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The infrared spectrum of the v; band (NH stretch) and the v, band (CH stretch) of protonated
hydrogen cyanide HCNH * has been observed based on recent theoretical predictions. This is the
first observed spectrum of this ion in any wavelength region. From a least-squares analysis of the
rovibrational bands, the following spectroscopic constants have been obtained (in cm™'):

v; (NH stretch)

v, (CH stretch)

Yo 3482.844 1(10)

B, 1.228 633(39)

B, 1.236 024(37)
D, 1.574(43)x 10~6
D, 1.596(42) X 10~¢

3187.863 8(4)
1.228 494(19)
1.236 067(18)
1.610{22)x 10—¢
1.620{21)x 10—°

It is hoped that the rotational constants determined in this paper will lead to the identification of
the microwave spectrum of this molecule in interstellar space.

I. INTRODUCTION

The protonated hydrogen cyanide ion, HCNH™, is a
well bound system owing to the high proton affinity (7.5 eV)
of HCN, and is observed prominently in the mass spectrum
of HCN at relatively high pressure.'~* However, its spec-
trum had not been reported in any wavelength region until
our recent observation® of the infrared spectrum of the v,
(CH stretch) band. In this paper we present the follow-up of
our work and report our observation in detail including that
of the v, (NH stretch) band.

The HCNH™* molecular ion has drawn much attention
in the last ten years because of its importance in the chemis-
try of interstellar space.”~'* In the scheme of ion-molecule
reactions,>® HCNH* is a precursor of HCN and HNC both
of which have been observed abundantly in interstellar
space.'®'” These neutral species are generated by the disso-
ciative recombination of HCNH*,>— ¢

HCNH* + e—HCN + H (1a)
—HNC + H. (1b)

Herbst predicted from a statistical phase space theory
of chemical reactions that the branching ratio of the reac-
tions in Eq. (1) is 1. The carefully observed ratios of [HCN]/
[HNC] in various molecular clouds reported by astron-
omers'®!? show a large variation of the ratio demonstrating
the complexity of the interstellar chemistry.

Ininterstellar space the HCNH * ion can be formed via
the following ion-molecule reactions®~!!:

C* + NH;—»HCNH™ + H, )
H;* + HCN—HCNH* + H,, (3)
H, + HCN*—-HCNH™ + H, (4)
N* + CH,—»HCNH™ + H, (5)
N+ CH;*—>HCNH™ + H, (6)
HCO* + HCN—HCNH™ + CO. (7)
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Of these, it is believed that Eq. (2) is the most prevalent in the
formation of HCNH™*.? In this case the protonated hydro-
gen cyanide is likely to be produced initially in the formalde-
hyde-like structure H,N = C* as suggested by Brown.’
Schaefer and his colleagues®'"'? studied the stability of
H,N = C™* as well as that of the other formaldehyde-like
structure H,C = N*. Their conclusions, contrary to chemi-
cal intuition, imply that the latter is unstable but the former
is a well bound system though 2 eV higher in energy than the
most stable linear structure, HCNH *, which is isoelectronic
to acetylene. Schaefer argued'? that since the reaction (2} is
highly exothermic, the H,N = C™ is produced with a large
internal energy which enables the proton to cross the barrier
of isomerization producing the linear HCNH* ion.

The molecular structure as well as the vibrational fre-
quencies of HCNH* have been an active pursuit of theoreti-
cians for the last ten years.''%2°=25 The results are sum-
marized later in Table IV. As in many previous cases, it is
from these calculations that the spectroscopic search for
HCNH™ was initiated. In particular, the three theoretical
predictions of vibrational frequencies obtained from
Schaefer,?? DeFrees,?* and Botschwina®’ were instrumental
in the success of our work.

Il. EXPERIMENTAL

The experimental apparatus has been described pre-
viously.*?S Briefly, the continuously frequency tunable
(23004500 cm ') infrared radiation with a spectral purity
of 2 MHz is generated by using the difference frequency
technique which was developed by Pine.?® The output of a
ring dye laser (Coherent Associates model CR 699-21) is
mixed with the output of a single mode Ar* laser in a tem-
perature controlled LiNbO, crystal. Since the infrared pow-
er is proportional to the power of the dye laser (as well as the
Ar™ laser), the utilization of the ring dye laser has increased
the infrared power significantly over what was obtained be-
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TABLE L. Observed transition frequencies for HCNH™ (incm™') v, (NH

stretch).?

R(1) 3487.743(0) P(6) 3467.795(4)
R(2) 3490.017(— 1) P(7) 3465.231(— 1)
R(3) 3492.584(0) P(8) 3462.660(3)

R (4) 3494.976( — 6) P(9) 3460.067( — 1)
R(5) 3497.363( - 2) P(10) 3457.471(6)

R (6) 3499.735(3) P(11) 3454.852(5)
R(7) 3502.084( — 1) P(12) 3452.213( —2)
R (8) 3504.423(0) P(13) 3449.566( — 3)
R(9) 3506.747(2) P(14) 3446.906( — 2)
R(10) 3509.054(1) P(15) 3444.232( ~ 2)
R (11} 3511.342( — 3} P{16) 3441.544( ~ 1)
R(12) 3513.623(1) P(17) 3438.840( — 2)
R (14) 3518.129( — 2) P(18) 3436.126(1)
R(16) 3522.581(3) P(20) 3430.647( — 2)
R (18) 3526.965(1) P(22) 3425.116( —~ 1)
R (20) 3531.293(5) P(24) 3419.531(1)

R (22) 3535.543(—17) P(26) 3413.889(1)

R (23) 3537.660(2)

R (25) 3541.827(0)

Values in parentheses are (observed — calculated) x 10°,

fore.>® An ac glow discharge was employed so as to make use
of the powerful, high sensitivity velocity modulation method
developed by Gudeman et al.*' The velocity modulation
method also gives discrimination of ion transitions from
neutral transitions. This was extremely useful in this study as
transitions due to neutral species such as HCN, HNC, along
with other possible reaction products appear in this wave-
length region. The voltage of the discharge was 7.5 kV p-p
with a current of 100 mA rms. This was applied to an 80 cm
long water-cooled discharge cell with an inner diameter of
0.7 cm. To increase the effective path length of the radiation
through the discharge cell, the infrared beam is cycled
through the cell two times in the same direction so that the
signals are still velocity modulated. The gas mixture used
was H, and HCN in the ratio of 10 to 1 with a total pressure
of 2 to 3 Torr. The signal to noise ratio of a typical transition
was not very sensitive to the mixing ratio of the two gases.
Halving or doubling did not cause appreciable degradation

TABLE I1. Observed transition frequencies for HCNH™ {incm™') v, (CH
stretch}.?

R(O) 3190.321(0) P(1) 3185.392(0)
R(1) 3192.763(0) P(2) 3182.906(2)
R(2) 3195.189(0) P(3) 3180.401( — 1)
R(3 3197.601(1) P(5) 3175.353(1)
R(4) 3199.995( — 1) P(7) 3170.242{ — 1)
R(5) 3202.378(1) P(8) 3167.667(1)
R(6) 3204.741( - 1) P(9) 3165.074(0)
R(7) 3207.091{ — 1) P(10) 3162.467(0)
R(9) 3211.746{0) P(11) 3150.845( — 1)
R(11) 3216.338(1) P(12) 3157.211(1)
R(12) 3218.611(2) P(13) 3154.559(0)
R(13) 3220.865( — 1) P{14) 3151.894(0)
R(14) 3223.106( — 1) P(16) 3146.520(1)
R(15) 3225.330( — 2) P(18) 3141.088(1)
R(16) 3227.541(0) P(20) 3135.594( - 3)
R(20) 3236.225(3) P(22) 3130.049(0)
R(22) 3240.469(2) P(24) 3124.445(0)
R(24) 3244.645( — 3) P(26) 3118.785(1)

FIG. 1. A typical absorption line of HCNH . The line with a derivative
shape is the P(16) line of the v, (CH stretch) band at 3146.520 cm ™. The
neighboring line with a nonderivative shape results from an incompletely
suppressed absorption of some neutral molecule. The width of scanning is
~0.2 cm™". A time constant of 1 s was used.

of the signal in sharp contrast to the case of HeH * .>* Transi-
tion frequencies were measured from simultaneously record-
ed reference gas lines which included C,H,, N,O, and NH,.

It should also be noted that other ion absorption lines
were observed that were not part of the HCNH™ vibration-
rotation spectrum. In some cases these were unidentified but
most were due to NH,* 252 and were at least as strong as
those of HCNH ™.

lli. OBSERVED RESULTS

The observed transition frequencies for the v, (NH
stretch) band and the v, (CH stretch) band are listed in Ta-
bles I and II, respectively. Although the difference frequen-
cy laser is continuously tunable, it can be seen that some
transitions are missing. For example, R (1) through P (5) of
the v, band were not observed due to the fact that not only
are the low J spectral intensities dropping off, but there is a
sharp decrease in infrared power in this immediate region. In
certain other instances overlapping neutral or ion transitions
precluded accurate measurement. A typical relatively strong

TABLE III Spectroscopic constants of HCNH™* (incm ™).

v, (NH stretch) v, (CH stretch)

Vo 3482.844 1(10) 3187.863 8(4)
B, 1.228 633(39) 1.228 494(19)
B, 1.236 024(37) 1.236 067(18)
D, 1.574(43)x 10~¢ 1.610(22)x 10~°
D, 1.596(42)x 10~¢ 1.620{21)x 106

* Values in parentheses are (observed — calculated) X 10°.

*Quoted errors are 10.
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TABLE 1V. Theoretical predictions for HCNH™.

Exptl. a b c d e
vo(NH) cm ™’ 3482.844 3474 3435 3505
vo{CH) em ™' 3187.864 3201 3173 3202
B, (GHz) 37.056 36.7 37.0 37.1 37.0 373
vy _ 1—o (GH2) 74.113 73.4 73.9 74.1 74.1 74.6
o (D) 0.39 0.31 0.31 0.23

2T, J. Lee and H. F. Schaeffer, J. Chem. Phys. 80, 2977 (1984).

®D, J. DeFrees, J. S. Binkley, and A. D. McLean {preprint) and D. J. DeFrees {private communication).

°P. Botschwina (private communication).
4P, S. Dardi and C. E. Dykstra, Astrophys. J. Lett. 240, L171 (1980).
¢N. N. Haese, Ph.D. thesis, University of Wisconsin, 1981.

signal is shown in Fig. 1. The transition frequencies have
been fit (by the method of least squares) to yield the spectro-
scopic constants of each band. These are given in Table III.

The assignment was first based on the observation of
R (0) and P(1) and the lack of any transitions at the band
origin for the v, band. This was possible only after many long
time-constant {10 s) scans in the low J region. The assign-
ment was confirmed when the v, band was measured and the
method of “combination differences” was applied. The very
similar @ values for the v, and v, vibrational bands made it
necessary to observe many high J transitions to arrive at a
definite conclusion.

From the ground state rotational constants, the
J = 1<-0 microwave transition (v, = 2B, — 4D} can be cal-
culated and is 74 112.5 + 3.2 MHz. The quoted error here is
30.

IV. DISCUSSION

The theoretical values of the vibrational band origins
and the rotational constant (in the ground state) can now be
compared to the experimental ones determined in this work.
This is done in Table IV. It is evident from examination of
this table that the quality of the ab initio calculation is ex-
tremely high. In some cases the band origins are predicted to
within 10 cm™'. The rotational constants that have been
calculated are all quite close (the average is 74.0 GHz).
Hopefully the precise value of the rotational constant deter-
mined here (and therefore the J = 1«0 transition frequency)
will lead to the observation of this microwave transition in
the laboratory and in space despite the small calculated di-
pole moment (see Table IV). With respect to HCO™*, the
HCNH™ transition will be weaker by a factor of (7" /

HCNH™)2  which is approximately 100-300 (for
#HCO* — 4D ).33

The intensities of the two bands have also been calculat-

ed in two of the theoretical studies.?** The relative ordering

TABLE V. Stretching frequencies of several protonated molecular ions (in
cm™ )

HCNH* (v, CH) 3188
HCNH* (v, NH) 3483
NH;
HN,

HCN (CH) 3369
HNC (NH) 3653
(vs NH) 3343 NH, (v) 3414
(v, NH) 3234

of the intensities for the v, and v, bands are different in each
calculation. Although a quantitative assessment is difficult
(because the bands occur at different frequencies) it does ap-
pear that the v, band is slightly stronger that the v, band as
predicted by Botschwina.”

Table V lists and compares the NH stretching frequen-
cies of the molecular ions where this has been measured.
Owing to the different bonding interactions of HCNH™,
NH,*, and HN,*, the variation in stretching frequencies is
about 150 cm~'. Also listed in Table V are the proton
stretching frequencies of the neutral precursors for HCNH ™
and NH,*. In all cases the stretching frequency is seen to go
down for the protonated species. In HCNH ¥, the v, band
and the v, band are each 5% less than the proton stretch in
HNC and HCN, respectively. In this case the bonds seem to
be weakened equivalently.

The utility of high quality theoretical calculations
should once more be stressed. The predictions for the small
molecular ions have not only been accurate, but are partially
responsible for the rate at which the field of infrared ion
spectroscopy is advancing. Future challenges to the spec-
troscopists and the theoreticians may be: HCO,*, CH;™,
C,H,;*, and C,H;™ to name a few.
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