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The Application of Multi-Photon Ionization Mass Spectrometry to the Study
of the Reactions ° + C2H4 , F + C3H6 , F + c-C3H6, F + CH30H,

H + CH20H and ° + CH30

P. Heinemann-Fiedler and K. Hoyermann

Institut fiir Physikalische Chemie der Universitat Gottingen, TammannstraBe 6, D-3400 Gottingen

Chemical Kinetics / Mass Spectrometry / Multi-photon Processes

The experimental arrangement of a time-of-flight mass spectrometer with multi-photon ionization and electron impact ionization is
described. This set up was combined with a discharge flow reactor and a molecular beam sampling device. The detection of the radicals
CH], C]H 5, CH20H and their deuterated analogs by the wave-length selective multi-photon ionization allowed the identification of
primary products of elementary reactions in the gas-phase (around 1 mbar). The branching ratios for the reactions

o + C2H4 -+ CH] + HCO

F + C]H6 -+ CH] + C2H]F

F + c-C]H6 -+ c-C]H5 + HF

were determined as (0.5 ± 0.15), (0.5 ± 0.1), (0.95 ± 0.05), respectively. - For the reactions of the CH20H and CH]O radicals with H
and 0 atoms, the following reaction paths were established:

(30%)

-+ CHDOH + H

(>50%).

rangement has been applied to the study of primary prod­
ucts of elementary chemical reactions in the gas-phase.

2. Experimental

The experimental arrangement is shown in Figs. 1 and 2 in some
detail.

Time-or-Flight (TOF)-Mass Spectrometer

The home-built time-of-flight mass spectrometer was designed
on the principles of [2] and another realization of the Bendix type
MA 2 with major modifications. It consists of the ion source, the
ion extraction and drift tube, and the ion detection system. The ion
source is formed by two parallel plates (3 em x 3 em, distance
0.8 em) with Ni plated mesh (Buckbee-Mears Comp., MN 17.23
transmission 82.9%) at ground potential. The molecular beam is
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Principle arrangement
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1. Introducnon

An enormous amount of interest has been shown in the
elementary chemical reactions underlying such important
gas-phase processes as pyrolysis, combustion of hydrocar­
bon and formation and destruction of air-pollutants,

Detailed experimental studies have been performed using
different reactor types (e.g. static photolysis, discharge flow
reactors, shock tubes), detection methods (e.g. absorption
spectroscopy, LIF, LMR, gaschromatography, mass spec­
trometry) and sampling techniques (molecular beam, pin
hole, cold trap). The method "discharge flow reactor/mass
spectrometric detection" - the topic of this paper - has
attracted special attention for obvious reasons: (i) simple
production of atoms and radicals by microwave discharges
and a good reaction time resolution by fast gas flows; (ii) a
variety of sampling devices due to the stationary conditions
in the reactor; (iii) mass spectrometry as a universal detec­
tion method. Mass spectrometry/electron impact ionization
is widely used in the detection of molecules and radicals;
fragmentation patterns of stable species allow the identifi­
cation of isomers under specific experimental conditions,
although the fragment ions can interfere with the detection
of radicals present in the reaction mixture. Now a new
method - the multi-photon ionization (MPI) by lasers at
a radical specific wave-length - is experimentally available.
(For a recent review see [1]). In this paper we want to de­
scribe an experimental arrangement which combines the ad­
vantages of a discharge flow reactor/molecular beam sam­
pling, and mass spectrometric detection with electron impact
ionization and multi-photon ionization of radicals.' This ar-
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Results and Discussion

1. Test of the Experimental Arrangement

The performance of the experimental arrangement is dem­
onstrated in Fig. 3, where several original mass spectra are
shown. In Fig. 3a the electron impact mass spectrum of
C3H6 exhibits a good signal-to-noise ratio and an adequate
mass resolution. In Fig. 3b the MPI mass spectra of the
radicals CH 3, CHzD, and CHDz are presented. The CH 3

radicals were produced by the reaction of F atoms with CH 4

Fig. 2
Schematics of the experimental arrangement of the discharge flow
reactor/molecular beam samplingjMPI-EI-TOF-mass spectrome-

ter -

crossed at 90° by the laser beam in the center of the free volume.
The dye laser (Lambda Physik FL 2002) is pumped by an excimer
laser (Lambda Physik EMG 101) with a pulse duration of 20-25
ns and a repetition rate of up to 20 Hz. The laser is focussed into
the ionization center by different lenses (j = 40, 100,200,400 mm)
depending on the experimental conditions for detection. The elec­
tron gun for electron impact ionization (EI) (Rhenium wire 0.1 mm
diameter, current 4 - 5 A) fires at 45° to the laser/molecular beam;
the electron energy can be varied from 20 to 100 eV and the electron
beam pulse is adjusted to a width of 0.5- 5 I1S with a repetition
rate up to 15 kHz. The electron emission is controlled automati­
cally, via an electron trap current, by the filament current. Two
magnets across the arrangement emission cathode/trapping anode
assure a small effective ionization volume. The ions (both in MPI
and EI mode) are extracted by applying short pulsed voltages across
the plates (first stage: 0-100 V (0.5- 5 I1s), second stage: 0-300 V
(0.5-5I1S» and a constant main acceleration field (-1 kV to
-3 kV). The voltages, the gate pulses and the delays are adjusted
for maximum ion intensity and mass resolution. The drift tube
(150 ern length) contains a cylinder of stainless steel mesh on the
low negative potential of the last acceleration plate. Some electro­
static lenses focus the ion beam onto the detector. The low negative
voltages are adjustable from voltage dividers of a high stability
voltage supply (Fluke 415 B). The detector consists of two micro­
channel plates (Varian 8946, 25 mm diameter) separated by a 4 11m
Cu foil and imbedded in a ceramic housing (Macor). Typical op­
eration voltages (from a Nukletron 12508 voltage supply) are
0.8-1 kV per plate and a potential difference of 500 V from plate
to anode.

After amplification by the detector (gain 10000), the voltage over
a 50 Q resistor is further enhanced by a fast amplifier (500 MHz,
LeCroy, VV 100 B), the rise time is below 1 ns. The full time-of­
flight mass spectrum is recorded by a fast transient digitizer (LeCroy
SA 3500, 200 MHz), averaged over typically 100-10000 cycles and
analyzed by a microcomputer/read out set up.

The operation of the mass spectrometer is easily switched from
the EI to the MPI mode; in the MPI mode the trigger is set by the
scattered light of the laser on a photomultiplier.

The oil free vacuum of 10- 5 mbar in the ion source is maintained
by turbo molecular pumps (single stage molecular beam sampling:
450 I/s Leybold; double stage, differential pumping: 150 l/s); the
drift tube is evacuated independently « 10-6 mbar) by a 150 I/s
turbo molecular pump.

and the deuterated methyl radicals by the atom-radical re­
action

(The MPI spectra of CH 3 and CD 3 have been described in
detail by Hudgens et al. in a series of papers, see for e.g.
[1, 4].) In our study the transition 3 d zE"Og at 2 =

450.8 nm for CH 3 was chosen, the corresponding transition
of CD 3 is shifted to 2 = 451.3 nm. The reactions (2a), (2b)
are known to be fast [5].

Fig. 3b clearly indicates the detection of CH 3 radicals in
the presence of high excess of CH 4 without fragment ion
formation at m]e = 14, 13 and with a good signal-to-noise
ratio. Good mass resolution is demonstrated in Fig. 3b2.
The ion signals at the masses 15, 16, 17 do not correspond
quantitatively to the CH 3, CHzD, CHDz concentrations, as
the absorption coefficients at the fixed absorption wave­
length (2 = 450.8 nm) are different. The better mass reso­
lution in the MPI experiment compared to electron impact

Discharge-Flow-Reactor
The discharge-flow-reactor has been described previously (seefor

example [3]). Only the essentials are presented here (see Fig. 2).
The atoms (F, 0, H, D, N) are produced in Fz, Oz, Hz, n, and Nz
mixtures with He by a microwave discharge. Oxygen atoms free
from molecular oxygen are favourably generated via the reaction
N + NO --+ N z + Oep). The other reactant (hydrocarbon, NO)
is diluted with inert gas and injected into the main gas flow. High
flow velocities (up to 80 m/s) are maintained by a large rotary pump;
the reaction times are varied by the flow velocity or by the distance
between injection probe and sampling orifice.

Molecular Beam Sampling
The arrangement of the sampling nozzle and the skimmer is

shown in Fig. 2 for the differentially pumped double stage set up.
(Orifice diameter: 0.6 mm (nozzle), 1.0 mm skimmer). This arrange­
ment is used at "high" pressures in the flow reactors (> 1.3 mbar),
for low pressures a one stage expansion is feasible. The mounting
is such that the flow reactor, the sampling nozzle, the skimmer and
the ion source are aligned via sliding seals and bellows. The quality
of the molecular beam (low divergence) and the position can be
checked by sweeping the narrow laser beam through the molecular
beam in the ion source and thereby measuring the concentration
profile of the molecular beam.

Substances
The chemicals were of commercial grade. (He (99.996%), Ar

(99.998%), Nz (99.998%), Oz (99.995%), Hz (99.996%), n, (99.7%),

D + CH 3 -+ CHzD + H

D + CHzD -+ CHDz + H.

(1)

(2a)

(2b)



t474 P. Heinemann-Fiedler and K. Hoyermann: The Application of Multi-Photon Ionization Mass Spectrometry etc.

2. Primary Products of the Reaction 0 + C2H4

The primary products and branching ratio of the different
reaction channels of the reaction 0 + C2H4 have been dis­
cussed in the literature (see [7 -14]):

Fig. 3
(a) Mass spectrum (electron impact ionization) of propene dem­

onstrating the mass resolution of the TOF mass spectrometer
(b) Mass spectra of CH] radicals

(bt) Detection of the CH] radical by MPI at A. = 450.8 nm
(dye: Coumarin 2; 6 mJ laser energy; averaged signal from
500 laser shots; CH] concentration in the flow reactor:
3 . 10-4 mbar; background pressure in the ion source:
6 . 10-6 mbar [CH4]0/[CH]] = 50)

(b2) MPI mass spectrum at A. = 450.8 nm Addition of D atom:
CH] + D -+ CH2D + H, CH2D + D -+ CHD2 + H
(conditions as in (bI)

(4)

(5)

(6a)

(6b)

(6c)

(3a)

(b)

(c)

--+ C2H3F + CH 3

--+ C3HsF + H.

The methyl radical CH 3 has been identified by its MPI spec­
trum at A = 450.8 nm and the allyl radical C3Hs by its MPI
spectrum at A = 498.5 nm. These are the absorption wave­
lengths already reported by Hudgens et al. [1, 17], who
analyzed the spectra in detail. By calibration procedures
(F + CH4 , reaction (1) route (6b) was found to contribute
50 ± 5% to the total reaction. Route (6c) is a minor route
(10%), as estimated from the EI mass spectrum of C3HsF,
leading to a contribution of around 40% for route (6a).

3. Primary Products of the Reactions F + C3H6 and
F+C-C~6

The primary products of the reaction F + propene have
been identified by EI and MPI mass spectrometry resulting
in the following reaction scheme:

are fast [15, 16] (k4 = 8.4' x 1013 cm3jmol s, k, = 3 X 1013

cm3jmol s),
This complicates a direct absolute determination of the

branching ratio.
At high excess of C2H4 ([C2H4]oj[O]0 > 500) secondary

radical consuming reactions like (4), (5) are suppresed. Un­
der these experimental conditions CH 3 radicals were de­
tected by MPI. An absolute calibration of the amount of
CH 3 formed with the amount of C2H4 consumed was not
possible for these initial concentration ratios. At lower ex­
cess of C2H4 ([C2H4]oj[O]o = 10- 50), however, the ratio
Ll[CH3]jLl[C2H4] ~ 0.37 was determined. The procedure
involved determining the relative EI mass spectrometric sen­
sitivity of C2H4 and CH 4 and the MPI sensitivity of CH3

with respect to the EI sensitivity of Ll[CH4] (see reaction
(1». The value of k(3a)jklolal ~ 0.37 is a lower limit as CH3

radicals are consumed via reaction (4). From the mass spec­
trometric measurement (EI) of HCHO and the numerical
simulation of the full reaction scheme (reaction (3), (4), (5))
the ratio k(3a)jktolal :::::: 0.5 ± 0.15 is deduced. (The error
margin stems from the uncertainties of the successive cali­
bration procedures.)

The value of k(3a)jk(3) :::::: 0.5 lies within the values re­
ported so far [7-14] (0.95; 0.95; 0; 0.64; 0.44; 0.21; 0.73;
0.5).

O+C2H4 --+ CH3+ HCO

--+ C2H30+H

--+ CH 2CO + H2 •

The reaction (3) is slow at room temperature (k3 = 4.5 X

1011 cm3jmol s, see [15]), whereas the secondary radical reac­
tions

o + CH 3 --+ HCHO + H

0+ HCO --+ CO 2 + H

--+ CO+OH
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ionization is explained by the smaller ion production volume
and by the energy collimation [2].

The MPI mass spectrum of CH 3 may be compared to the
EI mass spectrum at 100 eV, showing the different fragmen­
tation pattern (the ratio of the ion signals at mje = 15, 14
is 1(15): 1(14) = 47: 100). However, it should be borne in
mind that at a lower ionization energy the cracking is dras­
tically reduced albeit with a large reduction in the total ion
intensity. (For the fragment ion formation of CH 3 at m]e =
15, 14 as function of electron energy see [6]).
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The reaction of F atoms with cyclopropane (the isomer
of propene) has been studied previously [18] and found to
be fast, too. In that study, the main reaction has been iden­
tified as

F + c-C3H6 -+ c-C3Hs + HF .

An isomerization reaction of the radical

(7)

c-C3Hs + H -----+ c-C3Ht

t
C3Ht

(lOa)

(lOb)

(10c)

(12a)

(12b)

(11a)

(11b)

(13a')

(13a")

(13b)

(9a-D)

(10c-D)

F + CH 30D -----+ HF + CHzOD

-----+ DF + CH 30

F + CDzHOH -----+ DF + CDHOH

-----+ HF + CDzOH

-----+ HF + CDzHO

F + CH 30H -----+ HF + CHzOH

-----+ HF + CH30

is observed as illustrated in Fig. 4b 3•

The low yield of allyl radicals in the reactions (7) and (8)
is in some contradiction to [17], where the c-C3Hs isomer­
ization reaction to C3Hs was suggested to be dominant.

4. The CH20H, CH30 Radicals and their Reactions with
Hand 0 Atoms

The CHzOH radical is an important radical in the oxi­
dation and pyrolysis of the alternative fuel CH30H in com­
bustion systems, as primary attack on CH 30H by atoms
and radicals yields CHzOH. Since the sensitive detection of
CHzOH by MPI [1, 19] is known, new studies of the reac­
tions of CHzOH are possible. The specific wave-length se­
lective detection of CHzOH should considered in the light
of the fact that in EI mass spectrometry the CHzOH+ ion
is the dominant ion of all primary alcohols.

The reactions of F atoms with normal methanol CH30H

and with the partially and fully deuterated methanols
CH30D, CDzHOH, CD30H, and CD 30D have been stud­
ied with respect to the wave-length dependent ionization of
the hydroxy methylene radicals:

is a minor channel, as seen from the low C3H4D signal at
m]e = 42 in Fig. 4b 3•

From the reaction scheme (10), transformation of c-C3Hs
radicals to C3Hs radicals by reaction with H atoms would
be expected. This is demonstrated in Figs. 4b h bz, where an
increase in C3Hs radicals due to reaction of c-C3Hs with H
atoms is observed; the radical isomerization reaction via
(lOa), (lOb) and (10c) can be thought of as a titration reac­
tion of c-C3Hs radicals. Using D atoms the corresponding
reaction

The MPI measurements, presented in Fig. 4, support these
mechanisms. As seen from Fig. 4a, and az, H atoms remove
C3Hs radicals by the reactions (9a), (9b); the isotope ex­
change reaction

(8)

(9c)

(9b)

.---

10,1 lb,l

f---- •41 42 m/e 41 42

10,1 Ib,1

- -
41 42 mi. 41 42

(0)1 Ib)l

f---- - t41 42 mi. 41

According to the study [18], the following reaction
schemes hold at pressures of around 1 mbar

Fig. 4
The detection of C3Hs radicals by MPI (Production of C3Hsradicals
via reaction (6a): C3H6 + F -+ C3Hs + HF; A. = 498.5 nm; dye:

Coumarin 307; 7 mJ laser energy; 500 laser shots)
(a.) C3Hs concentration in the reactor: 2 . 10-4 mb
(az) addition of H atoms
(aJ) addition of 0 atoms
(b.) Reaction (7): c-CJH6 + F -+ c-C3Hs + HF

(wave-length A. = 498.5 nm)
(bz) addition of H atoms

{detection wave-length as c.)
(b.) addition of 0 atoms

(see text)

z
8

has been neglected, as the recombination product of c-C3Hs,
bi-cyclopropane, was detected. However, in the MPI study
of reaction (7) small signals at mass mje = 41 were detected,
as shown in Fig. 4 b., A calibration routine using reaction
(6a) as a standard yields a contribution of the allyl radical
in reactions (7)and (8) of around 5%. The proof that c-C3Hs
is the main product of reaction (7) was established by the
reactions of the C3Hs radical with hydrogen and deuterium
atoms.
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(21)

(22)

(23)

(24)

(18)

(17)

(16)

(19)

(20)

CH30H. F CI!JOO.F [0,00. F

E)·!OOeV E(.!OOeV EI.l00eV

n ~rr
29 30 3! 32 33 m/e 29 30 31 32 33 m/e 29 30 31 32 33 34

PI)..486.7om PI)..486.90m P( )..488.4 om

and

CHzOH + H ---+ CHzO + Hz

CH30 + H ---+ CHzO + Hz

By calibration procedures the contributions of CH 3 forma­
tion from both reactions to the total reaction was found to
be in the order of 30%. This is in agreement with the pre­
vious study where the main reaction route (abstraction)

CHzOH and CH30 were prepared via reaction (11). The
consumption of CHzOH and the formation of CHzOD was
observed in the reaction of CHzOH with D atoms:

is endothermic the non-detection of CDzOH in the exo­
thermic reaction

(The radicals detected by MPI are underlined.)
CD 30 and CDzOD were produced via reaction (15). As

the reaction

CHzOH + D ---+ CHzD + OH

CH 30 + D ---+ CH 3 + OD

Fig. 6
Comparison between the EI (100 eV) and MPI mass spectra of the
radical mixtures hydroxymethylene/methoxy radicals as produced

in the given reactions

shows that no CH 30 radical isomerization is present.
Following the radical production via (11) and (15), the

reactions with D and H atoms result in methyl radical for­
mation

CDzOD + H ---+ CDzH + OD

CD30 + H ---+ CD 3 + OH.

(15a)

(15b)

(14a)

(14b)

(OZOH
mil' 33

.--..._. -r'~~~D;~"

I h4.U

~~ -- "- -'- - --

(HzOH
1,lIe.31

>'.486.7
. -. _.'._. ,_.- . ......_--

CHZOO
m/l.32

>'.487.0

r;;1'-cO;O;----
mil' 32 mil' 33

2,7:1 )..487.2-- -r--CHOOH ' (OZOH
mil' 32 m/e. n

1: 16 A. 1oIt2
-- I I I \

31323334

F + CD 30H ---+ DF + CHzOH

---+ HF + CD 30

F + CD 30D ---+ DF + CDzOD

---+ DF + CD30

>'.488,2

{

' IF .CDHDH
• HF. CDzOH

COzHOH.F 5

b HF. CDzHO

------ ...-----

The abstraction reaction both from the hydro xylic and al­
iphatic hydrogen with fluorine atoms and the branching
ratios (a)/(b) have been studied independently as reported in
a previous paper [20]. Figure 5 shows the MPI mass spectra
of the different radicals, the wave-lengths employed and the
precursor methanols. By isotopic labelling it is clearly dem­
onstrated that a selective ionization of the hydroxymethy­
lene radical is observed. For example the CHDOH and the
CDzOH radicals can be distinguished easily by switching
the wavelength from 487.2 nm to 488.2 nm as illustrated in
Fig. 5; the ion intensity is reversed from 2.7: 1 to 1: 16. In
Fig. 6 a comparison between the EI mass spectra of various
radical mixtures CH zOH/CH30 and the MPI mass spectra
of the CHzOH radicals is shown. The sensitive detection of
the labelled CHzOH radicals and of the CH 3 radicals permits
questions concerning the specific details of the CHzOH,
CH30 + HID reactions to be answered, questions which
were left open in a previous paper [21].

Fig. 5
The MPI mass spectra of the normal and deuterated hydroxy meth­

ylene radicals (wave-length), as indicated; 100 laser shots)

was determined to be 75%.
CHzOD radicals were prepared as in reaction (12) and

the subsequent reaction with H atoms
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a contribution of 8-20%.

indicates that no internal hydrogen shift is present.
The reaction CH30 + 0 -- CH 3 + O2 has been studied

separately, CH 30 and CH20D radicals being produced via
reaction (12). The admixture of oxygen atoms yields CH 3

but no CH 2D radicals. This is explained by the reaction
scheme

By following the consumption of CH30D using EI and
thereby knowing the CH 30 concentration, the CH 3 yield
from reaction (26) has been determined 10 be > 50%. If
corrections for the consumption of CH 3 by 0 atoms are
made (see 3.2, reaction (4)) this limit is shifted to 65% ±
10%. This is in good agreement with the measurements of
Zellner et al. [22~, who found for the competing channel
(26b)
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5. Concluding Remarks

The wave-length selective multi-photon ionization tech­
nique with mass spectrometric detection seems to be a pow­
erful addition to the range of methods previously applied
to the study of elementary gas-phase reactions. The method
has distinct advantages when studying radicals which do
not fluoresce (like CH 3, CHzOH) or where mass interference
from fragment ions is otherwise observed (e.g. in the EI mass
spectrometric studies of CHzOH in a high excess of
CH 30H).

The wave-length selectivity of MPI is limited to those
species with narrow absorption wave-length bands like CH 3•

But as has been observed in this laboratory [23] for the
other alkyl radicals CzHs, C3H7, C4H9, CSH ll and for
CH 3CO, broad absorption bands around 405 nm are seen;
therefore for species specific detection additional mass se­
lection is required. In order to avoid fragmentation by
higher laser energies, in general lower energies have to be
applied ("soft ionization"). The requirement of soft ioniza­
tion may prevent the potential application of MPI detection
to many species. In such cases conventional EI mass spec­
trometry will continue to be used, it being the standard and
generally applicable method. Thus is to be expected that
most work will involve a complementary application of the
two techniques - as was required for the calibration pro­
cedures of the present work.

CH20D + H ---+ CH 3 + OD

---H-+ CH 2D + OH

CH 30 + 0 ---+ (CH30n ---+ CH 3 + O2

CH20D + 0 ---H-+ CH2D + Oz.


