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ABSTRACT: Experiments are described in which the dissociative recombination of
trimethylamine and dimethylamine ions and related product ions, was studied using a Flowing
Afterglow Langmuir Probe- Mass Spectrometer (FALP-MS) apparatus. The technique used in this
experiment is based on the measurement of the decay of the electron density as an afterglow plasma
flows along a drift tube. The results obtained for the DR for dimethylamine and trimethylamine
ions were measured using three different methods. The results for trimethylamine ions are in
reasonable accord with those for other polyatomic ions while for dimethylamine ions, are
unreasonably high and this was explained by the competition from electron capture by neutral
dimethylamine molecules.

Keywords:

lon-Molecule reactions

Flowing Afterglow Langmuir Probe- Mass Spectrometer (FALP-MS)
Dissociative Recombination of ions with electrons (DR)

Dissociative Electron Attachment with neutral molecules (DEA)
Cluster ions

1. INTRODUCTION

Cloud formation is an important factor in climate science since they change the local albedo
of the earth and of course are responsible for rainfall and other precipitations. The mechanisms
behind the nucleation phenomena leading to cloud formation is an active subject therefore, in
aerosol science. It has long been recognized, for example, that sulfuric acid (H2SO4) in the upper
atmosphere originating from industrial pollution volcanic activity, plays an important role in the
initial nucleation process®. This has been demonstrated by both theoretical and experimental
studies and the role of negative ions, generated by sunlight driven ionization processes, has been
shown to act through the generation of acid/water cluster ions that acts as seeds for the generation
of cloud condensation nuclei (CCN) the precursors of droplet formation.
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Ammonia (generated from agricultural sources amongst others) has also been identified as
a partner in this process, enhancing the nucleation rate?3#. In a series of experiments however,
performed at the CERN laboratory in Geneva, where a beam of high energy particles is made to
enter a large cloud chamber equipped with sophisticated chemical analysis equipment (mass
spectrometers), it was found that the presence of dimethylamine®®’ displayed a particularly strong
catalytic activity, enhancing the nucleation rate by four orders of magnitude. Dimethylamine and
trimethylamine are molecules emitted naturally in agriculture and also from decaying fish
products. They can also be produced in the atmosphere through light induced chemical reactions
involving ammonia. Because of this interest in dimethylamine (DMA) and trimethylamine (TMA),
we decided to study the dissociative recombination of dimethylamine and trimethylamine ions
using the Flowing Afterglow Langmuir Probe-Mass Spectrometer apparatus in the University of
Rennes | since the rate coefficients for these ions have not been examined previously.

2. EXPERIMENT

The experimental apparatus has been described in detail before® and only a brief description
is given here. The technique is an extension of the conventional FALP technique (Figure 1) that
includes a moveable mass spectrometer which is used to identify ions present in the measurement
region of the afterglow and to measure the number density of these ions as a function of distance
along the flow. Electron concentration along the flow is measured using a Langmuir probe attached
to the nose of the mass spectrometer.
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Fig. 1: Sketch of FALP-MS apparatus at University of Rennes®

In this experiment, helium gas was passed through a Zeolyte trap cooled to liquid nitrogen
temperature to remove all impurities (water) and then introduced (inlet P1) at a rate of 24 sl min
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! into a 4.2 cm diameter glass tube surrounded by a microwave cavity operating at 2.45 GHz. The
helium was then ionized by the microwave discharge. The helium gas flowed out of this tube and
into an 8.5 cm diameter, 100 cm long, stainless steel chamber, the flow being established by means
of a 4000 m3/h Roots pump. Typical operating pressures in the flow were from 0.50 to 0.60 Torr
(corresponding to a helium density of 1.6 x 10'® cm™ and 1.9 x 10'® cm™ respectively) and that
means that ions underwent many collisions with the buffer gas during their passage through the
apparatus. The upstream region of the afterglow contained He*, He}, neutral metastable atoms
He™ and electrons.

Due to the helium buffer, the hot electrons in the plasma were cooled within a few ps by
collisions and the condition where Tgas= Tion= Te Was obtained. Argon gas was introduced at a
second entry port (inlet P2), downstream, at a rate of 1 sl min™ in order to produce an Ar*
dominated plasma via the reactions:

Table 1: Main reactions occur in conversion of the helium plasma to Ar* dominated plasma.

No Reaction Rate Coefficient References
(cm3s?)
He
1 He* + He + He — He,* + He 1x10% [9]
2 He™ + He™ — He* + He + & 5x 107 [10]
— He* + e 5x10° [11]
Ar
3 He™+ Ar—> He + Ar* +e 7x10 [9]
4 He* + Ar — Ar* + He 1x10713 [12]
5 He," + Ar — He + He + Ar* 2x101° [9]

the argon atom density in the plasma being 0.85 x 10%* cm for the measurements performed at
0.60 Torr and 0.7 x 10** cm™ for those performed at 0.5 Torr.

The absence of He>"in the mass spectrum (in the measurement area, about 1 cm after the
argon injection) verified that reaction (3) had gone to completion, prior to arriving at the
measurement region. Given that He," is rapidly formed by reaction of He™ with Ar (reaction 2)
this is a good indication that the metastables had also been removed.

Thus, the helium plasma was converted into an argon plasma. The flow then entered a
stainless-steel tube at the exit of which an eight-needle entry port (used to avoid aerodynamic
perturbation) allowed us to add reactant gases in order to form the molecular ion under study. The
identity of the ions formed was measured using the movable mass spectrometer and the electron
number density was measured using a Langmuir Probe method. From these measurements, it is
possible to determine the rate coefficients for reactions occurring in the flow and these shall be
described in the next section.



The experimental conditions during the experiment were, pressure between 0.50 and 0.60
Torr, room temperature 300 K, electron density (1.5 x 10° cm™ < ne < 7.6 x 10° cm™) and plasma
velocity (1.85 + 0.15) x 10* cm/s (the central flow velocity of the plasma was determined by
modulating the discharge and by measuring the time of flight of the resulting disturbance at the
Langmuir probe, located on the central axis). Neutral DMA or TMA vapor phase molecules were
injected downstream into the plasma without disturbing the aerodynamics of the flow and reacted
with the primary ions (Ar*) present in the plasma leading to the formation of secondary ions via
charge transfer processes® as seen in reactions (6 and 7).

Ar" + (CHsz);NH — (CH3)2NH* + Ar (6)
— CHs" + CH3NH + Ar

and

Ar* + (CHz)sN — (CHz)sN* + Ar (7)
— CH3sNHy" + CoHy + Ar
— CHs* + CoHeN + Ar

3. DATA ANALYSIS

The actual measurement of the recombination coefficient in this apparatus can be performed
in one of two ways'®. For a pure plasma, containing a single ion that does not react with the neutral
gas and in which the electron decay is dominated by recombination only, the decay of the electron
density ne with time, t, can be written as

dne
dt

= —an} 0

where «a is the recombination rate coefficient. Equation | is derived, assuming that the electron
density is equal to the ion density (i.e., the plasma is neutral and does not contain negative ions)
and that only a single ion is present. In a flowing afterglow, it is easy to measure the electron
density at several places downstream of a given origin, using for example, a movable Langmuir
probe. One can rewrite Eq. (I) in terms of the downstream distance, z and the plasma velocity, v,
thus

dneg
dz

= —an? (1)

Integrating Eq. (1) from some arbitrary origin z = zo to some downstream position z, yields
the following expression for n, :

@) =@) +%¢- an

Ne/ 7 Ne/ 74
Thus, the plot of 1/n, vs z, allows us to determine the recombination rate coefficient « if
the plasma velocity v is known.

In DMA* and TMA* plasma case, several ions were found to be present in the plasma where
the secondary ions reacted with other neutral DMA or TMA molecules to form other ion fragments
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such as clusters ions. The set of formation reactions for these ions is summarized in Table 2.
Therefore, an alternative (and less restrictive) method used for determining the recombination rate
from an afterglow measurement was as follows. One can write down the equation for the change
in the density [AB™] of the ions under study as a function of time, t, and therefore of distance, z,
along the flow tube, thus

d[AB*] _  d[AB]

=V =—alAB*In. —k[AB*IlX] - 24 [4B*], (V)

where v is the plasma velocity, measured at the centerline of the flow, [X] the density of a reagent,
such as an impurity with which the ion can undergo an ion—-molecule reaction, ne is the electron
density, Da is the coefficient of ambipolar diffusion and A is the characteristic diffusion length. By
integrating Eq. (IV) from some initial starting point, zo to some position, z, one obtains the
following solution:

[AB* ],
[AB* ]z,

vin = —a fZZOne dz — {k[X] + i—‘z“} (z—z), (V)

where [AB* ], and [AB*],, are the ion number densities at position z and z,, respectively.

It can be seen from this equation that if the ion—-molecule reaction and diffusion losses are
small compared to those due to recombination, the change in the number density of [AB*] with
distance is proportional to the integral of the electron density over z, from the starting point zo to
the point where the measurement is made. The constant of proportionality is a/v where v is the
velocity of the plasma. The crucial thing to notice about this method is that since the effects of
ion—-molecule reactions due to interaction with impurity species (or with one of the secondary
plasma components), are independent of the electron density, they should not interfere with the
determination of o, provided one sees a decrease in the ion density as a function of distance along
the flow. Even if diffusion losses are not small, as long as Eq. (V) is a good description of the ion
decay process, the term due to diffusion remains constant and thus does not interfere with the
determination of «a.

In this case, it is still possible to use Eg. (V) to determine o, by measuring the ratio on the
Left-Hand Side (LHS) but at a fixed value of z for different electron densities. Indeed, ion molecule
reactions do not depend on the electron density but only on the density of the reactant gas and
time, i.e. the position z in the reaction zone. Variation of the electron density in the flow can be
achieved, in practice, by varying the position of the microwave cavity with respect to the helium
inlet port (P1). In this method, the second term on the RHS is now constant (being independent of
electron density) and only reactions involving electrons are taken into consideration. Therefore,
assuming that electron attachment does not occur in these chemical reaction networks, only
dissociative electron recombination plays a role in the evolution of both the ions and electron
density.

This analysis is well suited to the study of ions which are not terminal and that are being
produced and destroyed along the flow. Fixing a z position and varying the electron density allow
the dissociative recombination rate coefficient to be determined, electron density being the only
variable parameter. In fact, the rate coefficient for recombination was determined in most of the
experiments, described in this report by measuring [AB™] at a fixed z position for several different



electron densities as well as at variable z positions for a given electron density, for a known plasma
velocity.

Table 2: Main reactions taking place in the formation of DMA* and TMA* ions.

No Reaction Rate Coefficient Ref
(cmis?)

DMA* formation
CH$ + (CH;3),NH - (CH3),NHJ + CH, 2.10x 10° [14]

(CH3)2NH+ + (CH3)2NH + He d ((CH3)2NH); + He = =
TMA* formation

10 CHZ + (CH3)sN — (CH,),NH' + CH, 6.30 x 100 [15]
11 CH,NHJ + (CH,)sN — (CH;)sN* + CH,NH, 1.60 x 10° [16]
 (CH,);NH* + CH,NH,

12 | (CH3)sN* + (CH3);N - (CH3);NH* + (CH3),NCH, 1.50 x 10° [16]
13 (CH3)3N* + (CH3)3N — products 8.20 x 1010 [17]
14 (CH3)3NH* + (CH3)3N — ((CH3)3N),). HY - [18]

4. RESULTS AND DISCUSSION

4.1 Measurements of the DR Rate Coefficient for TMA Molecular lons

The reactant gas was mixed with helium in the required ratio (TMA gas diluted with He gas
at a ratio of about 1:50) before injection into the flow tube with flow rates such as to obtain
densities of TMA molecules in the range ~1.4 — 4 x 10*? cm.

In our plasma, and for a TMA gas density of 1.4 x 10* cm™, it was found that ion-molecule
reactions of the Ar* dominated plasma with neutral TMA molecules, generated (CHz)sN*
(m/g=59), protonated trimethylamine (CH3z)sNH* (m/q =60) and other fragments ions such as CH3
(m/g=15), CH3NH* (m/q=30), methylamine CHsNH; (m/gq=31) and (CH2)sNH* (m/q =57). as
shown in Figure 2.

The formation of some of the major ion products of the reaction of Ar* with (CHz)3N via
charge transfer reactions can be explained by reaction (7). lon products such as CHi and
methylamine CH;NHZ reacting with neutral TMA molecules, lead to the production of more TMA
molecular ions and protonated TMA ions as can be seen in reaction (10 and 11). The mass spectrum
thus obtained is shown in Figure 2.
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Fig. 2: Mass spectrum in the reaction chamber for a trimethylamine density of 1.4 x 10%?> cm taken at 30
mm downstream from the injection port of the TMA/He mixture into an Ar* dominated plasma.

In order to remove all the precursor ions in the reaction zone, the number density of TMA
molecules was increased to 4.0 x 10'? cm™ and, the ion peaks then found in the mass spectrum
measured at zo = 30 mm are attributed to TMA™ (m/q = 59) ion, protonated TMA (m/q = 60) ion
and to the cluster ions ((CHs)sN)2* (m/g = 118), ((CHs)sN)2.H* (m/gq = 119). We found that the
signal peaks of TMA™ and protonated ions were reduced when moving the mass spectrometer
further downstream from the injection port of TMA mixture and this loss, due to the reaction with
neutral TMA molecules and electrons and indeed further clustering, can be seen in Figure 3.

It should be noted that in this experiment, there are many ions present in the measurement
region and that these ions react with other molecules to form cluster ions.
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Fig. 3: Mass spectrum in the reaction chamber for a trimethylamine density of 4.0 x 10%?> cm® taken at 30
mm downstream from the injection port of the TMA/He mixture into an Ar* dominated plasma.

Given that several ions were seen to be present in the mass spectra, the measurement
protocol was applied for multiple ions present in the plasma as described in equation V. In the
FALP-MS at room temperature and at a relatively high pressure of He and TMA, the formation of
cluster ions via a three-body association reactions and their destruction by ion-molecule reactions
with neutral TMA molecules and recombination with electrons can play an essential role. In such
cases, we have to consider the reactions (10-14).

The balance equation for the studied ion (i.e. TMA") can be written as:

1n(g§:—j§ =% [Pnodz — 2 (K[TMA] + 24) (z—20) (V)

Values for the recombination rate coefficient were determined in several measurements

where ln(%) was plotted as a function off n, dz measured for multiple z positions. Figure

4 shows an example such a plot!. Knowing the plasma velocity, the recombination rate coefficient
a is obtained from the slope of this plot.

! Similar plots were obtained In([TMA.H*],/[TMA.H*], ) versus [ n. dz. In the following, only plots for the
primary ions are presented, those for other ions studied being similar.
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Fig. 4: Plot of the logarithm of [(CHz3)sN™] at position z over [(CHz)sN™] at position zo as a function
of the electron density integral divided by the plasma velocity (v =1.85 .10* cm/ s). The slope gives
the rate coefficient for dissociative recombination of (CHs)sN*.

These measurements however, do not take into account the influence of ion-molecule
reactions (in this case clustering) which also lead to a change of [TMA™] as a function of z. Hence
the multiple ion/fixed z method was employed to yield the recombination rate coefficient. In this
case the only variable is the electron number density which is independent of ion-molecule
reactions and so the latter can be ignored. As described above, the upstream electron number
density was varied while monitoring the ion number density of TMA™ or TMA.H" at fixed z. The
plots of IN([TMA*]; /[ TMA*]») and In([TMA.H*]; /[ TMA.H*].0) versus integrated electron
density yield a/v as the slope. The measurement was performed with several initial electron
densities (4.5, 5.9 and 7.6 x 10° cm™) at fixed z, and the results obtained were found to yield linear
plots as shown (for TMA™) in Figure 5.
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Fig. 5: The ratio of the density of [(CH3)sN*] at a single value of z = 90 mm downstream from the origin to
the density at zo vs the integral of the electron density from zo to z, for three different initial electron densities,

45,59and 7.6 x 10° cm3.

Within the accuracy of the FALP-MS measurements, the recombination rate coefficient for
TMA* ion and TMA.H" were measured several times and the mean values are presented in Table
3. The values quoted include combined statistical and systematic uncertainties.

Table 3: Measured recombination rate coefficient for TMA* and TMA.H* ions at T= 300 K.
In this case, statistical errors of 30% are quoted.

Recombination rate coefficient
lon Number of [106 cm® Y]
data points Multiple ions/z Multiple ions/fixed z
variable method method
(CH3)sN* 7 1.3+04 1.6+05
(CH3)sNH* 7 15+04 15+04

The values of DR rates obtained by both methods were consistent for these two ions and so
it would seem that the effects of diffusion or ion—molecule reactions do not have a major effect on
the measurements in this case. Our measured rates coefficients for TMA* and TMA.H" are in
reasonable accord with those for other polyatomic ions®® (e.g. 1.4 x 10° cm?® s for CHsNH3").
Equation 1, does not take into account, any electron loss effects due to electron attachment. To
check if this was justified, the voltages on the mass spectrometer were inverted and a search was
made for negative ions. No negative ions were found in the TMA plasma. Therefore, we can say
that there was no electron attachment to the neutral TMA molecule found in our measurements
and in fact this observation is borne out by measurements made by other workers?.
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4.2 Measurements of DR Rate Coefficient for DMA Molecular lons

It was found that dimethylamine vapor, when introduced at a density of 1.7 x 102 cm™ via
the eight-needle entry port into the sampling region of the apparatus, reacted with argon ions,
producing several ions including CH (m/q = 15) and (CH3),NH* (m/q = 45) which went on to
react with the parent dimethylamine vapor to produce species such as CH;NH* (m/gq = 30),
(CH3),NHJ (m/q = 46) and dimer ((CH3),NH)Z ion (m/q =90 ), and these could be described by
reactions (7, 10 and 11), and the mass spectra for these ion masses shown in Figure 6.

It is seen that the parent molecule (CH;),NH™" and the dimer ((CH3),NH)3 ions are the
majority ions and all other fragment ions are much less abundant. The main purpose for introducing
the low density of DMA was to explore the formation of source ions (such as CHZ) which react
very fast to form the major product ions. Figure 6 is plotted for several different z positions and it
is seen that the peaks with mass less than or equal to 40, disappear downstream, the DMA™ peak
decreases regularly and the dimer ion peak increases. The trimer ions peak is also seen to grow.

22000

DMA’ = 70 mm

18000 —_— z= S0mm

14000

10000

(DMA)}
2

lon counts {a.u.)

&000

2000 H L NH (DMAL

roe

&0 100 120 140
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Fig. 6: Mass spectrum in the reaction chamber for a dimethylamine density of 1.7 x 102 cm-3
taken at different z positions downstream from the injection port of the DMA/He mixture into
an Ar* dominated plasma.

By increasing the density of dimethylamine to 4.5 x 10'? cm™, a spectrum was found with,
(CH3)2NH*, (m/q = 45) (CH3)3;NH™ (m/q = 60) and the cluster ions ((CH3)2NH)2* (m/q = 90),
((CH3),NH)3 (m/q = 135) and the source of most these ions disappeared as shown in Figure 7.
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Fig. 7: Mass spectrum in the reaction chamber for a dimethylamine density of 4.5 x 102 cm3
taken at different z positions downstream from the injection port of the DMA/He mixture into
an Ar* dominated plasma.

It can be seen that when the dimethylamine concentration was increased, the mass 45 amu
and 90 amu peaks due to the DMA* ion and the dimer (DMA)," were seen to decrease (the dimer
peaks much less rapidly than the monomer peak) while the mass 135 amu due to the (DMA)s" ion,
was seen to increase. This is because the dimer (DMA)." ion is present in large abundance and
reacted continually with neutral DMA molecules to form the (DMA)3".

The decrease of the (DMA)3" ion signal could be seen at higher density of DMA and it also
could possibly be undergoing further reactions with neutral DMA molecules to produce further
clustering beyond our measurable mass range. The mass 60 amu due to (CH3);NH* increases
slightly downstream.

The experiment was performed with a dimethylamine density of 4.5 x 10'2 cm™ and at initial
electron number density of 1.5 x 10° cm™. Using the multiple ion/ z variable method , from several
measurements we found the average value for the apparent recombination rate coefficient for the
(CH3),NH* ion was 5 x 10®° cm3s%, for ((CH3),NH)3, 6.5 x 10° cm3® and for ((CH3),NH)3
5.4 x 10° cm3s. An example of these measurements is shown (for DMA") in Figure 8.
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Fig. 8: Plot of the logarithm of [(CH3),NH*] at position z over [(CH;),NH*] at position z, as a
function of the electron density integral divided by the plasma velocity (v=1.85 x 10* cm/s). The
slope gives the rate coefficient for dissociative recombination of (CH3),NH*.

In fact, these rates are considered to be unreasonably high as such values have never
been seen for ground state monomer ions. Indeed, never even for highly clustered ions®.
As a check, the multiple ions/ fixed z method was applied and the results for both methods
(illustrated for DMAT in Figure 9) are summarized in Table 4.
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Fig. 9: The ratio of the density of [(CH3):NH"] at a single value of z = 70 mm downstream
from the origin to the density at zo vs the integral of the electron density from z, to z, for
three different initial electrons densities.
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Table 4: Measured values of apparent recombination rates determined using the methods of multiple
ions present in the plasma. Fitting errors are quoted to allow a comparison to be made between the
individual measurements. Note that these values are just given as apparent output from the method
and should in no way be considered as real as the method has yielded values which are abnormally

high.
lon Number of Apparent recombination rate coefficient
data points [10° cm3sY]
Multiple ions/z variable method | Multiple ions/fixed z method
(CH3),NH™ 10 50£15 1.3+04
((CH3),NH)? 10 6.5+20 2.8+0.8
((CH3),NH)F 10 54415 16+05

It is seen that unlike the case for TMA ions, the values obtained are quite different, being
between 2 and 4 times smaller. This still leaves unreasonably large apparent rate coefficients for
the DMA monomer, dimer and trimer ions examined. For this reason, it was decided to check to
see if there could be interference due to electron attachment which would compete with DR for
electron removal and hence yield over-determined values.

The polarity of the quadrupole mass analyser was inverted (from negative to positive ion
mode). In this case, it was found that a negative ion was present in the plasma, namely HCNH" at
m/q = 28 amu as shown in Figure 10, indicating the presence of the electron attachment processes
in the plasmas, forming negative ions. It was indeed observed that the negative ion counting rate
increased regularly as the mass spectrometer was moved from the needle entry port position to the
downstream part of the flow. Given this observation it was decided to examine the electron
attachment process in more detail and to obtain its rate coefficient.
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Fig. 10: Evolution of the HCNH- ion at two different z position downstream from the injection port
of DMA mixture with a neutral DMA density of 4.5 x 102 cm3,
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4.3 Electron Attachment to Neutral DMA Molecule

Although our FALP-MS apparatus is essentially dedicated to studying the dissociative
recombination process, it is also possible to measure the rate coefficient for electron attachment
reactions. The coefficient rate 5 for electron attachment with neutral DMA molecule was obtained
by introducing into the plasma flow (dominated by Ar® ions), a mixture composed of
dimethylamine (CH3),NH and helium gas (the ratio of DMA/He mixture was about 1:50).

Since [DMA] >> [DMAT], as a first crude approximation, one can ignore the influence of
recombination in the plasma compared to that of electron attachment?'??, and in this case, the
electron density, ne would vary as a function of neutral DMA density [DMA], as

dne — v dne -
dt dz

- [DMA]n, (Vi)

where £ is the attachment rate coefficient and it is assumed that diffusion is negligible. After
integration, equation VII is reduced to:

In(n,), = In(n,),, - (1242, (Vi)
where z, is the position where the first measurement is performed. The plot of In(ne); versus z
would therefore yield a straight line whose slope is - [DMA]/v. Performing measurements of
electron density decay for different DMA densities in the flow would give a series of lines with
negative slopes. Figure 11 shows these series of lines at different DMA densities in the flow. The
slopes of these lines yield the first order electron attachment rate coefficient k.

kise =-B [DMA]/v (1X)
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Fig. 11: Plots of the logarithm of different electron densities for different DMA concentrations as a
function of different z positions along Langmuir probe distance.

By plotting these negative slopes which are obtained from equation 1X as a function of
neutral DMA density, we obtained a straight line as expected (see Figure 12) for which its slope
is -B /v Then, by multiplying it by the plasma velocity v (in our measurements, v = 1.85 x 10*
cm/s), we get the electron attachment rate coefficient (8). We performed two such measurements
and the mean value of £ was found to be (5.0 = 1.5) x 10%° cm3 s? taking into account an
uncertainty of about 30%.

K'\st (Cm_")

0.0 0.5 1.0 15 20 25 3.0 35
DMA density [10'% cm™®]

Fig. 12: Plot of the kist= - § [DMA] v as a function of the different DMA densities. The slope (8 /v) of this plot
multiplied by plasma velocity (v = 1.85 x 10* cm/s) gives us the electron attachment rate. In this example (8 = 4.8 x
10 cm? s1).
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The value of 8 obtained with an initial electron density of 7.5 x 10° cm™ can be considered
to be an upper limit of the electron attachment value. This is because we have neglected
recombination which also reduces the measured electron density.

4.4 Calculation of the Actual Recombination Rate for DMA Molecular lons

In this section we shall examine the possibility of extracting the actual recombination
coefficient for DMA ions assuming that it is not so large as to render the attachment rate
determination uncertain. To perform this modelling we can consider the change of electron density

with time (%) as a function of both the recombination of electrons with the DMA ions and
electron attachment with neutral DMA:

Te = - [N aiM{Ine - B [Mlne, (X)

where the [¥; M;'] is the sum of the ion densities in the plasma and [M] is the neutral density. We
can take equation X and re-write it in the form:

_ [Zl almeasuredle]ne - [Zl alrealMi+]ne _ﬁmeasured [M]ne (X|)

We can insert the values from Table 3, for example —Y; a™¢*4¢d ~ 57 x 105 cm®?, g =
5x 1071% cm3s?t and [M] = 4.5 x 10'? cm3, and let us say that the actual rate coefficient for the
recombination of DMA" is 1 x 10 cm3s?, in line with that for TMA* with those for the dimer and
trimer ions being 2 x 10 . Thus:

-5.7x10° [X; M;F] = -5x10° [¥; M;"] - 5x101° x 5x10%2,
which gives:

>iM1=48x10"cm?3

However, the typical initial electron density in these experiments was 1.5 x 10° cm?, i.e. a
factor of 30 greater. One possibility is that there are other heavier cluster ions which are beyond
the mass range of our mass spectrometer but these would contribute to both sides of equation XI
and so it is unlikely, though impossible to verify, that this would compensate for this discrepancy.
Equations X and XI of course neglect the fact that when there is an attaching gas in the plasma,
some of the negative charge resides with the negative ions formed, thus:

ne + XM | = Xi[Mf]
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4.5 Negative ion products

As mentioned above, when searching for negative ions with DMA, only HCNH" was found.
In fact, the formation of HCNH" is endothermic by about 4 eV. How then could such an
endothermic channel appear? Firstly, it should be noticed that the observed signal for HCNH"
(Figure 10) is very much weaker than typical positive ion signals routinely measured in this
apparatus (Figures 6,7). This suggests that this is very much a minority process. More important
however, is the fact that the FALP-MS apparatus operates with a movable mass spectrometer
which is used not only to identify the ions in the plasma but also as a means of determining rate
coefficients. This mass spectrometer is illustrated schematically in Figure 13.

ground L1
L2 L3
Quadrupole A

L4

L5
in

B MCE .
l out

anode-signal

Fig. 13: Schematic of the lens structure of the quadrupole mass analyser in the FALP-MS apparatus.

The ions in the plasma enter the instrument, contained in a differentially pumped, movable
vacuum chamber, via the grounded inlet cone. During operation, various voltages are applied to
the electrodes L1-L5. In these experiments, = 2 volts were applied to the electrode L1 in order to
draw in the negative/positive ions and then = 50 volts to the aperture L2 (and to L3) so that the
ions would have sufficiently velocity to be analysed by the radiofrequency quadrupole analyser 2.
Hence ions entering the instrument are accelerated and if they collide with an aperture, and are
thus dissociated by ion-surface collisions, it is possible that an endothermic channel can be
accessed. Positive ions and cluster ions are robust structures and such a dissociation is less likely
to occur than for negative ions where the binding energy of the attached electron is typically less
than a few electron volts at most. In particular, negative clusters are expected to be fragile and we
believe that this acceleration necessary for the operation of the mass spectrometer, is responsible
for the disintegration of these clusters, entering the instrument, (by both surface and buffer gas
collisions) so that we were not able to observed them. This is a known problem in mass
spectrometer-based studies of cluster ions and particularly of negative cluster ions?®. Hence, given

2 (L4 is used to deflect ions exiting from the quadrupole analyser into the multi-channel plate detector (MCP) and a
voltage of about + 2.5 kV is applied to L5 to accelerate them so that they can be efficiently detected).
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this addition of kinetic energy to the ions (and in particular for the case of negative ions), it is
possible for the dissociation to an endothermic channel to be observed.

This suggests that the formation of HCNH" is a rather rare reaction path and that other
products are formed in the electon attachment, which are not seen. Although positive cluster ions
are seen in the mass spectrum shown in Figure 7, negative cluster ions are not seen in the mass
spectrum for negative ions shown in Figure 10. This could be because these ions would be
destroyed by field induced electron detachment and collisions during the ion sampling process.
Positive cluster ions are much more stable than negative cluster ions. A lightly bound electron
could be stripped off during the ion sampling processes, and the resulting neutral cluster would
dissociate. Thus we were able to see positive cluster ions though not negative ions. This is clearly
a subject of speculation at this stage and will eventually be the subject of further study.

5. DISCUSSION AND CONCLUSION

In this study, we have measured the absolute rate coefficients for the dissociative
recombination of trimethylamine and protonated trimethylamine cations with electrons. They are
respectively, a1 = (1.3 + 0.4) x 10° cm®™? and a2 = (1.5 + 0.5) x 10 cm3s™ taking into account
the total measurement uncertainty of 30%. The measurements were performed using two
techniques as discussed in the text (method B and C) and the obtained values for recombination
rate were consistent for a given ion (see Table 2). A search was made for electron attachment to
neutral TMA was made but no evidence for this was found indicating that this process is negligible
in the Ar/TMA plasma chemistry.

On the other hand, the electron attachment to the neutral dimethylamine molecule was
studied and we found that the parent molecule does undergo electron attachment, and this produces
electron loss and so interferes with the recombination measurement. The measured rate for electron
attachment was (5.0 + 1.5) x 10% cm® s, Rate coefficients for the dissociative recombination of
dimethylamine and cluster ions with electrons were measured using methods B and C but the
values obtained were anomalously high (several x 10° cm?3s™) even for polyatomic ions and so we
should ignore these. A possible explanation has been presented for this involving the mutual
neutralisation of negative and positive cluster ions, the effect of which would not be eliminated by
method C. Thus, although we have been able to measure the rate coefficient for electron attachment
and we have not been able to give a rate coefficient for the DR of DMA ions.

What is clear from our measurements is that DMA is a molecule which clusters very easily,
and in the upper atmosphere it can be ionized, for example by cosmic rays or other ionization
processes or attach electrons to form negative ions which then form negative clusters though we
have only been able to speculate on this. This fact is perhaps the reason that the influence of DMA
in the upper atmosphere is to increase the rate of nucleation of water droplets and thus the
formation of clouds®®. This is a phenomenon which deserves further study of the underlying
chemical processes and will be the subject of follow-on research to be conducted in the new
accelerator laboratory in the KACST laboratory in Riyadh, Saudi Arabia.
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With regard to the actual measurements, again we see that the recombination of a polyatomic
molecule (TMA) has a recombination rate little different from that of other polyatomic ions. The
attachment behavior on the other hand is completely different for TMA and DMA. This is the
striking difference between recombination and attachment processes, where in the latter case, rate
coefficients for molecules of the same families such as halocarbons can differ by as much as 5
orders of magnitude®® while DR rates fall within a narrow range®. This may be because in DR,
the process passes via a myriad of Rydberg states which take part in the electron capture process
while for DEA, it must involve a direct transition from the neutral to the final ionic state, and the
availability of such as state will determine the likelihood of the process.
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