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Abstract. To clarify the operating mechanism of mass-selective detector with atmospheric pressure chemical ionization a
model of collision-induced dissociation of large molecular ions based on test particle Monte Carlo method is developed.
The model was found to provide a good description of experimental dissociation curves including the effect of carrier gas
nature.
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INTRODUCTION

The atmospheric pressure chemical ionization (APCI) is one of the promising ion sources techniques in mass
spectrometry (MS) [1]. Classical design of APCI interface has a two-stage differentially pumped system consisting
of ionization region at atmospheric pressure, intermediate pressure region (IPR) at pressures about 1+10 torr, and
mass analyzer region [2, 3]. An electric field is applied in IPR to achieve collision-induced dissociation (CID) of the
ions. Due to the complex character of ion-molecular processes determining the performances of APCI MS detector
the optimization of such devices till now was performed mainly empirically. In our previous paper [4] the model of
collision-induced dissociation of large polyatomic ions seeded in carrier gas flow in the presence of electric field
was developed on the basis of linear Boltzmann equation solution by test particle Monte Carlo method. In spite of its
simplicity and approximate nature the developed model was found to provide a good description of experimental
results concerning dissociation of organophosphorus compounds when air was used as carrier gas [4]. In this paper
the developed model is tested to describe the effect of carrier gas nature on the process.

EXPERIMENT

The experiments were carried out using APCI MS described in [5]. It has a two-stage differentially pumping
system consisting of IPR pumped by a rotary pump and a mass analyzer region pumped by a high vacuum
turbomolecular pump.

The ions were produced by using corona discharge in positive mode. Both the carrier gas and generated ions are
flowing through the nozzle into IPR. The voltage U _g¢ is applied between the diaphragm with nozzle and the
skimmer. Under the effect of the electric field the ions start to drift with respect to the gas flow and their internal

energy may increase due to the collisions with carrier gas molecules. The ions dissociate on neutral and charged
products when its internal energy exceeds a certain threshold value. This process is named a collision-induced



dissociation [2]. Some of the ions may enter the mass analyzer region through the skimmer orifice. Finally, the ions
enter the mass analyzer through the orifice of diaphragm, which is grounded.

The experiments were performed for three organophosphorus compounds: dimethyl methylphosphonate
(DMMP), diisopropyl methylphosphonate (DIMP) and tributhylphosphate (TBP) with molecular masses 124, 180
and 266 a.m.u., respectively. The purified laboratory air and argon were used as carrier gases.

In the experimental study of CID processes the main results were the dissociation curves: the dependence of
molecular ion and its fragments intensities versus potential differenceU  _gy .

At fixed corona discharge current and voltage Uy _sc the mass spectrum of compounds was recorded. By

comparing it with the background mass spectrum, the fragments ions intensity was obtained, the procedure being
repeated for all values of voltage U _gx . The dissociation curves were normalized on the total current of molecular

ion and its fragments, because the transmission through the skimmer depends on the mass of ion and the voltage
U\ _sk - Typical values of experimental parameters were as follows: I 5 =0.04 pA, Uy_s =10+ 210 V.

The experimental dissociation curves of TBP in air are shown by symbols in Fig. 1. Based on the analysis of the
data available in literature [6, 7] the chemical structure of the fragments was recognized. These structures are also
shown in Fig. 1.

The analysis of presented dissociation curves allows one to suppose that the collision-induced dissociation of
TBP in air is of sequential character, which will be used while developing the corresponding model.
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FIGURE 1. Experimental and Modeling Dissociation Curves of TBP in Air.

MODEL

In accordance with the recent concepts about the nature of collision-induced dissociation the phenomenon is
caused by excitation of internal degrees of freedom of polyatomic ions due to their acceleration in the electric field
and further transformation of translational energy into internal one at the collisions of ions with neutral molecules
[2]. At some level of internal energy the ion may break into two or more fragments. The model of CID should take
into account these peculiarities of the phenomenon and hence should be based on the Boltzmann equation.



An effective tool for solving the linear Boltzmann equation (neglecting the effect of the ions on the main flow
due to small ions concentration under typical experimental conditions) is test particle Monte Carlo method [8]. To
apply this method the molecular model of collision of ion with neutral molecule as well as the distribution of gas
dynamic parameters of the main flow and the distribution of the electric field should be specified.

The representative set of the fragments under sequential dissociation of initial molecular ion was chosen based on
the experimental results. In our previous paper [4] two molecular models determining the local mean free path of
probe ion as well as the velocity components of neutral gas molecule — partner for collision were tested: solid
spheres (SS) and Maxwell molecules (MM) models. From the comparison between experimental and numerical
results it was concluded, that the real potential should have a core [9] restricting the mean free path of high-speed
ion. The simplest model of potential with a core is the model of solid spheres. For SS molecular model to close the
problem for each of the considered fragments four parameters should be specified: the cross-section o , the number
of internal degrees of freedom j, the portion of inelastic collisions 1/Z and the threshold energy E,, determining

the moment of transition of a given fragment into a further one if its internal energy exceeds this value. The
evolution of internal energy of the fragment along the trajectory was described in the frames of the known Larsen-
Borgnakke model [10]. From the above listed four parameters the values of j and o were estimated on the basis of
the chemical structure of the fragments and the available data on mobility of similar ions [9], the parameter Z was
fixed at minimum level Z =1, thus considering all the collisions as inelastic [4] while the value of threshold energy
E; was considered as fitting ones [4].

The distribution of gas dynamic parameters of the underexpanded free jet flow of air and argon under
experimental conditions was obtained by numerical solution of the full set of Navier-Stokes equations by recently
developed original algorithm [11]. The algorithm is based on the staggered grid and is characterized by low implicit
artificial viscosity. The simulation was made for the whole flow field including the subsonic part of the nozzle
representing the capillary of 0.08 mm in diameter and 0.2 mm in length. The discharge coefficient of the nozzle in
the considered case ( py, = 760torr, Ty =T, =345K) is 0.78 for air flow and 0.765 for argon flow. The pressure in

the flooded space p,, determined by volume flow rate of carrier gas and pumping speed of rotary pump was 5.5 torr

for air flow and 4.87 torr for argon flow. The disturbances of the flow field caused by the presence of skimmer were
not taken into account.
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FIGURE 2. Axial Distributions of Density and Temperature in Underexpanded Free Jet of Air and Argon.

Fig. 2 illustrates the axial distributions of density n/n, and temperature T/T, (both for air and argon)
normalized by corresponding values in the stagnation chamber, which reveal the behaviour typical of the flow in



underexpanded free jet with multicycle structure. The axial coordinate in Fig. 2 is accounted from the beginning of
the domain placed 0.6 mm upstream the nozzle exit, the skimmer orifice being placed at z = 3.6 mm. In the skimmer
vicinity the pressure is equal to pressure in the flooded space p,, with high accuracy, while the flow is transonic.

The procedure of obtaining the distributions of electric field necessary for simulation of motion of probe ions in
the intermediate pressure region (between the nozzle and the skimmer) and in the mass analyzer region (between the
skimmer and the inlet diaphragm of monopoly mass analyzer) was described if Ref. 4.

The injection of initial molecular ion in the domain of simulation was performed from the nozzle exit assuming
that the concentration of ions does not depend on radius and the translational and internal degrees of freedom of ion
are in equilibrium with carrier gas. The position of point where the ion should collide with carrier gas molecule was

determined through the relation Idl/ﬁ(l) =—In(R) , where A(l) - local mean free path of probe ion, R — random

number uniformly distributed on the interval (0, 1), with the integration being performed along the trajectory of the
ion. It should be noted that due to the effect of electric field the trajectory of free motion of the ion is not a straight
line. Further details concerning the simulation procedure can be found in Ref. 4.

For each value of potential difference Uy _g« the evolution of sufficiently large number of probe ions (usually
10000) was traced. The normalization of the number of ions of each type reaching the diaphragm orifice by their
sum allows one to obtain the theoretical dissociation curves, which were compared with experimental ones.

RESULTS AND DISCUSSION

We will illustrate here only the results obtained for TBP, the peculiarities of CID of DIMP and DMMP are
similar to those typical of TBP.

The fitted values of parameter E, for fragments of dissociation of TBP in air as well as parameters o and j
(the chemical formulas of fragments and their molecular masses are shown in Fig. 1) were reported in Ref. [4]. The
parameter j was determined as j =3N —3, where N is the number of atoms in the fragment. The air was treated
as a simple gas with molecular mass 28.96 a. m. u. and 2 internal degrees of freedom. The parameter E, for each

fragment was fitted from the condition that the predicted position of maximum of corresponding dissociation curve
was the same as in the experiment.
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FIGURE 3. Experimental and Modeling Dissociation Curves of TBP in Argon.



The calculations show that the dissociation of ions takes place in relatively small vicinity of skimmer inlet orifice
that is connected with gas dynamic and electric fields distributions. The typical axial dimension of dissociation
region depends on potential difference U _gx and is ~0.2 mm for Uy _g =90 V, ~0.3 mm for Uy _¢x =120V and

~0.8 mm for Uy_gk = 210 V. The radius of this region depends on Uy_gc only slowly and is ~0.15 mm. The

mentioned above focusing action of the electric field results in significant portions of injected ions that passes the
skimmer orifice and reaches the diaphragm orifice. At U _g« = 160 V this portion is maximum and is equal to 0.33.

The typical velocity of ions in the skimmer orifice plane increases from ~1 km/s at Uy _gx = 30 V to ~6 km/s at
Uy _sk = 210 V. Behind the skimmer further acceleration of the ions by the electric field formed by potentials U 5
and U takes place.

The model predictions for fragmentation of TBP in air, corresponding to experimental results shown in Fig. 1 by
symbols, are shown in the same Figure by lines. As it is seen from Fig. 1, a good agreement between the experiment
and the model is observed not only for the positions of maximum of fragments intensities, that is not surprising, but
also for maximum values themselves as well as for the intensities profiles, that indicates adequate description of the
main features of CID by the model.

Figure 3 represents the comparison between experimental (symbols) and modeling (solid lines) dissociation
curves of TBP in argon. The simulation of TBP dissociation in argon flow field was performed by using the same
parameters of the model as in the case of TBP dissociation in air [4]. The parameters M, j and E, should not

depend on the carrier gas nature while the values of ¢ were conserved since the solid sphere molecular diameters of
air and argon molecules are quite similar [10]. The parameter Z was also fixed at minimum level Z =1, thus again
all the collisions were treated as inelastic. No internal degrees of freedom were taken into account for monatomic
argon.

As it is seen from Figs. 1 and 3 the dissociation curves of TBP in argon are quite similar to those in air with
noticeably lower values of voltage between the nozzle and the skimmer. The decrease of voltage for the locations of
peaks of main fragments is reproduced by the model in spite of some noticeable difference between experimental
and modeling profiles in Fig. 3 that indicates the necessity of further refining of the model. Nevertheless, the
analysis of calculated results allows one to explain the observed shift of dissociation curves while replacing air by
argon. The main reason for such a shift is connected with the absence of the internal degrees of freedom in argon
that leads to higher values of internal energy collected by the fragment during its collision with monatomic
molecule. At the collision of fragment with polyatomic molecule some portion of total internal energy is transferred
to internal degrees of freedom of carrier gas molecules.
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FIGURE 4. The effect of carrier gas nature on dissociation curve of molecular ion of TBP.



The stated conclusion is well illustrated in Fig. 4 where the effect of carrier gas nature on dissociation curve of
molecular ion P(OC4Hg);OH" of TBP is analyzed. Experimental (1, 3) and modeling (2, 4) curves are the same as
presented in Figs. 1, 3. The curve 5 was obtained for artificial case of “air” molecules with molecular mass 39.948
(as for argon), while curve 6 was obtained neglecting the internal degrees of freedom of “air” molecules (j = 0). The
latter curve was obtained using the flow field of argon reducing its molecular mass to 28.96 (as for air). As it is seen
the effect of molecular mass on CID is similar for monatomic and diatomic molecules (cf. the curves 4, 5 and the
curves 6, 2) and is considerably lower than the effect of the number of internal degrees of freedom for carrier gases
with the same molecular mass (cf. the curves 4, 6 and curves 5, 2).

In papers [12, 13] semi-quantitative model of collision-induced dissociation of polyatomic ions in different
carrier gases is proposed. In this model the only effect of carrier gas (N, Ar, Kr) molecular mass is qualitatively
accounted for, while the effect of internal degrees of freedom is ignored. As it is seen from the above illustrated
results in the case of carrier gases with different atomicity the effect of molecular mass on CID may have a smaller
value compared to the effect of the number of internal degrees of freedom. In any case the Larsen-Borgnakke
description of translational and internal energy division between colliding unlike polyatomic molecules seems to be
quite adequate and is preferable to any semi-quantitative model of the collisional process.

CONCLUSION

1. The dissociation curves of organophosphorus molecules DMMP, DIMP and TBP in air and argon are
measured by APCI MS detector.

2. The model of collision-induced dissociation of large polyatomic ions seeded in carrier gas flow is developed
on the basis of linear Boltzmann equation solution by test particle Monte Carlo method. In spite of its simplicity and
approximate nature the developed model provides a good description of experimental dissociation curves including
the effect of carrier gas nature.

3. The main reason for lower voltages in argon for the same dissociation degree as in air is connected with the
absence of internal degrees of freedom in argon that leads to higher values of internal energy collected by the
fragment during its collision with carrier gas molecule.

4. The effect of carrier gas molecular mass on CID, the only one accounted for in literature, may have a smaller
value as compared to the effect of the number of internal degrees of freedom.
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