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Abstract

The ionization of acetonitrile has been studied using both electron and photon ionization
combined with coincidence detection techniques. Relative partigdimm cross sections and
relative precursor-specific partial ionization cross-sections are determined for all the cations formec
from single, double and triple electron ionization of:CN from 30— 200 eV electron energy. These
cross sections characterize, distinguish and quantify the positivéoioned from these levels of
ionization over the electron energy range investigated. To complement these electron ionizatiol
studies, relative ion yields for the formation of single ions (both monocations and dications) and
monocatiorcaion pairs have been measured following photoionization afGBHrom 20- 42 eV
using synchrotron radiationThere is a strong similarity between the photoionization data and

electron ionization data.
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1. Introduction

Acetonitrile (CHCN) is the smallest aliphatic nitrogen-containing hydrocarbon and finds
extensive use as an industrial solvent3sCN has been detected in the interstellar medium and is

known to be important in various astrochemical processep.[1-3] Terresdi&IGN is known to be

formed in the atmosphere, where it is found in the stratosphere sSNQHO)," ions{4-§]

Acetonitrile has also been detected in the atmosphere ofta(ﬁl-ﬂsq:N is important in a medical
context for example, in breath analysis €EN is a marker of the number of cigarettes a person
smokepH3CN is also used as a chemical ionization agent in mass spectrometry to determine
the position of double bonds in polyunsaturated fatty s.[ll] Knowing the position of these bonds
is important to understand the effect of such fatty acids on human @Ith.[lZ]

Due to the importance of GBN in the various environments outlined above, many studies

of its chemical and physical processes have been undertaken. These studies include work on t

absorption of VUV photong,[13-18] interaction with metastablg He,[19-22] electron ionizatipn [23-

, modelling of the dissociation and rearrangementCBECN'[23{24,27] and dissociative

ionization in femtosecond laser fiel28]. However, quantitative studies of the electron ionization

of CH:CN are limited to measurements of yield curves and appearance evl\ergies.[A3téﬁ/]

studies have examined double ionization ofsCN.[29-35] Of these studies the majority have

focussed on Auger processes at high-photon engrgies.[29-31] Of most relevance to the work report

in this paper is the study of the double ionization of CH3CN by Budilwho ugd He(ll) radiation
and coincidence methods to investigate the dissociation eCIEH. ﬁ] As a consequence of Ruhl

etal.’s study, the formation of H" from double ionization of C#CN, and other organic molecules,

has been considered as a sourcegfitdthe interstellar medium.[$2,34]

This paper reports a quantitative study of the electron ionization g€Rfom 30- 200 eV
using time-of-flight mass spectrometry coupled with coincidence detection. Relative cross section:
are determined which quantify the formation of fragment ions and the level of ionization (single,
double, triple) generating these individual ions. These cross sections are used to account for tf
decay processes of the €EN?* ion. To support this work, and investigate any differences between
the consequences of photoionization and electron ionization, we also present the results c
coincidence experiments probing the photoionization of@NHfrom 20— 42 eV using synchrotron

radiation.
2. Experimental

2.1 Electron lonization

The electron ionization experiments reported here were performed using a time-of-flight mass
spectrometer (TOFMS) running in a coincidence detection mode. Details of this apparatus have bee
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presented previously and so only an outline of its operation will be giver) herel[36,37] Briefly, the

experiment is controlled by a pulse generator running at 50 kHz. The generator first triggers a home
built electron gun to produce a pulsed beam of electrons (the pulse duration is approximately 30 ns
This pulsed electron beam cresthe source region of the TOFMS where it interacts with the target
gas. The target gas effuses continuously from a needle orientated at 90° to the path of the electr
pulse. Both the electron beam and jet of target gas are oriented perpendicularly to the major axis
the TOFMS. Once the electron pulse has traversed the source region of the T&Dft&e of

+400 V is applied tohe mass spectrometer’s repeller plate. This voltage accelerates any ions formed
by the electron pulse into the acceleration region of the TOFMS and on into the drift region. At the
end of the drift region the ions impact ardetector comprised of a pair of microchannel plates.
Signals from the detector are amplified, discriminated and registered as stop signals on a fast tim
to-digital convertor (TDC). The start pulse for the TDC is $srthe pulse generator after it triggers

the repeller plate pulse. The TDC records the flight times of up to three ions for every start isreceive
The events recorded by the TDC are accumulated in a memory module followed by periodic transfe
to a PC.

For all measurements reported here the sample pressure inside the TOFMS was maintained
10° Torr as recorded by an ion gauge. Use of these low pressures, combined with the low electro
beam currents, ensures that on average there is considerably less than one ionizing event per elect
pulse. This low event rate ensures that only a very small number of false coincidences arise in ot
data. These false coincidences can be easily removed using an autocorrelation function as descrik
in more detail beIov@G] To ensure that we can extract quantitative data from our experiments we
have identified a set of conditions under which no intrinsic discrimination in our ion detection
electronics is observ6] Further, the accelerating voltages of the TOFMS are such that all ion
will reach the detector if they have less than 10 eV translational energy. As most dication
dissociations involve total kinetic energy releases (KERS) that are less than 9 eV, the vast majorit
of ions formed from doublionization will be detected in our appara[38] lons with significant
translational energies, formed by triple (and higher) ionization, can have KERs > 10 eV. A proportion
of these high kinetic energy ions may not reach the detector, hitting the walls of the flight tube.

However, these losses can easily be corrected for by examining the form of the coinsigiesise

as described beI09]

2.1.1 Data Reduction

The coincidence data we record are classified as a function of the number of ions detecte
following each repeller plate pulse. Events involving the detection of only a single ion are added tc
a ‘singles’ mass spectrum, a simple histogram of time-of-flight versus ion counts. The relative ion

intensities for monocations and dications in the singles specfifhand [X?*], are extracted from
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these spectra by evaluating the counts in each peak after applying a correction for the small, b
nonzero, baseline. A further correction is made for the small contribution to ion peaks (e’gatfor N
m/z = 14 amu) arising from residual air and water in the background gas in the vacuum c ber.[3€
Events with two or three ions detected per repeller pulsesaned either ‘pairs’ or ‘triples’.

The pairs data are visualised as a 2D histogram with the number of counts plotted as a function «
the flight times (t t2) of both ions in the pair. In such pairs spectra different decay chanrels of
multiply-charged ion appear as distinct peaks. The relative intensity of each dissociation channel i
then determined by summing the counts in each of tipase peaks’. As described earlier, despite

the low event rates, the peaks in the pairs spectrum contain a small contribution due to fals
coincidences. The number of these false coincidences are evaluated, using a methodology involvir
the autocorrelation function of the singles mass spectrum, and subtracted on a peak by peak bas

this procedure has been described in the literatuge.[[36,40] Any contribution to the recorded ion pair

from the residual air and water in the vacuum chamber can easily be evaluated and siibtfacted.[3
A further correction is made for those ion pairs wheeatl t are very similar, for example™H H'.
For such dissociations it is necessary to allow for the loss of ion pairs due to the deadtime of th
detection electronics. Specifically, the dead time of the detection electronics used in these
experiments is approximately 32 ns. Thus, coincidences are nifigged| < 33 ns. Fortunately,
such losses can be easily estimated by extrapolating the visible part of the pairs peak:lzaek to t
The corrected intensities of each pairs peak that contain$ian Xre then summed to produce
the contribution of a fragment ion to the pairs spectruX,” P
The triples data is analysed by first specifying the TOF range of an ion of interestd(then

finding all ion triples that contain at least one ion that lies in this TOF range. From this selected list
of triples the times of the other two ionsdhd &) are plotted in a 2D histogram of their arrival times.
This 2D triples spectrum is then analysed in the same manner as the pairs spectrum to p¢téguce T
the contribution of a fragment ion {Xto the triples spectrum.

From the values ofX™], I[X?*], P[X"], and TX*] obtained from the experiment, the relative
partial ionization cross-sections (PIG&)X™] (branching ratios) for forming each fragment ion can
be derived. In addition we can also extract from our data the relative precursor-specific PICS
on[X™]. The values ot:[X™] quantify how likely an X* ion is to be formed from an electron-
acetonitrile collision at a given electron energy. The precursor-specific \aa€8] breakdown
the value oft[X™] into the contribution to the yield of"X from single (n = 1), double (n = 2) and
triple (n = 3) ionization. For example, in the dataset presented in this pdpEl, quantifies the
yield of H" from all levels of ionization of C¥CN; whilst 61[H™], o2[H*] and o3[H*] quantify the

cross-sections for formation of"Hrom single, double and triple ionization of &EN respectively.

For this studye[X*] ando[X?*] are determined from the ion intensities using Ed. (1)ar|d (2) while
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Eq/|(3) is an example of an equation derived to calculate a relative precursor-specifi{mRIGS

casesi[X™]):
. I[X*]+ P[X*] + T[X*]
ol X*] = I[CH;CN*] @)
I X2+
o [X**] = m 2)
o IXFT+H (= RF)PIXTT+ (A = f)*FHTX]
alX7] = I[CH;CN"] @)

In Eq{ (3), fis the ion detection efficiency. Values pli¢ between zero and unity due to ion loses at

the grids in the TOFMS and the performance of the detector and associated electronicsisOnce f
known, f=0.256 for this work, ci[X™] can be evaluated. Full details of the methods used to
determineifand to calculi the various relative PICS are givereiprevious publicati06]

In this study there are a number of potential product ions which have the sante-oresge
ratio: for example an ion with mfiz 27 could arise from £43* or HCN'". In this study we cannot
always unambiguously distinguish the contributing ions at m/z values of: "1£H"), 15 (NH',
CHs"), 26 (GH2", CN") and 27 (GHs", HCN"). However, when we are looking at ion pairs and
triples, it is often possible to distinguish these ions. For examplés #etected in a pair together
with an ion of m/z= 15. This m/z = 15 ion must be the Nkbn as there are not enough H atoms
available in the parent GBN to give rise to H+ CHs". Therefore, were possible, we report data
for these specific ions but in a few cases we report cross sections for a given mass, without identifyin
the ion.

The behaviour of several of the relative cross sections measured in this study reveal ionizatio
thresholds within the range of electron energies we have employed. To estimate the enelgy of su

ionization thresholds (, a threshold function f(E) has been fitted to the appropriate relative PICS

in the threshold regil]:
E<E,: b
f(E)z{ <o

E>E,: b+cdE-E,) (4)
In this threshold function, E is the photon or electron energy, b is the background signal below the
energy threshold of a process, ¢ and P are fitted parameters. For the majority ofstheldsire
analysed in this work P was found to lie close to unity.

In addition to the relative PICS, our coincidence data also reveals information characterizing the
dynamics and energetics of the fragmentation of the multiply charged ions that are formed following
electron ionization of acetonitrile. For example, the gradient of a peak in the pairs spectalopehe
of the major axis of the lozenge shaped peak plot of § against 4 for that reaction (see inset in
Figure 3, characterizes the correlation between the fragment ion momenta in the dissociation reactiol

associated with that peak. These peak gradients, extracted with a weighted least squares analysis,
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the shape of the coincidence peak in the pairs spectrum (Figure 1), can provide information on th
mechanism of a given fragmentati[42] For example, the ionic products of a two-body dicationic
dissociation will have equal and opposite momenta, giving rise to a peak in the pairs spectrum witt
agradient of -1. However, further dissociations of these primary products will lead to changes in the
product momenta which will move the peak gradient away from -1, the precise value of the gradien
depending on the ratio of the masses of the nascent ion ancsladion produc] Thus, the

gradient of a particular peak in the pairs spectrum can reveal the dissociation mechanism of the pare
dication. More sophisticated analysis of the shape of such coincidence peaks, to determine far mo

detailed information on the dissociation mechanism of the dication, is possible in experiments with

higher temporal resolutior.[13,44] In the coincidence spectra presented in this study, the finite

duration of the electron pulse restricts our analy$ the coincidence peak shapes to simple
measurement of the peak gradients.

Plottinga TOF difference spectrum, intensity against-(t.), for a detected ion-pair can be used
to determine the KER involved in the fragmentation that gives rise to that fragmentation. Individual
fragmentation reactions typically generate a square peak in such a difference spectrum and the wid
of these square peaks is principally controlled by the KER. We extract estimates of the KER from
these difference spectra by modelling their form using a Monte-Carlo simulation, including all the
apparatus paramet36}rom the value of the KER for a given dissociation channel, and the
energies of the dissociation products, we can estimate the energy of the dicationic precurso
Ep(CHsCN?"), that dissociates into the ion pair of interest. Such an estimate requires a knowledge o
the relative energies of the dissociation produgtg: E

Ep(CH3CN?*") = KER + Efyqy (5)
In making such an estimates of dicationic precursor energies, we commonly have to assume th

the disso@tion products are formed in their ground electronic states.

2.2 Photon lonization

To support the electron ionization data, experiments on the photon ionization@NG¥¢re
performed at the Swiss Light Source (SLS) synchrotron on the VUV bea@\e.[%] These
experiments used the existing iPEPICO (imaging PhotoElectron Ph@@liocidence) endstation.

The operation of this endstation has been described in detail in the litgrajure.[46,47] The IPEPICC

apparatus is designed to detect, in coincidence, the photoelectrons and photoions formed followin
photoionization. There are two detectors, one for electrons and one for ions, aligned opposite eac
other across a small (11 minteraction region. In this interaction region a beam of effusive gas is
crossed by a pulsed beam of VUV photons from the beamline monochromator. Any second-orde
light from this monochromator is suppressed by an in-line noble gaerA[nﬁ]electrons and

-6 -



ions formed by ionization are extracted by a small continuous voltage into their respective detectior
regions. The fields in the electron detection region are chosen to achieve velocity map imaging an
to discriminate strongly in favour of low-energy electrons. Specifically, only those electrons with
energy <800 meV will be focussed to the detector fae#though there will still be a small
contribution to the electron signal from those high-energy electrons whose initial velocities are
aligned directly towards the detector. This high-epeantribution can be efficiently removed using
a simple geometric correction sche@[%] The electron detector employed is a position-sensitiv
detector, of the delalyne anode type, situated behind a multichannel plate arrangement. The ions are
extracted into a standard TOFMS and detected using a multi-channel plate. The start signal of th
detection system is provided by the detection of an electron.

Considering the energy balance following double photoionization C8Hwe have:

hv = E(CH3CN?*) + KE,; + KE,;, (6)

Here, hv is the ioniing photon’s energy, E(CHsCN?*) is the double ionization energy required to
populate a particular electronic state of the acetonitrile dication arg.kKé&presents the kinetic
energy of each of the two emitted electrons. An issue with using the iPEPICO apparatus to stud
double ionizations that only a single electron can be detected from each ionization event. However,
as the photon energy passes through a double ionization threshold two very low energy electrons wi
be formed, and one of these electrons will be efficiently detected by the electron detector. Thus
signal corresponding to double ionization thresholds will appear in the coincidence spectra.

Two types of photoionization spectra were recorded to study the double photoionization of
CHsCN. The first class of spectrum is a photoelectron-photoion-coincidence (PEPICO) dataset. Fo
these spectra coincidences between a threshold electron and a single ion were recorded as a funct
of photon energy over a range of 2@4 eV, with a standard step-size of 0.1 eV. In regions of the
spectra where a threshold, the appearance of a new ion signal, was observed as the photon ene
increased, spectra were repeated with a smaller photon energy step-size. From these PEPACO spe:
it is possible to determine thresholds for the formation of monocations from single photoionization
and dications from double photoionization. The thresholds are determined by fitting the PEPICO

signal to the threshold law outlined above in Eq.|((4). For the PEPICO spectra recorded in this study

only ions coincident with electrons which hit the centre of the electron detector face have been use
for determination of ion yields. Taking just this portion of the coincidences reduces influence of any
energetic electrons on the res[4@]|| ion intensities are reported relative to the signal of
CHsCN".

The second class of spectrum we record is a photoelectron-photoion-photoion coincidence
(PEPIPICO) spectrum. In these measurements coincidences between a threshold electron and t
monocations produced from double photoionization were recorded. Given the significant time
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required to record PEPIPICO spectra with a satisfactory signadise ratio, the PEPIPICO spectra
were measured between 34 and 42 eV at 1 eV intervals.

The PEPIPICO experiments record both pair events, where two ions are detected ir
coincidence with an electron, and singles events where just one ion is detected. As with the electrc
ionization experiments, the singles events are histogrammed to form a mass spectrum whilst the pal
data are visualised with a 2D histogram of the flight timeg)f both ions in the pair. These two
spectra (singles and pairs) are analysed in the same way as the electron ionization eeablis€¥e
to produce the ion intensities for monocations and dications in the singles speetiijmnd [X2*]
and the ion intensities for monocation pairs in the pairs spectfM+PZ"]. The intensity of ios
and ion pairs as a function of photon energy are reported as relative ion intensities (RII), relative tc
the CHCN" signal, and used to reveal ionization thresholds.

3. Reaults

The electron ionization d€H:CN was studied over a range of electron energies from 30

200 eV. A representative pairs spectrum and representative mass spectra are shown in Figure 1. 1

resulting data sets were analysed as described above to produce relative[RICE(Figure 23,

and relative precursor-specific PIGS[X '] (Figure 33)c2[X*] (Figure 44) ana2[X?*] (Figure 45

for electron ionization of CECN. All cross-sections are reported relative to the formation ofdBH

as indicated in Eq. (1)-(B). Values fes[X '] were also generated, however, due to their significant

statistical uncertainty they are only reported in a tabulated form (Table S8) in the supplementan
information (Sl). Tabulated versions of all the relative cross-sections, with their associated
uncertainty are also available in the SI.

Upon electron ionization of GGEN twenty two ions were detected in the singles, pairs and
triples spectra; H Hy*, Hs", C**, C', CH", CH' / N*, CHs" / NH', CN?*, C:HN?Y, GoHoN?,
CHsCN?*, &f, CH*, CH2'/CN*, C:H3" /CHN', CHNY, CHsN*, CoN*, GHNY, CHoN' and GHsN*™ .

We note that no signals due t&'Nons were observed. In total, forty five different dissociation
reactions forming ion pairs were detected, with eleven different channels forming ion triples
appearing at higher ionization energies. The complete lists of ion pairs and ion triples detectet
following electron ionization are given in tss

The photon ionization of C¥CN was investigated over a photon energy range from420

eV. PEPICO spectra were recorded from-2Z6 eV and PEPIPICO spectra were recorded from 33

— 42 eV. Representative PEPICO spectra are shown in Figure 66. In these photoionizatior
experiments at the SLS twenty three different ions were detected,H Hs*, C?*, N**, C', CH,

CH2* / N*, CHs* / NH*, CN?*, CHN?*, GHoN?*, GHaN?*, G, GH*, CH2'/CN*, CH3*/CHNY,

CHoN*, CHsN™, C&:N*, CHCN', CH.CN" and CHCN". forty five different ion pairs were observed

and are listed in th8l.
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4. Discussion

4.1 Electron lonization

The values ot we have derived from o@HzCN electron ionization data are showh in Figrjre

As the electron energy is increased the relative PICs all show the sama tigntba peak value

before gradudy decreasing as the electron energy is increased further. Such behaviour is ofter

observed for such relative electron ionization cross-sectiofs.|36,37,39,48H5%le monocation

products from single electron ionization of §HN detected in this experiment have non-zefo
values at 30 eV (the lowest electron energy used in this study), indicating that all the thresholds fo
the formation of these ions by single ionization lie below 30 eV.

In contrast, for all the ions we detect the values.adre zero, within the experimental error bar,

at 30 eV.However, at 35 eV, several of the ions show non-zenmlues|(Figure 44 apd Figure 55)

This observation shows that the double ionization energy (DIE) eCQHthe energy required to
populate the ground state of the dication, lies between 30 and 35 eV, consistent with the DIE o
CHsCN of 33.3 £ 0.3 eV, measured using charge-transfer spectropy.[33] The energetic thresholc
(En) for ions formed via double ionization of GEN were determined by fitting the values just
above the threshold, as described above @ and are given i@ 1. The majority of
monocation and dication products from double ionization ofMHhave thresholds in the 3545

eV energy range. Our value of the energetic threshold for the genera@b©RN>*, of 34.1 + 0.8

eV [Table }is in accord with the value of the DIE determined by Bayliss et al (33.3 £ 0.3 eV) using

charge-transfer spectrosco33]
Table 2 lists the KERs we determine foe tbserved ion pairs which are formed via a two-body

mechanism and which have a significant enough intensity to allow reliable analysis. As shown in
Table 2, we have extracted the KER for each channel at the lowest electron energy for wéich the

are statistically reliable signals. From the KERs we have derived dication precursor-state energie:

which are also listed |in Table 2. All the precursor eneigf@able 2 have been determined assuming

the ionic products are formed in their ground electronic states. The data in [Table 2 shows that all th
two-body dissociations of GJEN?* forming CHCN' + H" and CHN + CH," originate from low

down in the manifold of CECN?* states, perhaps from the ground state, whereas the formation of
CHCN' + H2" occurs from a state (or states) with significant (4 eV) internal excitation. Indeed, the
calculations of Bayliss et al show that there are a large numi@Hs6fN>* electronic states in this
energy regio] The KERs we extract for the dissociati@®HCN?* to CH:N* + CH' or to CN

+ CHs" result in dicationic precursor energies close to 31 eV, below the DIE of 33.3 eV. Such low
precursor energies could indicate that the products of these dissociations are not formed in the
ground electronic states. Alternatively, as has been observed before for other molecules, the threshc
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of the two-body dissociation could originate from the dissociation of excited monocation states,

CHsCN"", lying below the DIE.[53-59]Theseexcited monocation states, which are perhaps part of

a Rydberg series converging on the close-lying dicationic states, fragment into a monocation and &
electronically excited neutral, with the neutral subsequently autoionizing to form the second
monocation detected. As is well-established, this mechanism could generate monocation pairs belo
the DIE of CHCN?".

KERSs for the three-body dissociation reactions otCN* can be determined in the same way
asfor the two-body dissociations. However, to simulate the form ofithespectrum foa three-
body dissociation we require the dissociation mechanism. Information on the dissociation pathway
can often be extracted from fhe gradient of the peak in the pairs spectrum, as discussed above.
Consider the dissociation of GEIN?* into CN" + CH,* + H, in principle the following dissociation

pathways are possible:

CH;CN?** — CNH*™ + CH* — CN* + H + CH* pr=-1.03  (7)
CHsCN?** — CN* + CH" — CN* + CH,* + H pr=-0.92 (8)

CH3CN** — CN* + CH" + H pr=-1.0 (9)
CHsCN?* — CH2CN?**"+H — CN* + CH" + H pr=-1.0 (10)

By comparing pto the experimentally measured peak gradient it is often possible to infer which
mechanism is occurring. For example, The'GNCH,* + H peak has an experimental gradient of -
0.89 + 0.02. Equations (7)(10) present possible fragmentation pathways froraGN4"to CN' +

CH2" + H and the pfor each pathway. Clearly, mechanism 2, formation of'Gk& dissociation of
anascenCHs"" ion gives the best agreement between experahéata and model pathway. Similar
calculations were repeated for all the observed three-body decays, where the peakuvdsriaitye

enough to allow extraction of reliable peak gradients, and KERs were fitted using the afgropria

mechanism. Table|3 lists the three-body decays for which this analysis was applied, giving the

proposed pathway and fitted KER.

The experimental peak gradient for the dissociation ofGN4" into GN* + Hy* shows some
intriguing behaviour. At low electron energies the peak gradiefior phis fragmentation is -0.56 +
0.06, close to the value of p—2/3 predicted for sequential dissociation vitNC+ Hs*". However,
as the electron energy is increasedlpo increases, reaching a value of -0.85 + 0.06 at 200 eV. This
second value is closer to the value of -1.03 predicted for dissociatiopHhét G+ Hz*. This increase
in experimental gradient with increasing ionization energy suggests that the main mechanism formin
CoN* + Hy" changes as the ionizing energy is increased. It is possible that the secondary
fragmentation of the $1" ion gets faster as the internal energy deposited in this nascent fragment
increases with increasing electron energy. If the dissociation of fhmstarts to occur in the
Coulomb field of GN* the peak gradient will move towards -1. Alternatively, as the electron energy

is increased, more internal energy will also be deposited into the naskfit I6rmed by the two-
-10 -



body dissociation from C¥CN>*" to C;HN* + Hy*. This extra internal energy will lead to an increase
in the rate of fragmentation of2BN* to GN* and, hence, an increase in the contribution of this
decay pathway to the 8" + H," channel, moving the gradietowards -1. In support of this
explanation, a corresponding and complementary change in the mechanism for the production ¢
C:HN* + H' is also observed. Specifically, the contribution of the decay of a nasgépirdtiuct
to the GHN™ + H" channel increases with increasing electron energy. This observations shows tha
extra internal energy is deposited into th€ férmed in the nascent:BN* + Hx" fragmentation,
leading to an increased probability of'tthen dissociating into H

Ruhl et al used He(ll) radiation to examine the double photoionization ¢€fbcussing on
charge-separating proces.[3’5|]1hl et al determined mechanisms and KERs for the observed two
and three-body dissociations of €EN?*. The same reactions that we observe following electron
double ionization of CECN are also seen in the work of Ruhl et al following photon ionization. For
the two-body dissociations of GEIN?*, the KERs derived from the two experiments are very similar,
agreeing within their mutual error limits. (Table 2) However, the KERs derived for the three-body
decays, from the photoionization experim [35] and the electron ionization experiments reporte
here, differ more significantly.(Table 3) Specifically, the KERs from electron ionizatiooftare
several electron Volts higher than those from photoionization. This difference in KERs is not due
different mechanisms operating in the decay of theGN4* ion generated by electrons or photons
as, reassuringly, both experimgmixtract idential three-body dissociation mechanisms. Almost
certainly, the higher KERs extracted from our electron ionization experiments arise from differences
in the ionizing energy. In this work, most of the three-body KERs were extracted from spectra
recordedat electron energies of 65 eV and above, the lowest electron energies for which we could
obtain reliable analysis of a given dissociation reaction, compared with the 40.8 eV photon energ
Ruhl et al used for their experiments. $akigherelectron energies allow the formation of precursor
CHsCN?* ions in higher-lying electronic states, in addition to the states closer to the DIE populated
in the photon ionization experiments. If these higher-ly@tgCN?* states correlate to the same
product asymptotes as the lower-lying dication states, which it appears they do, then they woul
dissociate to give products with more kinetic energy, as we obseéterce, in Table 3, we only
report a precursor energy for the CHCNH' channel, which we can analyse reliably at an electron
energy of 50 eV. The associated precursor energy of 37.0 eV lies markedly above the ground sta
of CHsCN?*, which is not surprising as significantly more internal energy will be required to allow
the rupture of two chemical bonds.

Triple ionization of CHCN is a very minor contributor to the ion yield at all electron energies
investigated in this work; significant numbers of triples are only recorded above 120 eV. Even at ar
electron energy of 200 eV, triple ionization processes make up less than one percent of the measur

relative PICS. This observation is in agreement with studies of the electron ionization for similar
-11 -



organic molecules (such as methanol) which also show such small amounts of triple ionization in thi

electron energy ran

4.2 Photon lonization

The list of ions (given above in Section 3) we observe in our photoionization experiments are

very similar to those we observe in the electron impact experiments. In Tablksl the ions we

detect that are formed by double photoiatian at 42eV photon energy, while a list of the observed
photoion-pairs are given in ti#& (Table S2). The lists of ions originating from double ionization
are nearly identical for the electron and photon experiments. The only differences aré ibat C
very weak signal in the electron ionization experiments but not observed in the photoionization
experiments; conversely?Nis a weak signal in the photon experiments and not in the electron
ionization data. We note thel>;"/CN* and GN* ions have markedly higher relative intensities
from photoionization than from electron ionization. This is probably due to the difference in the
ionizing energy for the data in Table 1 (42 eV for photons versus 200 eV for electrons) leading to
less fragmentation in the photon-induced spectra.

Figure 6 shows RII extracted from PEPICO spectra recorded following the ionizationn@NCH
with photons of energies from 2036 eV. For clarity, only results for selected ions are plotted in

Figure 6, but the selection is such that Figure Gge representative for all ions detected over this

energy range. Figurg 6a shows the yield obCihd exhibits a clear peak centred at 24.9 eV and a

smaller one at 21.7 eV, both peaks superimposed on non-zero backgftisidackground signal

is most likely due to detection of high energy electrons (those directed directly towards the detector
from the population of lower lying states of &EN'. The peak at 24.9 eV is also observed in the RII

of CH*, C&.N*, G:H2" and GHN®, whilstthe smaller peak is seen for CHCN* and GHN™. Holland

and Karlsson studied the valence ionization o:CN over a range of photon energ[16] and
observed both of these peaks. Holland and Karlsson asidlumlarger peak at 25 eV as #a state

of CHsCN*, arising from ionization from the 5 arbital.

Figure §6(b) shows thell for formation of GH* from 26— 35 eV. In this ion yield there is an

increase in signal from around 27 eV, plateauing at ~32 eV, there is also a sharp peak at 32.6 eV.
is noticeable that compared to the LHiield there is no background until the onset in signal at 27
eV, indicating that this ion is not formed significantly by single ionization at low ionizing energies.
The double ionization energy of GEIN, as discussed abovs,close to 33.5 eV which means the
significant signals for g4* below the DIE are not from direct double ionization processes but are
most likely due to the formation 6HsCN" in electronically excited states which are part of one or
more Rydberg series that conveaomn low lying states of the dication. Indeed, such states have been
implicated above in producing ion pairs below the double ionization threshold. The marked increas

in the GH" signal just below 33.3 eV, where the density of such Rydberg states should increase, i

-12 -



in accord with this assignmentThe likely assignment of the sharp features is to such excited
monocation states (or even super-excited neutral states) which are initially populated en route to tf

formation of GH".

The RII for GH2N* from 26— 35 eV is shown ip Figure|66c¢. In this spectrum there is a weak

onset in signal, witla distinct superimposed structures, above 33 eV. TheCBH and CHCN?*

ions we detect also show similar behaviour. To determine the threshold in this spectrum the fittinc
method described above was applied to the ion intensities for bEtNCand CHCN?*, asthese

ion signals were large enough to support such analysis fitting gave values of kof 33.2 + 1.0

eV and 32.7% 1.0 eV for GH,N* and CHCN?* respectively. These thresholds are close to the DIE

of 33.3 eV measured by Bayliss et al. The simplest explanation of these thresholds is that there a
dissociative channels open for the OI?* dication to these products at energies close to the double
ionization energy.Again, the sharp structures are likely due to the population of specific neutral or
monocationic states en route to the formation of these ions. More generally, the structures in thes
first photoion yields indicate such spectra are worthy of more detailed investigation, in a study with
access to greater beamtime, to probe in more detail the electronic structur€CHPCH

PEPIPICO spectra were recorded from-3¥®2 eV photon energy. A list of the ion pairs observed
in these spectra is given in Table S2; this list is very similar to the ion pairs detected in our electror
ionization experiments.We note that in the photoionization experiments the pairs intensity is
concentrated in a smaller subset of the observed dication dissociation reactions than in the electre
ionization data (Tables S1 and S2). The PEPIPICO spectra reveal the main ion-pair channels &
involve the formation of H accounting for 77 % of detected everitsthe photoionization data the
most intense ion-pair is the two-body dissociation ofCN¢* to H and CHCN*. Riihl et al saw a
similar percentage of pair events involving (87 %) at a photon energy of 40.8 eV, while at 200 eV
electron energy we observe that 71 % of events include the formatioh BiuE to the low count
rate for formation of ion pairs below 34 eV, coupled with the high false coincidence background
inherent in the use of a quasi-continuous source such as a synchrotron, it was impossible to extra
reliable thresholds for the ion-pair processes observed in the PEPIPICO sgaatrall we note
there is a striking similarity between the ionization behaviour we observe in the photon and electror
ionization experiments.

In the literature, comparison of the fragmentation pattern observed following photoionization of
CH2Cl2, with thatrecorded following ionization of the same molecule by proton impact, has indicated
that similar mass spectra are observed at similar values of the momentum transferred in the ionizir
collision (photon vs. proto 0] Such a model explains the greater fragroemibserved at lower
(200keV vs. 2 MeV) proton impact energies and at higher photon energies (12 eV vs. 90 e¥). Usin
the model employed by Alcantara et[60], the momentum transfer appears significantly different

between the photoionization and electron ionization cases in our experiments. It is perhaps nc
-13 -



surprising that such a model, based on a classical framework, does not work well at our relativel
low electron energies, where the incident electron has comparable velocities to the valence electron
However, the similarity in the current work between the fragmentation patterns following ionization
with 200 eV electrons and 40 eV photois,in general accord with the, now well-accepted,
observation that significantly higher electron energies than photon energies are required to genera
comparable double ionization yiel61]

5. Conclusions

The ionization of CBCN has been studied, using both electrons and photons as the ionizing
agent, using 2D TOF coincidence spectrometry. Following electron ionization, both partial ionization
cross sections and relative precursor-specific partial ionization cross-sections for the formation of al
detected positive ion fragments have been determined over an electron energy range-f&fid 30
eV. These cross sections, and the ionization thresholds we determine, fully characterize, th
formation of cations fromCHsCN over this electron energy range. The two- and three-body
dissociations of CECN?* have also been investigated revealing that a large number of charge-
separating fragmentation pathways are accessible to the low-lying electronic sta¢e€IfCN>*
dication.

The identities of the cations formed, and their relative intensities, via photoionizationyare ver
similar to those formed by electron ionization. The photoionization results reveal a significant
contribution to the ion yields close to, and above, the double ionization potential from the populatior

of highly-excited states of the monocation or neutral molecule.
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Tables

Table 1 Appearance energies (thresholds[H) for ions formed from electron double ionization

of CHsCN. Representative ion intensities from double ionization are also reported at 200

eV electron energy and at 42 eV photon energy. The intensity is a percentage of all

observed ions formed from double ionization.

An asterisk (*) indicates that, in the

photoionization data, the ion is not observed at 42 eV but is observed at lower photon

energies.
lon EAEN/ eV Ir.ltehsn)./ (%) electron Ir-1ter.1$|t3./ (%) photon
ionization (200 eV) ionization (42 eV)
H* 42.3 (0.8) 36.0 39.5
Ha* 42.3 (0.5) 1.7 2.6
Hs* 43.3 (0.9) 0.1 0.3
ct 51.4 (1.0) 7.0 1.5
CH* 36.9 (0.7) 4.5 2.0
CH" 46.5 (1.0) 10.3 3.2
CHs" 43.0 (1.0) 1.2 1.6
Co* 63.3 (0.5) 3.6 *
CoH* 54.2 (1.0) 3.2 *
CoHz' /CN* 47.5(0.8) 6.2 1.4
CoHs" /HCN'  43.7 (1.1) 2.3 1.7
CHzN* 39.2 (1.0) 3.2 3.6
CHsN* 36.0 (10.3) 0.01 0.1
CoN* 48.4 (0.5) 6.4 17.2
CHCN* 43.7 (0.6) 5.4 8.0
CH.CN* 38.9 (0.8) 8.1 15.6
c2 133 (5) <0.01 *
N2* - ; 0.02
CoNZ* 46.2 (1.6) 0.1 *
CHCN?* 47.4 (1.2) 0.1 0.03
CH2CN?* 38.2 (0.4) 0.8 1.5
CHsCN? 34.1(0.8) 0.02 0.02

a

This channel is very weak, hence, the significant uncertainty in the threshold

determination.
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Table 2: Kinetic energy releases (KERs) for two-body fragmentation gE8#H formed by electron

ionization at the electron energies listed. The dicationic precursor state engrgy (E

provides an estimate of the energy of thesCNP* state from which dissociation occurs.

See text for details.

lon Pair Electron Energy / eV KER/eV Lit. Value/ e\ Ep/e\

(0.5 eV) (0.5 eV)
CH.CN' + H* 45 3.0 3.3 33.6
CHCN" + Hy* 55 3.5 3.3 37.9
CHoN* + CH" 50 4.5 4.6 31.2
CHN' + CH," 50 4.5 4.6 34.0
CN' + CH" 55 4.5 4.0 30.9

a Taken from ref [3p]

b Thermochemistry taken frofn [2]

Table 3 Kinetic energy releases (KERs) for three-body fragmentation ofCSF following

ionization at the stated electron energies, and the calculated and experimental values of tr

gradient of the associated peak in the pairs spectrum. The precursor state ef)ergy (E

represents the energy of the £H\?* state from which the dissociation occuSee text

for details.
Peak Gradient Kinetic energy release
. Proposed Electron KER / eV a
lon Pair Pathway Calc. Expt. Energy/eV  +0.5 eV Lit®/eV Ep/eW
CHCN"+H" CyHN*+Hy* -05 -0.46(2) 50 3.0 3.3 37.0
CoN* + Hy' CoN* + Hg* -0.7 -0.81(2) 65 4.0 1.3 -
CHoN*+C" CHNY+CHY -0.9  -0.94(1) 85 5.0 2.4 -
CHN"+ CH" CH)N*+CH" -0.9 -0.93(2) 85 4.0 2.5 -
CN"+CH" CN"'+CHs* -0.9 -0.89(2) 55 5.0 2.5 -

a Taken from ref [3p]

b Thermochemistry taken frofn [2]
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Figures

Figure 1 Representative pairs spectrum and mass spectra recorded following ionizatie@Nf CH
A section of the raw pairs spectrum (a) taken at 200 eV electron energy is shown as a spc
plot, where a spot indicates a cell in the array that contains at least one count; such :
presentation emphasises weaker peaks. The inset, on a linear intensity scale, is a
enlargement of a group of the strongest coincidence signals, labelled with axes indicating
the fragment mass. This inset clearly shows the characteristic gradient (slope) of the pair:

signals for the individual dissociation reactions. The mass spectrum (b) is a corresponding
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“singles” spectrum recorded at 200 eV electron energy.

comparison, is a singles spectrum recorded at 41 eV photon energy. See text for details.
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Figure 2: Relative partidonization crossections o/[X™] for forming (a) H (®), C" (e), CH>'/N*
(A), CHCN* (V) and CH2CN* (#) (b) Hx" (W), CH' (o), CH3"/NH* (A), C2" (V), C2H*
(#), C2H2"/CN* (), C2H3*/HCN* (») and Ho.CN* (*) (c) CHCN?* (m) and HCN* (e)
(d) Hs" (W), C:N* (), CHCN?* (A) and CH3CN?* (V) following electron ionization of
CHzCN from 30 - 200 eV electron energy. The error bars shown represent 4 standard
deviations £2sd) in (a), 6 standard deviations3¢d) in (b) and 2 standard deviations
(x1sd) in (c) and (d). These error bars are determined from four separate measurement
and are indicative of the errors across the energy rargjees and uncertainties for every
data point are given in the tables of data provided in the supplementary information.
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Figure 3: Relative partial precursor-specific cressions ¢1[X*] for forming (a) CH*/N* (m),
CoN™ (), Co2N™ (A) and CH2CN' (V) (b) HT (W), C* (o), CH" (A) and CoH2/CN' (V)
(c) CHs*/NH* (m), C;* (e),C2H* (A), CoH3*/CHN' (W) and CH2N* (¢) (d) Hz' (m), Hs*
(®) and CH3N™ ( A) following single electron-ionization of CHCN from 30 - 200 eV. The
error bars shown represent 6 standard deviati8sl] in (a), 8 standard deviatiorgl§d)
in (b) and 4 standard deviation26d) in (c) and (d). These error bars are determined from
four separate measurements and are indicative of the errors across the energy rang
Values and uncertainties for every data point are given in the tables of data provided in the

supplementary information.
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Figure 4: Relative partial precursor-specific cressions c2[X*] for forming (a) H (W), CH*/N*

(8), CaN* (A) and CH2CN* (V) (b) C* (W), Co* (o), CoH' (A), CaH2'/CN* (W),
C2H3"/HCN* (#), CHoN* () and CaHN* (B) () Ho* (W) andCHs*/NH* (A) (d) Hz* (m)

and CHN™ (e) following double electron-ionization of GBN from 30 - 200 eV. The

error bars shown represent 6 standard deviatie®sd] in (a), (c) and (d), and 4 standard
deviations £2sd) in (b). These error bars are determined from four separate measurements
and are indicative of the errors across the energy rargjees and uncertainties for every

data point are given in the tables of data provided in the supplementary information.
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Figure 5: Relative partial precursor-specific cressions c2[X?*] for forming (a) ¢* (®) and
CH3CN?* (o) (b) C2N?* (W), CHCN* (o) and CH2CN?* (A ) following double electron-
ionization from 30 - 200 eV.The error bars shown represent two standard devgation
(x1sd) in (a) and four standard deviatiotifqd) in (b).. These error bars are determined
from four separate measurements and are indicative of the errors across the energy rang
Values and uncertainties for every data point are given in the tables of data provided in the

supplementary information.
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