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The gas phase reactions of metal plasmawith alcohal clusters were studied by time of flight mass spectrometry
(TOFMS) using laser ablation-molecular beam (LAMB) method. The significant dependence of the product cluster
ions on the molecular beam conditions was observed. When the plasma acted on the low density parts of the pulsed
molecular beam, the metal-alcohol complexes M*A, (M=Cu, Al, Mg, Ni and A=C,HsOH, CH;OH) were the
dominant products, and the sizes of product ion clusters were smaller. While the plasma acted on the high density
part of the beam, however, the main products turned to be protonated alcohol clusters H A, and, as the reactions of
plasma with methanol were concerned, the protonated water-methanol complexes H;O'(CH3OH),, with alarger size
(n<<12 for ethanol and n<24 for methanol). Similarly, as the pressure of the carrier helium gas was varied from
1X10° to 5X 10° Pa, the main products were changed from M A, to H"A, and the sizes of the clusters also in-
creased. The changes in the product clusters were attributed to the different formation mechanism of the output ions,
that is, the M"A,, ions came from the reaction of metal ion with alcohol clusters, while H* A, mainly from colli-

sional reaction of electron with alcohol clusters.
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Introduction

Numerous studies on the chemical reactions of tran-
sition metal ions with various molecular clusters in the
gas phase have been carried out to clarify the catalytic
activity of metal ions and the mechanisms in many im-
portant organometallic reactions.”” The study of gas
phase chemistry of these ions can provide intrinsic
chemical and physical properties, and can contribute to
a better understanding of their behavior in condensed
phase. Methanol and ethanol are widely used chemicals
and often methanol emerges as a reaction intermediate
and a precursor in synthesis, decomposition, and oxida-
tion reactions involving hydrocarbons. There are many
literature data about the reaction of their molecules and
clusters with alkaline and transition metals®*’ In these
combined metal-alcohol systems, the principal cluster
series have been presented as M*A,,, and for some of
the systems, evidence of the H-elimination of M "A,, has
been reported. Lu and coworkers®™? studied the reac-
tions of alkaline earth metal ions with methanol clusters
in the ion detector chamber using laser ablation-mole-
cular beam method and reported the H-elimination
products of metal-methanol complexes. Koo™ studied
the intracluster ion-molecule reactions of Ti with etha-
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nol and t-butanol clusters and reported the H-elimina-
tion products. Farrar'’ reviewed the reaction of the alka-
line earth metal ions of Mg", Ca’, and Sr'with some
polar solvent molecules such as CH3;OH and their deu-
terium products, and reported the hydrates of these
metal ions. The metal ions in the experiments
mentioned above were generated from laser-ablated
plasmafrom a metal target, either in the source chamber
or the detection chamber of the TOFMS, and diffused to
the vacuum without further restriction.

In the present work, by introducing a reaction cell
out side the pulsed valve in the source chamber of
TOFMS, we hope to increase the probability of the col-
lision induced reaction to see if there are some new
phenomena when acohol beams act with the metal
plasma. Actualy, we found the very interesting de-
pendence of the sizes and species of the output cluster
ions on the molecular beam density, which reflects the
different origination of these ions, as will be discussed
in detail.

Experimental

A schematic diagram of the LAMB/TOFMS is
shown in Figure 1, consisting of two differentially
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pumped chambers: the source chamber and the detec-
tion chamber. Reactant CH3;OH or C,;HsOH seeded in
helium with a backing pressure of 0.1—0.5 MPa was
introduced through a pulsed valve (General valve with
0.8 mm orifice diameter, opening time 300 pus) to the
source chamber, which was pumped by a 1500 L/s dif-
fusion pump. After passing the valve, the mixture gases
went through a reaction cell with inner diameter of 2
mm and length of 30 mm, where they reacted with the
metal plasma. The plasma was generated by the second
harmonic output at 532 nm of a Q-switched Nd: YAG
laser (25 ns pulse width) to strike the rotating solid
metal target located 20 mm downstream from the nozzle.
The laser beam was weakly focused to a spot of 1 mm?
by a 500 mm focal length lens. The laser flux at the tar-
get surface was varied in the range of 20—50 mJ/pulse.
The resulting ions were skimmed by a 2 mm conical
skimmer and cooled down as they traveled to the detec-
tion chamber, which was pumped by a 1200 L/s
turbo-molecular pump, with the distance of 90 mm from
nozzle to skimmer. The resulting pulsed beam entered
the extraction region of a TOFMS, placed 90 mm from
the skimmer. Under the inlet frequency of 10 Hz, the
pressures in the source and detection chambers were
about 1X 10 % and 3X 10 * Parespectively.
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Figure 1 Schematic diagram of the experimental setup for the
coupling of a laser ablation-molecular beam source with an or-
thogonal time-of-flight mass spectrometer.

The positive and negative ions that were produced
directly from the reaction of plasma and the sample gas
were studied without further use of ionization. Follow-
ing a delay of typica 80—200 us after the laser shot,
the ions were extracted by 1150 V pulsed €electric field
applied to the repeller. The ion extraction pulse has a
rise time of 100 ns, and the accelerated ions then trav-
eed through a 500 mm long field-free region, which
was terminated at a double microchannel plate detector.
The mass spectra were recorded by a 1 G/s 100 MHz
digital oscilloscope coupled with a personal computer
and by a cumulative collection of 128 laser shots at a
repetition of 10 Hz. Analytical grade CH3;0OH, C,HsOH,
and metal target of Ni and Cu (99.5%) were used with-
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out further purification.

Results and discussion

Dependence of the product cluster ion species on the
laser delay and the pressure of the carrier gas

By fixing the pressure of carrier gas at 0.2 MPa and
setting the delay 7; of the laser shots to the opening of
pulsed valve at 0.44 and 0.92 ms, two typical mass
spectra of nickel plasma reaction with methanol were
got and shown in Figure 2. As we can see, the main
products in Figure 2a are metal-methanol complex clus-
ters of Ni'(CH3OH)g 15 and protonated methanol clus-
ters of H'(CH3OH)71,. While the delay 7, was set at
0.92 ms, the dominant clusters were changed to
H " (CH30H)14 23 and protonated water-methanol cluster
HsO " (CH3OH)13 2 of much larger sizes and much
weaker intensities, as shown in Figure 2b. An overall
dependence of the resulting clusters on the laser delay is
displayed in Figure 3, which was obtained when 0.2
MPa helium was used as carrier gas. As r; was in-
creased from 0.33 to 0.46 ms, the sizes of the clusters
increased, while 7; was changed from 1.12 to 1.52 ms,
the cluster sizes were decreased.

To investigate if this dependence on delay time was
universal in the experiments by the present method, the
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Figure 2 Time of flight mass spectrum obtained from reaction
of Ni plasma with methanol at carrier gas pressure of 0.2 MPa
and laser shot delay of 0.44 (a) and 0.92 ms (b).
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Figure 3 Time of flight mass spectra obtained from reaction of
Ni plasma with methanol at different laser delay of 0.33—1.52
ms, and the backing pressure of heliumis 0.2 MPa.

nickel target was firstly replaced with aluminum, mag-
nesium and copper target one by one, and methanol was
substituted with ethanol to repeat the experiment pro-
cedure. To our expectation, the produced ion clusters
displayed the same trends to the laser delay, i.e. the
metal-alcohol complex clusters M A, and protonated
alcohol clusters H A, of relatively small sizes were the
main ion species at the small and large 7; values, while
H' A, and HsO" A, of large sizes characterized the mass
spectra at moderate 7; values. Four typical mass spectra
of Cu plasma reacted with ethanol at backing pressure
of 0.2 MPa are shown in Figure 4 to illustrate the simi-
larity. When 7; was 0.4 ms (@), the main products were
Cu' (C,Hs0H),, and H' (C,HsOH),, of small sizes (n<<6)
and equivalent intensities. The highest peak corresponds
to H'(C,HsOH)s. When 7, was 0.44 ms, however, the
Cu"(C,HsOH), clusters (n<8) became the dominant
product with the highest peak of Cu’(C,HsOH)e. As 71
was increased to 0.48 ms, the main products were
switched to the H'(C,HsOH), series (n<<11) . As
went on increasing, the sizes of the cluster ions were
increased (n<<12) while the intensities decreased ap-
parently. The highest peak of the Cu’(C,HsOH), series
corresponded to n=4, 5, 7, 8in a, b, ¢, d respectively.
Similar to Ni-methanol reaction, no magic number was
recognized.

Since the different laser delay time t; means that the
laser ablated metal plasma interacts with the different
parts of the beam, i.e., small z; will correspond to that
the plasma can interact with the front part of the mo-
lecular beam, while large 71 will correspond to that the
plasma can interact with the tail of the beam, and mod-
erate values of r; mean that the interactions take place at
the middle densest part of the beam. Naturdly, the
changes of the sizes and species of the resulting clusters
can be speculatively associated with the local density of
the molecular beam, which will be varied at the differ-
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ent parts of the beam.
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Figure4 Time of flight mass spectra obtained from reaction of
Cu with ethanol at different laser delay time: (a) 0.40, (b) 0.44, (c)
0.48, and (d) 0.50 ms, and the backing pressure of helium 0.2
Mpa

As varying the pressure of the carrier gas was an ef-
ficient way to change the local density of the beam, the
Cu-ethanol reaction was repeated at four different
backing pressures of 0.2, 0.3, 0.4 and 0.5 MPa with the
laser delay fixed at 0.46 ms, while the time of flight
mass spectra are displayed in Figure 5.

The intensities and sizes of the output cluster ions
were changed with either the laser delay or the pressure
of the carrier gas. It isinstructive to see how the density
was distributed in the pulsed molecular beam. Clusters
were well known able to be efficiently generated when
the pulsed molecular beam passed through the nozzle.
In the head of the beam (r;=0.33—0.42 ms), the den-
sity of the mixed reactant and carrier gas was relatively
small, and the size of the reactant clusters was small. In
the middle part (r;=0.42—1.02 ms), the density and the
size became much larger, while at the tail of the beam
(rp=1.02—1.52 ms), these variables once again became
smaller. The incremental ionic cluster sizes when 7; was
increased from 0.32 to 0.46 ms or decrementa cluster
sizes when 1; was increased from 0.46 to 1.52 ms in
Figure 4 were consistent with the size distribution of the
clustersin the beam.

To manifest the changes of the signal intensity, the
following process should be considered. When the laser
ablated plasma acted on the head and the tail part of the
beam where the local density was relatively low, both
the metal ions and the hot molecules had a longer free
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path, and could reach the central line of the reaction cell
and collide with the reactant gas to form some
small-sized metal-alcohol complexes. When the plasma
acted on the much denser middle part of the beam, the
M "could barely touch the reactant molecules, and the
intensities of the M A, clusters were decreased greatly.
Asto electrons, because of their longer free paths, some
of them could till reach the central line to react with the
acohal gas to form the protonated clusters. Hence the
drop of the intensities of H' A, was not so sharp as that
of M"A,. When the carrier pressure went up from 0.2 to
0.6 MPa, the same part of the beam was to become
denser and the products were to undergo a transforma-
tionfromM A, and H A, toH A, .
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Figure5 Time of flight mass spectra obtained from reaction of
Cu with ethanol at different pressure of carrier gas: (a) 0.2, (b)
0.3, (c) 0.4, (d) 0.5 MPa, and the laser delay 7; of 0.46 ms.

The reaction of Cu plasma with ethanol beam
backed by carrier gas of 0.2—0.5 MPa is illustrated in
Figure 5. Seen from spectrum a, the main resulting clus-
ters are metal-ethanol complex clusters Cu*(CzHE;OH)n
and protonated ethanol clusters H' (C,HsOH), of equi-
valent intensities at 0.2 MPa. When the pressure was set
at 0.3 MPa (b), the intensities of Cu'(C,HsOH),, series
were decreased evidently and H' (C,HsOH),, became the
dominant products. When the pressure went on to 0.4
MPa (c), the overall intensities of the mass spectra were
decreased. When the pressure was set at 0.5 MPa (d),
the intensities were weakened apparently together with
a deteriorated resolution, and the only discriminable
series was H*(CZHsoH)n. When the pressure was raised
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further higher, the whole spectrum became undistin-
guishable (not shown in the Figure 5) and the intensity
was decreased monotonously.

Reaction mechanism

It has been generally accepted that the metal alcohol
complexes stem from the association reaction between
the metal ions and alcohol clusters, while the associa-
tion products are probably stabilized by evaporation of
one or more molecules or by collision with the carrier
gas'12,15

M'An— M A +AL . (N<m-1) (1)

As in some other researches, the formation of the
protonated methanol or ethanol clustersis mostly due to
the collision of electrons with the methanol or ethanol
clusters comlpanied with evaporation of one or more
molecules.*>*®

e+ (CgHsOH)m—> H+(C2H50H)n+
C2H50(C2H50H)m7n71+28 (né m— 1) (3)

e+ (CHzOH)m—H " (CH3OH),+
CH30(CH30H)m n+2e  (nsm—1) 4

The probable pathways for the formation of the pro-
tonated water-methanol clusters are the combination of
methanol with protonated water to arise from the
multi-collision of the metal plasma and the methanal,
and the intra-cluster elimination of a neutral dimethyl
ether CHzOCH; from the H* (CH30H), clusters:™

H " (CH3OH)—H30 " (CH30H)m->+CH3OCH;  (5)

Conclusion

The gas phase reaction of metal plasma with alcohol
clusters was studied by LAMB method. Cluster ions of
M*A,, H A, (A=CHzOH, C,HsOH) and H;O " (CHsOH),,
were detected. Dependences of the species and sizes of
the product clusters on the laser shot delay and on the
pressure of the carrier gas were attributable to the dis-
tribution of local density in the beam.
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