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The multiphoton jonization spectrum of aniline and its perdeutero analog have been investigated for laser wavelengths
266- 300 nm using a time-of-flight mass spectrometer. A broad, asymmetrically distorted peak at m/e = 66 is interpreted to
be the slow fragmentation of the parent jon, C¢HsN*— CsH¢ + HCN; its unimolecular decomposition rate is =2 X 106 51,

1. Introduction

Ever since Hipple et al. [1] identified that the dif-
fuse peaks in a mass spectrum are caused by the decom-
position of ions in the course of mass analysis, the im-
portance of understanding unimolecular reactions of
ions has been recognized. While electron impact mass
spectrometry was the first method for observing these
“metastable™ ions, many new techniques have been
developed to study this phenomenon. The most infor-
mative are those in which the reactant ions are created
with a well-characterized distribution of internal ener-
gies and in which this distribution can be readily con-
trolled. This usually calls for the use of vacuum ultra-
violet (VUV) photoionization [2—4] . Unfortunately,
the number of such studies is very limited because of
the difficulty of producing and manipulating sufficiently
intense tunable VUV radiation.

An alternative to one-photon VUV photoionization
is multiphoton ionization (MPI) in which the absorp-
tion of more than one visible or near UV photon causes
ionization [5]. The MPI technique has many advantages
{6]. Because of the resonant enhancement provided by
intermediate states, MPI can produce large numbers of
ions with moderately intense laser sources [7] . More-
over, MPI studies only require conventional optics.

* Research supported, in part, by the Air Force Office of Sci-
entific Research under AFOSR-81-0053 and by the Army
Research Office under DAAG-29-80-K-0097.

* Max Kade Fellow; on leave from Max-Planck-Institut fiir
Quantenoptik, 8046 Garching, Federal Republic of Germany.
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In this letter we present the first use of the MPI
technique to study the unimolecular decomposition
rates of ions. Aniline (C¢HsNH,) is ionized by the
multiphoton absorption of pulsed UV laser light (266
—300 nm) and the resulting ions are mass analyzed by
time of flight (TOF). We investigated the elimination
of HCN from the aniline parent ion, CgH,N*, to yield
CSHE. Because of fragmentation during ion accelera-
tion the daughter ion peak is asymmetrically distorted.
Moreover, the extent of distortion changes with laser
wavelength in a manner suggesting that the rate of frag-
mentation increases with photon energy.

2. Experimental

Fig. 1 shows a schematic diagram of the experimental
apparatus. The unfocused output of a tunable frequency-
doubled dye laser (Quanta Ray PDL-1) pumped by a
Nd : YAG laser (Quanta Ray DCR-1A) is stopped down
to a 1.75 mm diameter with two irises before passing
through a TOF mass spectrometer. The wavelength
range (266—300 nm) is obtained by frequency doubling
the output of the dyes C500, R590, R610 and kiton red
(Exciton Chemical Co.). The pulse width of the laser
is 5—7 ns. Power densities vary depending on the wave-
length. Most spectra are recorded at the power level of
14 MW/cm2.

The TOF mass spectrometer was designed and built
in this laboratory. The spectrometer utilizes a double-
electric-field ion source [9] to accelerate the ions into
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Fig. 1. Schematic diagram of the MPI time-of-flight mass spectrometer.

a 1.5 m field-free drift region. A relatively small electric
field of 176 V/cm is applied in region I (shown in fig.
2). This low-field region serves to minimize the time-
of-tlight spread of ions of a single m/e ratio formed over
the diameter of the laser beam. In region Il there is a
much higher electric field (4710 V/cm). The ions acquire
most of their Kinetic energy in this region. The resolu-
tion of the instrument is better than 200, i.e. the value
of M/AM at 10% of the peak height is greater than 200.

The ion bunches are detected and amplified by a
microchannel plate electron multiplier (Varian model
8992.2). The signal from the multiplier is amplified and
averaged with a boxcar integrator (Princeton Applied
Research model 162 with model 165 plug-in). A photo-
diode triggers an adjustable delay generator which in
turn triggers the boxcar. The output of the boxcar
drives a stripchart recorder.

The TOF mass spectrometer is evacuated by a dif-
fusion pump through a liquid-nitrogen-cooled cryotrap.
The base pressure of the instrument is 3 X 10~8 Torr.
Samples are admitted through a small tube with its
orifice near the ionization region. The unfocused laser
beam enters and exits through quartz windows in the

__vacuum chamber,

REGION I REGION I
}-——0.635 em——bho3i8 cm-!
GRID 2 GRID | REPELLER
| |
) |
|
FIELD-FREE : | LASER
REGION
: \ D
| |
) )
1 |
- 2990V 3030V

Fig. 2. Detailed drawing of the MPI TOF mass spectrometer
ion source.

Reagent grade aniline (J.T. Baker Chemical Co.) and
aniline-d, (98% D, Merck and Co.) are used without
further purification. Both compounds are thoroughly
degassed by several freeze—pump—thaw cycles before
introduction into the TOF mass spectrometer. During
a run, the partial pressure of aniline is 1 X 10-7 Torr,
as measured by an ionization gauge.
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Fig. 3. MPI TOF mass spectrum of aniline: laser wavelength is 266 nm; laser power is 20 MW/cm?.

3. Results and discussion
3.1. The TOF mass spectrum of aniline

Anilire is efficiently ionized by the absorption of
two 266—300 nm photons because the process is reso-
nantly enhanced by one-photon absorption to the 1B,
state [8]. The origin of the 1B, state is at 293.9 nm
{9] and the ionization potential of aniline is 8.32 eV
[10]. As expected, the parent ion signal varies with the
square of the laser power.

Fig. 3 shows the TOF MPI mass spectrum of aniline
taken at a laser wavelength of 266 nm. The most in-
tense feature is the parent ion (m/e = 93 for C;H,N*)
which is accompanied by the 13C12CsH,N* ion at
myfe = 94. In addition, there is extensive fragmentation.
The most intriguing aspect of this fragmentation pat-
tern is the appearance of a distorted peak in the vicinity
of mje = 66.

It is well known that the extent of fragmentation in
MPI depends strongly on laser power [7,8,12,13] . In
the present study, only the parent ion of aniline appears
at low power densities, while as the power density is
increased, fragment ions appear. Fig. 3 is recorded under
the latter condition at 20 MW/cm?2.

Fig. 4 illustrates the TOF MPI mass spectrum in the
region of m/e = 64—68 at several laser wavelengths. As
the wavelength decreases the m/e = 66 peak broadens
and becomes asymmetric, trailing off toward higher
masses (longer arrival times). This distortion begins to
appear near 285 nm. Under the same condition that the
mfe = 66 peak broadens and distorts, the other peaks
in the mass spectrum remain well resolved. Thus the ap-

— pearance of the m/e = 66 peak is not caused by limited
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Fig. 4. Portion of the MPI TOF mass spectrum of aniline in the
region of the m/e = 66 peak as a function of laser wavelength.
Eaczh trace is recorded at the same laser power level (14 MW/
cm®).
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resolution of the TOF mass spectrometer. There are
two possible isobaric components of the m/e = 66 peak
(neglecting 13C containing ions): CsHE and C4H4N"*.
However, the equivalent ions of aniline-d5, CsDg and
C4D4N*. are at m/e = 72 and 70, respectively. In the
266 nm MPI TOF mass spectrum of aniline-d; m/e =
70 is a well-resolved peak while m/e = 72 is quite dis-
torted. Hence we conclude that the formation of Cs Hg
is the slow fragmentation step which causes the observed
distortion. This is supported by the 70 eV electron im-
pact mass spectrum [14] where CSHE contributes
93.4% and C4H4N* 6.6% it a nominal value of m/e =
66.

In the protonated compound the m/e = 66 distorted
peak shape has a contribution from m/e = 67 (C;HsN"),
which causes the appearance of a small peak or shoulder
on the trailing portion of the m/e = 66 peak. Often the
presence of the m/e = 67 peak is obscured by overlap
with the m/e = 66 peak, but TOF mass spectra taken at
longer wavelengths clearly show its presence. Although
this complicates the m/e = 66 profile, the m/e =67
peak does not prevent us from determining qualitatively
the distortion of the m/e = 66 peak as a function of laser
wavelength.

When C ng is produced by electron impact ioniza-
tion of aniline it is found to be formed from the meta-
stable parent ion [14,15]. This implies that the rate of
fragmentation to form CSHZ is relatively slow com-
pared to non-metastable fragments. It is the relatively
slow rate of fragmentation that causes the Cs H; to be
a distorted peak in the MPI TOF mass spectrum. This
can be ascertained by an analysis of ion trajectories in
our TOF mass spectrometer.

Consider some parent and daughter ions that are form-
ed at the center of region I (fig. 2) during the laser pulse.
These two types of ions will be accelerated through
regions | and 11 and enter the field-free region with the
same Kinetic energy but different velocities since they
have unequal masses. Traversing the field-free region
they will separate in time and space and be detected at
a time difference that depends only on the ratio of the
square roots of their masses. If, however, some of the
parent ions fragment while they are being accelerated,
the resulting daughter ijons enter the ficid-free region
with a velocity which is less than that of a daughter ion
formed promptly in the center of region I but greater
than that of the parent ion. The resulting daughter ion
arrives at the detector at some intermediate time that
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depends on the precise position of the fragmentation
as well as the masses of the daughter and parent jons.

An ion gains most of its kinetic energy in region Il
and only a small fraction in region I. Decomposition
of parent ions as they traverse region I produces frag-
ments that are detected in an interval near the arrival
time of a promptly formed fragment. Fragment ions
formed in region Il are detected in a time interval be-
tween those formed at grid 1 and the arrival time of the
parent ion. Fragments formed in the field-free region
arrive at the detector simultaneously with the parent
ion and thus are indistinguishable from them. A frag-
ment peak shape can thus have two detectable com-
ponents. It is estimated for prompt m/e = 66—93 that
residence times in regions I, 11, and the field-free region
are 400500 ns, 115—130 ns, and 18-20 us, respec-
tively. The major component is caused by fragmenta-
tion in region 1. The component formed by fragmenta-
tion in region 1I contributes less because the parent ions
spend less time in this region and the flight time of the
fragments is distributed over a longer time interval. The
transition from the first component to the second ac-
cording to calculations is 90 ns after the arrival time of
a promptly formed m/e = 66 ion. It is observed as a
sharp drop in intensity in fig. 4. The shape of compo-
nent I is a measure of the relative number of fragments
formed at each position in region I and is directly rela-
ted to the fragmentation rate.

The unimolecular fragmentation rate of an ion de-
pends on the amount of internal energy with which it
is prepared. In the statistical case the rate increases
rapidly with increasing internal energy [16]. Thus, with
decreasing laser wavelength, more energy is deposited
in the m/e = 93 precursor and hence one would expect
that the fragmentation rate increases. Inspection of fig.
4 shows this trend, as can readily be seen by the change
of slope between the two vertical dotted lines. At the
shortest wavelength, the slope is the steepest, corre-
sponding to the most rapid rate of fragmentation.

The structure of the C5Hg ion is uncertain. Occolo-
witz and White [17] argue that the CsHg ion from the
electron impact ionization of aniline is linear and sug-
gest it is the 3-penten-1-yne cation. In any case they
determine an appearance potential from aniline for this
ion to be 12.56 eV. This value is energetically equivalent
to three photons at 298 nm. The distortion of the m/e
= 66 peak first appears near 285 nm, three photons of
which are equivalent to 13.1 eV. In the wavelength
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range studied we conclude that CsHg must be formed
by the absorption of three photons. To the red of 285
nm the fragmentation rate may be too slow for the
production of an appreciable number of CsHg ions in
region | of thé TOF mass spectrometer.

The calculation of a fragmentation rate from the
data in fig. 4 is complicated by the mapping of the
arrival times ¢ of the daughter ion at the detector into
formation times 7 of the daughter ion in the ion source.
We assume that this unimolecular decomposition process
is described by a single exponential. Then the number
of daughter ions formed per unit time at time 7, D(r),
is related to the initial number of parent ions, P(0), by

D(1) = k P(O) exp(--kT). )

where k is the rate constant. The ratio of the daughter
ion formation rates, at two times 7, and 7, is given by

D(r, )/D(‘rz) = exp[—k(T1 - 12)] . 2)

We approximate the mapping of Ar in the ion source
to At at the detector by a linear transformation. Then
the corresponding signal ratio at the detector is

S(t,)/S(t,) = expl~kalt, — 1,)], 3)

where under our operating conditions the scaling con-
stant « is 5. We find from applying eq. (3) to the 266
nm signal shape of the Cng ion shown in fig. 4 the
fragmentation rate

k~2X 1065t @)

This value of & represents the phenomenological rate
constant for the appearance of Cs Hz ions from aniline
at this wavelength and power level. Because of the various
approximations introduced in this simple analysis, eq.
(4) may represent no better than an order of magnitude
estimate. Computer simulations are in progress to refine
this value of k. Preliminary results suggest that the un-
certainty in K may be less than a factor of two.

The present study concerns the production of a
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tion rate as a function of laser wavelength. Multiphoton
jonization can prepare parent jons with known internal
energies and this can be accomplished with extreme
spatial definition and temporal resolution. Thus, it
would appear that MPI has a bright future for the study
of ionic rearrangement/fragmentation kinetics.
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