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The aromatic molecule benzene is considered to be the essential building
block for larger polycyclic aromatic hydrocarbons (PAHs) in space. Despite
theimportance of benzene in the formation of PAHs, the formation

mechanisms of interstellar benzene are not well understood. A single ion-
molecule reaction sequence is considered when modelling the formation
of benzeneinthe interstellar medium, beginning with the protonation of
acetylene. Although this process has been used to model the initial stepsin
the formation of PAHs, it has not been experimentally measured. To explore
this reaction mechanism, we have carried out an experimental study of
sequentialion-molecule reactions beginning with protonation of acetylene
under single-collision conditions. Surprisingly, we found that the reaction
sequence does not result in benzene but, instead, terminates at C,H;", which
isunreactive towards either acetylene or hydrogen. This result disproves the
previously proposed mechanism for interstellar benzene formation, thus
critically altering our understanding of interstellar PAH formation.

Aromatic molecules play a critical role in our understanding of the
chemical evolution of the Universe'. About 10-25% of all interstellar
carbon is assumed to be in the form of polycyclic aromatic hydrocar-
bons (PAHs), which are attributed to be the source of numerous broad
infrared spectral features found throughout the interstellar medium
(ISM)?. Although PAHs have long beeninferred to be present in sizeable
abundanceintheISM, recent observations by rotational spectroscopy
atradio frequencies have definitively proven the existence of several
aromatic molecules’®, Benzene, the building block for all PAHs, has
been observed in a variety of astronomical environments including
planetary nebulae’, post-Asymptotic Giant Branch stars'’, circumstel-
lar envelopes of evolved carbon-rich stars", and the comae of comets
and asteroids'. Benzene has also been observed in the atmospheres of
Saturn®”and Titan™ as well as in meteoritic chondrites”. Recent observa-
tions by the James Webb Space Telescope have revealed the presence of
benzene and other smaller hydrocarbons in protoplanetary disks'®".
These observations have reinvigoratedinterestininterstellar benzene
and PAHs because the formation mechanisms of PAHs throughout the
ISMremain anopen question. The exact mechanisms of PAH formation
cannotbe understood from astronomical observations alone. Instead,
laboratory measurements are needed to supplement observations and

chemical models. To this end, we report an experimental mechanistic
study of the sequential ion-molecule reactions starting with proto-
nated acetylene and acetylene under single-collision conditions to
identify a possible mechanism for the formation of benzenein the ISM.

The formation mechanisms of PAHs fall into two main catego-
ries: top-down mechanisms in which large interstellar clusters or
large particles are fragmented by ultraviolet radiation to form PAHs'
and bottom-up mechanisms in which small hydrocarbon molecules
undergo a series of barrierless ion-molecule or radical-radical reac-
tions to grow into large PAHs" . Although there is still an active
debate over which mechanism is dominant in the context of the ISM,
the bottom-up approach hasreceived more attention due to therecent
detection of PAHs, specificallyin TMC-1CP, a dark and diffuse starless
cloud withinthe interstellar Taurus Molecular Cloud, whereitis highly
unlikely that PAH formation would be dominated by the degradation
of large clusters or carbonaceous macromolecules*?, Various experi-
ments over the past decade have identified several possible bottom-up
PAH growth mechanisms, including ion-molecule reactions, radi-
cal-radical reactions and radical-molecule reactions®*. All these
mechanismsbeginwith an already established aromatic molecule (one
or more rings). Surprisingly, the formation of the first aromatic ring
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Fig.1| Proposed synthesis mechanism for benzene inion-molecule reactions.
A protondonor (such as N,H") initiates the mechanism by protonating C,H,
thereby forming C,H,". C,H;" then reacts with C,H, to form C,H," througha
condensation reaction. C,H," then undergoes a radiative-association reaction
with C;H, to form C4H;'. C¢H;* then undergoes a radiative-association reaction
with H, to form C¢H,". Finally, C;H," undergoes electron recombination to form
benzene.

has not received much experimental attention®. In bottom-up PAH
formation mechanisms, the formation of the first aromatic ring (ben-
zene) is widely considered to be both the limiting step of the process
and the most difficult to probe experimentally?**. Typically, astro-
chemical models must consider both radical-radical reactions and
ion-molecule reactions if they are to accurately reproduce observed
molecular abundances.

One primarily ion-molecule-based bottom-up mechanism has
been considered for benzene formation throughout the ISM'%, as
shown schematically in Fig. 1. The reaction is initiated by the proto-
nation of acetylene (C,H,) by a proton donor, for example, H,", N,H"
or HCO". The newly formed C,H," then reacts with another C,H, and
undergoes a condensation reaction to form C,H,", which is followed
by another addition of C,H, in a radiative-association-type reaction
to form C,H;". It is assumed that the structure of C,H;" is that of the
deprotonated benzene cation (phenylium), which canundergo another
radiative-association reaction with molecular hydrogen (H,) todirectly
form protonated benzene cation (C4H,"). Finally, protonated ben-
zene can undergo electron recombination to yield neutral benzene.
Although this mechanism has been included in chemical models?,
this series of reactions has not been experimentally verified from start
to finish. The reactivity of C,H,", specifically, has not been studied
at low densities and temperatures, making it difficult to predict its
reactivity in the ISM.

Previous experimental evidence supports the individual steps of
this mechanism. Several types ofion-molecule reaction experiments
have observed that sequentialion-molecule reactions of C,H," + C,H,
resultinthe formation of both C,H," and C,H,"as primary products and
both C{H,*and C4H;" as secondary products®®** Additionally, several
isomers of C;H;"have been observed inthese experiments. Oneisomer
has been observed to be highly reactive with C,H, thereby forming
CgH,"and CgH,", and another isomer has been found to be unreactive.
The observation of several isomers prompted an assignment of the
unreactive isomer as the phenyliumstructure and the reactiveisomer
asanacyclicstructure. The assignment of isomer structures was based
on an energetics argument, as the cyclic isomer was known to be far
lower in energy than the acyclic structure®-*,

The formation of a possible phenylium cation and its lack of
reactivity has been of high interest to chemists generally. This led
to several experiments with the express purpose of understanding
both the structure and reactivity of the C,H," ion. These results were
somewhat controversial, as several studies found that the assumed
phenylium isomer of C¢H;" is unreactive® >, whereas several others
found thatit is highly reactive with acetylene®*~%, H, (refs. 39-41) and

other hydrocarbons***, Several studies of collisionally induced dis-
sociation also found that the structure of a C;H;" fragment was highly
dependent onthestructure of the precursor molecule®. Recent stud-
ies on the fragmentation of substituted phenyl rings, such as phe-
nylbromide or benzonitrile, observed C,H;" to be one of the main
products. The phenylium structure has been confirmed with infrared
multi-photon dissociation*®, vacuum ultraviolet photodissociation*’
and infrared pre-dissociation*®. To our knowledge, there have been no
spectroscopic studies on the cyclic isomer of C;H;* formed through
bottom-up synthesis.

All the previously mentioned reaction experiments were con-
ducted at high pressures (107 Torr or higher) and most also at high
collision energies (>1 eV). These environments probably led to the
variability in the perceived reactivity of the C¢Hs" ion, as at higher
pressures, collisional stabilization will lead to a greater abundance
of higher energy structures, which are more reactive than the global
minimum structure. High collision energies make it easier to break
chemical bonds, thereby unknowingly overcomingreaction barriers.
These pressures and collision energies far exceed those in the ISM,
where densities are low enough that, effectively, termolecular inter-
actions never occur. This means that our current understanding of
aromatic ring formation is hindered by the incomplete experimental
data. Torefinethe models of interstellar chemical reactions, especially
bottom-up ion-molecule mechanisms, a new type of experimental
system that mirrors the environment of the ISM is required.

Our experimental system can mimic the low-pressure and
low-energy environment of the ISM by trapping and laser-cooling
atomic ions in an ultra-high vacuum chamber (Fig. 2). To reach
single-collision conditions and temperatures below 10 K, we used a
linear quadrupolar Paul trap to confine and laser-cool Ca* in a Cou-
lomb crystal, which is a pseudo-crystalline structure formed by an
ensemble of cold, trapped ions, as shown in the inset of Fig. 2. The
cold Ca* ions sympathetically cooled co-trapped molecular ions to
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Fig. 2| Schematic of the experimental apparatus. Cross-sectional view of

the ultra-high-vacuum chamber showing the main components. An effusive
Caatomic beam was non-resonantly photoionized and the resulting ions were
confined within alinear Paul trap. Molecular ions were loaded by resonantly
photoionizing a skimmed molecular beam created by a piezoelectric transducer
(PZT) valve. Fluorescence from laser-cooled Ca* ions was imaged with an
electron-multiplying charge-coupled device camera to provide a qualitative
observation of reaction progression. Inset, example of such animage. Neutral
reactants were admitted through the leak valve at a fixed pressure for variable
amounts of time before the contents of the trap were ejected into the TOF-MS
and detected using a set of microchannel plates in a chevron configuration.
Anew Coulomb crystal was loaded for each measurement. Figure adapted with
permission fromref. 63, RSC.
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Fig. 3 |lon-reactant depletion and product growth for the sequential chain
reactions startingwithN,H' + C,H,. Experimental data points were fitted using
apseudo-first-order rate law (curves). Each data point corresponds to seven
measurements and was normalized to the initial number of N,H" ions (-90). The
orange circles corresponding to N,H" exhibit a sharp decay, which indicates the
rapid reaction of the ions with C,H, to produce C,H;". As C,H," (blue squares) was
produced, it reacted with another C,H, to form C,H,". The final reaction observed
was C,H," (black triangles) reacting with another C,H, to produce C¢H;". The C4Hs*
signal (green diamonds) was observed to plateau over time, which indicates the
termination of the chain reactions. All error bars represent the 68% confidence
interval from the fit.

single-kelvin translational temperatures®. As the Coulomb crystal
had an ion-ion spacing of -10 um, there was no collisional cooling of
the vibrational or rotational modes of the co-trapped molecular ions.
Adetailed description of the apparatus is provided inMethods. Briefly,
reactions were initiated by introducing the neutral reactant into the
vacuum system at pressures that resulted in collision rates between
the neutral acetylene and trapped ions of the order of one collision
persecond. This ensured that only two-body collisions occurred so that
wedid not need to consider the possibility of termolecular reactions or
reactions with more bodies. As each reaction proceeded, all the ionic
products were retained in the trap. We analysed the contents of the trap
by ejecting allions into a time-of-flight mass spectrometer (TOF-MS).
By measuring the number ofions with each massin the trap at different
times, we could build kinetic reaction curves and determine the rates
for each sequential reaction using a pseudo-first-order rate law, as
the neutral C,H, was in excess. The low densities and temperatures of
both the ion and neutral reactants allowed us to simulate conditions
like thatin the ISM and thus study both the mechanisms and the rates
relevant to that environment. We found that the series of sequential
reactions beginning with C,H;" + C,H, did not result in benzene but
instead stopped at C¢H;", whichisunreactive for reactions with either
C,H,or H,. Theseresults demonstrate that the established bottom-up
mechanism for benzene formation does notactually produce benzene
under single-collision conditions.

Results
The sseries ofion-molecule reactions wereinitiated by the protonation
of C,H,. The protonation of hydrocarbons by N,H* and other proton
donors hasbeenstudied in detail previously*®, and it is well understood
that the protonation of C,H, by N,H"* or even stronger acids like H;"
results in the production of only C,H;" (refs. 50,51).

The product growth observed for the chain reactions are shown
inFig. 3. The series of observed reactions are as follows:

N,HY + CoH, — CoH3 ™ + Ny, (4))

C2H3+ + C2H2 g C4H3+ + H2, (2)

C4H;" + CHy — CgHs™ + hv. (3)

N,H* (m/z=29) reacted with neutral C,H,, whichresulted inareduc-
tion in the number of N,H" ions. The protonation of C,H, led to the
formation of C,H;* (equation (1)), as indicated by the rise of C,H,"
signal (m/z=27) at early times. C,H," then reacted with C,H, to form
C,H;" (equation (2)), as shown by the rise of the C,H," ion signal
(m/z=>51)and the decay of C,H,". The final reaction observed formed
C¢H;" through reactions between C,H," and C,H, (equation (3)), as
shown by the slow increase and plateau of the ion signal C¢H;"
(m/z=77). The rates of each reaction were determined from the fits
of eachreactionset. The rate constants for eachreactionare provided
inSupplementary Table 1, along with comparisons to literature values
and Langevin theory.

Although we were unable to probe the structures of the ions
experimentally, we used quantum chemical calculations and previous
spectroscopic work to infer the structures of theions producedinthe
reactions and to construct the potential energy surfaces (see Supple-
mentary Figs.1and 2 for details). Beginning with the primary product,
C,H,", the structure has been probed in detail through spectroscopy
in theinfrared’>** and at millimetre and submillimetre wavelengths®*.
The structure has universally been found to be the ‘non-classical’ or
bridged structure. Calculations also support the conclusion that this
structure is the only energetically accessible structure in our experi-
ments, sowe assigned the C,H;" structure to be the bridged structure.
This reactionis shownin Fig. 4a.

The secondary product, C,H,", labelled as P3 in Fig. 4, has been
studied in far less detail. Calculations have found that there are five
possible structures for C,H;" (ref. 55), but only the linear, protonated
diacetylenestructure was energetically accessiblein our experiments,
which is —0.68 eV exothermic. The other computed structures were
eitherendothermicby atleast 0.5 eV or greater or had sizeable reaction
barriers®. There have been two spectroscopic studies of C,H, isomers.
One was carried outin He nanodroplets, and only the linear structure
was observed®. The other was a study of infrared pre-dissociation*®
in which the linear structure of C,H," was observed as a dissociation
fragment of benzonitrile. Considering both calculations and the spec-
troscopic data, we assigned the structure of C,H," as the protonated
diacetylene structure.

The final tertiary product is C¢Hs', labelled P5in Fig. 4. The C;H,*
cation has been the subject of several theoretical studies>~*"**, We
carried out further calculations for possible isomers in our experi-
ments. Over 30 possible isomers were energetically accessible in our
experiment®, All spectroscopic analyses of C¢Hs" have universally
found the structure to be the phenylium structure, which is also the
global minimum®**~*%, These spectroscopic studies were carried out by
fragmenting substituted benzenes, such asbenzonitrile, soitis difficult
to conclusively say that the structure observed in those experimentsis
the same structure produced in our experiments because of the differ-
ence information mechanisms. However, our experimental evidence
strongly indicates the presence of only the phenylium structure.

Radiative-association products, such as C¢H;", are rare in
single-collision experiments because mostions formed through highly
exothermicreactions will readily break apartinto smaller fragmentsin
the absence of stabilizing collisions. In fact, evenin theion-molecule
reaction studies that first observed C,H", it was assumed that the ion
was a collisionally stabilized complex*~2, However, our experiments
were run under single-collision conditions, so that collisionally stabi-
lized products were not possible. This means that the structure of the
C¢H;" cation must be able to quench any internal energy by radiative
relaxation, asthe Coulomb crystalis only able to quench translational
energy. Of allthe computed structures, the phenylium structure seems
most reasonable to be able to survive in the trap. Aromatic rings are
known to be highly stable and resistant to fragmentation, as they have
many vibrational modes that can dissipate energy through radiative
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Fig. 4 |Schematic diagram of the full series of sequential reactions.

a-c, Only reactant and product states are shown for clarity. a, Reaction1shows
the protonation of acetylene (R2) by N,H*(R1), which s calculated tobe 1.54 eV
exothermic.b, Inreaction 2, C,H;" (R3) reacts with C,H, (R4) and undergoes
acondensation reaction to form C,H," (P3), whichis calculated to be 0.67 eV
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exothermic. ¢, In the final reaction, reaction 3, C,H;" (R5) reacts with C,H, (R6)
to form the final observed product C,H;" (P5) through a radiative-association
reaction, whichis calculated to be 3.95 eV exothermic. Each reaction was
computed at the MP2/aug-cc-pVTZ level of theory. The full potential energy
surfaces for these reactions are shown in Supplementary Figs.1and 2.

relaxation instead of undergoing unimolecular decomposition®.
Additionally, calculations have shown that the isomerization of C{H;*
fromvarious structures to the phenylium structure was energetically
feasible in our experiments®*, As there were no collisions to prevent
the isomerization process, it is highly probable that once any isomer
of C4Hs"had formed, it would have quickly isomerized into the pheny-
liumstructure and then dissipated any excess internal energy through
vibrational radiative relaxation before collisions with a neutral partner
could occur.

Based on our results, astrochemical models are still missing
crucial information needed to predict the formation of interstellar
PAHs. Although our results closely follow the reaction mechanism
shown in Fig. 1 up to the formation of C¢H;’", the lack of reactivity
with acetylene does not address whether it is possible to form ben-
zene using other neutral molecules. To further investigate the later
steps of the proposed bottom-up mechanism, we carried out addi-
tional experiments in which C;H," was formed as described previously,
buttheninstead of continuing tointroduce acetylene, weintroduced
H,intothetrap to measure thereactivity of CHs" with H,. Surprisingly,
neither adepletion of C,H;" nor the appearance of new mass channels
was observed, indicating that C,H," did not react with H,. The results
ofthisreaction areshownin Supplementary Fig. 3. Our measurements
put an upper bound on the reaction rate constant for C{Hs" with H,
to be ~1x1072cm?s™. This upper limit is one order of magnitude
higher than what has been measured previously and three orders of
magnitude longer than the rate estimated from Langevin theory*. The
reactionrate constants are summarized in Supplementary Table 1.

Discussion and conclusions

Most of theions present inthis study have not been detectedin the ISM.
Only C,H," hasbeen detected®’, despite observations of both acetylene
and benzene. Our results strongly indicate that eachion (C,H;", C,H;"
and C4H;") should be present throughout the ISM, particularly in regions
withstrong proton donors. Therefore, alltheions observedin this study
should be highinterest targets for high-resolution spectroscopy, either
intheinfrared or the microwave, to enable the astronomical detection
of these ions. The observation or lack thereof of these ions in various
regions of space will give crucial insights into the reactions occurring
throughout the ISM, as C,H;" could be a precursor to the formation of

astronomically observed aromatic molecules, such as benzonitrile
orindene. Observing any or all of the product ions mentioned in our
study would aid in improving astrochemical models, which in turn
wouldimprove our understanding of the chemical reactions occurring
throughout space.

The observation of noreaction between C;H;" and H,isanimpor-
tant finding generally. Initial descriptions of the reactivity of the phe-
nylium cation assumed it would be highly reactive because of the
strong electrophilicity of the lowest unoccupied molecular orbital, a
vacant non-bonding o orbital (Supplementary Fig. 4), which induces
sp hybridization of the lone C atom*®*’. On the other hand, the elec-
tronicstructure of C4H;* does supportit being highly stable and resist-
ant to chemical reactions. The ground state has been described as
aclosed-shell 'A; and as aromatic following Hiickel’s 4n + 2 electron
countingrule.Infact, the same aromatic m-bonding orbitals of benzene
are found in the phenyl cation, as outlined in Supplementary Fig. 4.
As for benzene, it would be expected that phenylium would be highly
stable and would react only with molecules that are able to activate
the C-Cbond, such as neutral radicals or anions, for example, strong
nucleophiles. Previous reaction studies have been unable to ascertain
which property, electrophilicity or aromaticity, is the driving force for
thereactivity of phenylium, as the reactivity hasbeen observed to vary
depending on the experimental conditions***. However, our results
clearly show that the stability enhanced by aromaticity is the dominant
factor for the reactivity of phenylium, as no reaction occurred. This
means that the formation mechanism shown in Fig. 1is impossible
under ISM conditions.

Note that the initial formation mechanism shown in Fig. 1is cor-
rectuptothe formation of C;Hs'. The sequence of reactions proceeds
inabarrierless manner and the estimated rates of each reaction are in
good agreement with our results. Additionally, calculations indicate
that thereaction

C6H5+ + H2 - C6H7+ + hv (4)

is highly exothermic (>2 eV), which would complete the synthetic
route to benzene after electron recombination'”. Despite this, we
observed that C,H;* does not react with either acetylene or molecular
hydrogen. Thisimplies there are molecular dynamics determining the
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reactivity and not simply energetics, as thereis nobarrier to reaction.
Thereactions of C;Hs"and other molecules should be of high interest
to astrochemists broadly, especially dynamicists, as the exact details
ofthe dynamics for the potential energy surface will probably hold the
key to understanding this reaction and improving our understanding
of chemical reactions between aromatic species, both terrestrial and
interstellar. At present, it is clear that the formation of benzene does
notoccur through sequentialion-molecule reactions with acetylene,
asthe terminal product C;H;" is a highly stable aromatic molecule that
isunreactive towards either acetylene or hydrogen. Further studies are
required to determine whether other bottom-up reactions might form
benzene and, by extension, PAHs.

Methods

Experimental methods

Reactions were conducted in the ion trap apparatus previously
described in ref. 49. The core of the apparatus is a linear quadru-
polar Paul trap. An effusive beam of atomic Ca was produced by
an oven source and directed to the centre of the ion trap, where it
was non-resonantly ionized (-7 mJ per pulse, 355 nm, 10 Hz) to form
Ca'. Asions formed in the trap, they were laser-cooled to sub-kelvin
temperatures (~100 mK) using the doubled output of a Ti-sapphire
laser (MSquared SolsTiS, ~397 nm, 2 mW) and an 866-nm diode laser
(Toptica DLC Pro, 2 mW). Ca* ions were used to sympathetically
cool molecular ions to translational temperatures ranging from
sub-kelvinto-20 K depending on the mass of the molecularion. The
ultra-high-vacuum chamber housing the ion trap had a background
pressure of -3 x 107° Torr, as measured by a Bayard-Alpert ionization
gauge. The number of ions in the trap was on average 1,400 Ca*ions
and -90 N,H"ions.

Togenerate the N,H"ions used toinitiate the series of reactions, N,"
ionswerefirstloadedintothetrap througha2 +1resonance-enhanced
multi-photon ionization scheme®® (-237 nm, 0.7 m) per pulse, 10 Hz).
Once the N," ions had been loaded into the trap, they were allowed
to react with trace residual water in the vacuum chamber over the
course of 2 min to form the N,H" used in this study. After this 2-min
period had passed, a neutral acetylene (99.6% acetylene dissolved in
acetone; Matheson Gas) mixture (20% in He) was introduced into the
chamber through a pulsed leak valve for various reaction times. As the
neutral gas was introduced at room temperature, the collision energies
betweenthetrappedionsand neutral gas were estimated to be between
150 and 230 K in the centre-of-mass frame. When the neutral gas was
introduced, the total pressure was measured tobe 7.0 £ 0.5 x 10~ Torr
witha calculated partial pressure for C,H,0f1.4 + 0.1x 10~ Torr. Aftera
predetermined reaction time, the valve was closed to end the reaction.
The contents of the trap were sympathetically cooled for another 2 min
before being ejected into the TOF-MS for product identification. All
ions were considered to be vibrationally cold, as they had afull second
toradiatively decay to the vibrational ground state. The rotational state
distribution was assumed to be that for room temperature. Reaction
curves were obtained by repeating this process for various reaction
times ranging from O s to 10 min. Each time point was sampled at least
seven times.

For the C¢H;" + H, reaction, C¢H;" was produced using the same
procedure with a reaction time of 280 s. After the 2-min sympathetic
cooling period, aneutral H,(99.99%; Air Liquide) mixture (10% in He)
was admitted into the chamber at a pressure of 6.5 x 108 Torr (6.3 x10™°
Torr partial pressure of H,). The reaction times were sampled between O
and 300 s before the contents of the trap were ejected into the TOF-MS
for product identification. This procedure was repeated at least four
times for each reaction time.

Theoretical methods
Rate equations. The reaction curve data were fitted using a least-
squares curve fitand the following pseudo-first-order rate equations:

dn.
d?g = —kiNy, 5)
dNn.
d_§7 = kiNag — kaNy7, (6)
dn.
d:l = kaNy7 — (k3 + ky)Nsy, @
dNy;
— = k3Ng, 8
dar 351 )}

where N,corresponds to the number ofions observed at mass-to-charge
ratio i, and k; corresponds to the fitted value of the ith reaction rate
constant of the sequential reactions.

The reaction rate constant k, represents a contaminant
protonation reaction occurring between the C,H," ions and trace
amounts of acetone present in our acetylene cylinder. The only
observed product involving acetone was protonated acetone
(C5H,0%). This product formed after the production of C,H;" and
continued to grow until the C,H," ions had been depleted, and it
remained in the trap for the duration of the reaction. As the total
number of ions was conserved over the course of the reaction and
as the ions maintained ~10 pm spacing in the Coulomb crystal, we
concluded that this contaminant did not affect the reactivity of
the main reactions with acetylene. As a result of this contaminant
reaction, our data had to be normalized to the initial number of
N,H*" minus the amount of protonated acetone present at each
time point.

Although no reaction products were observed in the reactions
between C,H;"and either C,H, or H,, upper limits on the reaction rate
constants for these reactions were determined by assuming that C;H,"
products were observed using the following pseudo-first-order rate
equations:

dN-
d—t” = —Keac CxN77. ©)
dn,

;;Od = kcaIcCXN777 (10)

where N,,4corresponds to the number of potential product ions from
the reaction of C¢H;" with C,H, or H,, N, corresponds to the number
of C4H;" ions, Cy is the concentration (molecules per cm®) of C,H, or
H,, and k. corresponds to the reaction rate constant for the reaction
between C¢H;"and C,H, or H,, depending on which reaction rate con-
stantis being determined. This system of equations can be solved for
k., to give the following equation:

1 N7(0)

kca]c =—1

Gy " N7 0) — Norag @' an

where tis the reaction time in seconds and N,(0) is the initial amount
of C¢Hs" (-90 ions for the reaction with C,H, and ~45 ions for the reac-
tionwith H,). Using both the pressures and reaction times mentioned
previously along with an arbitrary signal of five product ions for
Noroa(t), which was well above the noise floor, yielded upper limits of
-4 x102cm?s™and -1x 102 cm®sfor the reactions with C,H,and H,,
respectively. Note that Bayard-Alpertionization gauges have reduced
accuracy below pressures of 1078 Torr (ref. 61). Therefore, the reaction
rate constants that we obtained have some possible systematic uncer-
tainty. The uncertainties provided represent statistical uncertainties
inthe measurements and do not reflect the accuracy of theionization
gauge.
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Quantum chemical calculations. Possible potential energy surfaces
for the series of reactions studied here were calculated at the unre-
stricted MP2/aug-cc-pVTZ level using the Gaussian 16 software pack-
age®.Eachsurfacebegins with the reactants at infinite separation and
progresses fromone stationary point to the next until the final products
are obtained. Stationary points were identified through optimization
and frequency calculations. The transition states, in particular, were
identified by the presence of a vibrational mode with an imaginary
frequency. Once a transition state had been found, the structure was
altered along the direction of the imaginary-frequency vibrational
mode and a subsequent stationary point was determined. Only bar-
rierless pathways were considered because of the low-temperature
environment of the experiment. The energy for each stationary point
was corrected for the zero-point energy. The potential energy surfaces
obtained from these calculations are provided in Supplementary Figs.1
and 2. In addition to these surfaces, molecular orbitals for the phe-
nylium structure were calculated, as shown in Supplementary Fig. 4.
The three mbonding orbitals, outlined in the red boxes, indicate the
presence of 4n + 2 Hiickel aromaticity.

Data availability
Alldata are availablein the text or in the Supplementary Information.
Source data are provided with this paper.
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