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Abstract

The radiative decays of vibrationally excited DCQons produced by dissociative ionization of GTDO have been
investigated using the monitor ion technique in a Fourier transform ion cyclotron resonance spectrometer. The radiativ

lifetimes of thev, (v = 1, 2) andy; (v =

1) stretching modes have been determined. For the CO stretehitige

experimental lifetime (24- 2.5 ms) is in good agreement with the theoretical values calculated for'De#@ HCO'. For

the CD stretching/, the experimental lifetimes (112 22 ms) forv = 2 and (226 45 ms) forv = 1 are about four times

larger than the theoretical values. The disagreement between experiment and theory is possibly due to a strong cgupling of
with a long lived state which has not been taken into account in the calculations. For the bending,nuodie a lower limit

of the very long lifetime could be evaluated. (Int J Mass Spectrom 185/186/187 (1999) 131-137) © 1999 Elsevier Science B.V
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1. Introduction

Due to their astrophysical and chemical interest,
the formyl ion HCO™ and its high energy isomer
HOC* have been subject to a large number of

* Corresponding author.

Dedicated to Professor M.T. Bowers on the occasion of his 60th
birthday. It is a pleasure for two of us (R.M. and G.M.) to celebrate
in this special issue more than 2 decades of fruitful interaction with
Mike in the field of ICR mass spectrometry. Collaborating and/or

competing, first on kinetic energy release measurements in charge

experimental and theoretical investigations. However,
although the spectroscopy of the HE@undamental
electronic state is well known, there was until recently
very little information on the radiative lifetimes of its
vibrational levels.

The results of the two most recent theoretical
calculations [1,2] for the lifetimes of = 1 levels of
the three normal modes are in good agreement (Table
1). An experimental lifetime of 5.9 ms has been
determined fov = 1 of modev; using direct laser
absorption in a fast ion beam (DLASFIB) [3].

Finally, the so called “monitor ion technique” in a

transfer reactions at thermal energies, then on radiative lifetime triple cell Fourier transform ion cyclotron resonance
measurements of long lived excited ions has been a stimulating (FTICR) spectrometer has been used to measure the

challenge. Mutual attraction between Orsay and Santa Barbara

induced several short and long visits from both sides over apparent lifetime of several levels in the bending

yeas . .. andeven a marriage and three kids!

mode [4]. These lifetimes have been shown to be in
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Table 1
Theoretical radiative lifetimes (ms)
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accelerate them since the drift velocity is small
compared to the initial thermal velocity.

v, vy vy The DCO' ions are produced in the first cell
HCO" Sebald [2] 3.86 315 18.04  (source) by dissociative ionization of GODO at
Martin et al. [1] 3.7 334 21.1 typical pressures of 3.% 10 ' Torr using a 30 eV
DCO* Sebald [2] 50.8 13 000 18.1

pulsed electron beam. The DCQons (m/z = 30)
are mass selected by ejection of all the other ions, they
are then drifted into the second cell where they are

good agreement with the theoretical radiative life- trapped for variable relaxation times. At the end of the
times assuming a Boltzmann population of the vibra- relaxation time they are drifted into the third cell
tional levels and an internal energy of 0.075 eV for containing the monitor gas M, where they react at a
HCO™. constant pressure of around 15 10 ° Torr. The

A second set of experimenta| lifetimes ranging monitor reactions used in this Study are deuteron

from 9 to 33 ms has been also obtained and tentatively transfer

assigned to a combination of the stretching modges
and v;.

DCO* + M —MD™ + CO

Because of the large isotope effect predicted for where the monitor gas M has a lower deuteron affinity

the v; and v, modes (see Table 1), similar experi-
ments with DCO were expected to provide interest-

than CO. The reaction is energetically allowed only
for DCO" ions whose internal energy is higher than

ing additional information. Indeed, on the time scale the reaction endothermicity. By using different mon-

of our experimental techniquey, should give a
quasiconstant contribution to the decay curves,gnd
and v5 should be measurable separately.

In the present investigation, the monitor ion tech-

itor gases, the internal energy content of excited
DCO" can be probed and its time evolution measured
by varying the relaxation time.

After a constant reaction time (30 ms) the monitor

nique has been used to measure the radiative decayMD © and the unreacted DCOions are drifted back

rates of excited DCO ions as a function of their
vibrational energy in order to determine the lifetimes
of the vibrationally excited levels.

The objective of this study is to compare the
experimental and theoretical lifetimes for DC@nd
to check the predicted isotope effect for the C(D)H
stretching mode.

2. Experimental conditions

The triple cell FTICR spectrometer used for life-

into the central cell for detection by FTICR. Finally
all the ions are ejected by a detrapping pulse. This
sequence is repeated and the transient ICR signals
accumulated for signal averaging until the signal/
noise ratio is sufficient. Due to an efficient differential
pumping, the pressure in the central cell, used as a
relaxation cell and as a detection cell, is very low. The
main components of the background gas are 4.4
10~° Torr of CD,CDO leaking from the source, 60
10~° Torr of monitor gas leaking from the reaction
cell and around 5 10~° Torr of H,O desorbing from

the walls.

time measurements has been described several times

and the monitor ion technique has been discussed in

detail for HCO" [4,5]. The three cascaded ICR cells 3. Data treatment

are separated by ion funnels to let the ions drift from

cell to cell and maintain a pressure differential of As discussed in detail for HCO[4], the decay of
around 250 between the low pressure central cell andthe monitor ion signal MH as a function of the
the two other cells. It is important to recall that relaxation time is due exclusively to the decay of the
drifting the ions from one cell to the next one does not excited HCO* ions in the relaxation cell.
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Fig. 1. Vibrational energy levels of DCOground electronic state calculated with the theoretical values of Puzzarini et al. [8] without
correction for anharmonicity. The broken lines correspond to the threshold energies for the different monitor reactions.

It was also shown that the ratiB = [MH "],/ exponential decays. These experimental decay rates
(IMH™*]; + [HCO™],;) measured at the end of the were then corrected for collisional quenching of
reaction time is proportional to the amount of excited DCO™* with the monitor gas in the relaxation cell.
HCO** ions, leaving the relaxation cell with an
internal energy large enough to react with the monitor
molecules. 4. Energetics of the monitor reactions

Therefore, R is a sum of exponential decays
corresponding to the apparent decay rates of the 4.1. The vibrational energy diagram of DCO
vibrational levels of HCO* located above the thresh-
old energy of the monitor reaction. The level located Experimental values are available for the vibra-
just below may also react if the small endothermicity tional frequencies of the two normal modes: =
is compensated by the high energy tail of the kinetic 2584.56 cm™* [6] and v, = 1904.06 cm* [7]. The
energy distribution of the ions. more recent theoretical calculations [8] are in good

The experimental results for DCOons have been  agreement with the experimental values and with the
treated in the same way as for HCOFor each values calculated by P. Sebald in P. Botschwina’'s
monitor the raticR = [MD *J/([MD *] + [DCO™]) as group [2].

a function of the relaxation time was fitted to a sum of Fig. 1 shows a vibrational energy diagram con-
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structed with the theoretical values of Puzzarini et al.
[8]: v, = 2585.9 cm?, v, = 667.8 cm* andv; =
1903.97 cm*, without correction for anharmonicity.
The ionization energy of DCO is 8.56 eV [9] and the
high energy isomer DOCis supposed to be 1.63 eV
above DCO.

4.2. The monitor reactions

The monitor reactions used for DCQire deuteron
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The signal am/z = 32 was very small, indicating
that the amount of the high energy isomer DO@ of
vibrational states of DCOabove 1 eV is very small.

5.1.2. HBr, NO, HCI, CH,, CO,, and NO as
monitors

Because the monitor reaction with HBr has a very
small endothermicity (0.1 eV), a large fraction of
ground state DCO may react and their contribution
to the monitor ion signal makes the analysis of the

transfer and the monitor molecules are the same as forexperimental data difficult.

HCO™" (i.e. HBr, N,O, HCI, CH,, CO,, NO and N)
but because of the difference in the vibrational fre-
quencies between HCOand DCO', they do not
probe the same vibrational levels.

Moreover, due to the difference of the zero point

For all the other monitors the decay curves could
be fitted to a sum of three exponentials, corresponding
to three lifetimes, a short one, a long oner, and a
very long oner,,. Fig. 2 shows a typical decay curve
for DN,O" monitor ions normalized to the sum

energies, deuteron and proton affinities are different. ([DCO*] + [DN,O™]).

The endothermicity of deuteron transfer reactions

may be calculated for CQ N,O and N, using the
known vibrational frequencies: for GOand N,O

An estimate of the collisional quenching rate of
DCO** with the monitor gas in the relaxation cell has
been calculated for each monitor using the pressures

deuteron transfer is less endothermic than proton qeasured in the reaction cell reduced by a factor of
transfer by 11 meV and 18 meV, respectively, and for 50 and the corresponding capture rate constants

N, it is more endothermic by 18 meV. No information gy 51uated by the formula of Su and Chesnavich [12].
is available for the other monitors but the difference Tpig gives an upper limit of the quenching rate since
of the er'ldothermicities is pr.oba.lbly of the same order cqjisional quenching may not occur at each collision.
of magnitude {20 meV) which is comparable to the  The radiative lifetimes deduced from the equation:
uncertainties on the proton affinities. 1t,0q = Llra,, — K[M] are reported in Table 2 for,

Therefore the threshold energies of deuteron trans- 5 7. Thea;pdiffer from the measured lifetimes by

fer reactions to the different monitor molecules are |oss than 1% forr, and 5% forr,.

supposed to be the same as proton transfer threshold g, the very long lifetimes,,, the quenching rates
energies. The broken lines in Fig. 1 correspond to the being of the same order of magnitude as the experi-
threshold energies derived from the two most recent menta| decay rates, the radiative lifetimes cannot be
experimental proton affinities determined by Adams getermined. The experimental results only indicate

et al. [10] and Szulejko and McMahon [11] which  hat high levels of the corresponding mode are popu-
agree within 10-20 meV. lated.

5. Results and discussion 5.2. Assignment of the experimental radiative
lifetimes
5.1. Experimental decay curves

The shorter lifetimesr, are the same, within the
experimental uncertainties, for all the monitor gases
and their mean value, = 24 = 2.5 ms, is close to
the theoretical lifetime oi; (v = 1). As this level is

just above the threshold for deuteron transfer with

5.1.1. N as monitor

13N, had to be used instead YN, to separate the
monitor ion**NL,D* (m/z = 32) from the reactant ion
DCO* (m/z = 30).
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Fig. 2. Decay curve of the [DCX] monitor ion normalized to the sum ([DCQ + [DCO*]) as a function of relaxation time. Fitting a sum
of three exponentials to the experimental data gies 21.1 ms,r, = 180 ms andr,, = 3000 ms.

N,0O, the short lifetime observed with this monitor can
be assigned to level (0,0,1) (Table 3).

If higher levels ofv; were populated HCI should
probev; (v = 2) and CH, CO, and NO should probe
v (v = 3). Since in the harmonic approximation the
lifetimes within a given mode varies like \L/the
lifetime measured with HCI should be smaller than
with N,O and even smaller with CHCO, and NO.
As the lifetimes are the same for all the monitors we
conclude that the population of levels > 1 is
negligible.

As shown on Fig. 1 the compound mode levels
(0,n,1) can also react with the different monitors. The

Table 2

Experimental radiative lifetimes (ms) and collision rates'jsof
DCO™*. For each monitor, three lifetimes have been obtained by
fitting the experimental decay curves to the sum of three
exponentials: A short lifetimey, a long oner;, and a very long
oner,

Monitors Ts T Tyl Collision rate
NO 26.1 112 =3000 1.310*
CO, 21.1 180 =3000 1.410*
CH, 242 183 =3500 2.210°
HCI 26.7 223 =5000 2.810%
N,O 23.1 283 =6000 1.7 10*

decay rate of these levels is the sum of th¢v = n)
andv; (v = 1) decay rates: ¥b,, = 1/7g,0 +
1/74 0,1 However since the lifetimes af, (v = n)
are predicted to be very long (13 000 ms Yo+ 1 to
1625 ms forv = 8) compared ta; (v = 1) (20 ms),
the lifetimes of levels ((h,1) must be very close to
that of v; (v = 1).

This can explain the quite unexpected constant
value of 7, with the different monitors even if high
levels of the bending mode, are populated as shown
below.

The long lifetime 7, exhibits a quite different
behavior: It decreases as the threshold energy for the
monitor reaction increases indicating that the C-D
stretching mode is excited at least upvie= 2.

Fig. 1 shows that BD can react with levels, (v =
1) and also with the compound mode levelsn,D).

But for the same reason as for (Q1) the lifetimes of
these levels are very close to the lifetimegf(v =
1).

HCI can react with levels (b,= 1,0) and (2n =
0,0), and camlso react slowly with level (1,0,0) since
the reaction is slightly endothermic. The decay rate of
HDCI™ will therefore be a combination of (1,0,0) and
(2,0,0) and the apparent lifetime, intermediate be-
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Table 3
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Comparison of experimental and theoretical lifetimes (ms)

DCO" HCO™" Isotopic effect

Tmeas Tih Tmeas Tih Measured Theoretical
0,0,1 24+ 2.5 18.1° ? 21.F ? 1
1,0,0 226= 45° 50.8 59 3.7 38 13
0,1,0 =6000" 13 00C 285-395 33 ? 41

*Present work.
PSebald [2].

“Keim et al. [3].
9Mauclaire et al. [4].
®Martin et al. [1].

tween the lifetimes of = 1 andv = 2, depends on
their relative populations.

CH, can react with levels (©,= 2,0) and (2p =
0,0), therefore the decay rate of DGHill also be a
combination of (1,0,0) and (2,0,0), but the contribu-
tion of (1,0,0) being smaller than for HCI, the appar-
ent lifetime must be shorter.

CO, that can react with levels (f&,= 3,0) and
(2,n = 0,0) will give an even shorter lifetime than
CH,.

Finally, NO that can react with DCO(1,n = 4,0)
and (2n = 0,0) will probably give a lifetime very
close tov, (v = 2).

So, the variation of the lifetime, measured with
the different monitors indicates that the radiative
lifetime of thev, (v = 2) level is close to 112t 22
ms) and the overall lifetime of level, (v = 1) close
to 283 = 55 ms.

The population ofy; (v = 3) must be negligible
since we observed almost no reaction with N

The harmonic approximation would give far
(v = 1) alifetime twice as large as fot, (v = 2), i.e.
224 ms. The difference with the overall lifetime
measured fov = 1 may be due to radiative cascade
from the upper levels. As shown for COradiative

Table 2) correspond certainly to the bending modes
v,. Because they are observed with NO as monitor,
levels up tov = 8 are probably populated.

6. Conclusions

By using the monitor ion technique in a triple cell
FTICR spectrometer we have determined a radiative
lifetime of 24 = 2.5 ms for the CO stretching moasg
(v = 1), of DCO", in reasonable agreement with the
theoretical value (18.1 ms).

The radiative lifetimes determined for the two first
levels of the CD stretching modg, 112 + 22 ms for
v = 2 and 226x 45 ms forv = 1, are much longer
than the theoretical values. Excitation of the bending
mode up to level’ = 8 is observed but the radiative
lifetimes are too long to be determined in our exper-
imental conditions.

All the experimental results can be accounted for
in the framework of an excitation of high levels of the
bending moder, (up tov = 8) as observed with
HCO" [4], an excitation of the C-D stretching mode
v, up tov = 2 and excitation of the C—-O stretching
modev; only tov = 1. This seems reasonable in view

cascade can lengthen appreciably the experimentalof the geometry change between the parent molecule

lifetimes if high vibrational levels are populated [13].
In DCO" this effect may be large for, since high
levels are populated, but not foy populated only up
tov = 2. A lengthening of 20% seems reasonable,
which gives a lifetime of 226 ms for, (v = 1). The
very long lifetimes observed with all the monitors (see

CD,CDO and the fragment ion DCO There is
indeed a large variation of the DCO angle (120°—
180°), a small increase of the D—C bond length and a
still smaller change of the C-O bond length.
However, if this simple model can explain the
variation of the experimental lifetimes with the inter-
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nal energy of DCO, it does not explain why the
experimental lifetime ofy, (v = 1) is four times
larger than the theoretical lifetime giving an experi-
mental isotope effect of 38 instead of the theoretical
value of 13. This is in contrast with the reasonable
agreement between the experimental and theoretical
isotope effects obtained for the lifetimes of the
stretching mode in H(D)BF [14]: 5.3 and 4.1, and of
the bending mode in }D,)O™ [5]: 3.7 and 4.6.

A possible explanation for a radiative lifetime
much longer than calculated could be a strong cou-
pling with a long lived state. The effect of coupling
between rovibronic states of DCOhas been dis-
cussed by Hirota and Endo [15] who proposed a
strong anharmonic interaction between the (,Q)
and (0,4, 0) states. In a recent theoretical investiga-
tion, Puzzarini et al. [8] do not confirm this interpre-
tation and support instead the suggestion by Sebald
and Botschwina [16] that the coupling occurs between
the (1, @, 0) and the (0, 4 1) states. To our
knowledge, no calculation of the possible effect of

137
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