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The rotational spectra of the HCCCNH *, NCCNH*, and CH3;CNH™Y ions
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The rotational spectra of the HCCCNHNCCNH', and CHCNH™ ions have been observed in a
supersonic molecular beam by Fourier transform microw@EM) spectroscopy. The rotational

and centrifugal distortion constants were determined for all three, and the nitrogen quadrupole
hyperfine coupling constants for HCCCNHind NCCNH . From the respective Doppler shifts, it

is found that the velocities of the ions are 3% larger than those of the parent unprotonated molecules,
and the linewidths are greater by about 50%. The concentration of the ions near the nozzle is
approximately 18' cm™3, which is sufficiently high to be detectable in the visible and the IR by
present laser techniques. @000 American Institute of Physidss0021-9606)0)01829-§

I. INTRODUCTION With a stagnation pressure behind the valve of 2.5 kTorr and
In addition to a number of rare gas ionic complexes 6 Hz pulse rate of the gas, the total flow rate was about 20
9 P ‘et s~ L. The discharge potenti&l000 V) and the gas pulse

more than 30 polyatomic ions have been observed by h'ghduration (100 ws) were nearly the same for each ion.

resolution spectroscopy, mainly at IR wavelengths in con="= i 1 the high sensitivity and narrow linewidths in
ventional discharge celfsFive of these have been observed . . .
our FTM spectrometer when using an axial expansion, we

in supersonic jets: three by direct IR laser absorptionwere able to precisely compare the spectra of ions and neu-
spectroscopy® (H3, N,H*, and HO"'), and two at cm P y P P

. . tral molecules. From the Doppler splitting one can determine
wavelengths by Fourier transform microwavé=TM) bp P 9

. he relative velociti f ions and neutrals and from the line-
spectroscopl/(HOCO"™ and HOCS), a technique that has the relative velocities of ions a d neut ais a d from the line
) . . vx(thhs one can determine whether there is a source of excess
been used with considerable success to study radicals an

L . . ' line broadening for ions over neutrals. As Fig. 1 illustrates,
reactive isomers in supersonic molecular bearigith re-

. . e the J=2—1 transition of'30CS has well-resolved Doppler
cent improvements in the sensitivity of FTM spectroscopyComponents corresponding to a velocity of 2849m s % in

and increased yields of reactive molecules in our molecular beam of 95% hland 5% Ne, where the velocitigand

beam, we have now succeeded in detecting the rotationd] - ; i
spectra of three more polyatomic ions: HCCCNH ﬂnewdths) were determined from least-squares fits of

NCCNH', and CHCNH". The narrow linewidths in our Lorentzian prof_|le_s to approximately 10 spectra, and the
. quoted uncertainties are therlstandard deviations of the
rotationally cold molecular beanil{,,~3—-10 K) allow the

determination of both nitrogen hyperfine struct(nés) when mean. Also 5“°"Y” in Fig. 11is a spectrum of the same tran-
. . ; . sition of HOCS' in the same discharge where the Doppler
present, and the drift velocities of the ions relative to the

. ) o L splittings correspond to a velocity of 21#@ m st
neutral molecules in the beam; from the line intensities it haﬁ'he ions are evidently moving faster than the neutrals b
been possible to determine the number densities of the io y g y

as well "57+5 m s°L. The linewidth of HOCS, 23+ 3 kHz, is also
' greater than that dfOCS, 16.1 0.6 kHz, possibly an indi-
cation of pressure broadenirigee Sec. IV.

. EXPERIMENT Ill. OBSERVED SPECTRA

The FTM spectrometer used for the work here currently  There is little question of the present identifications, ow-
operates from 5 to 43 GHzThe ions were produced in a dc ing to the close agreement of the rotational and centrifugal
discharge in the throat of a supersonic discharge nozzle simgistortion constants with those observed in the IR, and to the
lar to that used to observe neutral reactive species such as thaadrupole hfs which confirms the presence of nitrogen in
C,H radicals’ We began by optimizing the production of two of the ions. Without further discussion the IR identifica-
HOCO" and HOCS, two ions that Ohshima and Erfthad  tions are assumed here.
detected with a spectrometer similar to ours. They diluted th% HCCCNH*
organic precursors (0.1%-0.2% equal molar mixtures of "

H, and Ar, but we found that the line intensity of HOCS Lee and Amano undertook the first high-resolution spec-
increased by a factor of about 8 when Ar was omittadd  troscopy of HCCCNH in the infrared, detecting the, fun-
similarly when Ne was used with 1 The strongest lines of damental(N—H stretch, and obtaining fairly accurate rota-
HCCCNH", NCCNH", and CHCNH™ were then observed tional and centrifugal distortion constants for the ground
with HCCCN, NCCN, or CHCN diluted in H, to <0.1%. vibrational staté. Using these, Kawaguchét al® identified
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FIG. 1. The FTM spectra of the-21 transition of HOCS at 22 906.607 1731575 17316.00 1731625
MHz and *¥0OCS at 22 819.396 MHz observed in the same discharge. The Frequency (MHz)
double-peaked profiles are instrumental in origin, the Doppler splitting that b)
results when the molecular beam interacts with the two traveling waves that 10
compose the confocal mode of the Fabry—Perot cavity. The line profiles,
which are plotted vs. velocity, are the averages of 9 spectra with total inte- Observed
gration times of 75 min for HOCSand 20 min for'®0CS.

two rotational transitions of this ion towards the cold dense

astronomical source TMC-11=5—4 at 43.3 GHz and

4—3 at 34.6 GHz. Guided by the astronomical frequencies,

we then detected the four lowest rotational transitions listed Caloulated ’ ‘

in Table I. As Fig. Za) shows, nitrogen quadrupole hyperfine . ‘| : | :
structure(hfs) is barely resolved in the-21 transition, but 8657.75 8658.00 8658.25
is fairly well resolved in the 30 transition[Fig. 2(b)], Frequency (MHz)

and the quadrupole coupling consta®q is well deter-
q P ping q FIG. 2. Spectra of HCCCNH. (a) TheJ=2—1 line showing the resolved

_mmed' Quadrupole hfs collapses ag?/and is unresolved F=1—0 hyperfine component, and the strongly blended hyperfine compo-

in the next two transitions: 3-2 at 26.0 GHz and 4:3 at  nents within the central linewidtt{b) The J=1—0 line showing the two

34.6 GHz. strongest hyperfine components=2—1 and 1-1. Integration times
The standard expression for the rotational transitions of &/ere 14 m fora) and 68 m for(b). Shown beneath the observed spectra are

closedtshell linear molectie with quadrupole his was fit ofick 420%me denved fom the costnt i Tale 1 wih Boppe cow,

the measured frequencies in Table 1. Only three constants afiewidths equal to the measured widths.

required to reproduce the four lowest rotational transitions to

an rms uncertainty of 3 kHz: the rotational const8ntthe

centrifugal distortion constard, and the quadrupole cou- pling constants calculateab initio;*° the astronomical, IR,

pling constaneQaq. The best fiB andD constants are com- and theoretical centrifugal distortion constant agrees with the

pared in Table Il with those derived from the IR empirical determination here to within 5%.

measurementSthe astronomical observatiodsndab initio

calculations'® with excellent agreement overall. Frequenciesg NcCNH*

calculated from the IR measuremrtgree to better than

1 MHz with those in Table I. The rotational constant calcu-  The rotationally resolved spectrum of protonated cyano-

lated from theory is almost identical to the value in Table 119en, NCCNH', was also first observed in the laboratory at

: . L . 1 ;
when B, is converted toB, using vibration—rotation cou- IR wavelengths! It was subsequently detected in the
millimeter-wave band in a hollow cathode discharge, but the

spectrum was very weak, attributed by the authors to the

TABLE I. Measured microwave frequencies of HCCCNH possible occurrence of many reactions that lead to products
Transition Frequency o-cP’
J =3 F'—F (MHz) (kHz) TABLE II. Spectroscopic constants of HCCCNHin MHz).
1-0 2—-1 8657.9873) 3 : - c q
121 8658.0303) _a Constant This work Astronomica IR Theory'
2—1 1-1 17 315.8883) -2 B 4328.99705) 4329.0010100 4328.89271) 4328.99
2—1 17 315.970) 0 DX 10 0.44824) 0.47811) 0.44523) 0.413
3-2 17 315.9783) 4 eQq 0.1676) .. L. -
3—-2 25973.9315) -2
43 34 631.8615) 0 ®Here, and in Tables IV-VI, the estimated uncertaintiegarenthesgsare

1o in units of the last significant digit.
3 stimated uncertaintig@n parenthesésare 1o experimental errors in units  °Reference 9.

of the last significant digit. ‘Reference 8.

PFrequencies calculated from the constants in Table II. 9Reference 10.
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TABLE Ill. Measured microwave frequencies of NCCNH been identified in space, but it is a good candidate for astro-
Transition® Frequency o_c° nomical detection because its dipole moment is lafge:
-3 FI—F, F'—F (MHz2) (kHz) 6.45 D.
1-0 21 22 8874.648 4
1-1 1-2 8874.677 -2 C. CH;CNH*
1-1 21 8876.250 -2
2-1 3-2 8876.313 5 Protonated methyl cyanide, GANH", also had only
0-1 1-0 8876.335 —6 been observed at high resolution in the (Ref. 15 prior to
231 g:; ;:g 1?%3';33 B 40 the present work. Although some of thdevels in thev; IR
29 1051 17 750.632 4 band(N—H stretch are perturbed® the two lowest rotational
352 21 17 750.666 1 transitions calculated from the IR constants are within
1-2 0—1 17750.718 -2 0.6 MHz of those measured here. Of the five protonated ions,
2—1 2—-1 17751.963 —6 lines of CHCNH™ are the weakest and have the largest
3:? g:; i; ;gg'ggi 733 widths [full width at half maximum(FWHM) ~55 kHz at
3,2 43 17752 158 6 17 GHZ. The same transitions of GB'*N, devoid of nitro-
22 1-2 17 754.749 3 gen quadrupole hfs, exhibit partially resolved nuclear spin—
3-2 2—-2 17 754.778 -5 rotation magnetic hfs from the methyl hydrogens that is com-
2-1 1-0 17754.806 4 parable to the nitrogen—14 quadrupole hfs expected in
1-0 0—0 17 754.806 2

CH;CNH™. Owing to complex structure of the line profiles,
2The transitions are labeled according to the coupling schieme J + 1,  We were unable to assign the nitrogen quadrupole hfs of this
andF = F; + |,, wherel, refers to the outer nitrogen arig to the inner ion.
Jnitrogen. o Turner et al’” undertook an inconclusive search for
Estimated measurement uncertainties are 2 kHz. CH.CNH" in the 3 band d | d
°Frequencies calculated from the constants in Tablétlis work). 3 ) In the 3 mm W_ave 6_‘” towar sev_era ense
astronomical clouds. Possible evidence was claimed for the
6—5 transition in three of these at approximately the right

other than NCCNH.*? Our estimate of the abundance of frequency, but near 100 GHz, line frequencies calculated
NCCNH', however, indicates that NCCNHis formed with ~ from the spectroscopic constants in Table V are more than
nearly the same efficiency as other protonated ions we havé MHz higher than those which they used. With accurate line
studied; there is no evidence for significant branching reacfrequencies in hand, a significantly better astronomical
tions involving NCCN. search could now be done for this ion with the very sensitive
Six hyperfine-split components of thk=1—0 transi- radio telescopes at hand.
tion and 11 components of the-21 transition of NCCNH
were measuredTable Ill). As Fig. 3 shows, lines of
NCCNH' have been observed with high resolution and senP' Abundances
sitivity. Hfs from the inner nitrogen is 22 times smaller than From a comparison of the intensities of the ionic lines
that of the outer nitrogen and is resolved in the @ transi-  with those of stable neutral molecules in our supersonic
tion, but as Fig. 3 shows is only partially resolved in thebeam, it has been possible to determine the approximate
2—1 transition. The four best-fit spectroscopic constants imumber densities of the ions. This was done in the following
Table IV reproduce the 17 frequencies in Table Il to an rmssteps. First, the ratio of the line intensities of the2—1
uncertainty(4 kHz) that is comparable to the measurementrotational transition of the ion and the parent neutral was
uncertainties. measured in the same discharge. Then the number of neutral
As for HCCCNH', the rotational and centrifugal distor- molecules per gas puls@bundance was determined by
tion constants of NCCNH derived from the IR and the comparing the parent neutral with the same transition of
millimeter-wave measurements are in excellent agreemerffOCS in a calibrated sample of 1% OCS in Ne. The abun-
with those we find. The theoretical valdeof B agrees to dances obtained by this method are fairly accurate provided
0.14% and that oD to 3%* The NCCNH' ion has not the dipole moments are known: those of HCCCNH

TABLE IV. Spectroscopic constants of NCCNHin MHz).

FTM plus
FTM mm-wave
Constant (this work) (recommended Millimeter-wave?® IRP Theory®
B 4438.011611) 4438.011 587) 4438.010 6445) 4438.238) 4432
DX 10 0.53315) 0.530 6321) 0.530 1316) 0.60225) 0.5175)
eQq(outen —5.480(3) —5.480(3) e ce e
eQq(innen —0.250(8) —0.250(8)

®Reference 31.
PReference 11.
‘Reference 13.



J. Chem. Phys., Vol. 113, No. 5, 1 August 2000

NCCNH*
2—1

Observed

Spectra of HCCCNH*, NCCNH™*, and CH;CNH™* 1913

FIG. 3. TheJ=2—-1 transition of
NCCNH". The observed spectrum is a
composite of 70 spectra, each 100 kHz
wide, with a total integration time of

1 h. Shown beneath the observed spec-

Calculated J'Lm ||| |

trum are stick diagrams derived from
the constants in Table IV with Doppler
doubling (uppey and without Doppler
doubling (lowern); the synthetic spec-
trum (second from topwas calculated
from the upper stick diagram for an
assumed linewidth of 30 kHz.

_LLIII ”I
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T
17753

Frequency (MHz)

T T
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(1.61 D, NCCNH" (6.45 D), and CHCNH" (1.01 D have
been calculatedb initio;*****8that of HOCS (1.2 D) has
been estimatet.

We find that the ratio HOCSOCS is approximately
3x10% and the ratos HCCCNHHCCCN and
CH;CNH*/CHLCN are 5<10 % and 2x 10 3, respectively.
Because of the nonpolarity of NCCN, the ratio NCCNH
*INCCN could not be determined by this method. The num
ber of ions per gas pulse is then derived to be1®'? for
HOCS" and HCCCNH, 6x10% for NCCNH", and
1X 10" for CH;CNH". These estimates of the abundance
assume that the spatial distributions of the ions and the ne
tral molecules are the same in our beam; the ratio of ions t
neutrals may depend somewhat on the position within the je
but the present experiment is unable to determine this depe
dence with any sensitivity.

The concentrations of the ions probably approac

10 cm™ 2 near the throat of the expansion, on the assump
tion that the density of the gas is approximately 10 times
smaller than at the orifice of the pulsed valve. These concen:

trations are only about an order-of-magnitude less than th
of N,H*, one of the most stable polyatomic ions whose con

TABLE V. Spectroscopic constants of GENH* (in MHz).

Constant This worR IR Theory®
B 8590.556 75 8590.409) 8600.1
DX 10 3.125 2.9918
D,k X 10° 156.75 156.238)

@Derived from the measured frequenciesJpe 1,— 04 (17 181.101 MHZ,
20—1( (34 362.127 MHY, and 2—1,; (34 361.500 MHL

bReference 16.

‘Reference 18.

T
17755

centration near the orifice of slit-jet discharge nozzles of
~102 cm 2 has been estimated by IR lakerand
millimeter-wave absorption spectroscofly.

IV. DISCUSSION

The quadrupole coupling constarg@q) is a sensitive
measure of the electric field gradient in a molecule. That of

the outer nitrogen in NNH and NCCNH is roughly

comparable to that of other molecules with a terminal nitro-

Jgen, such as HCN (4.7 MHz; Ref. 2} and HCCCN
15_4'3 MHz; Ref. 22, but, as Table VI showsQq for the

{nner nitrogen is very small. There is a simple qualitative
Fxplanation for this effect: in the prototypical ion HCNH
g_n SCF calculation indicates that there is a large negative net

charge on the nitrogen atoffi.It is well known from the

htheory of quadrupole coupling in molecuféshat a negative

charge on the coupling atom screens the nucleus from the
fields of the electrons in thefvalence shell. Consequently,
Qq(innen is predicted to be significantly smaller than that
f the terminal nitrogen. Although the charge distribution in
CCCNH' and NCCNH seems not to have been calcu-
lated, there is indirect evidence from their calculated geo-
metrical structures that the charge distributions are similar to
that of HCNH'. Ab initio calculationd® establish that the

e

TABLE VI. Quadrupole coupling constant;n MHz).

lon eQq(innen eQqoutep Reference
NNH* —1.3586(38) —5.6902(21) 32
HCNH" —0.49(7) e 33

NCCNH* —0.250(8) —5.480(3) This work

HCCCNH" 0.1676) RN This work




1914 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Gottlieb et al.

C-N bond is significantly shortened upon protonation of thebeen studied by high-resolution spectroscopy, there are sev-

terminal nitrogen in the parent molecules HCN, HCCCN,eral ions that are particularly important in the formation of

and NCCN. Shortening of the C—N bond in these ions isinterstellar molecules, most notably;i€; (Ref. 29 and

consistent with a large negative charge on the inner nitroge8iCCH" (Ref. 30. Although GH; does not possess a per-

as the measurements @Qqin Table VI appear to confirm. manent electric dipole moment,;8,D" is estimated to
There are several possible sources of line broadening ihave a fairly large dipole momef®.4 D) owing to the large

our experiment. If the main source of broadening were theseparation of the center-of-mass and charge. The rotational

result of the time-of-flightTOF) of the molecules through spectra ofc-CsH, and SiCC in our spectrometer are very

the long Fabry—Perot cavity, then the widilhereafter intense, so if the ratio of the protonated ion to neutral parent

FWHM) of the J=2—1 transition of!30CS at 22.8 GHz is 10 ° as observed here, it may be also be possible to ob-

would be more than 10 times smaller than what we observeerve GH,D* and SiCCH .

(16 kH2). For example, in a beam of 95%,tdnd 5% Ne, the

TOF linewidth is v/(7d)~0.9 kHz, wherev=2.1x10° ACKNOWLEDGMENTS

cms ! andd=70 cm, the approximate mirror separation of
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ment is much greater than that because the supersonic be

is poorly collimated and there is a significant component o
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