied on
again by the CRDS method. This work, combined with re
cent state-to-state inelastic collisional measurements w
provide a challenge to the theory of molecular collisions a
well.
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