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tween steady and oscillatory states, and marked sensitivity to
stirring rate. Thiocyanate shows none of these features.
A mechanistic explanation of the chlorite-bromide oscillations
seems within reach given the reactions's similarity to the chlorite-iodide reaction and the success of numerical simulations' ',12
of batch behavior in the chlorite-bromide system. In contrast,
very little is known about the C102--SCN- reaction. We did not
perform direct experiments to establish its stoichiometry, but by
analogy with the bromate-thiocyanate reaction"
Br03- + SCN-

+ H 2 0 = Br- + CN- + Sod2+ 2H+

(1)

the following stoichiometry appears reasonable:
3C102-

+ 2SCN- + 2 H 2 0 = 3C1- + 2CN- + 2SOd2-+ 4H+

(2)
The discovery of oscillations in the C102--SCN- system extends
the number of known chlorite-sulfur oscillators to three. The
(17) Radhakrishnamurti, P. S.; Misra, S. A,; Panda, J. K. Ind. J . Chem.
1981, 2OA.

systems containing the thiourea derivatives may be considered to
be further new examples or merely variations on the parent system.
In any case, all known chlorite-sulfur oscillators are anomalous
or complex in some fashion, though the C102--SCN- reaction
would seem to be the easiest to attack from a mechanistic point
of view. In all of these systems, sulfur is present in the 2- oxidation
state. This observation suggests that sulfide ion might provide
the simplest possible chlorite-sulfur oscillator. While preliminary
studies of the C10;-S2- reaction'* showed some evidence of oscillation, efforts to reproduce these results have thus far been
unsuccessful. It remains to be seen whether this behavior was
indeed genuine. Organic compounds containing sulfur in the 2oxidation state may also be worth exploring as possible partners
for chlorite in new oscillators.
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The fundamental u = 1 0 vibration-rotation band of the 32-OH+ ion has been observed by using the tunable infrared
radiation from a differencefrequency system and the velocity modulation technique of detection. The band origin was determined
to be vo = 2956.3724 (29) cm-'. The rotational constant B, the centrifugal distortion constant D,and the spin-spin and
the spin-rotation constants X and y have been determined for the ground and for the first excited states. It was found that
the discharge condition for the effective production of OH' (and H20') is very different from that for H30'. The ion-molecule
reactions leading to the formation of OH+ in the discharge are discussed.

Introduction
Infrared spectroscopy of molecular ions using frequency tunable
laser radiation sources and discharges has recently been applied
to many fundamental molecular ions.' Most of the molecular
ions studied by this method are protonated ions HX' in which
a proton is attached to stable molecules and atoms to form
closed-shell structures. Because of the high proton affinities of
stable molecules and atoms, the protonated ions are often the end
products in the chain of molecular reactions in the discharge of
H2:X mixtures.
In this paper we report our application of the same method to
the open-shell O H + molecular ion which belongs to a different
category of ions. The discharge conditions to produce this type
of ion abundantly are considerably different from those commonly
used for protonated ions. In the discharge described later in detail,
the usually strong H30+lines are barely visible, but the lines of
OH' and H20' are clearly observable. We summarize our results
on OH' in this paper; the spectrum of H20+will be published
later in a separate paper.
The vibration-rotation constants of OH+ have already been
well determined from the detailed study of the optical emission
spectrum by Merer and his colleagues.2 The history and earlier
spectroscopic papers on this molecular ion are summarized in the
paper. The ground electronic state has the symmetry 32-,and
therefore a triplet structure is expected. This ion has been detected
in comets through the optical spectrum by Fehrenbach and Art Present address: Perkin Elmer Corporation, 2000 York Road, Oak Brook,
IL 60521.
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pignyS3 Very recently Saykally and colleagues have observed
rotational transitions of this molecule in the far infrared region
by laser magnetic r e ~ o n a n c e . ~During preparation of this paper
we also learned that Dymanus and colleagues have observed the
J = 1 0 rotational transition in the submillimeter wave r e g i ~ n . ~

-

Experiment
A difference frequency laser system developed by Pine6 was
used as the frequency tunable infrared source. A small-bore (4
mm i.d.) water-cooled ac discharge cell with the length of 1 m
was used as the absorption cell. A gas mixture of 1OO:l:l
He:02:H, at the total pressure of 10 torr gave the best results.
Because of the small diameter of the discharge tube, a minimum
pressure of -4 torr was needed to maintain a stable ac discharge.
The He:H20 mixture used by Merer et aL2 also gave absorption
signals in a water-cooled cell and in a liquid-N2-cooled cell;
however, both He:H20 and He:H2:02 mixtures gave weaker
signals at liquid N2 temperature. The powerful velocity modulation technique introduced by Gudeman, Saykally, and others'
(1) C. S. Gudeman and R. J. Saykally, Annu. Reo. Phys. Chem., 35,387
(1984).
(2) A. J. Merer, D. N . Malm, R. W. Martin, M . Horani, and J. Rostas,
Can. J . Phys., 53, 251 (1975).
(3) C. Fehrenbach and C. Arpigny, C.R . Acad. Sci. Paris, Ser. E 277,569
(1973).
(4) R. J . Saykally, private communication.
(5) J. P. Bekooy, P. Verhoeve, W. L. Meerts, and A. Dymanus, J . Chem.
Phys., in press.
(6) A . S . Pine, J . Opr. Sot. Am., 64, 1783 (1974).
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TABLE I: Observed Frequencies of the X 3 T OH+ Y = 1
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Figure 1. The triplet lines of the R(5) transitions of OH' which appear
very close to the R(3) line of HeH'. A small-bore (4 mm id.) watercooled ac discharge cell with a He:02:H2gas mixture of 1OO:l:l was
used with the total pressure of -10 torr. The total number densities of
OHt and HeH' are estimated to be 9 X 109/cm3and 2 X 109/cm3,
respectively.

-
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was used to discriminate ion lines from much stronger neutral lines
and to increase the detection sensitivity. The ac discharge was
maintined a t the p p voltage of -7 kV and the rms current of
-65 mA. Because of the small bore of the discharge cell, unidirectional multiple passing was not possible. We have also used
a larger bore (12 mm i.d.) discharge cell with six unidirectional
traversals at pressures from 4 to 10 torr, which led to a comparable
signal-to-noise ratio. It seems that the small bore discharge cell
produces an ion concentration which is several times more than
the larger discharge cell, presumably because of the higher current
density (-500 vs. -50 mA/cm2). Noise subtraction8 was used
to reduce the laser source noise. The infrared spectral lines of
C2H4 accurately measured by Pine9 were used as the frequency
standard.

Observed Spectrum
Typical examples of observed lines of OH+ are shown in Figures
1 and 2. Figure 1 shows the triplet lines corresponding to the
R(5) transitions of OH+ which happen to be very close to the R(3)
line of the HeH+ ion that is also seen very strongly in the trace.
This trace was recorded with the small-diameter (4 mm i.d.)
discharge cell and the high-pressure (10 torr) mixture of He:H2:02
( 1 O O : l : l ) . The width of the HeH' line is larger than that of the
OH+ lines by a factor of 2 because of larger random velocities.
From the observed absolute intensities for the OH+ lines and the
and 1.5 X
respdctively), the
HeH+ line (AZ/Z = 5 X
theoretical dipole moments (0.1751° and 0.36411-13),and the ro(7) c. S. Gudeman, M. H. Begemann, J. Pfaff, and R. J. Saykally, Phys.
Reu. Left., 50, 727 (1983).
(8) D. J. Nesbitt, H. Petek, C. S. Gudeman, C. B. Moore, and R. J.
Saykally, J . Chem. Phys. 81, 5281 (1984).
(9) A. S. Pine, M.I.T. Lincoln Laboratory Report No. NSF/ASRA/
DAR-78-24562, 1980.
(10) H. J. Werner, P. Rosmus, and E. A. Reinsch, J. Chem. Phys., 79,905
(1983).
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Figure 2. The triplet lines of the R(7) transition of OH' which appear
close to the 330 4,, and 414 515transitions of the w 3 band of H 2 0 t .
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tational temperature of 500 K determined approximately from
the relative intensities of different rotational lines, the concentrations of the two ions are calculated to be 9 X 109/cm3and 2
X 109/cm3,respectively. The larger diameter (12 mm id.) discharge cell produced several times less OHf but the observed signal
was comparable because of the unidirectional multiple passing.
Figure 2 shows the R ( 7 ) transitions of OH+ which happen to be
515 and the 330 431 transitions of the H20+
close to the 4,,
ion. We cannot estimate the HzO+ concentration accurately
because the theoretical transition dipole moment is not available,
but the HzOf concentration seems to be comparable to the OH'
concentration.
The observed frequencies are shown in Table I together with
the residues of the least-squares fitting. We used the MillerTownes formulae for the rotational levels of 32 molecule^^^

-
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where the rotational constant B, is replaced by the effective value
Beff= B, - D,N(N + l), N is the rotational quantum number,
and X and y are the spin-spin and the spin-rotation interaction
constants, respectively. The simpler Schlapp formulaeI5 gave
identical results except for the band origin because of the different
combination of wo and X and y in the two formalisms. More
detailed formulae by Amano and HirotaI6 and the inclusion of

(11) S. Peyerimhoff, J . Chem. Phys., 43, 998 (1965).
(12) H. H. Michels, J . Chem. Phys., 44, 3834 (1966).
(1 3) I. Dabrowski, and G. Herzberg, Trans. N.Y. Acad. Sci., Ser II, 38,
l(1977).
(14) S. L. Miller and C. H. Townes, Phys. Rev., 90, 537 (1953).
(15) R. Schlapp, Phys. Reu., 51, 342 (1937).
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Bo

Do
A,
70

E,

D1
A,
71

vo

ref 2b

ref 5'

16.42294 (31)
0.00191894 (609)
2.1457 (30)
-0.1496 ( I O )

16.42233 (77)
16.422889 (9)
0.00191744 (242)
2.1344 (115)
2.142983 (18)
-0.1478 (14)
-0.151195 (12)

15.69494 (24)
0.0018607 (35)
2.1353 (28)
-0.1448 (9)

15.69490 (92)
0.0018694 (67)
2.1361 (80)
-0.1442 (12)

2959.3724 (29)

2956.34 (4)

"All values are in cm-I. Parenthetical values are uncertainties (30)
in the units of the last significant figure quoted. bMerer et al.
'Bekooy et a].
TABLE 111: Derived Molecular Constants of X3Z- OH+ in cm-I
aB- 2yB
ah

a7

0.72800 (39)
0.0104 (41)
-0.0048 (13)

re

E,
A,
yc

1.02893 (1) A
16.7952 ( 1 0 ) O
2.1510 (36)
-0.1520 (13)

"In determining Be, the value of y B = 0.01097 cm" by Merer et al.
(ref 2) was assumed.

the rotational dependences of X and y as well as the sextic centrifugal distortion constant H were found unnecessary for the
present accuracy of measurement (-0.003 cm-I). The observed
transitions are of AJ = AN type except for the R(O), P(1), and
P(2) transitions where F , Fz and F2 F3 transitions are also
observed. A nonlinear least-squares fitting routine by parabolic
extrapolationi7 was used.
The determined constants are listed in Table I1 together with
the earlier results of Merer et al., The accuracy of vibration and
rotation constants is improved significantly except for the values
of the centrifugal distortion constants. Also listed in Table I1 are
the recent submillimeter results of Bekooy et al.5 which are in good
agreement with our results for the ground-state constants. The
constants Bo, A,, and yodetermined for u = 1 and u = 0 have been
used to derive equilibrium molecular constants and the vibrational
dependence of these constants. The derived molecular constants
are listed in Table 111. The vibrational dependence of X and y
were derived from the difference of XI and lo,and y, and yo,
respectively. The difference of B , and Bo contains a significant
contribution from the nonlinear term y B which has been determined to be 0.01097 cm-' by Merer et aLz The equilibrium
rotational constant Be and the equilibrium internuclear distance
re have been derived by assuming this value of y B ,

-

-

Formation of OH+ in the Discharge
Usually the H 3 0 + ion is the dominating ionic species in a
gaseous discharge containing H, and 0,. We have seen, however,
that if H, and O2are diluted with much He, we can suppress the
strong H 3 0 + signals and produce O H + and H20+abundantly.
The OH" and H 2 0 + ions were not observed in discharges containing only H, and Oz. We have also seen that a mixture of He
and a small fraction of H 2 0produces slightly reduced OH+ and
HzO+signals. OH+ was also observed in a discharge of Ar:H2:02
= 100:1:1. The pumping speed did not seem to affect the OH+
concentration critically.
Several channels can be considered for the formation of OH+
in the He:O2:HZdischarge. However, our calculation of reaction
rates shows that the most efficient channel starts from the production of 0' by the ionization dissociation of 0, due to metastable
He atoms and plasma electrons. This process is sloweri8than the
production of 02+
or H2+but the resultant O+produces OH+ very
(16) T. Amano and E. Hirota, J . Mol. Spectrosc., 53, 346 (1974).
(17) P. Bevington, 'Data Reduction and Error Analysis for the Physical
Sciences", McGraw-Hill, New York, 1969.
(18) L. J. Kieffer, At. Datu, 1, 19 (1969).

0'

+ H2

-

OH+

+H

which is exothermic (0.6 eV) and has a Langevin rate.19
The reactions of 02+(211,)
with Hz are endothermic and require
high translational energy for their efficient execution.20 It is
known21,22
that much 0,' is produced in the metastable 411 state
upon ionization of Oz, For such 02+
ions, the reactions with Hz
are exothermic and produce H 0 2 + efficiently. However, the
reactions leading to OH+ and HzO+have been shown to be inefficient by Lindinger et al.,' The reactions of H2+(or H3+which
is produced abundantly from H2+) with O2 are exothermic and
and H02+efficiently but they do not appear to break
produce 02+
the Oz bond to produce OH+ and H20+.24 The reaction of Hz+
and H3+with the 0 atom to produce OH+ has the Langevin cross
section but is not efficient because of the small abundance of 0
in the discharge. In the He-H,O mixture O H + is produced
directly by the dissociative ionization of H20.
The OH+ ion is destroyed either by H2 through the ion-molecule reaction
OH+

H2

HzO+

H2

H30i

or by 0, through the charge exchange r e a c t i ~ n ' ~
OH+ + Oz

-

Oz+

+ OH

(3)

The former reaction which has a Langevin rate constant (1.5 X
IO+' cm3/s) leads to the H 3 0 +ion. The latter reaction interrupts
the sequence of eq 2 and reduces the H 3 0 + concentration with
the increased Oz+concentration. The rate constant for the charge
exchange reaction is smaller ( k
2 X
cm3/s) for the
ground-state O2 but is probably much larger for 0, in the metastable state which exists abundantly in the discharge. The interruption of the sequence is also effected by the ion exchange
between H 2 0 +and O2which occurs with a similar rate constant.
Thus it has earlier been observedZSin the H2-02 discharge that
the increased Oz concentration reduces the amount of H 3 0 +
drastically. The end ion products of eq 2 and 3, H30+and 02+,
are stable and destroyed by electronic recombination and the
ambipolar diffusion to the wall.
The role of He for increasing the relative concentration of OH+
and H 2 0 + must be (a) to increase the rate of 0' production by
metastable He atom and by increased electron temperature (which
is proportional to the ionization potentialz6) in the discharge and
more importantly (b) to reduce the rates of the reactions 2 and
3 by dilution so that their rates are not many orders of magnitude
larger than the destruction rates of H30+and 02+
by electron
recombination and ambipolar diffusion. For the high-pressure
(10 torr) discharge in the small-bore (4mm id.) tube, the electron
density in the plasma is estimated by Ne (I/S)/eV to be 1.5
X lo', ~ m - for
~ , the current density I / S = 500 mA/cmZ and the
electron drift velocity u = 2 X lo6 cm/s (a discharge electric field
of -24 V/cm was assumed.z6 The electron temperature in the
plasma is estimated to be -35 000 K from the Figures 124 and
130 of ref 26. Thus using the electron recombination rate constant
given by McGowan et aLZ7and the relation k
we obtain

-

-

-

~~

~

(19) F. C. Fehsenfeld, A. L. Schmeltekopf, and E. E. Ferguson,J . Chem.
Phys., 46, 2802 (1967).
(20) M. M. Chiang, E. A. Gislason, B. H. Mahan, C.W. Tsao, and A. S.
Werner, J . Phys. Chem., 75, 1426 (1971).
(21) M. Tadjeddine, R. Aboual, P. C. Crosby, B. A. Huber, and J. T.
Moseley, J . Chem. Phys., 69, 710 (1978).
(22) A. Carrington, P. G. Roberts, and P. J. Sarre, Mol. Phys., 35,512
(1978).
(23) W. Lindinger, D. L. Albritton, M. McFarland, F. C. Fehsenfeld, A.
L. Schmeltekopf, and E. E. Ferguson, J . Chem. Phys., 62, 4101 (1975).
(24) J. K. Kim and W. J. Huntress, Jr., J . Chem. Phys., 62, 2820 (1975).
(25) D. J. Liu, N. N. Haese, and T. Oka, J . Chem. Phys., in press.
(26) A. von Engel, "Ionized Gases", Oxford University Press, London,
1955.
(27) J. W. McGowan, P. M. Mul, V. S. D'Angelo, J . B. A. Mitchell, P.
Defrance, and H R. Forelich, Phys. Rec. Lert., 42, 373 (1979).
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the electron recombination rate of 2 X lo4 and 5 X lo4 s-l for
respectively. The ambipolar diffusion rate is on
H 3 0 + and 02+,
the order of lo4 s-' from the reduced mobility of 21 cm2/(V s ) . ~ *
These destruction rates are smaller than the rates for eq 2 and
3 by a factor -100.
(28) R. Johnsen, H. L. Brown, and M. A. Biondi, J. Chem. Phys., 52,5080
(1970).
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Although we have no means to measure the concentration of
02+
in the discharge, the above analysis suggests that it is on the
order of 1012/cm3. The concentrations of H30+,OH+, and H20+
are

-

10I0/cm3.
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Fragmentation Thermochemistry of Gas-Phase Ions by Threshold Photodissociation and
Charge-Exchange Ionization. Methylnaphthalene and Methylstyrene Ions
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The energies of fragmentation of 1-methylnaphthalene and a-methylstyrene parent ions were studied by threshold photodissociation and charge-exchange ionization. Threshold photodissociation studies in the ICR spectrometer, distinguishing
one-photon from two-photon dissociation, examined both pressure dependence with continuous irradiation and pulse-rate
dependence with pulsed irradiation. Dissociative charge-exchange ionization was observed with various charge-exchange
reagent gases both in the ICR spectrometer and in a magnetic-sectorchemical-ionizationmass spectrometer. The fragmentation
threshold for 1-methylnaphthalene ion was found probably to be greater than 4.0 eV and less than 5.8 eV, and is unlikely
to be less than 3.4 eV. The heat of formation of the CIIH9+product ion was estimated as 252 kcal/mol, although a considerably
lower value is suggested by analogy with benzyl cation and supported by one previous experiment; further study is recommended.
The threshold for a-methylstyrene ion was estimated to be 2.2 eV, certainly greater than 2 eV and almost certainly less than
2.75 eV. Such a low threshold value must indicate an extensive rearrangement accompanying the fragmentation process,
with the indanyl and vinyltropylium structures being reasonable C9H9+product ion structures.

Introduction
The use of monochromatic photons gives the ability to impart
a precise amount of internal energy to a molecule of interest.
Observing the minimum photon energy sufficient to effect a given
fragmentation reaction should accordingly allow accurate threshold
measurements and serve as a useful source of accurate thermochemical information. In ion dissociations, the dissociation
threshold can normally be considered as giving the dissociation
endothermicity, since the large ion-induced-dipole potential well
for the separating ion-neutral pair will usually dominate over other
energy barriers in the reaction coordinate. For good-sized polyatomic ions, applying this idea has been hampered because the
threshold wavelength is not manifested as a transition from dissociation to no dissociation, but rather as a transition from onephoton dissociation to two-photon dissociation. However, the
understanding of two-photon dissociation processes and the tools
for characterizing them, have advanced to the point that useful
thermochemical applications should be practical despite this
complication.
In this paper we describe the use of photodissociation spectroscopy of trapped ions to determine thermochemical dissociation
thresholds for the parent ions of 1-methylnaphthalene and amethylstyrene. In addition to being ions whose dissociation
thermochemistry has not been well studied by other precise
techniques, these two species share the added point of interest that
'Present address: Chemistry Department, Stanford University.
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in both cases the dissociation threshold is different from naive
predictions, in the first case higher, and in the second case lower.
Both thresholds are so surprising as to justify the application of
these powerful but difficult photodissociation methods to confirm
them with high reliability. Further confidence in the values
assigned can be added by confirming evidence from the very
different technique of charge-exchange ionization in the fragmentation threshold region.
1-Methylnaphthalene can be thought of as a benzo analogue
of toluene, and the dissociation of its parent ion by loss of hydrogen
(eq 1) should be analogous to the well-studied dissociation of
CH3

I

1''

toluene ion to yield what is believed to be tropylium ion

Recent datal indicate a AH of only 1.8 eV for this latter disso(1) Bombach, R.; Dannacher, J.; Stadelmann, J.-P. J . Am. Chem. SOC.
1983, 105,4205.
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