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A study on the desorption of carbendazim (methyl-2-benzimidazolecarbamate, mass
191 amu) from a glass surface (Pyrex) has been carried out using an experimental set-up
based on laser desorption and laser post-ionization followed by time-of-flight mass
spectrometry. After optimization of the experimental conditions a resolution of ca. 850
was achieved at the mass of the pesticide (191 amu). All measured time-of-flight mass
spectra showed not only an excellent signal to noise ratio, but also the lack of significant
molecular fragmentation, except for a mass of 71 amu which was attributed to the lateral
chain of the carbendazim. Neutral time-of-flight yields were measured for several de-
sorption energies. Analysis of the corresponding velocity distributions suggests a ther-
mal mechanism dominating the laser-induced desorption. Finally the capability of the
present technique for analytical applications is also discussed.

Keywords: Desorption dynamics; Laser desorption; Laser ionization; REMPI; Time-of-
flight mass spectrometry; Carbendazim

INTRODUCTION

It is well known that the application of laser techniques in desorption
are used increasingly for mass spectroscopy of solids either for
analytical chemistry [1- 7] or for increasing our basic understanding
about surface science [8-14]. Of major relevance is the use of pulsed
lasers to heat the adsorbate/surface system as it has shown a con-
siderable advantage compared to other more conventional methods
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like temperature programmed desorption. For example, the develop-
ment of laser-induced thermal desorption (LITD) provides a better
method to combine pulsed dosing of the substrate and synchronized
probing with tunable lasers. In this direction an important advance
was implemented when one combines resonant-enhanced multiphoton
ionization (REMPI) with time-of-flight mass spectrometry (TOFMS)
using a pulsed laser as the probe tool [15-21]. From the fundamental
point of view a major application of such techniques deals with the
study of desorption dynamics. Indeed the enhanced sensitivity and
resolution of these laser techniques provides an excellent method to get
insight into the state-resolved internal energy distribution as well
as into the translational energy distribution of desorbed molecules
[16, 22-24]. Thus, the fact that desorption and ionisation processes
are separated in both space and time allows their specific study and
optimisation. For example (see Results and Discussion Section)
monitoring the desorption yield at the same ionisation region, but at
different delay times with respect to the vaporisation laser, yields the
velocity distribution of desorbed neutrals.
On the other hand, the application of these methods to the analysis

of trace substances in gas mixtures or solid materials is perhaps one of
the most exciting developments in modern chemical analysis. For the
latter, one of the most important applications is the analysis of labile
molecules. In this case fast desorption dominates over thermal decom-
position making the analysis possible as the fast laser heating of
the surface enables the observation of the mass spectrum of the
intact parent ion [25-27].

In the present work we report on a study of the desorption of
carbendazim (methyl-2-benzimidazolecarbamate, mass 191 amu)
from a glass surface (Pyrex). To implement such a study an experi-
mental apparatus based on laser desorption and laser post-ionization
followed by time-of-flight mass spectrometry (LD-LI-TOFMS) was
designed and set up in our Molecular Beam and Laser Department
[28]. Therefore, a clear feature of the present technique is the
separation of both desorption and ionisation processes. This is an
important advantage with respect to the more conventional Matrix-
Assisted Laser Desorption/Ionisation (MALDI technique) in which
the two above processes cannot be separated [29].
A somewhat similar experimental design based on laser desorption

has been reported for the investigation of fragile biomolecules via laser
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ionisation following the desorption process [30]. Nevertheless, these
studies were accomplished by mixing the analyte with an excess of a
chromophore molecule (matrix). Thus, from an experimental point
of view the method requires the formation of a thin film containing a
dye molecule and the analyte of interest. Here, in the present tech-
nique and investigation, such a requirement is nolonger needed as
the analyte is used directly.
Not only has the study of the fundamental aspects of carbendazim

desorption motivated the present work, but specially the fact that this
molecule is currently used as one of the pesticides in agriculture,
particularly in the south of Spain [31]. In consequence, the devel-
opment of a fast and high sensitivity analytical method is shown to
be of major importance for practical diagnosis and quality control
of agricultural samples.

EXPERIMENTAL SET-UP

The experimental set-up consists of two stainless steel ultrahigh
vacuum chambers designed and built in our Institute. The first
chamber is used for both laser desorption and laser post-ionization of
the sample. This is followed by ion acceleration towards the second
chamber, which is basically the time-of-flight (TOF) unit including
accelerating plates, deflectors, lenses and a double microchannel plate
detector. Figure shows a schematic layout of the set-up. The two
chambers can be pumped independently by their respective turbomo-
lecular plus rotary pumps units, namely: a Varian V250 plus Telstar
RD 18 for the first chamber, and a Varian V70 plus a Telstar 2P-3 for
the second one. A gate valve maintains the second chamber pressure
below 5.10 -8 mbar even when the first chamber was open for sample
manipulation. The pressure of the two chambers was always below
10- 6 mbar during experiments.
The inset of Figure shows a detailed view of the first ionization

chamber for a better illustration of the experimental basis of the
technique. The analyte is deposited by spraying the solution on a
75 mm pyrex disc which is parallel to the first accelerating plate (V1)
and 2mm from it. A step motor (Crouzet) is used to control the disc
rotation. The whole sample holder and motor assembly is attached to
a linear translator so that adjustment of the Z distance (i.e., the
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FIGURE Experimental setup. The inset shows the internal parts of the ionization
chamber. IC stands for the ionization chamber, TOF for the time-of-flight tube and SU
for the synchronisation unit between both lasers (L1 and L2). V1 and V2 are the
accelerating voltages, V3 the ionic lens voltage, and V4 the microchannel plates detector
(D) voltage. T and R stand for both turbomolecular and rotary pumps respectively.

perpendicular direction to the desorption laser) can be made. This
movement changes the rotation radius so as to increase the number of
runs for a given sample.

Pulses of 5 ns of duration of the second harmonic of a Nd:YAG
laser (Continuum) were used for sample desorption. The laser beam
was steered by prisms and directed to the rear of the sample disc
without focussing. Laser desorption energies used in the present work
ranged from 15 up to 75 mJ/cm2. The (pulsed) desorbed neutrals were
expanded into the acceleration region and, subsequently, ionized by
the 4th harmonic of a second Nd:YAG laser (Continuum ND81). For
some experiments a frequency-doubled dye laser (Continuum ND 60)
was also used to ionize the desorbed neutrals. The ionization laser was
always perpendicular to that of desorption and crossed the desorbed
particles at a variable distance ranged from 6 up to 30mm apart from
the desorption zone.
The ions produced by the second laser were then accelerated

towards the TOF tube. The acceleration unit consists of a system of
high voltage plates working in two steps (i.e., V --+ V2, V2 -- V3 --0).
In addition, the system includes an Einzel lens as well as two deflecting
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plates positioned along the X and Y directions and therefore per-
pendicular to Z, that is the TOF axis.
To obtain the time-of-flight spectrum a two microchannel plate

detector (Comstock CP-625C/50F) was used and its output signal was
fed into a digital scope (Tektronix 540) that averages 100 laser shots.
The TOF spectrum was then transferred to a computer for storage and
further analysis.
The delay between the desorption and ionization laser pulses was

controlled by a pulse generator (Lyons Instruments). In all experi-
ments the laser repetition frequency was 10 Hz. Laser pulse energies
were monitored either by a calorimetric detector (Photon Control 25)
for high energies (10-40 mJ) or by a pyroelectric detector (Gentec Ed-
100A) for low pulse energies (0-10 mJ). For the present work the size
of both desorption and ionization volumes was found to be crucial.
Consequently, variable diaphragms were incorporated in the system.
Finally, for the calibration experiments in which a gas sample was
used, the entire desorption unit was replaced by a gas inlet and ob-
viously only the ionization laser was used.

RESULTS AND DISCUSSION

Mass Calibration and Time-of-flight Spectrum

To calibrate the apparatus a preliminary experiment was carried out
introducing a gas mixture of toluene and aniline which were ionized
using 2 mJ pulses of the 266 nm laser. The choice of toluene and aniline
was based not only on their well known multiphoton ionization
spectra [32], but basically on the fact that their masses differ by one
amu. The test was fully satisfactory indicating a good mass resolution
as described below. With the experimental conditions optimized, laser
desorbed carbendazim vapour was introduced in the ionization cham-
ber resulting in the time-of-flight spectrum displayed in Figure 2.
Notice not only the excellent signal-to-noise ratio, but also the lack
of significant fragments yield, except for a fragment of mass 71 amu
which can be attributed to the lateral chain of the carbendazim (see
below). A resolution R t/2. (At)FWHM 834 was determined, as can
be deduced from the bottom of the figure, at the mass of this
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FIGURE 2 Top: Carbendazim TOF mass spectrum obtained by MPI. Bottom: Typical
resolution obtained for carbendazim (R---834 for mass= 191 amu).

pesticide (191 amu). The relevant experimental conditions of the
carbendazim ionization are listed in Table I, together with other
experimental features of the technique.

Ionization Dependence on Laser Energy

Figure 3 shows the dependence of the carbendazim ion signal on the
laser energy at a fixed wavelength of 281.5nm. A clear signal en-
hancement with increasing laser energy can be noticed. This energy
dependence is more clearly displayed in the upper part of Figure 4
in which a log-log plot of the data suggests that the carbendazim is
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TABLE Experimental conditions

Pressure in the Ionization Chamber (mbar)
Pressure in the TOF chamber (mbar)
V1 (volts)
V2 (volts)
Vens (volts)
Ionization to desorption distance (ram)
Typical value (mm):
Laser Repetition rate (Hz)
Laser pulse duration (ns)
Delay between lasers (las)
A desrptin ((nmnlE desorption cm2)
A ionization (nm)
E ionization (mJ/cm2)
Number of shots/measurement

10 -6- 5 10 -7

10-7-5 10 -8

1840
1580
230
5-10
7,4
10
4-6
10-70
532

25-75
266 and 281.5

0.5-20
100

ionized through a one colour two-photon process. As noticed earlier a

fragment of 71 amu probably arising from the lateral chain of the
parent molecule has also been monitored. Its laser energy dependence
is also shown in the bottom of Figure 4. The greater slope found
for the latter indicates a higher order multiphoton process than for
the parent molecule. The observation of a slope value of 2.5 for the
fragment ionization dependence on laser energy is not well understood
at the present stage. The fractional value may well reflect the different
contribution of two ionization processes, each one requiring a dif-
ferent number of photons. In this view, while one of these could
be biphotonic, the other would necessarily require a higher number
of photons. Of course the latter should be taken as a working
hypothesis which requires further investigation. It appears that the
fragment is essentially formed in the desorption process as discussed
below.

Desorption Energy Dependence

Figure 5 shows several time-of-flight spectra for the carbendazim as
a function of the desorption laser energy, maintaining the rest of
conditions the same. Notice the significant enhancement of the
desorption yield. A plot of the dependence on the desorption yield is
displayed in Figure 6 as well as for the 71 mass fragment. It is
interesting to point out the smaller desorption energy dependence
of the fragment as compared to that of the parent molecule. This



226 B. BESCOS et al.

0.0

-0.1

-0.2

0.0

-0.1

-0.2

= 0.0

o0.

-o.2

0.0

-0.1

-0.2

I"

I,

IE=0.95 mJ/cm

E,. 0.75 mJ/cm2,

28.0 28.5 29.0 29.5 30.0 30.5 31.0 31.5

Time of Flight (ts)

FIGURE 3 Carbendazim TOF spectra as a function of the ionization energy at
constant desorption energy of 40mJ/cm2. Ionization laser wavelength /i 281.5 nm.

experiment was repeated at different delay times between desorption
and ionization to take into account variations in the initial kinetic
energy of the desorbed molecules with increasing laser desorption
power. The amount of signal was always decreasing when increasing
the energy, indicating fragmentation of the sample in the desorbing
process. Further evidence of it was the presence of new fragments in
the spectrum. The pronounced decline in the desorption yield of the
carbendazim beyond 40mJ/cm2 can be attributed to the onset of
molecular fragmentation as the laser desorption fluence increases.
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FIGURE 4 Logarithmic plot of the intensity of the parent ion (Top) and fragment
(71 amu) (Bottom) signals vs. ionization energy. Laser wavelength 281.5 nm.

Desorption Mechanism: Velocity Distributions
of Neutrals Ejected from the Crystal Surface

In order to measure the velocity distribution of the ejected material
TOF spectra were registered as a function of the delay between the two
laser pulses. Knowing the distance between the desorption and
ionization regions and the delay time, the initial speed of the desorbed
species can be then calculated. Figure 7 shows the carbendazim TOF
spectra as a function of the delay between both laser pulses. Since in
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FIGURE 5 Carbendazim TOF spectra as a function of the desorption energy at con-
stant ionization energy of 7.5 mJ/cm2. (&d ption- 532 nm and /ionization 266 nm).

our arrangement the main component of the velocity lies in the
direction of the TOF axis, the initial velocity of the molecules being
selected by the ionization pulse adds up to the velocity acquired due to
the extracting field and the position of the signal in the time of arrival
spectrum is shifted to longer times with increasing delay times (slower
molecules).

Figure 8 shows the intensity of carbendazim signal as a function
of its velocity for several desorption laser energies, namely 25,
50 and 75mJ/cm2. The most probable velocities were found to
be 260, 290 and 350m/s for the above desorption energies,
respectively. The experimental velocity distributions were fitted by
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FIGURE 6 Intensity vs. desorption energy for carbendazim and fragment (71 amu).
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FIGURE 7 Carbendazim TOF spectra as a function of the delay between the desorp-
tion laser and the ionization laser.
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Maxwell-Boltzmann distributions which are displayed in Figure 9.
The resulting temperatures range from 790 up to 1500 K for de-
sorption energies between 25 and 75 mJ/cm2, respectively, as listed
in Table II. The same type of velocity distributions are shown for the
71 amu fragment in Figure 8b. These velocity distributions correspond
to similar temperatures as found for carbendazim. This is consistent
with a local thermal equilibrium at the surface, dominating the de-
sorption process.

Similar results to those reported here have been published in the
literature for other organic compounds. For example, a study [22]

(a)
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FIGURE 8 Intensity vs. velocity of the ions for different desorption energies. The
dashed lines represent the maxwellian fit to the data. (a) Carbendazim. (b) Fragment
(Mass 71 amu).
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FIGURE 9 Evolution of the velocity energy distribution with the desorption energy
for the carbendazim ions.
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TABLE II Temperature obtained from the kinetic energy distributions
of the desorbed molecules at the different laser desorption energies

Desorption energy (mJ/cm2) Temperature (K)

25 791
50 949
75 1455

on the desorption of aniline from a metal surface revealed that the
velocity distribution of desorbed neutrals could be fitted by a
Maxwell-Boltzmann distribution with a temperature of 700 K. This
study suggests a thermal mechanism dominating the desorption
process. However the same translational temperature of the desorbed
particle distribution was found for different laser desorption energies,
the desorption yield being the major observed change with laser
energy. In contrast our results indicate not only a substantial increase
in the desorption yield of carbendazim, but also a linear increase of
the translational energy of desorbed neutrals.

This trend can be expected from a substrate mediated thermal
desorption mechanism. In other words, the carbendazim absorption
plays a minor role on the desorption. This is not, in principle, sur-

prising as the employed laser photon at 532nm is far from any
absorption band of the carbendazim.
On the other hand, there are some studies in which bimodal

(translational) energy distributions were found for neutral desorbed
species, as for example in Rhodamine 6-G and anthracene [23] and NO
[16]. In these experiments a very fast component followed by a slow
(Maxwell-Boltzmann type) component were found. As far as the
present results are concerned the fast component, if it exists, is a very
minor component which could not be resolved under our experimental
resolution.
Zhang et al. [24] investigated benzimidazole (a carbendazim like

molecule) and a unique thermal velocity distribution was found. The
average velocities calculated were slightly higher, but comparable
to those of the present study. This could be a consequence of the
lower mass of benzimidazole compared to that of carbendazim,
when, as it is the case, the average translational energies they ob-
served were very similar. An interesting aspect of that study was
the finding of a cooling effect, i.e., a decrease in the internal energy
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of the desorbed neutrals, as the ionization region distance to the
surface increased. In addition, the same authors found that this
cooling effect also depends on the matrix used to support the sam-
ple. The observed trend was that the simpler the molecule forming
the matrix the higher the cooling of the internal modes of the de-
sorbed neutrals. In our experiments we did not use a matrix to
facilitate this cooling. Furthermore the geometry of our design does
not allow ionization beyond 30mm from the Pyrex surface which
may justify why our average velocity values are smaller than those of
benzimidazole.
As mentioned above the time-of-flight spectrum of carbendazim

under our experimental conditions, listed in Table I, shows two peaks
corresponding to 191 and 71a.m.u. The 191amu peak is that of
carbendazim molecule and that of 71 amu may probably originate
from the lateral chain of the molecule after fragmentation.
The fragment is formed irrespective of the desorption laser wave-

length (e.g., 1064nm or 532nm). One could argue about the pos-
sibility that it is a sample impurity. However a HPLC analysis of
the carbendazim resulted in a percent purity greater than 99,9%. To
account for the significant signal peak of the 71 mass one must then
suppose a much lower ionization probability for the carbendazim than
for the impurity and this hypothesis seems very unlikely. In addition,
from Figure 4 one can observe that this fragment shows a higher ord-
er ionization process than carbendazim.

It is interesting to remark that both carbendazim and fragment
velocity distributions can be described by similar temperatures. This
is illustrated in Figure 10 in which the translational energy distribu-
tions are also shown at the bottom. The estimated temperatures for
carbendazim and its 71amu mass fragment are 855K and 825K,
respectively for a desorption energy of 30mJ/cm2. When this is
increased up to 60mJ/cm2 temperatures of 1160 K and 1070 K were
then obtained, respectively.

This finding combined with the observation that both parent and
fragment translational energies follow a similar trend with desorption
energy suggest that a thermal mechanism is probably controlling the
process. In addition it may also indicate that fragmentation occurs
right at the desorption region. A possible fragmentation scheme could
involve molecular rearrangement of the excited parent molecule after
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excitation by the desorption photon. Schematically:
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FIGURE 10 Top: Velocity distributions, G(v), for carbendazim and fragment (71 amu)
for different desorption energies. Bottom: Kinetic energy distributions, P(E), for
carbendazim and fragment (71 amu) for different desorption energies.

To reinforce the latter hypothesis, against that where fragmentation
occurs during carbendazim ionization, several observations can be
considered. Namely:

(a) Many fragments appear when the fluence of the ionization laser is
increased. Both parent and fragment signal peaks are broad,
however the 71 amu peak remains narrow.
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(b)

(c)

If the 71 amu fragment were produced during the ionization of
the carbendazim vapour, the fragment velocity distribution would
appear centered at the most probable velocity of the parent
molecule. Thus assuming an isotropic distribution of the frag-
ments the only consequence would be a broadening in the velocity
distribution. Nevertheless the observation is against it, as the ex-

perimental distribution does not follow that pattern. In contrast,
it shows higher velocities than those of the parent molecule, but, as
already mentioned, with a similar mean translational energy.
The observed desorption threshold for the fragment seems to
be higher than for the carbendazim (see Fig. 6 for a better
illustration).

CONCLUDING REMARKS

A technique based on laser desorption and laser ionization coupled
with time-of-flight mass spectrometry has been set-up to investigate
desorption processes of organic adsorbates. In particular, a study of
carbendazim desorption has been carried out leading to the following
conclusions:

(a)

(b)

(c)

Carbendazim laser desorption at 532 nm seems to be an efficient
process with minor fragmentation except for a 71 amu fragment.
The latter seems to be produced by molecular re-arrangement of
the carbendazim lateral chain after molecular thermal excitation
during the desorption process..
Carbendazim ionization at 266-281.5nm range seems to occur
through a two-photon process with significant ion yield and little
fragmentation.
The velocity distributions of the desorbed neutrals can be well
described assuming a thermal mechanism controlled by the surface
temperature. In other words, the carbendazim absorption plays
little role, the desorption yield being dominated by a thermal
substrate-mediated mechanism.

Finally, the present technique is shown to be very promising in
chemical analysis for environmental samples containing pesticides.
This will be particularly interesting when the optimized resonant-
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enhanced-multiphoton ionization (REMPI) of such samples is
available as it will lead to high sensitivities in their analysis. Work is
in progress along this direction for analysis of solid materials, and
specifically for agricultural samples. First results from this research
activity has been the subject of a recent publication [33].
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