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The electric dipole transition moments and vibration-rotation constants of the CN stretching
bands of H*C™N and six other isotopomers are reported. Hot-band measurements show the
vibrational dependence of the constants. Infrared absorption spectra were measured with a Fourier
transform interferometer and a multipass absorption cell with a path length of up to 240 m. The
transition wavenumber measurements were used to derive vibration—rotation constants, and the
intensities of individual lines were used to determine the transition dipoles and Herman—Wallis
factors. The unusually small transition dipole coupled with the large dipole moment of HCN
(2.98 D) results in very large values for the first Herman—Wallis factor A; and distorts the shape
of the intensity envelope of the band. These measurements show how changes in the masses of
the heavy atoms in the molecule have a systematic effect on the transition dipole and on the
intensity pattern of the CN stretching band.  © 1995 Academic Press, Inc.

INTRODUCTION

The CN fundamental vibrational mode of hydrogen cyanide (HCN) at 2097 cm™
is a notoriously weak absorption band with a curious gap in the intensity of the
rotational transitions of the R branch near R(7). The gap or intensity minimum is
shifted to R(4) in HC™N, R(1) in H**CN, and it jumpsto J = 1 in the P branch, P(1),
in HBC™N. A similar behavior is shown by the hot-band transitions, 01'1-01'0,
except that the gap is in the P branch for those cases that have been observed. We
have measured these effects and give a quantitative explanation using the theory of
line intensities with the inclusion of vibration—rotation interaction as described by
Jacobi and Jaffe (1) and later by Watson (2). Note that in this paper we designate the
CN stretching vibration as v; and the CH stretch as vs.

We present here a study of the intensity of the rotational lines of the spectrum of
the CN stretching region from 1850 to 2200 cm™* for H*2C™N and six other isotopom-
ers, H*CYN, HC"N, H*C®™N, D**C"N, D**C*N, and D**C"™N. The first hot band
also has been measured for six of these isotopomers. This is the third paper reporting
the results of extensive infrared measurements that we have made on HCN (3, 4).
Other papers will report the results of wavenumber and intensity measurements of
other bands of HCN and its different isotopomers.

Low-resolution intensity measurements of these bands were first made by Hyde
and Hornig (5). Through their analysis of the intensity of all three fundamental bands
of HCN and DCN, they showed that the low intensity of the so-called CN stretching
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vibration of HCN is due to a near cancellation of contributions from the CH and CN
stretching motions. If the so-called CN stretching vibration only involved a stretching
of the C—N bond, the vibrational frequency would be the same for H*CN and
D*CN. More recent analyses by Bruns and Pearson (6), by Bruns and Neto (7), and
by Kim and King (8) refine, but do not change this picture.

Since the transition moment for the CN stretching fundamental of HCN is a small
number that results from the near cancellation of two larger numbers, any small change
in the values of the large numbers, such as might result from a change in the mass
of the heavy atoms, will likely cause a large change in the difference. This work was
initiated in part to study this heavy atom mass effect on the intensity of the CN
fundamental.

In adiatomic molecule, the case originally studied by Herman and Wallis (9), there
is a centrifugal -distortion-like term that couples the dipole moment of the molecule
with the transition dipole for vibration. If the dipole moment happens to be large and
the transition dipole is small, then even a weak coupling may result in a significant
change in the resultant effective transition dipole as one goes to higher rotational
transitions. Herman and Wallis showed that the intensity perturbation is characterized
by an enhanced intensity in either the P or R branch, depending on the relative signs
of the dipole moment and the transition dipole, and a diminished intensity in the other
branch. For diatomic molecules the theory was worked out in subsequent papers of
those authors and others (10—14).

The application to triatomic molecules has been treated by Jacobi and Jaffe (1) and
more recently by Watson and Aliev (see (2, 15—-17)). Jacobi and Jaffe showed that
one consequence of the small transition moment of the CN stretch of HCN will be a
large Herman—Wallis constant. A similar intensity effect has been measured by Arcas
et al. (18, 19) for the [11'0, 03'0],,,—00°0 bands of CO..

Earlier high-resolution measurements have been made for the 2000 cm™ region by
Maki and Lide (20), by Maki and Sams (21), and by Choe et al. (22). Those papers
only presented wavenumber measurements and did not address the intensity problem,
athough the unusual pattern of intensities was recognized.

Because the Raman effect depends on the polarizability properties of the molecule
rather than the dipole moment change, the rovibrational Raman spectrum of the CN
stretching fundamental of HCN does not show this anomalous intensity pattern (23).

EXPERIMENTAL DETAILS

The spectra used in the present analysis were recorded on a Fourier transform
spectrometer in the region from 1800 to 2250 cm™. The unapodized instrumental
resolution was between 0.0024 and 0.0037 cm™*, smaller than the Doppler width of
HCN at room temperature (0.005 cm™*). The measurements were made on the Bruker
IFS120HR interferometer in the Giessen laboratory which has vacuum transfer optics
and various absorption cells including a stainless steel White-type multipass cell with
a base length of 4 m (24). The measurements of the heavy atom isotopomers were
made in acommercially available White-type borosilicate glass cell (Infrared Analysis
Inc., New York) having a base length of 0.82 m and a volume of about 7 |. The
spectrometer was fitted with a Si:CaF, beamsplitter, CaF, cell windows, gold-coated
mirrors, an InSh photovoltaic detector, and a tungsten lamp light source with elevated
near-IR emission. Optical interference filters having a bandpass appropriate to the
measured range were used.

HCN pressures used in the present measurements were in the range of 6.0 to 0.1
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mbar, and were measured by two capacitance gauges (MKS baratron). While measur-
ing each spectrum the pressure in the absorption cell was slowly decreasing. The
pressure assigned to each spectrum was the average of the initial and final pressure
measurement. In some cases the effective average pressure may have been closer to the
final pressure measurement. That would account for the transition dipole measurements
being too low. The uncertainties in the transition dipoles given in this paper take this
slow change into account.

The hydrogen cyanide isotopomers H**C*N, H®*C“N, H?C"N, and H**C**N were
synthesized by the reaction of equimolar amounts of potassium cyanide with phospho-
rus pentoxide and an excess of water. The isotopically labeled KCN was commercially
available (CIL, Andover, Massachusetts) with a specified isotopic purity of >99%
13C and >98% "N for the monoisotopically substituted samples and 98% *3C*™N for
the doubly substituted sample. In each case the gaseous reaction product was isolated
in a cold trap at about 200 K and purified by repeated vacuum digtillation. The
chemical purity of the different samples was checked both by their vapor pressure
and broadband infrared absorption. Only a negligible amount of H,O and CO, could
be detected as contamination in the original samples.

The large separation between the DCN and HCN vibrationa frequencies and the
large difference in the transition dipoles made it easy to observe and measure the
spectra of D?C¥N, D®C“N, and D*C®™N, even though none of the samples was
intentionally enriched in deuterium.

The spectra show the strong lines of OCS, CO, and N,O which were deliberately
added in trace quantities for wavenumber calibration or in some cases were outgassed
from the absorption cell walls from previous calibration runs. The spectral wavenum-
bers were calibrated by using the absorption lines of OCS, N,O, or CO which were
present as internal standards in the spectra. The calibration wavenumbers were taken
from a recent online update to the calibration book by Maki and Wells (25).

APPEARANCE AND ASSIGNMENT OF THE SPECTRA

Figures 1 and 2 show the appearance of the spectra of normal HCN and HCN
enriched to about 99% **C. Both spectra show the two strong HCN bands in the 2100
cm™* region, v; and 3v,. The spectra also show the closely spaced lines of the OCS
band, near 2062 cm™*, which was used for calibration. In Fig. 1, one can see the lines
of CO and N,O which were also useful for calibration. The most important thing to
observe in these two spectra is the difference in the relative intensities of the linesin
the R branch of the v; band. In H*?C*N the R-branch lines pass through zero intensity
at about R(7), whilein H*C"N the R branch seemsto be more nearly normal. Actualy,
the quantitative analysis of the line intensities for H*CN show that the R-branch lines
pass through zero intensity at R(1). In the H*CN spectrum, the intensity maximum
in both the P and R branches is at considerably higher J-values than is normal. The
appearance of the v; band of HC™N is intermediate between that of HCN and H*CN,
and the H**C™N lines pass through zero intensity at P(1). Figure 3 shows more clearly
the variation of the spectral profile with heavy atom isotopic substitution.

Not shown in these figures is the region of the v; band for DCN, which can be
seen in the original spectra because the DCN band is over 100 times stronger than
the HCN band. It is not the DCN that is unusually strong, but rather it is the HCN
band that is unusually weak. Figure 1 was measured with a path length of 96 m and
apressure of about 10 Pa. The relative intensities of the lines in the P and R branches
for the DCN band are also more nearly normal and show very little difference upon
substitution with heavy atom isotopes.
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Fic. 1. Spectrum of HCN from 1975 to 2200 cm™. The lines of the 00°1—-00°0 band are indicated by
(X) and the lines of the 03'0—00°0 band are indicated by (+). Also present in the spectrum are lines for
CO, OCS, and N,O.

Because the ground state constants are well known for all the isotopic species of
HCN studied here, it was possible to verify the assignments of the present work by
means of ground state combination-differences. With the exception of the **C species,

‘@— ranch 0310-00%0
1. T
X
0. e
o X
o
1]
kG
o
-
50.
[
© |
C i
- +
0.
0.2“ | 1 Il | | Il

L ! f L i 1 T { T i T i i T [ T 17 I LI B j L [ 1T F | T
1975 2000 2025 2050 2075 2100 2125 2150 2175
Wavenumber /cm™?

Fic. 2. Spectrum of H®*C*N from 1950 to 2185 cm™™. The lines of the 00°1—-00°0 band are indicated by (X)
and the lines of the 03'0—00°0 band are indicated by (+). The 2062 cm™* band of OCS can dso be seen.
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FiG. 3. Comparison of the line intensities for the different isotopomers for a pressure (x) pathlength of
about 2.1 cm atm at 298 K. The curves are the calculated values, the dashed line is for H*C™N, the dotted
line is for H**C™N, and the two solid lines are for H?C*N and H*C*N. The values given in Table IlI
are indicated by (+) for H**C*N and by (x) for H**C™N.

the upper state rotational constants for v; are also well known from microwave studies
(26, 27) and are in agreement with the present assignments. For the hot bands, 01'1—

01'0, combination-differences using the lower state constants from Refs. (26, 27)
were essential to verify the assignments.

ANALYSIS OF THE MEASUREMENTS
Wavenumbers

For the anaysis of the transition wavenumbers we used a least-squares fitting
procedure that fit the measurements of several different spectra and also included the
fit of the microwave transitions as given by Refs. (26, 27) and other references given
there. In the fits, the measurements were weighted by the inverse of the sgquare of
their estimated uncertainties. The equations used in the fits were

Ew, 3, 1) = G, + BJJJ + 1) — 17 = DLIA + 1) — 177 + H[IA + 1) — 17
+ 61300303 + 1),

1)
& =0 — g + 1) + qud’Q + 1%, 2

and
ve = (Gl — Bil’Y) - (G) - BI"), (3)

which are the same equations that were used by Quapp et al. (3). Equation (1) uses
the Kronecker 6 such that 6;; = 1 only when | = 1, otherwise it is zero. With this

definition v, is the position of the center of the band as observed in the spectrum and
the transition wavenumbers are given by

Vas = E' — E". 4)

Tables | and Il give the molecular constants determined from the analysis of the
measured line positions. In the present analysis, we have left out of the fit those
transitions of the hot band for H*>C*N that are most strongly affected by the Coriolis
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TABLE |
Rovibrational Constants (in cm™) for the HCN Bands Measured in This Work

constant HC"N H“CBN HBCH“N HBCPN
00°1-00°0
v, 2096.845 58(3)°  2064.316 21(6) 2063.047 34(6) 2029.632 06(5)
B’ 1.468 141 99(15)  1.42557919(15) 1.43024565(51)  1.387 092 87(41)
B” 1.478 221 84(3) 1.435 247 90(10)  1.440 000 56(9) 1.396 431 03(10)
D'x10°  2.916 09(37) 2.751 24(126) 2.774 93(123) 2.614 85(136)
D"x10°  2.91023(22) 2.745 88(109) 2.771 36(85) 2.609 77(119)
H'x10"  3.172(195) 2.363(994) 3.867(761) 3.860(793)
H"x10”  3.265(117) 2.493(827) 5.283(658) 3.973(733)
01'1-01'0
v, 2093.602 08(20)  2061.19541(10)  2059.338 75(11) 2026.046 02(7)
B’ 1.471573 05(58)  1.428 870 60(43)  1.43329944(82)  1.390 013 14(82)
g'x10°  7.483 008(1009)  7.064 578(491) 7.150 962(1007) 6.736 915(519)
B” 1.48177278(11)  1.438 653 05(6) 1.443 157 32(7) 1.399 449 65(16)
g"x10*  7.4877398(21)  7.0696863(47)  7.166 164 1(187)  6.749 817 3(235)
D'x10°  2.982 04(81) 2.812 20(136) 2.836 22(161) 2.671 13(397)
g'x10°  9.086(166) 8.137(78) 7.967(206) 7.243(67)
D"x10°  2.977 64(28) 2.808 37(117) 2.830 87(89) 2.666 00(403)
q,"x10°  8.878 8(27) 8.103 6(78) 8.067 0(95) 7.338 8(124)
H'x10"  [3.941] [3.304] [6.190] 4.828(1610)
H"x10®  3.998(139)° 3.304(993)" 6.190(744) [3.973]

a) The uncertainty in the last digits, twice the standard deviation, is given in parentheses.
b) Values enclosed in square brackets were fixed during the fit.
¢) For H'>C"N the fit gave g;; = 1.420(37)x10™ for the lower level and the same value was used

for the upper level.
d) For HC"N the fit gave g,; = 1.474(281)x10™2 for the lower level and the same value was

used for the upper level.

interaction with the 04°0 level. In forthcoming papers, we shall give the results of the
wavenumber analysis of al these bands and many others, including the effects of the
Coriolis interactions.

Intensities

The intensity measurements were analyzed in the same way as described in Ref.
(4). The intensities of individual rovibrational transitions are the measured quantities
for this intensity analysis and are given by

Sh=pHU? J. k(v)dv, (5)

where p is the HCN pressure, | is the absorption pathlength, k(v) is the absorption
coefficient at wavenumber v, and the integration is over the entire absorption line.
The absorption coefficient is given by In(ly/1). Table 111 gives the unweighted averages
of the measured line intensities, corrected for the isotopic abundance, S./C, for the
different isotopomers of HCN. Twice as many measurements from two or more spectra
were used to determine the constants given in Table 1V, but Table Ill gives a good
representation of those measurements. The analysis avoided using lines that had peak
absorptions greater than 70% (k > 1.2).

The line intensities were determined by applying the INTBAT program developed
by Johns (see (28, 29)). This program makes a least-squares fit of the line shape to
a Voigt profile that has been convolved with the boxcar instrument function. The
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TABLE 11
Rovibrational Constants (in cm™) for the DCN Bands Measured in This Work

constant D C"N D“C"N DBCMN DBC"N
00°1-00%
v, 1925.255 56(37)°  1900.100 45(4) 1911.841 53(5) 1885.322 91(7)
B 1.201 206 74(28)  1.166 849 55(14)  1.180 668 18(49)  1.145 684 61(16)
B" 1.20775095(3)  1.173 138 247(3)  1.187 076 29(9) 1.151 840 26(12)
D'x105  1.925 72(89) 1.812 33(52) 1.856 97(82) 1.741 59(185)
D"x10°  1.927 10(53) 1.816 20(50) 1.856 52(115) 1.744 04(201)
H'x10”  [2.82] [2.83]
H"x10"  2.82(29) [2.8] 2.85(89)
01'1-01%
v, 1928.094 85(42)  1903.023 73(70)  1913.813 94(330)
B 1.2053170(36)  1.1708332(76)  1.184 468 8(630)
g'x10°  6.391 14(432) 6.019 3(91) 6.285 3(183)
B" 1212072 64(8)  1.17730636(6)  1.191 059 26(7)
g"x10°  6.21065943(171) 5.8734308(33)  6.080 683(28)
D'x10°  1.992 60(682) 1.882 6(141) 2.062(231)
g,'x10°  7.19(106) 5.91(220) [6.93]
D"x10°  1.997 01(55) 1.881 69(70) 1.920 01(111)
g,"x10°  7.347 5(22) 6.714 9(57) 6.930 6(178)
H'x10"  [3.66] [3.9]
H"x10%  3.66(29)° 4.11(46)° 3.92(83)°

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

b) Values enclosed in square brackets were fixed during the fit.

¢) For D'2CN the fit gave g,; = 1.458(25)x10™ for the 01'0 level and the same value was used
for the 01'1 level.

d) For D2C'*N the fit gave g5, = 1.194(198)x10* for the 01'0 level and the same value was used
for the 01'1 level.

¢) For DP*CN the fit gave g;; = 1.297(211)x10™* for the 01'0 level and the same value was used
for the 01'1 level.

program has the capability of determining a pressure broadening parameter but, for
those spectra with small pressure broadening, the pressure broadening was fixed at
values given by Pine (30). For DCN, we have no good estimate for the pressure
broadening and the uncertainty in that parameter makes the DCN intensity measure-
ments a little less reliable. For a given point the difference between the measurement
and the fitted line shape is usually less than 0.5%.

The transition dipole, |R,|, is related to the line intensity, S, by the equation

IR |2F = (S,3hcQ.Q.T)/87 vLn273.15LC exp[—E"/KT](1 — exp[—vi/KT]), (6)

where Q, and Q, are the rotational and vibrational partition functions, L is Loschmidt's
number, E” is the energy of the lower state rovibrationa level, T is the temperature,
L., is the Honl—-London factor, F is the Herman—Wallis term, C is the isotopic
abundance of the species being considered, and v, is the wavenumber of the line.
For this work we used Q, = {1.0676, 1.1143} for {HCN, DCN} and Q, = {140.45,
140.11, 171.82, 171.20} for the states {HCN 000, HCN 010, DCN 000, DCN 010},
respectively, at 298 K. All of the terms on the right-hand side of Eq. (6) are known
or measured in this work.

The values for the vibrational transition dipoles are given in Table IV aong with
the Herman—Wallis constants needed to fit the measured intensities. Asin our earlier
paper (4), we have adopted the expression

F={1+Am+ An?}? @)
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TABLE 1l

Averages of the Measured Line Intensities, S,/C, (in cm 2 atm™* at 298 K) for the 00°1—00°0 Band
of Different Isotopomers of HCN

P-BRANCH R-BRANCH
Hl 2c14N HuclSN HBC MN HlsclsN DuC“N J” HIZCuN Hl chSN HISCHN anlsN D12C MN
0 193E-4 1.11E-4 1.09E-5 7.47E-4
3.37E-4 849E-4 1 3.00E-4 7.69E-5 5.19E-5 1.56E-3
8.39E-4 3.90E-4 154E-3 2 295E-4 6.36E-5 2.17E-3
136E-3 748E4 226E-4 S5.02E-5 230E-3 3 236E-4 630E-5 3.10E-4 2.76E-3
2.03E-3 4.16E-4 305E-3 4 171E-4 167E-4 534E-4 297E-3
287E-3 1.67E-3 679E-4 247E4 3.50E-3 5 725E-5 8.32E-4 3.37E-3
2.14E-3 9.59E-4 4.25E-4 387E-3 6 16I1E-5 5.10E-4 3.74E-3
423E-3 267E-3 1.25E-3 6.39E-4 435E-3 7 1.58E-4 7.03E-4 1.58E-3 3.94E-3
497E-3 3.05E-3 1.72E-3 9.18E-4 458E-3 8 297E-5 293E-4 9.73E4
5.55E-3 3.40E-3 191E-3 1.12E-3 479E3 9 124E-4 447E4 127E-3 3.97E-3
5.86E-3 3.79E-3 2.16E-3 136E-3 4.65E-3 10 222E-4 6.53E-4 1.55E-3 3.83E-3
6.11E-3 4.17E-3 2.42E-3 1.56E-3 11 3.58E-4 858E-4 1.90E-3 3.64E-3
6.09E-3 437E-3 275E3 1.73E-3 12 5.06E-4 1.04E-3 221E-3 3.35E-3
6.00E-3 4.41E-3 269E-3 13 6.70E-4 106E-3 2.24E-3 3.07E-3
5.84E-3 432E-3 271E-3 1.91E-3 14 796E-4 1.17E-3 234E-3 3.40E-3
546E-3 4.11E-3 275E-3 1.92E-3 15 9.10E-4 139E-3 248E-3 2.40E-3
5.08E-3 3.86E-3 2.52E-3 1.88E-3 16 100E-3 129E-3 242E-3 2.10E-3
4.66E-3 3.57E-3 237E-3 17 1.29E-3  2.13E-3 1.83E-3
406E-3 3.18E-3 2.19E-3 165E-3 18 9.88E-4 138E-3 2.15E-3 293E-3 149E-3
3.51E-3 264E-3 1.84E-3 1.50E-3 19 967E-4 133E-3 1.95E-3 1.26E-3
2.97E-3 232E-3 1.62E-3 1.33E-3 20 8.95E-4 1.03E-3
2.49E-3 200E-3 1.50E-3 1.17E-3 21 807E-4 106E-3 1.53E-3 8.17E-4
195E-3 1.69E-3 1.19E-3 9.94E-4 22 7.52E-4 927E-4 126E-3 6.56E-4
161E-3 137E-3 9.74E-4 834E-4 23 7.73E-4 1.07E-3 5.01E-4
1.26E-3 1.07E-3 8.05E-4 6.89E-4 24 490E4 651E-4 873E-4 3.92E-4
9.89E-4 8.60E-4 585E-4 S551E-4 25 4.09E-4 5.04E-4 672E-4 9.07E-4 3.03E-4
7.51E-4 6.46E-4 492E-4 442E-4 26 428E-4 S596E-4 7.18E-4
5.70E-4 4.86E-4 3.78E-4 3.44E-4 27 281E-4 341E-4 413E-4 559E-4 216E-4
4.06E-4 3.81E-4 283E-4 264E4 28 1.99E-4 247E-4 345E-4 431E4 132E4
2.97E-4 252E-4 2.10E-4 197E-4 29 145E-4 207E-4 237E-4 3.15E4
2.07E-4 1.87E-4 147E-4 1.46E-4 30 145E-4 1.78E-4 2.36E-4
1.44E-4 132E-4 1.08E-4 1.04E-4 31 1.09E-4 1.29E-4 1.70E-4
1.05E-4 899E-5 7.26E-5 7.56E-5 32 8.57E-5 9.03E-5 1.24E-4
6.63E-5 627E-5 495E-5 S5.00E-5 33 6.51E-5 8.67E-5
440E-5 399E-5 3.26E-5 3.33E-5 34 4.10E-5 5.75E-5
291E-5 261E-5 2.49E-5 35 4.25E-5
2.00E-5 1.67E-5 36 2.80E-5
1.48B-5 1.05E-5 37
38
4.13E-6 39

Note. The uncertainties are about 5 percent of the values.

for the Herman—Wallis term for the P- and R-branch transitions. In the present work,
no intensities were measured for any Q-branch transitions. Here m has the usual value,
m= AJ(J + J + 1/2. Since F is given as the square of areal function, it can never
assume negative values, although it can go through zero at some value of m or J.
Normally the value of the A; constant is on the order of =0.01 or less (4) and that
of the A, constant is on the order of +0.001 or less. In the next section, we show that
the large values found for A; for the CN stretching vibration of different isotopomers
of HCN isanatura consequence of the small transition dipole and the large permanent
dipole moment.

One of the difficulties of making low-pressure intensity measurements is being
certain that the measured pressure is truly the pressure of the compound of interest.
Even if the sample is free of contamination, the absorption cell usually is not and for
long path absorption cells a small amount of an adsorbed gas can be displaced from
the surfaces exposed to the sample gas. For relative intensity measurements the FTS
technique has the advantage that for a given spectrum all lines are measured at the
same time, or at least over the same period of time. Even if the partial pressure of



INTENSITY OF THE CN MODE OF HCN 373

TABLE IV

Measured Transition Dipole and Herman—Wallis Constants

molecule  R,(observed) R (calc) A4, A4,x10° R A,x10°(obs) R.A,x10%(calc)
debye® debye debye debye
00°1-00%
H2CHN  0.001 362(4)°(12)° 0.00142 -0.1254(2) -025(1) -0.171 -0.178
HZCN  0.000 900(3){40}  0.00095 -0.1829(6) -0.38(1) -0.165 -0.174
HEC“N 0.000309(2){18} 0.00032 -0.539(3) -L11(2) -0.166 -0.172
HECHN -0.000 130(2){4} -0.000134 1.25(2) 2.40(6) -0.163 -0.167
DZCMN  0.022 74(8){60}  0.0254 -0.0076(2) -0.173 -0.193
D“CPN  0.023 1(1){15} 0.0247  -0.0076(3) -0.176 -0.188
D“C“N 0.0232  -0.0081(1) 0.003(15) -0.188
01'1-01'0
HZC“N -0.001 794(3){16} -0.00187 0.0954(1) 0.25(1) -0.171 -0.178
HPCY¥N -0.002 52(6){10}  -0.00255 0.068(5) 0.17(14) -0.170 -0.174
HBCYN -0.002 63(3){16}  -0.00282 0.061(2) 0.16(9) -0.161 -0.172
H®C“N -0.003 22(1){10}  -0.00328 0.0510(3) 0.06(3) -0.164 -0.167
DZC“N  0.023 0(4){6} 0.0214 -0.0092) -03(1) -0.21 -0.193
DZCYN  0.022 5(2){15} 0.0235  -0.0080(8) -0.18 -0.188
10°%0-00°
HZCHN  0.083 117)° 0.0846  -0.00149(5)°-0.012(3) -0.124 -0.126
D2C"N  0.062 0(1){18} 0.0563  -0.00102(4) 0.009(3) -0.063 -0.057

a) 1 debye =3.335 64x10°% Cm.

b) The uncertainty, one standard deviation, in the last digits as given by the least-squares fit is
given in parentheses.

c) The curly brackets, {}, indicate the range of uncertainty in the last digits due to the uncertainty
in the partial pressure measurement.

d) The transition dipole comes from the intensity given in Ref. (37). The Herman-Wallis
constants come from a fit for H?C*N.

the gas was changing during the course of measuring a single spectrum, which takes
several hours, the effective partial pressure of a given molecular species is the same
for al lines in the spectrum. For HCN, the same can be said for all isotopomers
because they all will show nearly the same behavior with respect to adsorption and
desorption from the cell walls.

In addition to measurements on isotopically enriched samples of H*C*N, H*?C®™N,
and H®C™N, we have tried to estimate the intensity of DCN and other deuterated
isotopomers without intentionally adding deuterium to the sample. Normally the D/
H ratio is about 0.000148, but in a laboratory that makes many measurements on
deuterium enriched samples, the possibility of contamination is quite high. Hydrogen
is quite labile in HCN and will quickly exchange with deuterium in any equally |abile
compound such as HDO.

The effect of such contamination was quite evident from a comparison of the
intensity of v of DCN observed in two spectra of normal HCN, one spectrum at high
pressure, 490 Pa, and one at low pressure, 31 Pa. The intensities, S, of the DCN
lines in the low-pressure spectrum were twice those measured in the high-pressure
spectrum. We report in Table 1V the transition dipole determined from the high-
pressure measurement but expect that it might be too high if there is any unexpected
deuterium contamination. Comparison with earlier measurements indicate that is not
the case.

Based on the transition dipoles given in Table IV for normal HCN and DCN, we
were able to estimate the deuterium enrichment in one spectrum of HC™N. In the
spectrum of HC®™N, it was possible to measure a few lines of D*C*N relative to
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Transition Dipole

Fic. 4. Plot of the effective transition dipole, given by the square-root of the left side of Eq. (6) vs the
rotational quantum number m. The transition dipoles have been given signs that agree with the signs in
Table IV for m = 0. Note that al isotopomers have nearly the same slope at the m = 0 crossing point.
The symbols are as follows: (+) for H?C"N, (0) for H**C™N, (x) for H**C*N, and (n) for H**C™N.

H™C™N in order to determine the D/H ratio in that sample and it was found to be
enriched by a factor of 4.09 = 0.2 over what was observed in the norma HCN
spectrum. This leaves a rather large uncertainty in the v; intensity for D*2C™N.

Since the lines of D**C*N were too weak to measure in the spectrum enriched in
13C, it was not possible to measure the deuterium concentration and therefore the
transition dipole for 5 of D**CN, even though we have a very good measurement of
the Herman—Wallis constant A;. We aso have no good measurement of the transition
dipole for D*C™N.

CALCULATION OF THE TRANSITION DIPOLE FROM THE HERMAN-WALLIS CONSTANT

In Fig. 4, we show plots of the square-root of the left-hand side of Eq. (6) vs
rotational quantum number, m, for the different isotopomers of HCN. Even though
the different isotopomers have quite different values for the vibrational transition
dipole, R;, and the dominant Herman—Wallis constant, A, the curves are nearly
paralel. This means that the slope, given by R; X A;, must be nearly constant for all
isotopomers. These plots do not provide any information on the sign of the transition
dipole, but the sign of the Herman—Wallis constant does come from the zero-intensity
intercept of |R,|?F vs m.

Watson (2) has derived the relationship between u; and A; for linear molecules.
Watson has also given references to earlier papers that treat the Herman—Wallis
constants for linear molecules. Combining Egs. (54), (30), and (28) of Watson's paper
and noting the difference between his u, and our R,, we have

A]_(f or V3) = 271]2[ _4B((,{)3CU2) ]Jz(u)% - w%) 71@23R2/R3 - 2(28/(4)3)3/2C12,LL9/R3] (8)
and
Al(fOI‘ l/l) =2 JJZ[4B(W1W2)1/2(LU% - w%)ilclszlRl - 2(28/(4}1)3/2C23‘U/e/R1] . (9)
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TABLE V
Constants® Used in the Calculation of the Transition Dipole

molecule @, w, Wy Ci2 Sz B, Ho R, R,
cm? cm™ cm? cm! debye debye debye
HR2CUN 3441.16 727.10 2128.67 0.9882 0.1529 1.47822 2985 0.0831 -0.190
HZCN 3439.85 726.01 2095.12 09881 0.1536 1.43525 2985 0.0831 -0.190
HECUN 3422.04 72071 2094.16 0.9866 0.1631 1.44000 2.985 0.0831 -0.190
HBCN  3420. 719. 2065. 09865 0.1638 1.39643 2985 0.0831 -0.190
DZCHN 2703.34 579.85 1952.12 0.9962 -0.0871 1.20775 2.9908 0.0620 -0.11
D2CIN 269430 578.49 1925.83 0.9974 -0.0719 1.17314 29908 0.0620 -0.11
DBCHUN 2661.58 571.82 1938.52 0.9979 -0.0645 1.18708 2.9908 0.0620 -0.11

a) The constants in the first five columns of numbers were taken from Ref. (34). The constants
in the last column were taken from Refs. (4) and (5).

For heavy atom substitutions, the terms on the right-hand side of Egs. (8) and (9) are
nearly constant, with the exception of R;. Consequently, Eq. (8) shows that the product
Rs; X A; ishardly affected by heavy atom substitutions. This is also shown by the last
column of Table IV.

Watson has also given a correction term that must be added to Egs. (8) and (9)
when m — = transitions are concerned, such as the hot bands, 01'1-01'0. In this
paper, we have left out that correction term because it is small compared to the other
terms and includes higher order terms that we could not evaluate with confidence.

For the present measurements, the Herman—Wallis constant can be determined with
more accuracy than the transition dipole. Consequently, we have used Eg. (8) to
calculate the transition dipole, R;, from the observed Herman—Wallis constant, Aq(for
v3), for the different isotopomers of HCN. The constants used in the calculation as
well as the calculated and observed values for the transition dipoles are given in
Tables 1V and V. To within experimental error, the calculated values for the transition
dipole are in agreement with the measured values. It is particularly gratifying that we
can even calculate the transition dipole for DCN with similar accuracy even though
the Herman—Wallis effect is much smaller and therefore might be subject to higher
order effects as well as being less accurate.

We have aso used Eq. (9) to caculate the trangition dipoles, R;, from the corresponding
Herman—Wallis congtants, A, (for v4). For HCN, we used the measurements of Smith et
al. (31) of the intensity for the C—H gtretching fundamentd, v, in our notation. Because
of the limited resolution available to them, the uncertainty in their Herman—Wallis congtant
is too large to provide a quantitetive check of Eq. (9). In one of our spectra we were able
to measure the Herman—Wallis constants for v, of H2C®N and used those vaues for the
next to last line of Table IV in the expectation that the Herman—Wallis congtant for v, will
be nearly the same for H*C*N and H“C™N.

In addition, the spectrum that gave the best measurements for the v; band of DCN
extended to above the v, band and gave a good measurement for the intensity of v,
and the Herman—Wallis constant as given in Table V. It is not clear if the disagree-
ment with Eq. (9) is due to errors in the numbers used in the calculation, or is what
should be expected from the application of Eq. (9) to a real spectrum. We have no
past experience in comparing the Herman—Wallis constants calculated with Eq. (9)
to the constants obtained from a real spectrum.

In this work we have ignored the possibility that the nearby 3v, band may be
affecting the intensity of the CN stretch through a Coriolis interaction. Since the
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matrix element for such an interaction is J-dependent, it will make a direct contribution
to the A; Herman—Wallis constant. Because of the large difference in the B, values
for the interacting levels, there should also be a contribution to the higher order
Herman—Wallis constants. The effect of that interaction would be quite different for
different isotopomers because the separation of the interacting levels is 17, 33, 46,
and 230 cm™* for H*?C*N, H®*C"N, H?C™N, and D*2C™N, respectively. It would be
quite unlikely to have a significant effect on the DCN measurements. However, it
may contribute to the discrepancies between the observed and calculated transition
dipoles for v; of HCN. The intensity and Herman—Wallis constants have been deter-
mined for 3v, of H?C*N (4) and seem quite normal.

A related Coriolis interaction has been detected between the 01*°1 and 04°0 vibra-
tional states (20, 32) which will affect the intensities of some of the 01'°1-01'°0
transitions for H*?C'N, especially near the point where the two levels cross, J = 10.
That interaction does not affect the intensities of the 01*1-01"0 transitions and the
interaction is also very weak for the other isotopomers. Only in the case of HC“N
is there a crossing of the interacting levels and therefore, only in that case is the
mixing of the interacting levels large enough to have an unmistakable effect on the
intensities. We believe we have excluded from the analysis al levels that have a
significant intensity perturbation due to this Coriolis interaction.

In this analysis we have not attempted to understand the values found for the
second Herman—Wallis constant, A,. These constants may be affected by the Coriolis
interaction between v; and 3v, but it seems more likely that they are related to the
values of A;. For v; the ratio AJ/A, is 500 + 20 for al isotopomers of HCN. Because
A; changes by a factor of 10 and even changes sign, it is unlikely that this constant
ratio is accidental.

DISCUSSION

The transition dipoles measured for v; and v; of DCN can be compared with
earlier measurements. The band intensity measurements of Hyde and Hornig (5) are
equivalent to the transition moments |R,| = 0.0679 + 0.0012 and |R;| = 0.0239 =+
0.0004 D and those of Kim and King (8) are equivalent to |R,| = 0.0641 = 0.0005
and |R;| = 0.0248 + 0.0004 D. Those values are larger than the present results,
which is surprising because we believe our results represent an upper limit. This may
indicate that our effective partial pressure should be lower than we thought. This
would also explain the consistent difference between the observed and calculated
transition dipoles as given in Table V.

Our measurements of R, and R; of DCN came from the same spectrum, consequently
the accuracy of the ratio |R,|/|Rs| = 2.726 + 0.020 should be correctly given by
the least-squares fits, regardless of the accuracy of the partial pressure measurement.
That ratio isin very good agreement with the ratios given by the earlier measurements,
2.841 and 2.585, respectively.

The present measurements give an integrated band intensity of 0.115 cm™2 atm™*
at 298 K for the CN stretching fundamental of H*C™N. This value is very close to
the estimate made by Smith et al. of ca. 0.1 cm 2 atm™* (33). Hyde and Hornig (5)
found a much larger value (0.59 cm 2 atm™* at 298 K) from their low-resolution
measurements at much higher pressures where they were subject to interference from
absorption by the dimer (HCN),.

As shown in Table IV, the present measurements of the transition dipoles are
consistently lower than the values calculated using Eq. (8). The disagreement between
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the observed and calculated transition dipoles might be explained by the errorsin the
measurements of the transition dipoles (possibly due to errors in the partial pressure
determination). In most cases the discrepancy would disappear if the true value of the
transition dipole were near the high end of the uncertainties given in Table V.

In our calculations we have used the values of B, and p, instead of the equilibrium
values, but that does not change the results significantly. We have also tried using
the observed band centers instead of the harmonic frequencies without obtaining any
better agreement. Perhaps the Coriolis zeta constants are less accurate than expected
from the uncertainties given by Nakagawa and Morino (34). Although there have been
a number of more recent papers that analyze the potential constants of HCN, none of
them has published values for the zeta constants of so many isotopomers. More recent
values have been given for the harmonic frequencies but they do not change the
calculated transition dipoles by a significant amount.

The present measurements provide information on the relative signs of the transition
dipoles. Tables 1V and V give what seem to be the only signs for the transition dipoles
that are consistent with Egs. (8) and (9), with the measured Herman—Wallis constants,
with the signs given for the zeta constants by Nakagawa and Morino, and with a
positive value for the HCN dipole moment. Of particular interest is the sign reversal
observed in the v; transition dipole, Rs, in going from H**C“N to H®*C™N. This is
shown by the change in sign of the Herman—Wallis constant, A;. Thereisaclear trend
in the magnitude and sign of R; in going from DCN, where the isotopic substitution is
on the CH (or CD) part of the molecule, to H**C™N, where the substitutions are on
the CN part of the molecule.

The v, transition dipole, Ry, has the same sign for all isotopomers. This is to be
expected because the transition dipole for the CH stretching fundamental has parallel,
rather than opposing contributions from both the CH and CN stretching motions that
go into the CH normal mode.

For v, a sign reversal is also observed in going from the ground state transitions
to the hot-band transitions for most HCN isotopomers. This effect is just a normal
change of about 0.003 D in the transition dipole with change in vibrational state
(0.00136 — 0.00315 = —0.00179 D). Aside from this displacement to more negative
values for the hot-band transition dipoles, the trend with isotopic substitution is the
same as observed for the ground state transition dipoles.

We have shown that the transition dipole for the CN stretching vibration is so small
that it is very sensitive to heavy atom substitutions and even passes from positive to
negative when **N is substituted for **N in H**CN. We have aso shown that, within
the accuracy of the various constants used in the calculation, Eq. (8) gives the correct
relationship between the Herman—Wallis constant and the transition dipole.

The large Herman—Wallis constant and the small transition dipole result in amost the
entire intensity of the CN stretching fundamental bands for H*C*N and H**C™N being
borrowed from the pure dipole moment. The band intensity given by summing the
intensities of al the rovibrational transitions in the H¥C™N band is 0.079 cm™2 am™,
while the sum of the line intensities calculated from the transition dipole without the
Herman—-Wallis terms would be 0.00033 cm 2 atm™* or 200 times smaller. Since the
Coriolis derived intensity increases with increasing J, the intensity maxima in both the P
and R branches for H*C*N and H*®*C™N are shifted to much higher J-values than one
would expect for a normd band, J' = 15 vs J' = 8 observed for v, of HCN.
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