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would have be expected to show a large fraction of this barrier energy in translation,

which we do not observe.

Figure 4.3: H+H, loss image and the associated translational energy distribution for
CH;CH,NH," cation dissociation at 233.3 nm

Formation of m/z=28 (HCNH"). We now turn to the results for the formation of
the m/z=28 (HCNH") product channel. Apart from the parent ion (m/z=45) signal,
m/z=28 was observed as the most intense peak in our time-of-flight spectrum. It is worth
mentioning that the dissociation of CH;CH,NH," cation was investigated at wavelengths
ranging from 230 nm to 234 nm, but we only show the results of 233.3 nm as, no
wavelength dependence was found. At all the investigated wavelengths, HCNH"

formation remained the dominant channel, even at very low laser powers much less than
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0.1 mJ. In Figure 4.4, the DC sliced ion image and the associated translational energy
distribution for the formation of m/z=28 are presented. As in the case of m/z=42
discussed above, we neglect the initial recoil in any initial H loss step and simply assume
m/z=16 for the cofragment mass. The ion image has two distinct components, with the
faster component showing an appreciable anisotropy. The inner portion of m/z=28 image
does not exhibit any anisotropy and peaks at very low energy of 2.3 kcal/mol, dropping
off to a limit of 4.2 kcal/mol. The faster component in the m/z=28 image peaks at 4.6
kcal/mol and extends out to 35 k cal/mol. From the potential energy profile presented in
Figure 1, m/z=28 can be readily be identified as HCNH" formation. The HCNH" can be
formed via several pathways, one of which is through the secondary decomposition of
CH;CHNH," to yield HNCN™ + H + CHy. If we consider the ground state dissociation of
CH;CHNH,", the H; loss channel to form CH,CNH," + H+ H, is expected to be much
more significant than the HCNH" + H + CHy channel. Even at internal energies of 130
and 140 kcal/mol, the RRKM branching of HCNH" + CH4 /H,CCNH; is calculated to be
1:7 and 1.5:6, respectively. The fact that we see appreciable anisotropy in the faster
component of the HCNH" image is an indication that either excited state dynamics or
multiphoton dissociation are involved.

The angular anisotropy parameters describing the angular distributions are
obtained by fitting the angular distributions from the ion image to an even order
polynomial expansion:

1(0) o1+ 2P (cos 0) + PaPy(cos 0) + PsPs (COS Q) o.eovevvnniniiiiiiiiiin.. 4.1)
where 6 is the angle between the laser polarization vector and the recoil velocity vector.

Figure 4.5 (a) shows the angular distribution of the faster components of the HCNH" ion
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channel. This angular distribution is well fitted using only the second order Legendre
polynomial, giving a beta value of 0.57. The measured anisotropies integrated over the
entire image from the fast to slow components are presented in Figure 4.5(b). It is clear
that HCNH" ion image exhibits significant energy dependence in the angular distribution.
There is a steady decrease in  with decreasing radius (velocity). A one-photon process
can be fully described including only the P, (cos 6) term in equation 1. Since our
experiment employs very low laser powers, and given this excellent fit including only the
P2 term, we believe HCNH+ is the product of single photon dissociation and thus
probably represents a direct dissociation process from an excited electronic state. These

results on HCNH* formation will be discussed further in the Discussion section.

1.0 4

0 5 10 15 20 25 30 35
E, (kcal/mol)

Figure 4.4: HCNH' image and the associated translational energy distribution for
CH;CH,NH," cation dissociation at 233.3 nm
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Figure 4.5: (a) Angular distribution of HCNH" ion. Solid lines correspond to the
best fit with second order Legendre polynomial term (b) Anisotropy parameter, f3,
versus velocity for HCNH" product channel following 233.3 nm dissociation of
ETA cation.
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4.4 Discussion

The ion imaging results, having identified the H-loss and HCNH" ion formation
as the main primary and secondary dissociation product channels, respectively, can now
be examined in light of the high-level ab initio calculations presented in Figure 4.1. The
stationary points and dissociation asymptotes for the ground state potential energy
surface of ETA cation have been calculated at CCSD(T)/CBS and B3LYP/6-311G**
level of theory. It is clearly seen that CH;CH,NH," can undergo isomerization through
rearrangements to more stable distonic CH,CH,NH;3" and CH3;CHNH;" isomers. The
barrier heights associated with these rearrangements are 30.3 and 31.9 kcal/mol and the
CH,CH,NH;" and CH;CHNH; isomers are 5.7 and 5.2 kcal/mol lower in energy than
CH;CH,NH,", respectively. Earlier theoretical work on the potential energy surface of
methylamine cation reports a similar isomerization of CH;NH," to CH,NH;" cation, with

an associated barrier height of 7.6 kcal/mol 123

. The lowest primary dissociation channel
of CH3CH,NH," is H loss to form CH3;CHNH," at a reaction energy of 16.7 kcal/mol.
ETA cation can also lose an H-atom from the NH, group to yield a triplet species
CH;CH,NH' + H. The triplet CH;CH,NH" cation is located at 98.0 kcal/mol above the
singlet CH;CHNH," product. The other primary channel is the formation of CH,NH," +
CH3;, a process that involves a barrierless cleavage of the f-C-C bond with a reaction
energy of 19.9 kcal/mol. CHy4 can also be eliminated through a primary photodissociation
process to yield CHNH," cation via a barrier of 50.6 kcal/mol. The reaction energy
involved in this process is 34.3 kcal/mol, with the process requiring the breaking of a C-C

bond and a significant rearrangement through the HCNH," transition state structure.

Another primary decomposition product of ETA cation is located at 65.2 kcal/mol above
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the parent cation and involves the loss of NH, to form the C,Hs" cation. Although this
channel occurs without an exit barrier, its contribution in the dissociation of ETA cation
is not as competitive as the H-loss process that is located 48.5 kcal/mol lower in the
potential surface. Within our available energy of 123.3 kcal/mol, CH;CH,NH," can also
lose H, through a barrier height of 80.5 kcal/mol to form CH;CHNH".

We now consider the various secondary dissociation pathways presented in the
potential energy profile presented in Figure 4.1. Once the CH;CHNH," cation is formed
via H loss, it is expected to undergo secondary decomposition through H; loss to form
CH,CNH," + H + H,. This process occurs with a barrier of 78.5 kcal/mol (above the H
loss product) and involves significant rearrangements. CH;CHNH," can also undergo
barrierless H loss to yield CH,CHNH,", CH;CNH," and CH;CHNH" isomers that are
located at 93.3, 111.8, and 121.8 kcal/mol above CH;CHNH,", respectively. Among the
three H-loss channels from CH;CHNH,", the first is expected to be the most important.
The formation of CH;CNH' + H + H, and HCNH" + H + CH, represent two other
pathways in which CH;CHNH," cation can undergo decomposition. The former channel
involving H; loss occurs with a barrier of 93.5 kcal/mol and is located at 36.3 kcal/mol
above CH;CHNH," while the latter process involving CHy loss takes place with a barrier
of 86.3 kcal/mol and is 8.2 kcal/mol higher than the H; loss channel.

H-loss channel. From our combined experimental and theoretical results on
CH;CH,NH," cation dissociation at 233.3 nm, one photon dissociation leads to the
formation of several primary and secondary product channels in which the primary loss
of an H atom to form the singlet CH;CHNH," ion is the lowest of all. The presence of

two components in the ion image and the corresponding bimodal total translational
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energy distribution presented in Figure 4.2 is indicative of the formation of triplet and
singlet H-loss species that are separated by 98 kcal/mol. Once the singlet CH;CHNH,"
cation is formed, it is amenable to further secondary decomposition through H-loss, H,
loss and CHy4 loss to form m/z=43, 42, and 28, respectively. Further dissociation of the
triplet species on CH;CH,NH" is not energetically allowed. The fast component of the H-
loss product channel corresponds to the outer part of the ion image. The presence of a
‘hole’ in this outer ring suggests the occurrence of secondary decomposition of
CH;CHNH," cation via several pathways. The features of the translational energy
distribution presented in Figure 4.2 are consistent with barrierless ground state statistical
dissociation of ETA cation following internal conversion. The first excited states of ETA
cation are calculated to be about 2.67 eV above the ground state of the cation'™.
Immediately above the first excited state of ETA cation, there exist numerous other low-
lying excited states that are separated by an average energy spacing of about 0.15 eV 124
At our excitation energy, there are thus many excited electronic states that can facilitate
rapid nonradiative electronic relaxation. It is therefore plausible that the absorption of one
233.3 nm photon by ETA cation will lead to subsequent dissociation in the ground state.
The lack of anisotropy on the ion image suggests that the lifetime may be long relative to
the rotational period of the molecule or that there is a geometry change during the
dissociation.

Formation of m/z=42. Turning to the results on the formation of m/z =42
presented in Figure 4.3, one can clearly see that the translational energy distribution
peaks away from zero and falls off at high translational energy limit of 45 kcal/mol.

Within our total available energy of 123.3 kcal/mol, it is possible to overcome the barrier
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leading to the formation of CH,CNH," + H + H,. Typically, the ion image associated
with dissociation via a barrier should peak away from zero energy as this repulsive
energy release is converted to translational energy. The presence of slow m/z=42
products that may result from other multiphoton dissociation processes that are not
discussed in this report may contribute to the observation of slow components in the
m/z=42 image.

HCNH" formation. The m/z = 28 image shown in Figure 4.4 and the
corresponding translational distribution are quite interesting. Generally, this kind of
bimodal distribution is a clear indication of a photodissociation process resulting from a
superposition of two phenomena accompanied by two different translational energy
releases, such as in the case of 1,1-difluoroethene dissociation 125 The slow part of the
distribution, represented by the inner ring of the image, has a narrow kinetic energy
release peaking near zero and falling off at a very low translational energy release of 16-
18 kcal/mol. As mentioned earlier in this manuscript, one of the central questions raised
by our experimental results is the absence of the CHj loss channel to yield CH,NH,". One
possible explanation would be a rapid decomposition of the initially formed CH,NH,"
product ions via H, loss to yield HCNH' product. In an earlier unimolecular
decomposition study of CH,NH,", H, loss was found to be accompanied by a small
fraction of kinetic energy since the HCNH" formed has bending excitation carrying away
the available energy 126 The average rate constant for the formation of HCNH" ions from
CH,NH," was calculated to be 6.0 x 10*s™ '*°. If, in our experiment, CH,NH," loses H,
to form HCNH", we expect the inner part of the image to be representative of this

process. Indeed, a dissociation pathway involving H, loss from CH,NH," is expected to



72

occur via a barrier of 92.3 kcal/mol as demonstrated in our earlier results on methylamine
cation %, In principle, secondary decomposition of CH,NH," does not seem a convincing
explanation for the dominance of the slow part of HCNH" product channel since the
process would be too expensive energetically. A major observation to note, however, is
the complete disappearance of the angular anisotropy of this inner ring which strongly
suggests that the decay pathways of the slow and faster HCNH" product channel ion are
not the same. We turn now to the faster, anisotropic component of the HCNH" image in
Figure 4.5. Such anisotropy is unusual, if not unprecedented; in dissociation of
polyatomic radical cations, as internal conversion and dissociation from long-lived lower-
lying states is the general rule. Instead, these results suggest direct dissociation via an
excited state as aruged earlier. As shown by the results in Figure 4.1, the fast HCHN™
could result from secondary decomposition of CH;CHNH,". The image accompanying
this process should have a ’hole’ as this channel has an exit (reverse) barrier of 41.8
kcal/mol. We do not anticipate that this process would be as competitive as the H,H, loss
channel. At this stage, the participation of excited state dynamics can be postulated as a
likely explanation for the formation of the fast HCNH' ions since multiphoton
dissociation is ruled out by the low laser powers and the good fit to the second order
Legendre polynomial. Unfortunately, Figure 1 can provide no insight into dissociation
pathways on the excited state, and such calculations are extremely challenging. We also
note we are puzzled by the absence of the CH,NH," channel in our experiment. Further
theoretical studies, including a full account of the excited state processes involved, will

be helpful to clarify this.
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4.5 Conclusions

In summary, we report, via a combined experimental and theoretical
investigation, results on the dissociation of ETA cation at 233 nm. As the main primary
channel observed, the H- loss image has a translational energy distribution with a
bimodal structure that correlates well with the formation of singlet CH;CHNH," and
triplet CH;CH,NH" species on the ground state potential surface of the cation. In addition
to H loss, CHj loss to yield CH,NH," is expected to be an important primary channel
according to theoretical results, but we do not observe it in our experiment. HCNH" is
formed as a dominant secondary channel with a bimodal translational energy distribution.
The appearance of a significant angular anisotropy on the outer region of the ion image is
suggestive of a direct excited state decay pathway for this fast portion of the distribution,
which is a significant portion of the overall yield. CH,NH," decomposition to HCNH"
occurs at a very high energy so it does not seem a likely explanation for the dominance of
this product. The formation of CH,CNH," is also observed as a minor channel resulting

from secondary decomposition of CH;CHNH,".
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CHAPTER FIVE
LOW TEMPERATURE BRANCHING RATIO MEASUREMENTS OF ION-
MOLECULE REACTIONS USING STATE PREPARED N," IONS

5.1 Ion-molecule reaction of State-prepared N," ions with CHy, C;H; and C,H,
5.1.1 Introduction

The gas phase study of state-specific ion-molecule reactions'”’ has provided an
essential cornerstone for the fundamental understanding of unimolecular and bimolecular
reaction dynamics'*®. State-specific ion-molecule reaction experiments'*'*° have, in
addition, been very useful in developing accurate models of plasma environments and
planetary atmospheres through the determination of absolute state-selected cross

131,132

sections and product BRs.'#13 Application of powerful methods that probe ion-

135-136 . . .
3% and reaction kinetics at the

molecule reactions under single collision conditions
relevant temperatures are key to developing a comprehensive picture of ion-molecule
reaction dynalmics.m'138 A great challenge facing these approaches, however, is
obtaining accurate branching ratios at the low temperatures characteristic of the
atmospheres of the outer planets and their satellites.

Although important contributions to the study of ion-molecule reaction dynamics
have been achieved by the use of state-prepared ions as the precursor reactant species in

) . 13
ion-molecule reactions' >’

, accurate determinations of BRs of the various product
channels have remained a challenging subject of considerable interest due to their critical

role in the accurate modeling of chemically active and reducing planetary atmospheres

such the dense nitrogen-rich atmosphere of Titan.
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As more concrete and detailed chemical information, such as from Cassini’s Ion
and Neutral Mass spectrometer (INMS)"?10 has emerged, efforts to provide accurate
models of Titan’s upper atmosphere have in parallel necessitated the need for accurate
and up-to-date laboratory measurements of BRs of the crucial ion-molecule reactions that

- . . 141,133,142
are important in the ionosphere.'*"""**!%2 A

substantial number of laboratory studies have
been devoted to the accurate determination of BRs of N, reactions with the minor
hydrocarbon constituents of the upper atmosphere, such as CH4, C,H, and C,H,."* New
experimental data are clearly required to provide accurate quantitative comparison
between the in-situ observations of the Cassini orbiter and the proposed models. Indeed,
for a thorough understanding of the astrochemical dynamics'” in Titan’s chemically
active atmosphere, new approaches to laboratory measurements of important
astrophysical quantities such as the BRs at well-defined conditions need to be developed.
To this end, we report on the low temperature BR measurements of ion-molecule
reactions of state-prepared N," ions with CHy, C;H, and CoHy. In these studies we have
developed a simple but powerful approach that quickly provides the subject BRs at

conditions close to those relevant for Titan’s ionosphere.

The three main pathways for the reactions of N,* with CH," are:

N,"+CHs —» CHs"+N, AH°=-297€eV....cocviiiiiinin., 5.1.1
—  CH3*+N,+H AH=-1.19eV......ccoooinviinn... 5.1.2
— CHy +N,+H, AH°=-041eV......ccvvvvienan... 5.1.3
—  N,H" + CH; AH°=-2.86€V .........cccovnnnn... 5.14

The N,H* ion product channel has only been observed in the studies of McEwan et al.'**

131

and Nicolas et al The channels leading to the formation of CH;" and CH," product
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ions have been previously investigated using Ion Cyclotron Resonance (ICR), selected
ion flow tube (SIFT) and free jet flow reactor techniques where both the rate coefficients

134,133
and the BRs were measured.'**!?

However, the BR measured by Randeniya and Smith
144 at 8-15 K differ by 10% from the room temperature value.'> The critical role of N,
photoionization in Titan's atmosphere and its subsequent contribution to the formation of
complex organic molecules has also triggered a series of related photocell EUV

145196 Thege studies have demonstrated that the

experiments by Imanaka and Smith.
photoionization of N," at 60 nm can lead to the formation of CH;* product ions with a
subsequent production of complex organic species. However, the conclusions of Smith
and Imanaka studies are somewhat limited as to the description of initial chemical
reaction mechanisms and the primary branching where ion-molecule reactions are
expected to be the dominant processes that determine the subsequent chemistry. This is
due to the fact that in a photocell, the generation of neutral complex organic molecules is
a result of coupled sets of photodissociation, photoionization, ion-molecule reactions,
electron-ion recombination and neutral-molecule reactions.

Whereas the BR measurements for the N," + CHy reaction has been subject of
considerable scrutiny both at room temperature and at low temperature conditions, the
BR data of the various product channels in the reactions of N," ions with CoH, and C,H,4
remain insufficiently investigated. Previous work by Anicich et al."**'* has generally
reported the thermal rate coefficient and BRs using the SIFT technique. For the N, +
C,H,; reaction, the most recent study133 reported a single non-dissociative charge transfer

channel leading to the sole formation of CoH," product ions. A product branching ratio'**

of 0.37:0.03:0.60 for the formation of CoH,", NCH" and N,H" product ions reported in
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Anicich's at al.’s earlier study13 * was believed to be largely in error due to the presence of
impurities and secondary collisions. As for the N,* + C,H, reaction, a model by Anicich

133 predicted that the C,Hs* and C,H,* product ions are formed with an overall BR of

et al
0.64:0.36, respectively, although there is as-yet no experimental support for this
determination. This ratio was obtained without invoking HCN* and HCNH" ions in the
model, although they were observed in Anicich's et al. experiments.

In the present study, we report for the first time the product branching ratios of
state-prepared N," ion-molecule reactions with CHy, C,H, and C,H,; in a supersonic
molecular beam expansion where the characteristic rotational temperature is 40 = 5K and
only a few collisions are present. This work is related to a number of previous studies.
Pollard and coworkers'’ used REMPI production of H," to study H,* + H, albeit in
crossed beams at superthermal collision energies with an eye to the dynamics.
Glenewinkel-Meyer and Gerlich'*® examined the use of REMPI production of state-
selected H," in single beam and merged beam reaction with H, and examined many of
the underlying experimental issues, but their focus was on using the approach to
determine rate constants and cross sections. More recently, Belikov et al."* extended the
approach described by Glenewinkel-Meyer and Gerlich'*® to study state-specific
reactions of HBr" at low temperature. They obtained rate constants for several different
channels as a function of initial spin_orbit state and rotational level. Our approach is
similar, although our focus is simply on determining the branching ratios, and we prepare
our reactants in the collision region of the expansion

The BR determinations provide direct insights into the underlying fundamental

mechanisms accompanying the non-resonant dissociative charge-transfer reactions which
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can further assist in the accurate modeling as well as a better understanding of the
astrochemical dynamics in Titan’s ionosphere. Finally, these branching ratio
measurements have been undertaken as a test-case for our newly-commissioned
experimental approach that combines state-selective ion preparation with reaction in the
course of the nozzle expansion.
5.1.2 Experimental

The experiments were carried out using a modified velocity map imaging mass
spectrometry apparatus (VMIMS) that was described in detail in Chapter 2. Here, only
the details pertinent to the N," initiated ion-molecule reactions will be highlighted are
pulsed on. The reactant N," ions were produced via a 2+1 REMPI scheme'™. In this
scheme, two photons of the 202 nm laser light are used to excite the ground N, molecule
to the intermediate a” Y ," Rydberg state. The wavelength calibration of the laser light
was achieved by using a wavemeter (Coherent Wavemaster). The precise frequency of
the tripled light used corresponded to the transition to the lowest rotational level (J=0) of
the a" ¥,* «X'Y," (0, 0) band of N,, measured to be 49420.29 cm™. Absorption of an
additional photon from the same laser pulse allows the production of N," ions. The a”

151-152 L
52 and has been shown to ionize

Y. Rydberg state possesses a ground state N,* core
exclusively via Av=0 '>*. Consequently, this REMPI produces N, ions that are entirely in
the ground vibrational state of the cation. We observed no dependence of the branching
on the rotational level excited, so these spectra were all obtained on the lowest, most
populated level, giving N," in low rotational levels. The tunable 202 nm light used to

prepare the N," ions was generated by frequency tripling of the output of a tunable,

narrow-line width (<0.075 cm'l) OPO laser system (Spectra-Physics MOPO HF). The
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MOPO HF was pumped by the third harmonic of a seeded Nd:YAG laser operating at 10
HZ. Approximately 50 mJ/pulse of horizontally polarized 607 nm light with 10 ns pulse
width and < 0.075 cm™ bandwidth was produced. The MOPO output was then doubled in
an angle tuned KDP crystal and then finally frequency tripled in BBO crystal to produce
vertically polarized 202 nm light. The tripled light was then focused with a 16 cm lens
into the ionization chamber where the reactions of N, ions with the target neutral
molecule took place.
5.1.3 Results
N," + CH4 reaction

The time-of-flight mass spectrum for the reaction between N, (v=0) ions with
CH, 1s presented in Figure 5.1. The spectrum was accumulated up to 1200 shots at 10 Hz
with the accumulated intensity of the CH3;" and CH;" product ions being measured and
monitored for over a period of 15-20 minutes to ensure that there was no change in the
BRs. In order to eliminate the occurrence of secondary reactions, CH4 concentrations
were kept low at ~1%. The obtained mass spectra were then fitted using Gaussian
functions and the integrated area of the peaks used to calculate the BRs presented in
Table 5.1. The results summarized in Table 5.1 give an overall branching ratio of 0.83:
0.17 for the formation of CH;" and CH," product ions, respectively. Although it is
energetically possible to form the CH," ion, this non-dissociative charge transfer was not
observed in our experiment. Even at very low collision energies, the integral cross section

for this channel is below 0.1A? as has already been reported by Nicolas et al.'*!
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Figure 5.1: Time of flight spectrum of the ionic products from the reaction of N,*

(v=0) with methane.

In order to gain more insight onto the dynamics of the dissociative charge-transfer
reaction of state-prepared N, ion with CHy, it important to consider the dissociation
pathways and the fragmentation pattern of CH4" ion as reported by Stockbauer'>* and
Bombach."”® The ionization energy of CH, is 12.61 eV while the dissociation energy of
CH," leading to the formation of CH;" + H channel is 1.64 eV.'"%% The removal of an

electron from CH,4 molecule leads to the formation of nascent CH4" product ions in a

157 157

triply degenerate *T, state."”>’ Due to the Jahn-Teller effect,”®’ the nascent CH,* cation

then undergoes deformation to lower 2Tg symmetry structure. Between 13.8-16.4 eV, the

158

CH4" (2Tg) ion exhibits a breakdown pattern >° that leads to the formation of CH,"

product ions only below 14.3 eV. Above 14.3 eV, the branching ratio to the CH," product
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ion decreases due to the appearance of CH;" ion. The CH,4" product ion disappears above
14.5 eV. The threshold for the formation of CH," product ions is 15.2 eV, with its
branching increasing with an increase in the internal energy. Taking into account that the

ionization energy (IE) of N, is 15.58 eV'”’

, this means that a significant amount of the
2.97 eV reaction exoergicity is deposited into CH4" ion in form of internal energy. On the
basis of this reported fragmentation pattern of CH4" ion below 16 eV, the absence of a
CH," ion peak in our mass spectrum is a confirmation that CH," formation becomes
insignificant as CH;"and CH," ions are formed due to an increase in the internal energy
of the parent CH4" product ion . The IE for Ar'” is very close to that of N, it is therefore
worth comparing our present results to those of Ar" + CH, reaction reported by Tsuji et

1.1% observed the formation of CH;" and CH,"

al.'® In the Ar* + CH, reaction, Tsuji et a
product ions as the only primary channels, with an overall branching ratio of 0.85:0.15,
respectively. This branching is very close to our present BR value for the formation of
CH;" and CH," product ions in the N, + CH, reaction which is in turn, indicative of a
similar charge transfer reaction mechanism. In addition, our BR is also in reasonable
agreement to the earlier reported values at low temperalture144 and room temperature
conditions '’
N," + C,H; reaction

The time-of-flight spectrum presented in Figure 5.2 shows the formation of C,H,"
ion as the only primary product channel in the N," + C,H, reaction. This is in agreement
with the previous room temperature measurements by Anicich et al.'*? using flowing

afterglow-selected ion flow tube (FA-SIFT) technique. The single charge transfer channel

was observed to proceed with an overall rate constant of 5.50 X 10" ¢cm™/s. The IE of
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C,H, is 11.4 eV"™’. This gives a value of 4.19 eV as the total amount of internal energy
that can efficiently be transferred to the C;H," in a N," + C,H, collision and hence

become available for bond-breaking in the parent C,H," cation.
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Figure 5.2: Time of flight spectrum of C,H," product ion from the reaction of N,*
(v=0) with acetylene.

The appearance energy for the lowest energy dissociation channel in C;H," (i.e.,
the formation of CoH" ion) is 17.3 eV %! This value is higher that the ionization
energy of N,*, hence it is not energetically possible to induce C-H bond dissociation in
C,H," through a dissociative charge-transfer reaction with N,*. Our present results are
also in reasonable agreement with the almost isoenergetic Ar" + C,H, reaction'®® where

C,H," product ion was observed as the only product channel. The formation of C,H,"
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(2Hu) in the N," + C,H; reaction can simply be understood as an efficient charge-transfer
reaction that occurs without an energy barrier in a direct long-range encounter.
N," + C;H4 reaction

Figure 5.3 presents the associated time-of-flight spectrum for the N,* + C,H,
reaction. The main peaks observed in this experiment correspond to the formation of

C,H3" and C,H," product ions at a branching ratio of 0.74:0.26 (as shown in Table 5.1).
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Figure 5.3: Time-of-flight spectrum of the product ion channels from the reaction of N,*
(v = 0) with C,H4. Inset shows the spectrum for reaction with C;D4, confirming the
absence of C,D," product.
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Table 5.1: Branching ratios for the formation of various product ion channels observed
upon the reaction of N,* (v=0) with CH4, C;H, and C,H,. The branching ratios are an
average of at least six independent measurements under similar conditions with +2¢
error.

Reaction |Product ion | Branching ratio

N,"+ CH; | CH3" 0.83 £0.02

CH," 0.17 +0.02

N2+ + CQHQ CQH2+ 1

N2+ + CQH4 CQH3+ 0.74 £0.02

CoHy" 0.26 +0.02

At this point, it may be worthwhile to take into consideration the electronic states
of CoH4" ion that may be involved in the charge- transfer reaction below 15.58 eV, the
limit for our recombination energy. The four main C,H," precursor states that may be
. 2 2 2 2 162,163
involved are X“Boy, A“By,, B°Asg, and C'Bg,. The removal of an electron from any

1'%%4n the Ar* +

of these states results in C-H bond (s) rupture. As mentioned by Tsuji et a

C,H,4 ion-molecule reaction, the CT reaction in C,H4 predominantly leads to an efficient

population of a pre-dissociative C;H," state that lies at about the 15.3 eV energy range.
From the C,H4 breakdown diagram 155 , CoHy" ion can only be formed below 13.3

eV. The production of the parent ion starts to decrease above 13.0 eV due to the

appearance of C,H3;" and C,H," product ions. In the Arf+ C,H, reaction for example, the
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formation of C,H," non-dissociative CT channel was negligible with a reported BR of
0.04 as compared to the C,H;": C,H," BR of 0.76:0.20. This reported BR for the
formation of to CoH3" and CoH," product ions was found to increase with an increase in
the internal energy of the parent C;H," ion. The present 0.73:0.27 BR for the formation
of C,H3" and CoH," product ions, respectively is not very different from the one observed

for the Ar* + C,H, reaction in Tsuji et al.’s work '®

. We do not anticipate that CoH,"
product channel would be formed, as it is expected to undergo a rapid decomposition to
C,H3" and C,H," product ions. To gain deeper insights onto the dynamics of this N»" ion-
molecule reaction, these results will be discussed further in the following section by

invoking the photoionization and the state-specific photodissociation dynamics results of

C,H," cation as reported in earlier studies.

5.1.4 Discussion:
N," + CH4 reaction: dissociative charge transfer and the branching ratios

Despite the uncertainty in the BR measurements by different techniques and
workers, it is generally accepted that the mechanism accompanying this reaction is a
simple capture process followed by dissociative charge-transfer. It is instructive to
discuss our results in relation to the earlier results of Ar* + CH, reaction by Tsuji et al. '®°
In the Ar" + CH, reaction, the dissociative charge transfer leading to the formation of
CH;"* and CH," product ions is thought to involve a non-adiabatic transition between two
non-resonant charge states ; Ar* + CH, and CH4" + Ar. As indicated by the magnitude of
the total cross-section, there is a large non-adiabatic coupling between these two charge

transfer states. On reaching the first relevant crossing that has a high probability, Ar* and



86

CH, charge transfer occurs with unit probability resulting in an immediate dissociation of
the nascent CH," ion. Although a detailed potential energy surface for the reaction N,* +
CH, is not currently available, it is likely that the dissociative charge transfer reaction
proceeds via a non-adiabatic coupling just as in the Ar" + CHy case. In an earlier study,
Nicolas et al.10 proposed that the formation of CH," and CH;" ions proceeds via a
separated sequential process. In this case, an impulsive single-electron transfer is later
accompanied by CH," ion dissociation.

Using a flow jet reactor, Randeniya and Smith 144 obtained a CH;": CH,'
branching ratio of 0.80: 0.20 at 30 K, a value that is very close to our present 40 + 5K
value of 0.83:0.17. The room temperature branching ratio of 0.88: 0.12 reported by
Anicich et al.'* differs by about 7% with our value. It is critical to mention that the
CH;": CH," branching ratio does not depend significantly on the collision energy, an
indication that the kinetic energy is not efficiently converted into internal energy of the
CH," ion. As previously noted in the Nicholas et al. study, this behavior is also a
confirmation of the strong coupling between the two aforementioned charge-states (N," +
CH, and CH4" + N»).

Charge transfer in N,* + C,H, reaction

High resolution He I photoelectron spectroscopy shows that the adiabatic
ionization energies corresponding to X°[[., A’Y," and B*Y," states of C,H," ion are
11.403, 16.297 and 18.391 eV'®, respectively. There also exist regions of autoionizing
Rydberg series that converge to vibrationally excited levels of the electronic ground state
at regions 2 eV above the ground state. It is plausible that these autoionizing Rydberg

states act as the precursors to the non-dissociative charge transfer reaction that lead to the
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sole formation of C,H," product ion. Since the threshold for the appearance of the lowest
H-loss dissociation channel, C,H" + H, is above the recombination energy of N," ion
(15.58 V), the only accessible electronic state in a CoH, collision encounter with N," is
the X2Hu ground state. As no chemical bond is broken in C,H," ion, the appearance of a
single peak as displayed in Figure 2 is as a result of a CT process that occurs over
comparatively long distances in an electron transfer that is accompanied by no
appreciable momentum change. Considering the N," ion recombination energy of 15.58
eV and the strong C-H bond in C;H," cation, the non-dissociative CT channel leading to
the formation of C,H," product ion is expected to be the only primary process. This is
consistent with our observed unity measurement of the branching for this reaction.
N," + C,H, reaction: dissociative charge transfer and the branching ratio

Our time-of-flight mass spectrum shown in Figure 3 represent the first
unambiguous experimental study identifying CoH3;" and C,H," as the major primary
product channels in the N," + C,H, charge transfer reaction. The branching ratio for the
formation of C,H;": C,H," product ions as summarized in Table 5.1 is 0.74:0.26,
respectively. In their most recent work, Anicich et al.'** performed careful modeling of
the N,* + C,H, reaction and followed the reactions over a significant flow range.
Whereas the HCN' and HCNH" channels reported earlier by Anicich et al. were omitted
in the model, the non-dissociative charge-transfer channel was also not identified. A
branching ratio of 0.64:0.36 for the C,H;": Co,H," product channels was obtained from the
model.

Our BR measurement differs by ~9% from that inferred from the model. In order

to get more insight into N,* + CoH, dissociative charge transfer reaction that leads to the
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observed branching ratio, it is beneficial to consider the excited states of C,H4" cation
that may be involved. As mentioned earlier, below 16 eV the four C;H,;" accessible sates
are: X’Bs., A’Bie, BoA, and C°By, states at 10.51, 12.45, 14.45, and 15.87 eV,
respective1y164. On the other hand, the appearance energies for the formation of C,H;"
and C,H," ions are 13.3 and 13.0 eV, respectively164. This clearly shows that at a total
N," recombination energy of 15.58 eV, the C,;H;" and C,H," ions have thresholds that are
associated with the X*Bj,, and A2B3g as the possible precursor electronic states.

We note here that in order to have a clear picture of the dynamics involved in the
CT reaction of N,* + C,H4", one cannot overlook the underlying photodissociation
dynamics of the C,H;" cation and the associated branching as exemplified in a number of
previous studies. Indeed, a detailed state-selected ion imaging study on C,H;" cation
dissociation by Kim et al. 165 has established that the C,H4" cation undergoes
fragmentation that leads to H-loss and H; elimination as the main primary processes.
Consistent with the previous single-photon ionization mass spectrometry and threshold-
photoelectron-photoion coincidence (TPEPICO) studies'™, Kim et al.'® found the H
elimination channel to be much more favorable than the H, loss channel. It is interesting
to note that just as in these photochemistry experiments, the most preferred dissociative
CT channel in our present study is the H-loss channel leading to the formation of C,H;"
product ion. Although Ar" is more energetic than N," ion (15.76 recombination energy
versus 15.58 eV), its reactions with C,H," provides an additional platform for obtaining a
qualitative picture of the charge-transfer mechanism for the reactions of No™ with CoHy.
The Ar'+ C,H, study'® reported a branching of 0.76:0.20:0.04 for C,Hs":C,Hs":CoH,*

with a conclusion that the CoH3" and C,H;" ions are produced though a near-resonant
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charge transfer mechanism without significant momentum transfer. Consequently, two
charge transfer mechanisms in the Ar" + C,H, reaction are inferred; one is the dominant
near-resonant dissociative charge transfer leading to the formation of C,H;" and C,H,"
ions while the other is the minor non-resonant non-dissociative charge transfer leading to
the formation of C,H," parent ions. In the N, + CoH, reaction, we propose that just as in
the case of N>+ CH, reaction, the collision encounter between N," ions and the C,H4
molecule lead to an efficient dissociative charge transfer involving a non-adiabatic
transition between two non-resonant charge states of No* + C,Hy; and C,H;" + Nj.
Detailed theoretical studies on the potential energy surface for the reaction N," + C,Hy
would be required to validate our proposed mechanism but owing to the similarities
between the recombination energies of Ar" and N," ions, this interpretation appears quite
plausible. Our qualitative arguments can further be supported by the fact that we do not

observe the parent C,H," ion.

5.2 Reaction of state-prepared N," ion with Acetonitrile
5.2.1 Introduction

As one of the possible building blocks of biomolecules'®, Acetonitrile (CH;CN)
was first discovered in Titan’s atmosphere via ground-based mid microwave sub-mm
spectroscopy. A disk-averaged vertical profile mole fraction of the order of 10 was
revealed above 150 km'®. This profile was found to increase slowly with altitude up to
500 km. CH3CN has also been found to be ubiquitous in laboratory experiments
simulating Titan’s atmosphere'®®. The mole fraction of CH3CN calculated by two recent

139, 168

models appears to be in close agreement . These two models propose the insertion of
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N (°D) into C,H, as the major route leading to the production of CH3CN. Although the
possible role of CH3CN and other related cyano compounds in Titan’s ion-molecule
reactions has not received much attention in the past, we seek to report on the low
temperature product BRs of N," reaction with CH3CN as an initial attempt understanding
the fate of other closely related unsaturated trace constituents in Titan’s atmosphere upon
a collision encounter with the dominant N," cation. Utilizing the SIFT technique, Wincel
et at;'® reported room temperature rate coefficient and product BRs for the reaction of
N," cation with CH3CN. For a period of more than 20 years, no further experiments on
N," reaction has been undertaken and the existing BRs are largely in error due to the use
of inaccurate dissociation thresholds for CH;CN™ cation and the possible involvement of
electronically excited N," cations. We expand on this in our discussion on the BRs.
Figure 5.4 shows some of the energetically allowed ionization and fragmentation
pathways for CH3;CN. The lowest energy values associated with the production of
CH,CN*, CHCN* and CCN" are 14.4 eV, 15.9 eV and 20.0 eV'"’, respectively. Studies
on acetonitrile molecular cation dissociation have also been carried out using several

171-173

mass spectrometric techniques Using mass-analyzed 1ion Kkinetic energy

spectrometry, Choe'”

has for example obtained the kinetic energy distribution for the H-
loss channel that leads to the formation of CH,CN™ product ion and perfomed Density
functional theory calculations to investigate the isomerization and dissociation pathways

of the ground state CH3;CN™ cation. In this experiment, only the H- loss product was

observed, agreeing with the previous experimental results.
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Figure 5.4: Energy diagram showing the possible dissociation channels of acetonitrile
cation in a charge transfer reaction involving N,* cation with a total recombination energy
of 15.58 eV
5.2.2 Charge transfer, H-loss channels and the branching ratios

Figure 5.5 shows the time of flight profile associated with the reaction of Ny
cation with CH;CN at 202 nm. Here, we neglet the N," peak and show only the H-loss

and charge transfer product ion peaks at m/z 40 and 41, respectively. Taking the

recombination energy of N," cation to be 15.58 eV and considering the associated
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dossociation thresholds as presented in Figure 5.3, the only two possible primary product
channels possible in a charge transfer reaction involving N," with CH;CN are:( i) Charge
transfer leading to the formation of the parent cation and (ii) the H-loss product. This is
indeed consistent with our results as opposed to the Wincel et al'® results where the H,
loss product was observed. In the Wincel’s experiment, the N," ions were prepared by
bombandment with an electron beam of gas mixtures of CH;CN + M (M= Ar, H,, Ny,
CO, CO; and CHy4 at pressures ranging from 0.01 to 0.4 torr and temperatures between
305 K and 345 K). This method of preparing N," cations resulted in the production of
long-lived excited ions of N," ion that reacted with CH3CN forming CH,CN" product
ions. Table 5.2 gives a summary of Wincel’s et al;'® banching ratio and our present low

temperature BR.
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Figure 5.5: Time of flight spectrum of CH,CN"* and CH3CN" product ions
from the reaction of N,* (v=0) with acetonitrile.



93

Using our new low temperature technique, we obtain a branching ratio of
0.95:0.05 for the formation of CH,CN" and CH3CN" product ions, repectively. The
branching ratio seems to overwhelmingly favor the formation of the H-loss product
channel just like is the case of Choe’s experiment172 where the H-loss product was
observed to be the dominant channel. RRKM model calculations based on the obtained
potential energy surface predict that CH;CN" cation interconverts to CH,CNH' and
CH,NCH" followed by dissociation to a cyclic C,H,N" via an cyclic C;H;N" intermediate
near the threshold'’%. The H-loss kinetic energy distributionn in Choe’s experiment seems
broader and different than the typical statistical distribution associated with a simple bond
cleavage. One possibility for this large KER is a considerable reverse barrier which is
commom in some direct bond cleavage reactions to produce cations with aromatic

stability.

Table 5.2. BRs for the formation of various product ion channels observed upon the
reaction of N, (v=0) with CH3CN. The branching ratios are an average of at least six
independent measurements under similar conditions with £26 error

Reference Product lon/Channel BR
Wincel et al; (1988) CH;CN" + N, 0.15
(SIFT technique) CH,CN" + H + N, 0.65

CHCN" + H, + N, 0.20

Current Study (2011) CH,CN* + N, 0.05 = 0.01
(with 20) CH.CN*+H+N, 0.95=0.01

CHCN® + H, + N, i
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Let us now incline our discussion of our reported BRs in light of Titan’s
ionospheric chemistry and the associated N,"-induced ion-molecule reactions. It has been
pointed out that nitriles in Titan’s atmosphere are more abundantly formed at higher

altitudes'”

. In these regions, N, is more frequently ionized and/or dissociated by the
magnetospheric electrons from Saturn’s rapidly rotating magnetosphere and EUV-
irradiation than at the lower altitudes. This makes the determination of accurate BRs of
N," ion-molecule reactions with the trace nitrile compounds such as CH3;CN very
important as far as supporting the models is concerned. The high proton affinities of
nitriles such a CH3CN allows them to be effectively protonated by the ubiquitous
protonated hydrocarbon ions (such as C,Hs") in Titan’s primitive, reducing ionosphere.
Therefore, the accurate low temperature BRs determined in the current study, if

incorporated in Titan’s models, will assist in the accurate modeling of nitrile chemistry

and give insights into the haze formation mechanisms.

5.3 Conclusions and Implications for Titan's atmosphere

The BRs of the reactions of state-prepared N," ion with CHy, C;H, and C,Hy, the
main minor hydrocarbon constituents of Titan's upper atmosphere, have been measured at
a characteristic temperature of 45 + 5K. The dominant reaction channels in the N,* + CHy
and N,* + C,H, reactions are the non-resonant dissociative CT while for the N,* + C,H,
reaction, non-dissociative CT channel leading to the sole formation of C;H,* product ion
is the only reaction channel. In the N, + CH, reaction, a branching ratio of 0.83:0.17 is
obtained for the formation of CH3" and CH," product ions, respectively. The absence of a

non-dissociative CH4" charge transfer channel suggest that the dominant process in this
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reaction is a near-resonant CT process that is accompanied by simple C-H bond rupture
of the nascent CH4" ion. Results for the N,* + C,H,4 reaction indicate that CoH;" and
CoH;" product ions are formed at a branching ratio of 0.74:0.26, respectively. The
process associated with this observed branching is a simple capture process followed by a
non-resonant dissociative CT. For the reaction involving N, with CH3CN, a branching
ration of 0.95:0.05 is obtained for the formation of CH,CN" and CH3;CN™ product ions,
respectively. This BR overwhelmingly favors the formation of H- loss dissociative charge
transfer channel in accordance with the statistical ground state dissociation of the cation.
This present study represents the most reliable experimental data on the primary
branching ratios of the main product channels in low temperature reaction of N, with
CH4, CH,, and C;H4. This primary branching also gives a direct insight onto the
dynamics associated with these ion-molecule reactions in Titan’s rich ionospheric
chemistry. The reported branching ratio measurements illustrates a new, promising
modification of a VMIMS apparatus that allows for direct determination of branching
ratios of state specific ion-molecule reactions at low temperatures prevalent in Titan’s

upper atmosphere.
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This work presents results of primary fundamental photodissociation and state-
specific ion-molecule dynamical studies that are relevant to understanding the formation
and growth mechanisms of unsaturated hydrocarbon molecules, haze layers and aerosols
in Titan’s upper atmosphere. In the diacetylene dimer, it is shown, via laboratory studies
combined with electronic structure calculations that the photodissociation of the dimer
readily initiates atomic hydrogen (H) loss and atomic H transfer reactions forming two
prototypes of resonantly stabilized free radicals, CsHs and C4Hs, respectively. In
ethylamine cation, high-level ab initio calculations identify the complex dissociation
pathways for the ground state CH;CH,NH," radical cation at 233.3 nm using Direct
current (DC) slice imaging technique, revealing important features of the potential
surface that are important in Titan’s ion-molecule reactions. Finally, a new technique is
implemented to measure the branching ratios for the reactions of state-prepared N," ions
with methane (CHy), acetylene (C,H;) ethylene (C,H4), Hydrogen (H;) and acetonitrile

(CH3CN) under a rotational temperature ~40 + SK.
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