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Abstract

This work focuses on the measurement and analysis of gas-phase electronic spectra of C4H, ™,
C4H4", C4H5™, and CgHy ™ cations. The spectra are recorded by photodissociating the cations,
or their messenger tagged complexes, in a tandem mass spectrometer and monitoring the
photofragment signal as a function of laser wavelength. Ultimately, structural and energetic
information extracted from these spectra, complemented by quantum chemical calculations,
may provide insights into the roles of cations in the chemistry of flames, plasmas, and
extraterrestrial environments. Understanding the vibronic structures of the cations is also

fundamental for facilitating their possible detection in remote environments.

Electronic spectra of C4Hy*-Ar, (n=1-3) and C4H,"-(N3), (n=1-2) complexes are
recorded over the 290-530 nm range by monitoring C4H,* photofragments. Intense narrow
bands in the visible region arise from the A1, <X, electronic transition of the diacetylene
cation, HC4H*. Vibronic transitions are compared with previous results and theoretical
predictions for the AZHu<—)~(2Hg band system based on calculations at the CCSD/cc-pCVTZ
and EOM-CCSD/cc-pCVTZ levels of theory. Hole burning experiments confirm that the
weak, broad bands in the ultraviolet region also correspond to excitations of HC4H". These
bands are assigned to the 2°IT,«X>I1, electronic transition based on calculated energies and
oscillator strengths, previous experiments, and spectra of isoelectronic molecules. The origin
transition is observed at 20723 cm™! (336.44 nm) for HC4H™*-Ar, followed by a progression
in the symmetric C-C stretch vibration, spaced by 906 cm™!. Spectral congestion observed
toward shorter wavelengths is possibly due to the presence of close-lying electronic states,

vibronic coupling effects, and HC4H* being bent in the 2°T1, electronic state.

Electronic spectra of Ar- and Nj-tagged C4H4" cations, generated from acetylene
ion-molecule reactions, are recorded over the 296-550 nm range by monitoring C4Hy*
and C4H3* /C4H,* photofragments. The spectra exhibit a clearly resolved band system
commencing at 511 nm, a set of weak bands around 410 nm, and an intense broad band in
the UV. Band assignments are based on previous spectroscopic studies and calculations for

the four lowest energy C4H;* isomers. The visible region of the spectrum is dominated
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by the BZA”«X2A” electronic transition of the vinylacetylene cation (VA*) whose origin
transition occurs 19558 cm™! (511.30 nm) for VA*-Ar and at 19551 cm™ (511.48 nm) for
VA*-N,. The spectrum features a strong progression in the central C-C stretching vibration
spaced by ~ 806cm™! and well defined vibronic transitions associated with two bending
vibrational modes. The weaker 410 nm system is assigned to the D*B3«X?B, electronic
transition of the butatriene cation (BT*). Two broad bands, following the origin transition at
24399 cm™! (409.85nm) in the C4Hs"-Ar spectrum, arise from excitation of a symmetric
C=C stretching vibration and possibly the CH, twisting vibration. The observation of
C4H4" and C4H3™ / C4H,™ photofragments following excitation of BT*-Ar complexes over
the 380-410 nm range accords with calculated dissociation pathways on the ground state
C4H4" potential energy surface. The broad band appearing at wavelengths below 320 nm is
predicted to be due to electronic transitions of all four of the lowest energy C4Hy™ isomers,
including the VA* and BT" cations.

The B2A’«<X?A’ electronic spectrum of the 1-butyn-3-yl cation (H3CCHCCHY) is
recorded over the 245-285 nm range by photodissociating the bare cation and its Ne-
and Ar-tagged complexes. Origin transitions for HCCHCCH" and H;CCHCCH*-Ne are
observed at 35936 cm~! (278.27 nm) and 35930 cm™~! (278.32 nm), respectively. Additional
bands in the spectra are assigned to vibronic transitions of HCCHCCH™ through quantum
chemical calculations and comparison of the spectra with those of similar molecules, the
propargyl (C3H3™) and methyl propargyl (H;C4H,") cations. Excitation of HCCHCCH®*
produces CoH3* + C,H, (protonated acetylene + acetylene) and C4Hs* + H; (protonated
diacetylene + hydrogen molecule) photofragments. The preferred formation of CoH3* + CoH,
photofragments is correctly predicted by master equation simulations, generated from

calculated dissociation pathways on the ground state C4Hs™ potential energy surface.

Electronic spectra of Ar- and N,-tagged C¢H4™ cations, generated from acetylene ion-
molecule reactions, are recorded over the 265-700 nm range by monitoring C¢Hs* and C4H,*
photofragments. Bands are assigned to transitions of five isomers based on previous spectro-
scopic studies, calculated stationary points on the ground state C¢H4* potential energy surface,
hole burning experiments, and spectral simulations generated from TD-DFT calculations. In
the CgH,4*-Ar spectrum, bands over the 526-700 nm range arise from the BZA” « X?A” elec-
tronic transition of the 1-hexene-1,3-diyne cation (CH,CHCCCCH™) and the Cng — X2A,
electronic transition of the frans-3-hexene-1,5-diyne cation (HCCCHCHCCH™), with origin
transitions occurring at 604 and 581 nm, respectively. Over the 375-460 nm range, broad
bands at 440, 425, and 423 nm are assigned to vibronic transitions within the CZA” — X2A”
band system of the 1-ethynyl-3-methylene-cyclopropa-1,2-diene cation (H,C[c—C3H]CCH™).
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Sharper bands at 416, 407, and 400 nm are ascribed to the B2ZA” « X2A” electronic transition
of the propargyl cyclopropene cation ([c—C3H,]JCHCCH"). Between 265 and 375 nm,
several bands appear, superimposed on a broad band that extends for several thousand
wavenumbers. The 371 nm band is assigned to the BZA” « X?A” origin transition of the
1-hexene-1,3-diyne cation (CH,CHCCCCH™), agreeing with previous assignments. In light
of the TD-DFT calculations, the bands at 365 and 357 nm are tentatively reassigned to the
C?B«X°B electronic transition of the propadienylidene cyclopropene ([c—C3H,]CCCH,*)
isomer. The underlying band possibly arises from the Cng « X?A, electronic transition
of the trans-3-hexene-1,5-diyne (HCCCHCHCCH™) cation, which undergoes a reduction in
symmetry upon photoexcitation. Formation of C4H,* photofragments at wavelengths below
426 nm (2.91 eV) agrees with calculated C¢Hy™ dissociation pathways on the ground state
CgHy4 " potential energy surface.
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Chapter 1

Introduction

This thesis details spectroscopic studies of cold, small carbocations — particularly those
which can be generated through ion-molecule reactions involving acetylene. The first section
provides a general description of how hydrocarbons can be formed and how they shape
our universe. It briefly introduces how spectroscopy is used to study the composition of
extraterrestrial environments and emphasizes the need for robust databases of laboratory
spectra of known molecules. Finally, the chapter outlines the motivation to measure and
study the electronic spectra of C4Hy*, C4Hy*, C4Hs*, and C¢H* ions generated from
ion-molecule reactions involving acetylene. Chapter 2 describes basic concepts related
to resonance-enhanced photodissociation (REPD) spectroscopy and the experimental and
computational approaches used to produce this body of work. The following four chapters

(3-6) are comprised of the spectroscopic studies of C4H,*, C4Hs*, C4Hs*, and C¢Hy™ ions.

1.1 Motivation to study hydrocarbons

Hydrocarbons are abundant on Earth, where they are involved in combustion, 2 atmo-

spheric,>* and plasma>~’

8-10

reactions. They also exist in extraterrestrial environments such as cir-

L2 comets, '3 planetary atmospheres, 416

cumstellar envelopes, protoplanetary nebulae,
and molecular clouds. !”-2! The prevalence of hydrocarbons throughout the universe suggests
they play important roles in its evolution, and that a better understanding of hydrocarbon reac-
tions in specific environments would help inform the formation and destruction of molecular
clouds, stars, planets, moons — and even life. This section describes how hydrocarbons are

involved in the stellar life cycle, depicted in Figure 1.1, and where they are likely to exist.
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Fig. 1.1 The cyclic process of star formation and destruction. Reprinted with permission from NASA
Goddard Center for Astrobiology (GCA).

1.1.1 Importance of hydrocarbons

A general description of the stellar life cycle, as it relates to hydrocarbons, is provided
here. The cycle was initiated shortly after the birth of the universe ~ 13.8 billion years
ago when tiny, hot particles reacted with energy and light in an event coined "the Big
Bang." Tremendous amounts of energy and particles were expelled from the center, with
residual cosmic microwave background (CMB) radiation still observable today.?>?? The
young universe was comprised mostly of ionized plasma. As the universe inflated and cooled,
gases rich in H atoms condensed to form molecular clouds. Because some locations in
clouds possessed more energy than others, there were pockets of gas molecules known as
"cores" that were more dense than the surrounding gases. These cores continued to increase
in density until they imploded to form protostars. Toward the outer regions of a protostar
core, gas molecules had sufficient angular momentum to overcome the gravitational forces
dragging them toward the center. This resulted in a thin disk orbiting the core. On occasion,
stellar winds ejected gases from the disk into the cold interstellar medium (ISM), giving rise

to both diffuse and dense molecular clouds — the latter of which can birth new stars.2*

The formation of atoms larger than hydrogen was made possible through the collapse of a
protostar core under strong gravitational force. The star, through proton-proton thermonuclear
fusion, released radiation, heat, and helium atoms into the ISM. The presence of heavier
helium atoms in star-forming regions opened new fusion pathways, such that younger stars in

the universe, once having burned through their supply of hydrogen, can fuse three helium
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atoms together to generate carbon through the so-called "triple-alpha" process.?? It is through
this process, as well as through supernova explosions, that hydrogen and carbon atoms are
among the most abundant in the universe, facilitating formation of hydrocarbons in various

environments including molecular clouds that can spawn new stars.

In addition to their relevance to stellar destruction and formation, hydrocarbons are
involved in the formation of moons, asteroids, comets, Pluto, and the gas planf:ts.26‘32’32’33
When gas molecules in a protostar disk interact with small dust grains to form planetesimals,
the gravitational pull of the object on the surrounding gases become stronger, increasing
the probability that the object will develop an atmosphere. Identifying which molecules
comprise atmospheres of other planets, moons, and comets is useful to determine how the

respective object was formed. 343

One planetary body has gained significant attention, in part due to the hydrocarbon

36.37 Titan, a moon of Saturn, is the

chemistry occurring on its surface and in its atmosphere.
only planetary object in the solar system (aside from Earth) with liquid lakes and a dense
atmosphere. Geochemical data suggest that Titan is similar to Archaen Earth, therefore an
understanding of its chemical makeup can provide insight into Earth’s past and possibly the

emergence of life. 3%

1.1.2 Hydrocarbon chemistry in extraterrestrial environments

Hydrocarbon formation in remote environments can occur through different mechanisms,
depending on the temperature and density of the environment. In HII regions of stars (see
Figure 1.2), where the temperature and density of ionized gas (mostly H*) and electrons are
high, the strong ionizing photon flux heats the gaseous mix to produce high temperature ionic
and neutral molecules similar to those formed in combustion reactions.*’ One of the most
accepted mechanisms for hydrocarbon growth reactions occurring in circumstellar outflows is
the H-abstraction-CoH,-addition (HACA) mechanism. >%1041:42 Molecules and ions escaping
this portion of the circumstellar orbit are eventually ejected into the ISM, or, in the case of

late-stage red giants, the mass loss may ionize and envelop to form a planetary nebula.*

Hydrocarbon formation and growth in cold environments, such as molecular clouds
(10-100K)*° and the atmosphere of Titan (= 90K),* are induced by absorption of UV
radiation.*? In diffuse molecular clouds, which have gas densities of 100 cm? or less,
hydrocarbon formation is likely to be initiated through the reaction between C* and Hj, based

on the lower ionization potential of C compared to that of Hy:*#7



4 Introduction

Cold dense cores

Warmer rarefied medium

-
H-H: .~

Transition Molecular lines

. Dust continuum
PDR cooling

lines

Dust
continuum

Tges~10-100K
Tgas
~30-300K
Extremely k- - Tgas~ .
diffuse * i 300-3000K

Predominantly
molecular
ions/atoms/
O-star . 4 molecules

W) clectronsdons Cold
Wind blown bubble egion | Phase
- " )

/
/

Fig. 1.2 Regions around a star in which different reactions occur. Reprinted with permission from
ref. 40. Copyright Elsevier 2018.

C*+H, —» CH'+H (1.1)

and
C*+H, - CHy" + hv (1.2)

Despite the reaction in eq. 1.1 being endothermic by ~ 0.4 eV,*3-9 and the radiative association
reaction in eq. 1.2 being slow (with rate coefficient, k, ~ 1 x 107> cm?s~!),! they are believed
to be competitive due to tunneling effects>? and interstellar shocks that provide enough
energy for the reactions to proceed unhindered.>*-> In dense clouds better shielded from UV
radiation but penetrated by cosmic rays, hydrocarbon growth is initiated through ionization

of hydrogen molecules: 2

Hy +hv — Hy* (1.3)
Hy*+H; - H3*+H (1.4)
H3++C—>CH++H2 (15)

CH"+H, —» CH,"+H (1.6)
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Once CH," ions are formed in cold environments, they can undergo fast secondary
reactions to form CHz* and CHs*:°

CH2++H2 - CH3+ +H (1.7)
CH3"+H; — CHs" + hy (1.8)
CH5++e_ — CH4+H (19)

The reaction between CHz* and H, to form CHj4 is endothermic, and therefore the slow

radiative association reaction in eq. 1.8 is predicted to be more competitive. %
C+
Ha
M + ct + +
CH, CoHy ——> CgH'—C
' CH C,H
Hz; 2M3 eT 2H,| c
CH + e eT C H + C6H2+_—’C7H+
o 1 ” + M + 4“3 e He le
o l CoHp {7 CaHa He ¢ N
c* \ CaH, CeH Cr CrH,
CHy / * N / \H
S Y C,H e 2
Caty T G, —S+ CH' H CaHy' EE P CeHly' HC,N'  CoHy
+
Hy el & Cs Hz\‘ '+/ N
C4f H,C,N
e L_l——Cst .
G4 HC,N
CeH|
= H,CN*
e
HCsN
e
CH,"
2 2 =H3C5N+

Fig. 1.3 Schematic representation of ion-molecule reactions occuring in the ISM. Hydrogenation and
acetylene addition reactions are primary mechanisms for hydrocarbon ion growth. Reprinted with
permission from ref. 58. Copyright Springer Nature 1989.

Following the formation of the fundamental CHs* carbocation, several reactions, including

those shown in the reaction scheme in Figure 1.3, have been proposed to occur in low

47,58-61

temperature environments. Hydrocarbons present in the ISM, if not formed in stellar

winds, are generally understood to form through ion-molecule reactions, which are on the order
of ten times faster than neutral-neutral reactions at low temperatures. °>-%4 The rate coefficients

of reactions involving nonpolar neutrals are well-described by the Langevin theory,>>% and
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reactions between ions and molecules with permanent dipoles are particularly fast, owing to
long-range attractions.® Ton-molecule reactions relevant to interstellar chemistry have been

extensively studied using laboratory experiments and computational approaches.*>-67

Photodissociation, a unimolecular reaction occurring when a molecule or ion absorbs
a photon of sufficient energy to rupture a bond, is important in driving astrophysical
chain reactions, including ion-molecule reactions.%®~7! This process is likely to occur in
environments where molecules or ions are exposed to visible (380 <A <740 nm), near UV
(380 <1 <240 nm) and far UV (FUV, 91 < 4 <240 nm) light.

The reactions in Titan’s atmosphere are similar to those occurring in the ISM, but with the
major source of hydrocarbons being methane (CHy) that is released from volcanic eruptions
and evaporated from lakes. The CHy4 cycle on Titan functions similarly to the water cycle on
Earth, with a major difference being that CHy is a sink in its cycle — once CHy is consumed it
is not reformed.”>73 When CH, encounters solar radiation, cosmic rays, or charged particles
from Saturn’s magnetosphere as shown in Figure 1.4, it is photolyzed to form the reactive
methyl radical (CH3) and a hydrogen atom (H).”*75 Reactions involving the CHj3 radical
generate larger hydrocarbons, including polyacetylene and polycyclic aromatic hydrocarbons
(PAHs) that in the presence of nitriles give rise to Titan’s haze layers.”>7%77 Solar and cosmic
radiation and charged particles can also ionize hydrocarbons, particularly those located in the
upper atmosphere (ionosphere-thermosphere), increasing the probability that ion-molecule

and unimolecular reactions occur similar to those proposed in Figure 1.3.73-82

To understand hydrocarbon reactions in extraterrestrial environments, numerous chemical
models®3—Y have been developed that take into account important factors such as temperature,
density, and chemical composition — all of which can be informed through spectroscopy.



1.1 Motivation to study hydrocarbons 7

Fig. 1.4 Overall hydrocarbon growth mechanism leading to the formation of Titan’s haze layer.
Reprinted with permission. Copyright ESA/ATG medialab.

1.1.3 Using light to understand reactions

An understanding of how each molecule or ion interacts with light provides insight into its
stability, which can inform the likelihood of its presence in certain environments and how
it may participate in reactions. For example, the reaction scheme in Figure 1.3 includes
empirical formulas for molecules suspected to be involved in reactions but does not specify
their structures, which influence the chemical reactions that occur. An ion such as C3Hz™"
may take a linear or cyclic form, although each isomer has been shown to have different

reactivities.”! In addition, dissociation energy thresholds vary depending upon the structure
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of the molecule, which can affect which fragments result and which subsequent reactions

OCcCur.

To better model chemical reactions, it is necessary to consider the structures of the
molecules involved, which in the case of remote environments may be informed by comparing
emission and absorption spectra with laboratory spectra. As each molecule can only emit and
absorb light of specific frequencies, related to its structure and quantized energy levels, its
recorded spectrum is often considered a "molecular fingerprint." The comparison of spectra
recorded in remote environments with those measured in laboratories has, as Professor Henry

Draper described in 1866, "made the chemist’s arms millions of miles long".%?

Astronomical emission and absorption spectra can be generally described by Kirchoff’s
laws of spectroscopy. Stellar emission lines, such as those emanating from hot HII regions
where the temperature is on the order of 10* K, are often broad, unresolved, or continuous,
and are therefore typically used as background radiation for absorption spectroscopy of colder
regions. Stellar absorption spectra can be generally categorized into three denominations:
stellar lines arising from gases in circumstellar envelopes, terrestrial lines arising from gases
in a planetary atmosphere, and interstellar lines of gases in (typically diffuse) molecular
clouds.?? Reduced intensities or extinction of light at specific wavelengths are caused by
absorption of photons by molecules positioned between the light source and the observer. As
diffuse molecular clouds are cold (between 10 and 10% K), the Maxwell-Boltzmann energy
distribution for molecules is small, with the zero vibrational energy level of the ground state
being the most populated. Consequently, the spectral lines are narrow and can be matched
with known vibrational or electronic transitions of molecules. In addition, the timescale
of chemical reactions in diffuse clouds is relatively long, due to the low temperature and
gas density, such that astronomical spectra may capture chemistry that has not reached
an equilibrium state. Intermediate molecules considered unstable and transient in other
conditions may be as observable as stable reaction products. A cold molecule may also be
identified by comparing laboratory and emission spectra in the case where it fluoresces (emits

one or more photons of lower energies) following photon absorption.

Until the 1930s, only a few stellar and interstellar bands could be explained — those arising
from transitions of neutral sodium®* and calcium.®> Interstellar molecules were first detected
when absorption lines between 387 and 431 nm were recorded using a spectrograph mounted
on the 60-inch telescope at Mount Wilson Observatory and assigned to electronic transitions
of CN, CH, CH*, and NaH.”%? Because the absorption lines correspond to transitions from
the lowest rotational level in the zero vibrational level of their ground electronic states,® the

temperature of the ISM in the direction was deduced to be ~ 2 K.%® Perhaps the most famous
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set of interstellar bands are those recorded in the direction of reddened stars, the diffuse
interstellar bands (DIBs), which have perplexed scientists since their initial observation in the

early 1920s.%* The bands have been postulated to arise from electronic transitions of neutral

100-

and/or cationic carbon chain molecules, as well as PAHs. 19-19 Only recently, since 2015,

has there been a positive match between five DIBs and the recorded electronic absorption

spectrum of the Buckminsterfullerene cation (Cgg™). 107-110

Several spectrographs have been used to obtain astronomical spectra, including the Ralph
infrared and Alice ultraviolet imaging spectrometers aboard the New Horizons spacecraft
(exploring Pluto, its moons, and the Kuiper belt), the Infrared Spectrograph aboard the Spitzer
Space Telescope, and the Visible and Infrared Imaging Spectrometer, the Ultraviolet Imaging
Spectrograph, and the Composite Infrared Spectrometer aboard the Cassini spacecraft that
orbited Saturn. The instruments installed on the Hubble Space Telescope, including the
Space Telescope Imaging Spectrograph (STIS), the fine guidance sensors (FGSs), wide field
cameras (WFC3), and the Advanced Camera for Surveys (ACS) and the wavelength ranges in
which they operate are shown in Figure 1.5. Based on comparison of astronomical spectra
with laboratory spectra compiled in databases such as GEISA,!!! HITRAN, 112113 the NASA

Ames PAH database, 114116 and the Cologne Database for Molecular Spectroscopy, '7-118

17-21,119

numerous molecules have been detected by their rotational spectra, several by their

vibrational spectra, 12° but only a few by their electronic spectra. 12!
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Fig. 1.5 Instruments aboard the Hubble space craft that can detect different wavelengths of light.
Reprinted with permission from NASA.
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1.2 Electronic spectroscopy of acetylenic cations

This work focuses on the electronic spectroscopy of small carbocations that can be generated
from acetylene (HCCH), the smallest unsaturated hydrocarbon. Neutral and ionic forms of
acetylene exist in circumstellar envelopes, 122 the ISM, 13123 on Titan, >4-'?7 and possibly other
environments where methane is abundant. 12812 Both neutral and charged forms of acetylene
are involved in hydrocarbon growth processes, such as those shown in Figure 1.3.3#°252,130-134
Because ion-molecule reactions are expected to be dominant in low-temperature environments,
carbocation intermediates along acetylene growth pathways are likely to be important in the
chemistry of the ISM and Titan’s atmosphere. The growth process can be initiated by the

carbon insertion reaction between C* and methane:>2

C*+CHy —» CoHy" —» CHy +Hp (1.10)

with subsequent reactions also demonstrated in Fig. 1.3. Numerous experiments and ab initio
calculations have been conducted to characterize acetylene ion-molecule reactions and their

intermediates and products, *>-81:82,132,135-151

Prior to conducting the spectroscopic experiments described in this work, a preliminary
electron impact (EI) mass spectrum of a dilute acetylene mixture (in Ar and N>) was recorded,
shown in Figure 1.6, to gain insight into the types of carbocations that can be investigated.
Note that water vapor was a trace impurity. The experimental approach for obtaining the
spectrum is described in the following chapter. The mass spectrum is similar to previously

144,152,153

recorded spectra of acetylene and another obtained using a mixture of acetylene

and H, to investigate protonated acetylene clusters. 154

In Figure 1.6, the acetylene dimer and trimer species, (C,H;),* and (C,H;)3™ have lower
abundances than do ions one mass unit lower (C4H3* and C¢Hs™, respectively), highlighting
the importance of carbon insertion reactions that typically produce H or H, fragments that
do not rapidly react with larger ions.”! The fragmentation of the acetylene trimer cation
was described in a dissociative photoionization experiment by Ono et al.,'>> wherein the
photoionization efficiency (PIE) curves of the trimer and several of its ionic fragments were
recorded. A simple pseudo-potential energy surface is depicted in Figure 1.7 to describe the
process. The measured appearance energies of C¢Hs*, C¢Hy*, C4Hy*, and C3H3* fragments
were all in the vicinity of 10.10 eV, suggesting a small entrance barrier (= 0.26 eV above the
energy of the trimer) to the covalent CgHg" surface. It was postulated that the energy of this

barrier lies higher than the dissociation limits for various product sets, and therefore C¢Hg*,
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Fig. 1.6 Electron impact mass spectrum of a dilute acetylene/argon mixture in Nj.

once formed, possesses sufficient internal energy to fragment. In general, this underscores
the complexity of ion-molecule reactions, in that ions such as C¢Hy* and C4Hs* may be
formed through several mechanisms involving acetylene. The mechanisms are described in
more detail for the ions investigated in this work: C4H,*, C4Hy™, C4Hs ™", and C¢Hy™.

The electronic spectra of C4H,*, C4Hs*, and C¢H4™ presented in Chapters 3, 4, and
6 are those of ions generated from an acetylene source. Spectra of C4Hs™ ions generated
from acetylene were also recorded as part of this work, however the transitions matched
those previously recorded by Catani et al.,'>® confirming formation of the methyl propargyl
cation (H3C4H,"). Another energetically low-lying C4Hs™ isomer was investigated using a

brominated precursor as described in Chapter 5.
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Fig. 1.7 A pseudo reaction scheme of the dissociation of an acetylene trimer cation, (C;H;)3™.
Reprinted with permission from Ono and Ng.'>3 Copyright 1982 American Chemical Society.

1.2.1 C4Hy*

Neutral C4H; isomers have been identified in the atmosphere of Titan and protoplanetary and
protostellar nebulae. 1421157 The two lowest energy isomers take the forms of diacetylene
(HC4H) and a carbene structure (CCCCHj;), with diacetylene lying ~1.9€eV lower in
energy. %158 The exposure of molecules in these environments to strong ionizing UV light
and X-rays increases the probability that C4H,* radical cations are also present.

There are several possible mechanisms for the formation of C4H,* in the ISM, some of
which are outlined in Figure 1.3. Interaction between ionic and neutral acetylene molecules

leads to a dimer cation (C,H,),* that enters the covalent C4Hy* surface and eliminates H»:

C2H2+ +CoHy, — (C2H2)2+ - C4H4+ - C4H2Jr +H> (1.1 1)
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Fragmentation of larger acetylenic cations, such as C¢Hs* described in Section 1.2.4, can

also be a source of C4H,*.1>°

The role of C4H,* in the formation of larger polyacetylenes in the ISM has been previously

investigated. ' In Titan’s upper atmosphere, C4H,* is postulated to give rise to the benzene

cation through a series of reactions: 8%161-162

C4H2++C2H4 - C6H5++H (1.12)
C6H5++H2 - C6H7+ (1.13)
CeH7"+e” — C¢He" +H (1.14)

The identity of C4H," ions becomes important in modeling the chemistry occurring
in remote areas. Although the ground state C4H," potential energy surface has not been
thoroughly explored, quantum chemical calculations underscore the stability of the diacetylene
radical cation (HC4H™) compared to its isomers, and vertical excitation calculations predict it
has the strongest oscillator strength of the C4H»* species. '3 Therefore, it is the most likely

C4H," structure to exist and be spectroscopically detected.

The electronic configurations of the first five doublet electronic states of HC4H* are
depicted in Figure 1.8, and are based on computational and spectroscopic studies. Photo-
electron spectroscopy, IR spectroscopy, and quantum mechanical calculations agree that the
ground electronic state is linear and centrosymmetric (Do symmetry) with an electronic
configuration of 5(c)*4(cy)*1(mry)*1(g)3. 164165

...(7tu)4(7rg)3 ...(ﬂll)g(ﬂg)4 ...(7ru)4(7rg)3(7z'u)1 ...(7ru)'“1(7rg)3(7ru)1 ...(nu)4(7rg)3(7ru)l

! 1
n-*u 7[*11 77:*11 71'-*11 n*ll n*ll ﬂ*ll n*\l 71-*11 n*\l
ot R U R} R
ﬂ:g g 7l'g ﬂ'g ﬁg ﬂ'g n‘% ﬂ:g ﬂg ﬂg
ot R ot ot o
n’-ll ﬂll 71-11 n-u 71-11 n-u 7rl] n’-ll TL-U n’-ll
X711, AL, 92711, 120, 3711,

Fig. 1.8 Dominant electronic configurations of the five lowest doublet electronic states of the
diacetylene radical cation.

The first electronic spectrum of HC4H™ was obtained in the 1950s in a discharge of organic
vapors, and the emitted light around 507 nm (2.45 €V) was assigned to the A2, — XZHg

transition. 196167 Since then, several studies have examined spectral bands in the IR and
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visible regions to improve understanding of the structure of the 5&2Hg and A2, states of
HC,H*, 103.168-172

Higher excited states, including 2°T1,, 1?®,, and 3°I1,, are more complicated to measure
experimentally and are also more difficult to describe using electronic structure calculations.
Because the 2°T1, state and the 12, state have been predicted to lie energetically close to
one another, the energetic ordering of the states is unclear. Therefore, the labeling convention
used by Bally et al.!7? in a study of HC4H" is adopted for electronic states above the A,
state. The 22I1,, 12®,, and 3211, excited states are non-Koopmans’ states, in that an electron
occupies a molecular orbital (;r,*) that is not occupied in the ground electronic state. These
excited electronic states cannot be reached through single photon ionization of the ground
state neutral. Therefore, photoelectron spectra of HC4H typically exhibit a gap of x4 eV
between the bands associated with the KZHu state and the next accessible excited electronic
state (=~ 6.45¢eV above the iZHg state). 193 Instead, the non-Koopmans’ 211, states can be
accessed from excitation of the f(zng state using electronic spectroscopy, whereas transitions
to the 1°®, state are electric-dipole forbidden. Vertical excitation calculations confirm
that transitions to the upper 211, states have significantly lower oscillator strengths than
the A2, « )?ZHg transition. The 221, « )?ZHg band system has been recorded using

matrix isolation spectroscopy, !73174

however the weakness of the transitions compromised
its interpretation. Obtaining spectra of HC4H™ ions in the gas phase may help facilitate
understanding of the transitions induced by UV light and detection of the cation in remote

environments.

1.2.2 C4H4"

Although C4H,4" has not been detected in the ISM, it is likely to exist in Titan’s atmosphere

86,175 and other small hydrocarbons.3® One possible

based on the abundance of acetylene
mechanism to formation involves an acetylene ion reacting with a neutral acetylene molecule to
form an acetylene dimer complex that can enter the covalent C4H,* surface (see Figure 1.9) and
undergo additional acetylene-growth processes or, with sufficient internal energy, unimolecular
dissociation to C4H3*, C4H,", and CoH»* (see equation 1.11). 133176184 Apother pathway
to C4H4* formation in the atmosphere of Titan involves a reaction between the diacetylene

cation, possibly formed through eq. 1.11, and ethene: %2

C4H2+ + C2H4 — C4H4+ + C2H2 (1 15)
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Dissociative photoionization studies of acetylene trimers !3>-183 (see Fig. 1.7) and tetramers '

suggest that C4H4 " can also be generated from larger acetylenic cations.

AEq

kcal/mol

40

20

Fig. 1.9 Pseudo potential energy surface of the acetylene dimer cation, (C;H;),*. Reprinted with
permission from ref. 178. Copyright 1997 American Chemical Society.

Results of ion mobility and vibrational predissociation spectroscopy experiments indicate
several C4H4* isomers can form from acetylene interactions. 152,180 Of the C4H4" isomers,
the vinylacetylene (1-buten-3-yne) cation (VA*) may be particularly likely to exist in remote
environments, as it is a known photofragment of C¢Hg*, and can be formed in areas where
acetylene and/or benzene are exposed to ultraviolet photons, including the atmosphere
of Titan, 148:153.176.177.186-193 Tnclusion of the neutral vinylacetylene molecule (VA) into
atmospheric models of Titan and PAH formation mechanisms in the ISM suggests an

increased probability for VA* presence. 19319

197.198 whereas

VA is the global minimum on the neutral C4Hy4 potential energy surface,
VA lies higher in energy than three of its C4Hs* isomers, based on measured ionization
potentials and quantum mechanical calculations. !76-178:179.187.191,199-202 pptodissociation
studies have outlined that the formation of linear C4H4™ isomers, including VA*, is favorable
over cyclic isomers when the internal energy of the precursor is high.!76:188.203.204 The

preference for VA* can partially be explained by its deep energy well, underscoring its stability.
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Calculations of the ground state C4H4* potential energy surface predict isomerization of
VA* to require at least 2 €V, '°1:202 and the measured photoionization potential of VA and
appearance energies of C4H3* and C4H,* fragments lead to the prediction that VA* requires

at least 3 eV of energy to dissociate. !3>-178:201

The ground state of VA* is predicted to have a C equilibrium geometry. !78292 A single
electron in the highest occupied molecular orbital (HOMO) with a” symmetry leads to the
designation of the ground state as X?A”. Relative energies of several excited electronic
states of VA* were measured using photoelectron spectroscopy, the first three of which
were detected 1.0, 2.4, and 3.2 eV above X?A”, and are referred to in this body of work as
the A%A’, B2A”, and C?A’ electronic states, respectively.2°1-205 These three lowest energy
doublet excited states are reached upon removal of an electron from the HOMO-1, HOMO-2,
and HOMO-3 orbitals of the ground state neutral molecule, respectively. The fourth excited
state (D%A”) is a non-Koopmans’ excited state (see Section 1.2.1) that cannot be accessed by
photoionizing the ground state neutral, and therefore has not been observed in photoelectron
spectra. Bally et al.'”? recorded HOMO—LUMO transitions of VA* using matrix isolation
spectroscopy and reported this state to lie 4.2 €V above the X?A” state.

Although electronic transitions of VA* have been recorded in the visible and ultraviolet
regions, corresponding to the BZA” « X?A” and D?A” «— X?>A” band systems, the individual
bands have not yet been assigned to vibronic transitions.'’3Araki et al.>*® measured a
rotationally resolved spectrum of the BZA” « X?A” origin band in the gas phase around
513 nm (2.42 €V), in addition to transitions over the 480-520 nm range in a 6 K neon matrix.
The matrix isolation spectrum included artefacts due to site structure and contributions
from the A1, « X°I1, band system of the diacetylene cation (HC4H*), complicating the
analysis. In an analogous experiment by Filipkowski ez al. >*7 using 1,4-dichloro,2-butyne as
the precursor, transitions of butatriene, vinylacetylene, and diacetylene cations were recorded

in the spectrum as a result of sufficient internal energy to isomerize and dissociate.

A spectrum of isolated VA* in the gas phase over the visible and ultraviolet regions
would significantly improve understanding of its excited states, may provide clues to its
photodissociation processes, and would aid its detection in remote environments where it

may exist. These are the primary motivations of this study.
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1.2.3 C4Hs"

C4Hs radicals are formed as fragments of various combustible hydrocarbons and have been
observed in fuel-rich flames.?%%2% In addition to their potential roles in the formation of

soot and larger hydrocarbons, >!°

these radicals and their corresponding closed-shell cations
may form in environments beyond Earth’s atmosphere where acetylene and benzene are
present, 60:208.209.211-216 Ty the atmosphere of Titan, reactions of C4Hs radicals have been

incorporated into chemical models, including the reaction with acetylene to form benzene: !’

C4H5+CyH, —» C¢Hg+H (1.16)

Some experimental results provide insight into the C4Hs isomers that are likely to
form. Through crossed-beam experiments, coupled with photoionization time-of-flight mass
spectrometry, the identities of C4Hs products from various reactions were determined by

matching their photoionization efficiency curves with those of known C4Hjs isomers. 208-218-220

Regarding C4Hs* cations, the INMS aboard the Cassini spacecraft identified molecules
in Titan’s atmosphere with the mass-to-charge ratio (m/z) of 53, supporting assignment of

the molecules to C4Hs*.??! The cations may form through photoionization of the neutral

radicals, dissociation of larger carbocations, 22 or acetylene ion-molecule reactions: 16,184
CyH"+CoHy — C4Hs5" +H (1.17)
and
C2H5++C2H2 - C4H5++H2 (1.18)

However, it is unknown which isomers are formed from these reactions and exist on Titan.

Several C4Hs" structures have been elucidated through quantum chemical calcula-
tions, 223228 however most of the available energetic and spectroscopic data pertain to the
two low-energy methyl propargyl isomers, shown in Figure 1.10. The photoelectron spectra

of the neutral methyl propargyl radicals??%-23

are similar to the spectrum of the propargyl
radical,>3!1-233 suggesting that the substitution of a methyl group for a hydrogen atom has a
minor effect on the propargyl chromophore and therefore the three ions should have similar

electronic transitions.

Recently, the electronic spectrum of the linear methyl propargyl cation, (MP, H3C4H,™*

in Fig. 1.10) was recorded using resonance enhanced photodissociation (REPD) spectroscopy,
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BT r H;CCHCCH* MP H;C,H,*

Q +0.14 eV 0eV 9

Fig. 1.10 Structures (MP2/aug-cc-pVDZ level of theory) and relative energies (CCSD(T)/cc-pVTZ
single point with MP2/aug-cc-pVDZ zero-point energies) of the bent (H3CCHCCH™) and linear
(H3C4H3*) methyl propargyl cations.

an experimental approach that is described in the following chapter. > The spectrum is useful
for comparison with astronomical spectra, and possible future spectra of Titan, to identify
whether the molecular ion is present. The 'A’<—!'A’ band system was recorded over the
230-270 nm range by monitoring C;Hs*™ and C4H3" photofragments and exhibited a profile

that is similar to the electronic spectrum of the propargyl cation?3*

occurring in the same
spectral region. Quantum chemical calculations were conducted to assign bands in the MP
spectrum to vibronic transitions. Calculations were also used to explain the fragmentation of
MP following photoexcitation, through which ~ 5 times more C,H3™ than C4H3" ions were
produced over the scanned photon energy range. Assuming the excited ions nonradiatively
decay through internal conversion onto the ground state manifold, stationary points on the
ground state C4Hs™ potential energy surface were calculated and used for master equation
simulations. The predicted CoH3" / C4H3™ branching ratio of ~2 correctly predicted the

favored formation of CoH3™ fragments over the investigated range.

To measure the electronic spectrum of MP, described above, the C4Hs* ions were
generated from 1-bromo-2-butyne. Based on the preliminary electron impact mass spectrum
shown in Fig. 1.6, and similar mass spectra available in literature, '4* C4;Hs" ions can also
be generated from acetylene which is the main precursor used in this body of work. A
preliminary REPD spectrum of C4Hs™*, generated from a ~ 0.7 % acetylene mixture, was
measured over the 225-700 nm range as part of this work and matched that of MP without
contributions from other isomers. Note that this observation does not imply that MP is
the only C4Hs™ isomer generated, but simply the only isomer formed under the particular
experimental conditions (see following chapter) that is spectroscopically observable within

the investigated wavelength range.

The other methyl propargyl isomer, the bent 1-butyn-3-yl cation (BT, H;CCHCCH™),
lies only slightly higher in energy than MP, such that its presence in remote environments
is also probable. An REPD spectrum of BT would aid its possible detection in remote

environments, provide additional information on the influence of the methyl group on the
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propargyl chromophere through comparison with spectra of MP and the propargyl cation,

and further our understanding of C4Hs* dissociation.

1.24 CeHy'

Neutral CgH4 molecules can form from acetylene and benzene, 235237

and are believed to play
important roles in the formation of larger structures.?*” One isomer, the cyclic ortho-benzyne
structure shown in Figure 1.11, has been sought out in circumstellar envelopes.?*® The
possible presence of C¢Hy4 molecules in areas exposed to ionizing radiation (1 < 135 nm
based on measured photoionization energies) !”7->3°-243 or charged particles increases the

likelihood that C¢H4* cations exist and participate in reactions. In addition, the radical

cations can be generated as fragments of larger carbocations, 13%186203.244.245 4 through

acetylene ion-molecule reactions 80-82.140.246-248 ¢y ch a5
CH," +CH, — (Csz); — C4H4* (1.19)
C4H4+ - C4H2+ + H2 (1.20)
C4H2+ + C2H2 — C6H4+ (121)

and

C2H2+ +2CH, — (C2H2)3+ - C(,H6+ (122)
C6H6+ - C6H4+ +H> (1.23)

Equation 1.22 may also include C4H4" reacting with C,H,, where linear C4H," isomers
such as H;CCHCCH™" (VA*, vinylacetylene) are believed to react significantly faster than
cyclic isomers with acetylene.?*?>>° The reactions proceeding through the generation of the
acetylene trimer cation (equation 1.22) are also described in the pseudo potential energy
surface 1> in Fig. 1.7 presented at the beginning of Section 1.2.

The identities of CgHs* structures formed through various reactions depend, in part,
on their relative stabilities, which were first investigated through calculated equilibrium
geometries, heats of formation, and ionization potentials of neutral benzyne molecules. >
Although the ortho-benzyne molecule, shown in Figure 1.11, is the global minimum on
the singlet neutral potential energy surface, the calculations?*” predicted the meta-benzyne

cation (also in Fig. 1.11) to lie nearly 1 €V lower in energy than the ortho- form on the doublet
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potential energy surface. Based on measured ionization potentials>°

of the ortho-benzyne
and 3-hexene-1,5-diyne molecules, of which the heats of formation were also available, 2! the
benzyne cations were expected to lie lower in energy. In 1980, additional heats of formation
were estimated and compared with the appearance energy of CqHy* fragments measured in a
photoelectron photoionization coincidence (PEPICO) spectroscopy study of benzonitrile. 2>
The C¢H4™ ions were proposed to be cyclic, based on their predicted lower heats of formation

compared to those of acyclic structures.

e ] p
”
@
meta- ortho- para- |

benzyne 1-hexene-3,5-diyne
) »
Y";\{" V °
| trans- cis- Xyl
3-hexene-1,5-diyne propargyl cyclopropene

Fig. 1.11 Isomers of C¢H,* that have been previously spectroscopically studied.

The understanding that cyclic C¢Hy* isomers lie lower in energy than acyclic isomers
was challenged in the late 1980s when electron impact mass spectra of benzonitrile and
2-ethynylpyridine were observed to be similar.?>* Since a ring-breaking mechanism is
necessary for HCN loss from 2-ethynylpyridine, it was proposed that the C¢H4 " fragments
from both precursors are likely acyclic. In a subsequent study, the C¢H4* fragments generated
from benzonitrile, 2-ethynylpyridine, and other precursors, were photodissociated in a cell of
an ion cyclotron resonance spectrometer using visible and near-UV light. !> The resulting
C4H," ions were recorded as a function of wavelength to generate a photodissociation action
spectrum. To help interpret the spectrum, electronic structures and energies for several C¢Hy*
isomers were calculated using the modified neglect of dynamic overlap (MNDO) approach,
which predicted acyclic isomers to be lower in energy than cyclic ones. In addition, the
predicted energies and oscillator strengths corresponding to electronic transitions of the cis-
and trans- 3-hexene-1,5-diyne isomers were consistent with the spectral maximum occurring
around 375 nm. Indeed, previously recorded photoelectron spectra of the 3-hexene-1,5-diyne

conformers indicate that at least three electronic states lie between 2-5 eV above the ground
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state, such that the states may be reachable from the ground state through excitation with
visible or UV light.?"!

In the early 2000s, the 1-hexene-3,5-diyne cation (Fig. 1.11) became the first CeHy*
isomer to be spectroscopically identified as an intermediate in hydrocarbon chemistry.?% An
electronic spectrum was recorded by probing a discharge of 0.5 % acetylene in He with visible
light, in hopes to measure bands consistent with DIBs. A band occurring at 604 nm exhibited
clear rotational structure that was compared with predictions of ab initio calculations. To
further verify the identity of the isomer, additional electronic transitions were recorded over
the 575-620 nm range using matrix isolation spectroscopy, with all bands ascribed to the
1-hexene-3,5-diyne isomer — except one occurring at 585 nm. Subsequent spectroscopic
studies assigned the band at 585.3nm (580.0 nm in the gas phase) to a transition of the

trans-3-hexene-1,5-diyne cation, 24253

The most extensive and recent spectroscopic investigation of C¢Hy ™ cations was conducted
by performing matrix isolation spectroscopy on ions generated from a variety of precursors. >
The spectra exhibited numerous bands, including known transitions of C¢H,* and C4H,*,
which were formed as fragments of C¢Hy* during the deposition of ions into the matrix. To
ascertain which C¢Hy* isomers give rise to the bands, the equilibrium geometries, energies,
and harmonic vibrational frequencies of several isomers in their ground and excited states
were calculated. Figure 1.12 depicts the electronic excitations of CgHy" isomers that were
attributed to bands in the spectra. Transitions in the 570-610 nm region, as well as the 375 nm
region, were associated with the 1-hexene-3,5-diyne and trans-3-hexene-1,5-diyne isomers,

consistent with previous electronic?06-234.233

and photodissociation action spectroscopy
studies discussed above.!>* Weak bands at 622 and 385 nm were attributed to transitions of
cis-3-hexene-1,5-diyne based on spectroscopic evidence of photoisomerization with the trans-
form. Transitions of the propargyl cyclopropene isomer (Fig. 1.11) occur around 417 nm
based on calculated energies, oscillator strengths, and a Franck-Condon simulation. The
most puzzling C¢Hy ™ transition occurs at 423 nm, which remains unassigned. The intensities
of bands in the 417 nm region were independent of the dibromobenzene precursor used to
produce the C¢Hy4* ions. Based on calculated energies of C¢Hy ™" ions, and on previous work
in which C¢Hy™* fragments of dibromobenzene and difluorobenzene isomers were described

257,258

to preserve the benzyne structure, a transition of ortho-benzyne was expected to give

rise to bands near 417 nm, potentially at 423 nm.

The ground state geometry of the ortho-benzyne cation has proven difficult to characterize.

Several photoelectron spectra of neutral ortho-benzyne have been recorded, !77-241-243 with

confusion around a band that ultimately was confirmed to be associated with benzene.?*



22 Introduction

-

o
<
N
X
L
m
o~
[aa]

BZA"<—)~(2A" »

Fig. 1.12 Electromagnetic spectrum with previously investigated electronic transitions of CeHy*
isomers.

Quantum chemical calculations 256,259,260 1yave predicted the ground state to be planar (C,y
symmetry), although high level CCSD(T)/cc-pVTZ calculations ! and a recent photoioniza-
tion study of neutral ortho-benzyne, accompanied by CASPT2(11,14) ab initio calculations,
revealed that the ortho-benzyne cation is twisted in its electronic ground state (C, symmetry,
X?A,).2! Thus, the electronic excitation energies and oscillator strengths for the ortho-
benzyne cation should be revisited and considered for assignment of the band arising at
423 nm.

Electronic spectra of CgHy™ isomers in the gas phase would be useful to aid in their
detection in remote environments, should they be present. In addition, REPD spectra, coupled
with quantum chemical calculations, would provide meaningful insights into the deactivation
of excited C¢Hy* ions, which has been observed to yield C4H,* and C¢H,* fragments —

although the energetics and mechanisms are unknown.



Chapter 2

Experimental and computational
approach

Most of the previously recorded electronic spectra of C4H,*, C4Hy™, C4Hs™, and C¢Hy ™ ions,
described in Chapter 1, were obtained through matrix isolation spectroscopy — a technique that
measures light absorption by ions deposited into solid argon or neon matrices. The spectra
have provided valuable information on the electronic energies and vibrational frequencies
of the cations. However, as previously described, matrix site artefacts and contributions
from fragments formed during the deposition process often complicate interpretation of the
spectra. In addition, interactions between trapped carbocations and the solid matrix can lead

to substantial frequency shifts from gas-phase transitions, typically to lower energies. 2%

Directly measuring light absorption by molecules in the gas phase, where they are free
from solvent and matrix effects, is more difficult than measuring absorption by molecules
in condensed phases because the density of the target species is low. In lieu of directly
measuring absorption, resonance-enhanced photodissociation (REPD) spectroscopy relies on
measuring the photofragment signal as a function of excitation light’s wavelength. This type of
spectroscopy has proven useful to study electronic transitions of small carbocations. 126:171,234
In this chapter, the experimental approach is outlined, followed by a description of electronic
spectroscopy, photodissociation, and the messenger tagging technique that greatly enhances
the scope of molecules that can be characterized through REPD spectroscopy. The final
section of this chapter discusses quantum chemical calculations that have been conducted to

help interpret the experimental spectra.
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2.1 Experimental methods

The REPD spectra presented in this work were obtained using the custom-built tandem
mass spectrometer, illustrated in Figure 2.1.2°3 An overview of the experimental approach

is provided here, with descriptions of the major components of the apparatus given below
(Sections 2.1.1-2.1.5).

output light from OPO

ion detector

octupole ion guide

electrostatic lenses

ion source region

bender

quadrupole mass filter

power meter

Fig. 2.1 Schematic diagram of the tandem mass spectrometer used in this work to record REPD
spectra of carbocations.

A gas mixture of ~(.7% acetylene in Ar (or Ne or Nj) was typically used to produce the
C4H,*, C4Hy*, and CgHy* ions described in Chapters 3, 4, and 6, respectively, whereas a
brominated precursor (3-bromo-1-butyne in Ar) was used to generate C4Hs ™" cations described
in Chapter 5. In each study, the gas mixture, with a stagnation pressure of 4.5 bar, was pulsed
into a low pressure chamber to form a supersonic expansion that was intercepted by ionizing
electrons. Complexes of the carbocations with carrier gas atoms or molecules were produced
and stabilized through three-body collisions in the expansion. The charged molecules in
the central part of the expansion, with vibrational and rotational temperatures of 100 and
10-30 K, respectively, were selected by a skimmer and then focused using a set of electrostatic

lenses. Cations of interest were selected using a quadrupole mass filter and deflected 90° by
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an electrostatic quadrupole bender into an octupole ion guide. There, they were exposed to
counterpropagating output light from a tuneable optical parametric oscillator (OPO). The
complexes photodissociate at wavelengths resonant with vibronic transitions of the ionic
chromophore. The charged photofragments were selected by a second quadrupole mass
filter and detected by a microchannel plate. REPD spectra were generated by plotting the

photofragment signal, normalized to the laser power, as a function of wavelength.

2.1.1 Light sources

The REPD spectra presented in this work were obtained using light from an EKSPLA
NT342B optical parametric oscillator (OPO). A Nd:YAG (yttrium aluminum garnet doped
with neodymium Nd>*) laser system produces 1064 nm light, the third harmonic of which
(355 nm) is generated using two sequential deuterated potassium dihydrogen phosphate
crystals and used to pump the OPO. In the OPO, each 355 nm photon is converted into
a longer wavelength signal photon (410-710 nm) and idler photon (710-2600 nm) through
parametric down conversion by a pair of type II barium borate (BBO) crystals. A Rochon
prism separates the idler and 355 nm beams from the signal beam, which provides the visible
output light for experimentation. For experiments requiring UV light, a type I BBO crystal is
used for second harmonic generation of the signal beam to produce 225-295 nm light. Sum
frequency generation using the signal and fundamental 1064 nm beams produces 296-410 nm
light. The EKSPLA OPO delivers output light with a pulse duration of 3-5 ns, a bandwidth
of ~8cm™!, and a maximum repetition rate of 20 Hz. The wavelength of the output beam
was calibrated using a High Finesse Angstrom LSA UVL wavemeter. For hole burning
experiments, detailed in Section 2.1.6, hole burning light with a pulse duration of ~ 5 ns
and a 10 Hz repetition rate was provided by an Opotek Vibrant 355 LD OPO, which has
components similar to those of the EKSPLA OPO system.

2.1.2 Vacuum systems

The tandem mass spectrometer relies on a diffusion pump and four turbomolecular vac-
uum pumps to attain the necessary low pressure. A Varian VHS6-0184 (2400 L/s) oil
diffusion pump, backed by an Edwards RV 12 rotary pump, evacuates the ion source cham-
ber such that the pressure is 1-2.5x 10~ Torr when gas is pulsed into the chamber and
~ 107® Torr otherwise. A Pfeiffer Balzers TPH330 (330 L/s) turbomolecular pump evacu-
ates the region of the first quadrupole mass filter (QMF), where the pressure is typically
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~5x10°Torr. A Leybold Turbovac 450 (450L/s) is located beneath the electrostatic
quadrupole bender and is backed by a Varian SD-700 rotary pump. Two turbomolecular
pumps [Oerlikon Leybold Turbovac 151 (145L/s) and a Pfeiffer TMH260 (230L/s)] evac-
uate the octupole and detector regions, such that the pressure in the octupole region is
~2 x 1077 Torr. These two turbomolecular pumps are backed by an Edwards RVS5 rotary
pump. To minimize contamination by condensible gases, liquid nitrogen cold traps are affixed

near the ion source, first quadrupole, and octupole regions.

2.1.3 Ion generation

The ion source region is illustrated in Figure 2.2. Gas is pulsed into the low pressure source
region at a frequency of 20 Hz using a solenoid General Valve Series 9 with an opening
time of ~ 250 us. The early part of the isentropic gas expansion is intercepted by electrons
produced by thermionic emission from two rhenium filaments (0.2 mm diameter). Molecules
are ionized through direct electron impact, charge-transfer, or through Penning ionization

reactions involving metastable rare gas atoms in the expansion. 72264

inside filament casing
|

filament casing 'flament ~ Wehnelt shield ceramic block !
«—— pulsed valve

}» ion source region —

. «——skimmer
;> electrostatic lenses

«—— molecular beam

<«— quadrupole rods | T
pulsed valve orifice I

supersonic expansion

Fig. 2.2 Schematic diagram of the ion source, with the pulsed valve and filaments, from the top (left)
and zoomed in at an angle (right). The filament casings are rendered partially transparent to reveal the
filaments. Carbocation and ion cluster formation is influenced by the position of the pulsed valve,
which controls the portion of the supersonic expansion that is bombarded by electrons. Figures are
not to scale.

The valve can be moved back and forth by 10 mm, controlling the portion of the expansion

that is bombarded by electrons. Three-body collisions that form charged cluster ions are more
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likely to occur when the electrons intercept the expansion near the valve orifice. 192153265

The influence of the ionization region, and the concentration of C,H, seeded in Ar on
the formation of hydrocarbon ions and Ar-containing ionic clusters, has been described in

previous work, 132153184

The central part of the supersonic expansion is selected by a conical skimmer (Beam
Dynamics, nickel, 22 mm brim diameter, 14 mm base-to-apex length, 1.5 mm orifice diameter),
located 30 mm from the pulsed valve orifice (Figure 2.2). The extracted ions are focused using

a set of three stacked electrostatic lenses and introduced into the first QMF (see Fig. 2.1).

2.1.4 Mass selection and beam focusing

The ion beam produced by the source is comprised of many different charged species. The
selection of ions of a particular mass-to-charge ratio, m/z, is facilitated by quadrupole mass
filters (QMFs), the first of which consists of four parallel 250 mm long (19 mm diameter)
cylindrical rods (see Fig.2.1). A radio frequency (RF) voltage and direct current (DC) offset

voltage are applied to each set of opposing quadrupole rods:
Y(t)=U+Vcos(2r ft) (2.1)

using an Extrel (Model 14) power supply, where U is the DC voltage and V is the peak
amplitude of the RF voltage with frequency f. Only ions with the selected m/z have stable
trajectories and pass through the QMF. The transmission of the ions through the QMF is
influenced by the kinetic energy of the ions, which can be controlled by a common DC bias
applied to all four rods. Increasing the ion energy enhances the transmission of ions at the

expense of mass selectivity.

The electrostatic quadrupole bender, comprised of four electrodes as shown in Figure 2.1,
deflects the ion beam by 90°. Two additional electrodes, not shown in the figure, are
located above and below the bender region to control the vertical alignment of the ion beam.
Following deflection, the ions enter the octupole ion guide, which consists of eight parallel
cylindrical rods 600 mm in length and 3.2 mm in diameter with centers arranged on a circle
(Fig.2.1). Alternate rods are connected to form two sets of four rods. An alternating RF
voltage is applied between the two sets of rods. At an appropriate RF frequency (1.2 MHz in
the REPD experiments) and amplitude, the octupole radially confines the ions as they travel
down its length. A common DC voltage applied to all eight rods sets the kinetic energy of the

ions.
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Following exposure to light in the octupole region, the ions enter a second QMF (four
parallel rods, 12mm in diameter and 250 mm in length) that is used to mass select the

photofragment ions.

2.1.5 Ion detection and data gathering

Charged photofragments exiting the second QMF are repelled upward by an electrode towards
a microchannel plate (MCP, Del Mar Photonics), an electron multiplier with a gain of ~ 109.
The resulting electrons bombard a phosphor-coated scintillator disc, which emits photons that
are directed through a glass rod towards a photomultiplier tube (PMT). The PMT output is
sent to a digital oscilloscope (Tektronix TDS 620) for signal observation and to a boxcar gated
integrator (Stanford Research Systems SR250) that is connected to a National Instruments
data acquisition board (DAC). Control of the light source and data acquisition is accomplished

using a LabVIEW program (National Instruments, version 11) running on a PC.

2.1.6 Hole burning experiments

Sections 2.1.1 - 2.1.5 outlined the experimental approach for measuring REPD spectra. In
the case that several isomers give rise to bands in the spectrum, as is the case for C¢Hy*
(see Section 1.2.4 and Chapter 6), two-color hole burning (HB) experiments were conducted
to identify whether particular bands arise from one isomer or another. HB experiments

266,267

have proven useful in the analysis of bands in spectra of gas-phase ions and ion

complexes. 268,269

The HB process is illustrated in Figure 2.3, which shows how vibronic transitions of
isomer A (squares) are disentangled from those of isomer B (red circles). The initial step in
HB experiments is to measure an REPD spectrum, shown on the left in Figure 2.3a. The solid
arrows in the energy level diagram represent vibronic excitations induced by the exposure of
the isomers to the probe light in the octupole, giving rise to bands in the spectrum. Bands

associated with transitions of isomer B are highlighted by red ovals.

The second step, illustrated in Figure 2.3b, is to record another REPD spectrum, but with
the introduction of HB light (supplied by the output of an OPOTEK Vibrant OPO) directed
along the axis of the first QMF toward the ion source and tuned to a wavelength resonant
with a vibronic transition of isomer B (represented by the dotted arrow in the energy level

diagram). Following absorption of HB light, isomer B photodissociates and its fragments



2.1 Experimental methods 29
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Fig. 2.3 Scheme for hole burning (HB) experiments. The effect of the HB beam (dotted arrow) on
the intensity of spectral bands is assessed by comparing spectra recorded using (a) only the probe
light (solid arrows) and (b) both the probe and HB light sources, with HB light tuned to a wavelength
resonant with a vibronic transition. See Section 2.1 for a description of the tandem mass spectrometer.

are filtered out prior to reaching the electrostatic quadrupole bender such that the octupole
is devoid of isomer B and its transitions are absent from the REPD spectrum (left side of
Fig. 2.3b). Thus, comparison of band intensities in REPD spectra recorded with and without
HB light (Figs. 2.3a and b) facilitates identification of bands arising from different isomers.
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2.2 Concepts associated with REPD spectroscopy

2.2.1 Energy levels and nomenclature

To describe the electronic transitions measured in this work, basic details of energy levels and
nomenclature associated with electronic spectroscopy are provided here. These are discussed
in the context of hypothetical potential energy surfaces of a triatomic cation (ABC") in
its ground and excited electronic states along the AB-C internuclear coordinate, shown in
Figure 2.4.

ABY +C

excited state

% rotational levels
0
>
o
G Wi
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7~ ground state
—~ g
L /
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/-2
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Intensity
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Fig. 2.4 Hypothetical potential energy curves of a cation, ABC*, along the AB-C stretch coordinate
in the ground and excited electronic states. Energies corresponding to adiabatic (E,q4i;) and vertical
(Evert) excitations are shown. The intensities of the bands in the spectrum, shown on the left, are
dictated by the Franck-Condon principle.

Regarding the nomenclature used throughout this work, the ground electronic state
of a molecule is designated as the X state, and unless otherwise noted (as in the case of
C4H," discussed in Section 1.2.1 and Chapter 3), higher lying electronic states of the same
multiplicity are labeled A, B, C, ... in order of increasing energy.>’® The vibrational energy
levels of a molecule in the ground electronic state are referred to using the quantum number
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v” (0, 1, 2, ...) and those in an excited electronic state using the quantum number v’ (0, 1, 2,
...) as shown in Figure 2.4. Vibronic transitions are denoted by nz with n corresponding to a
specific vibrational normal mode, vy, that is defined using the Mulliken convention. 2! This
convention orders vibrational modes first by symmetry based on the molecule’s point group
and then by frequency, such that v corresponds to the highest frequency mode with totally
symmetric representation.

Rotational, vibrational, and electronic energy levels of ABC* are depicted in Figure 2.4,
with the vibrational energy levels corresponding to the AB-C stretching vibration. In general,
rotational energy levels are closely spaced and transitions between them can be induced
for polar molecules by exposing them to light in the microwave region with wavelengths
between 0.03 and 30 cm (30-0.03 cm™!). Vibrational energy levels are spaced more widely
and transitions between them, within the same electronic state, can be induced by infrared
light with typical wavelengths between 100 and 2.5 um (100-4000 cm™!) if the excitation
induces a net change in dipole moment. Subject to selection rules,?’? excited electronic

energy levels can be accessed by exposing a molecule in its ground electronic state to visible
or UV light (700-200 nm).

The vibrational energy levels can usually be described using a harmonic oscillator model.
Solving the Schrodinger equation for the simple harmonic oscillator approach gives the
following expression for vibrational energy levels:

1
E, = (v+ 5) hv (2.2)
with v=0, 1, 2, ... and with the harmonic vibrational frequency given by

1 [k

V="—1[—
2r \\ u

(2.3)

where k is the force constant and u is the reduced mass. Note that in the ground vibrational
state, v =0, the vibrational zero-point energy (ZPE) is % hv. For polyatomic molecules with
several vibrational degrees of freedom, the total ZPE is the sum of the ZPEs for the individual
vibrational modes.

The arrows in Figure 2.4 represent vertical and adiabatic electronic excitations of a
molecule. The vertical excitation energy (Eyert) corresponds to the energy difference between

the ground and excited electronic states with nuclear coordinates (Q) frozen to the ground
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state equilibrium geometry:

E _ EQeq(gmund) _ EQeq(gmund) (2.4)

vert = Hexcited ground

From the v” =0 vibrational level, the lowest energy electronic transition corresponds to
excitation to the v’ =0 level (Fig.2.4). Therefore, the adiabatic excitation energy (Eqgia) is

defined as the difference in the vibrational zero-point corrected energies of the ground and

excited electronic states at their respective equilibrium geometries: 2’3
E o EQeq(excited) + ZPE . _ EQeq(ground) + ZPE (2 5)
adia = excited excited ground ground .

Depending upon the change in geometry between ground and excited electronic states, the
difference between E 4, and Eyer¢ can be substantial, as can be the difference in ZPEs (second
term of eq.2.5). In cases where there are small changes in the geometry and vibrational

frequencies between ground and excited electronic states, E,qi, and E\e are similar.

2.2.2 Transition intensities

The intensities of vibronic transitions are dictated by the Franck-Condon principle, which is
briefly formalized in this section. Subject to selection rules, an electronic transition is induced
when electrons and nucleii of a molecule interact with the oscillating electric field component
of incident radiation. The photon energy must correspond to the energy difference between
the lower (V) and upper (V) eigenstates. The strength of the interaction is described by the

transition dipole moment, R:
R = / P aw’dr (2.6)

where [i, the dipole moment operator, represents the interaction of the light with the dipole
of the molecule, and dt describes the spatial coordinates of the electrons and nucleii. If
R > 0, the transition is electric-dipole allowed, whereas if R =0 the transition is electric-dipole
forbidden and is unlikely to occur.

Based on the Born-Oppenheimer approximation that electronic motion is rapid compared
to nuclear motion, the total wavefunction for each eigenstate involved in a vibronic transition

(neglecting rotation) can be separated into electronic (¥,) and nuclear (¥,) wavefunctions:

Y., =¥.(q.0)¥,(0) (2.7)
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with g and Q representing all electronic and nuclear coordinates, respectively. The dipole

moment operator in eq. 2.6 is also separated into electronic and nuclear components:

[ = fie + [y (2.8)

such that the transition dipole moment can be represented through (i, and (i, operating on ¥,
and ¥,, respectively:

Ro= [wrvian [wepovians [wovan [wavian @)

For a given geometry Q, the eigenfunctions = W/ and ¥/, are orthogonal to one another,
rendering f YWY dr, =0. Consequently, the second term of eq. 2.9 vanishes such that

Rev = / W (0] (Q") dr, / ¥, (q.0) A ¥ (q. Q) e (2.10)

The first integral depends on the nuclear coordinates and describes the overlap of vibrational
wavefunctions for the lower and upper electronic states. The second integral (R,) depends
mostly on the electronic coordinates and in the absence of vibronic coupling is the same
for all vibronic transitions associated with an electronic transition. Therefore, the intensity
of a vibronic transition is proportional to the Franck-Condon (FC) factor, the square of the

vibrational overlap integral: 2’#

2

FC factor « [/ ()Y, (Q)dT, (2.11)

In the case that the potential energy functions of the ground and excited electronic states
are similar, the 08 transition is the strongest of the electronic band system, as ¥ (v"=0) is
similar to ¥}/ (v =0). Alternatively, if the equilibrium geometries and vibrational levels
differ substantially between electronic states, transitions from the v” =0 to several v’ levels
carry appreciable intensity, with the most intense transition corresponding to the vertical
excitation (e.g. n% in Fig.2.4).

FC factors, associated with vibronic transitions of a particular molecule, are predicted
as part of the quantum chemical calculations, described in Section 2.3. The FC factors of

the vibronic transitions are used to simulate an electronic spectrum ("molecular fingerprint")
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that is characteristic of the molecule. The simulated spectrum can be compared with the
REPD spectrum to identify the molecule giving rise to the bands and to assign the bands to

particular vibronic transitions.

2.2.3 Deactivation of the excited electronic state

As mentioned previously, REPD spectroscopy relies on the production and detection of
photofragments following excitation of a molecule with light. Dissociation is one possible
consequence of photon absorption, and can be accompanied by — or be in competition
with — radiative decay processes (fluorescence and phosphorescence). A simple scheme
for the deactivation of gas-phase molecules is provided in the Jablonski diagram shown in
Figure 2.5, which for simplicity does not include intersystem crossing between electronic
states of different multiplicities. For most doublet radical cations, such as C4H,*, C4H4", and
CgHy™, quartet states lie higher in energy than one or more doublet excited electronic states
such that intersystem crossing and phosphorescence are generally not observed.?’> However,

these pathways may play a role following excitation to higher excited electronic states.
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Fig. 2.5 Fluorescence and unimolecular dissociation mechanisms for an electronically excited
gas-phase molecule.

The mechanisms shown in Figure 2.5 are based on the excitation of a molecule from
one bound electronic state to another. A molecule in a vibrational level of the excited
electronic state (v”) can either fluoresce to the ground electronic state or internally convert to
a quasi-continuum of high-lying vibrational levels of the ground electronic state (v” > 0).276
The rate of the internal conversion has been described by an energy gap law that predicts the
process to be faster with larger excess internal energy and smaller energy difference between
the relevant electronic states.?’’ Following internal conversion to the ground state manifold,
the electronic energy is redistributed into various vibrational degrees of freedom through

intramolecular vibrational energy redistribution.?’®27% If the internal energy of the molecule
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exceeds the energy required for dissociation, the bond is ruptured as the energy flows into the
dissociation coordinate. Any remaining energy is partitioned into translational, vibrational,
and rotational energies of the fragment molecules. This type of spontaneous unimolecular
decomposition can be described by the Rice-Ramsperger-Kassel-Markus quasi-equilibrium
theory (RRKM/QET).?7

Unimolecular dissociation following a bound-bound excitation leads to a discrete set of
bands in a recorded REPD spectrum, whereas direct dissociation, involving excitation from a
bound electronic state to a repulsive electronic state, gives rise to broad bands. Note that the
potential energy surfaces of bound and repulsive excited electronic states can intersect, such
that an REPD spectrum exhibits narrow vibrational bands at lower energies and broader bands
at higher energies. REPD spectra of C4Hy*, C4Hs", and C¢Hy™ ions (Chapters 4-6) exhibit
sharp bands, demonstrating that the dissociation of these molecules over the investigated
range does not occur through direct excitation to repulsive electronic states.

REPD spectra are measured by monitoring photofragment signal as a function of photon
energy (see Section 2.1). Dissociation is often modeled using statistical transition state theories,
which are based on the ergodicity assumption that the timescale for energy redistribution
is short compared to the unimolecular reaction.?®? The unimolecular microcanonical rate
coeflicient, kg ;, for a dissociation channel with a well-described ("tight") transition state is
often predicted using RRKM theory:

_ NY(E-Ep,J)

EJ= hp(E.J) (2.12)

where N¥ represents the sum of rovibrational states corresponding to a transition state
geometry, E is the total internal energy of the reactant, E is the critical dissociation energy, A
is Planck’s constant, and p(E,J) represents the density of rovibrational states of the reactant.
The input values to solve for kg ; are normally provided by predictions from quantum
chemical calculations (described in Section 2.3). For systems proceeding through looser

transition states, the dissociation dynamics are often modeled using phase space theory. 8!

The resulting kg s values can be incorporated into stochastic energy grain master equation
calculations, which predict rate coeflicients that account for temperature and pressure
effects. 280 Often, these master equation simulations do not consider the angular momentum,
7, due to computational restrictions. It is expected that errors associated with omission
of J affect the overall error less than do errors in the calculated molecular energies and
flrequencies.zgo’282 To facilitate the calculations, rovibrational states of similar energies are
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bundled into energy "grains". Master equation simulation packages, such as MultiWell 282 and
MESMER, %? account for the temperature using a diagonal matrix with elements associated
with the Boltzmann distribution for each energy well. To describe the effect of collisions, the
energy transfer to bath gas molecules for deactivation from an excited state with energy E’ to

ground state with energy E” is described using an exponential down model:

’ 77

P(E’|E')=C(E)” 5&a (2.13)

where C(E’) is the normalization constraint and A E 4 represents the average energy that is
transferred in a deactivation collision.?% The master equation is solved by diagonalizing
a matrix comprised of representations of P(E|E) and kg. The resulting eigenvalues and
eigenvectors are then used to obtain rate coefficients for each dissociation channel. In the
case that multiple dissociation channels are energetically accessible, the rate coeflicients can
be used to predict which channel is preferred. The statistically-derived branching ratio for

different photofragments can be compared with the measured branching ratio.

2.2.4 Messenger tagging

For many molecules, the lower excited electronic states lie below the lowest dissociation
asymptote so that unimolecular decomposition following excitation to such states is not
possible. For example, in the case of the diacetylene cation (HC4H") the energy of the
C4H* + H dissociation limit, calculated to be ~ 6.55 €V at the wB97X-D/aug-cc-pVTZ level
of theory, lies above several lower excited electronic states (see Section 1.2.1). Therefore,

transitions to these states cannot be measured using single photon REPD spectroscopy.

The messenger tagging technique 283285

circumvents the limitations imposed by high-
energy intramolecular dissociation thresholds. Normally, a ligand such as He, Ne, Ar, or N,
is attached to the target ion to form a complex with a low intermolecular dissociation energy,
Dy, typically in the 100-1000 cm™' range. Following photoexcitation of the ionic complex,
the weak intermolecular bond is severed following vibrational energy redistribution or
fluorescence to a vibrationally excited level (Figure 2.6).2%¢ A REPD spectrum of messenger-
tagged ions are obtained by monitoring production of the core "bare" ion as a function of

wavelength.

A weakly attached ligand only slightly perturbs the geometry and energy levels of the core
chromophore ion. Minor red- or blue-shifting of bands may occur, depending on the relative

binding energy in the ground and excited states (Dy” and Dy’, respectively). The low binding
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Fig. 2.6 Energy level diagram for a messenger-tagged complex and the bare cation chromophore. The
complex has binding energies Dy’ and Dy’ in the ground and excited electronic states, respectively.

energy of a ligand also restricts the internal energy of the complexes, as complexes with
vibrational energy exceeding Dy are not stable. Therefore, REPD spectra of chromophore
cations tagged with rare gas atoms (or Ny) typically exhibit minimal contributions from hot
bands. 287

2.3 Computational approach

2.3.1 Exploring the ground state potential energy surface: ab initio and

density function theory calculations

Interpretation of measured REPD spectra is aided by predictions from quantum chemical
calculations, which were conducted using the Gaussian,?3® Psi4,?8 and ORCA 2 programs.
Ab initio and density functional theory (DFT) methods are used throughout this work to
calculate energies, equilibrium geometries, and vibrational frequencies of stable minima,

intermediates, transition states, and photofragments.

Ab initio methods are based on Hartree-Fock (HF) calculations, which approximate the
wavefunction using a single Slater determinant, simplifying the many-body problem by
considering the average potential experienced by a single electron in the presence of other
electrons (mean-field or central-field approximation). As a result, HF calculations do not
explicitly address electron correlation effects resulting from electron-electron repulsion, with

the omission being the major source of error. Electron-correlated ab initio calculations
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achieve higher accuracy than HF calculations alone. Mgller-Plesset (MP,) calculations
introduce a perturbation, based on the Rayleigh-Schrédinger perturbation theory, to the
zeroth-order wavefunction obtained as the eigenfunction of the Fock operator, with n being
the order of the correlation potential.>*! Coupled-cluster (CC) calculations take the HF
molecular orbital approach, but solve for multi-electron wavefunctions through the use of an

exponential cluster operator, T, that accounts for electron correlation:
T=14+T;+T,... (2.14)

where 1 is the reference wavefunction, and T and T, are the operators of single and double
excitations, respectively. CCSD (coupled-cluster singles and doubles) uses T1 and T», whereas
CCSDT introduces the operator for triple excitations, T3.2°> The most accurate, commonly
used method available for small molecules is considered to be CCSD(T), which involves
CCSD calculations with an additional 5" order MP term.

Density functional theory (DFT) is an alternative to ab initio calculations and is based
on the Hohenberg-Kohn theory that the energy of a molecule can be determined by its
electron density, p(r). Kohn-Sham DFT calculations combine HF methods with density-based
exchange-correlation functionals and electrostatic theory, which is used to solve for the
Coulomb attraction between electrons and nuclei and repulsion between electrons. The
major drawback of DFT is that the exact functionals are not yet known, and therefore are
fitted to measured physical properties.?> Third generation functionals take into account the
electron density, its gradient (first derivative), and Laplacian (second derivative). Because
the calculation of the Laplacian is challenging, "hybrid" DFT calculations are supported
by HF-calculated exchange energy, with its contribution to DFT able to be varied. Fourth
generation DFT functionals include dispersion-corrected (DFT-D) density functionals with
nonlocal exchange operators, facilitating calculations of van der Waals complexes.?** Simple
calculations to account for basis set superposition errors (BSSE) are often conducted in
conjunction with DFT to improve predictions of binding energies.?*>>°® A benefit of DFT
calculations is that the electron density is independent of the number of electrons in the
system, and therefore the resources required for the calculations do not scale in the same
way as ab initio calculations, rendering DFT less computationally expensive. Although
the calculated geometries and vibrational frequencies derived from DFT calculations are
generally expected to be as accurate as MP2 calculations, there is a slight sacrifice in the

accuracy of energies.
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2.3.2 Exploring the excited state potential energy surface: TD-DFT
and EOM-CCSD methods

In this work, structural and energetic information associated with electronically excited
cations are predicted through the use of time-dependent DFT (TD-DFT) and equation of
motion (EOM) methods. Calculating excited state properties requires reliable predictions
of ground state equilibrium geometries (Qeg(ground))> With TD-DFT using DFT-calculated
geometries and EOM relying on geometries determined using CCSD.

Initial calculations of vertical excitation energies (see Fig. 2.4) and oscillator strengths
help identify whether electronic transitions occur over a particular energy range. TD-DFT
methods make use of a linear-response Casida expression to calculate the vertical excitation

energy:

B8 1|2 [=orlh 22 2.15)

5
T Yy

where A and B matrices are associated with excitations and deexcitations, respectively,
and w; gives the energy difference between the electronic ground and excited states. >?7-2%%
The response of the density matrix to the electric field is given by )7; and ?1) Following
these initial calculations, further information can be obtained by optimizing the geometry

of a selected electronic state, through the use of analytic gradients,?*°~30!

and calculating
harmonic vibrational frequencies. The calculations are used to predict the adiabatic electronic
excitation energy and intensities of vibronic transitions in the band system (see following

section).

The single-reference, time-independent EOM method was initially formalized by Em-
rich302:303 and further developed by Sekino and Bartlett.3%* It is based on an excitation
operator acting on the coupled-cluster (CC) ground state wavefunction derived using a single
Slater determinant.3%> The excited state wavefunctions are obtained through diagonalization
of an effective Hamiltonian, an approach similar to that used by the configuration interaction
(CI) method, with the major difference being that the Hamiltonian for EOM is non-Hermitian
and has left- and right-hand eigenvectors. 3930 Although EOM methods are more accurate
than TD-DFT methods for the calculation of excited state properties, they are computationally
expensive. EOM-CCSD, the least computationally expensive of the EOM methods, is known

to slightly overestimate excitation energies compared to experimental values.>!'°



40 Experimental and computational approach

2.3.3 Franck-Condon (FC) simulations

Energies and intensities (Franck-Condon factors, eq.2.11) of vibronic transitions can be
determined based on the calculated geometries and frequencies for the molecule in the
ground and excited states.?”® Harmonic vibrational frequencies and coordinates associated
with the optimized geometries of the ground and excited electronic states, Qeq(ground) and
Qeq(excited)» are used to compute Franck-Condon (FC) factors within the Gaussian 16288 and
PGOPHER?3!! programs. The Qcq(ground) and Qeg(excited) COOrdinates are related through a

linear transformation: 2%%

Qeq( ground) = J Qeq(excited) +K (2.16)

where J is defined as the Duschinsky rotation matrix,3!? and K is the displacement vector,
describing change in equilibrium geometries projected onto the Qeq(ground) NOrmal modes.
The vibronic structure is then predicted using the time-independent approach with a sum-
over-states (Fermi’s Golden Rule) expression, with FC factors determined from the overlap of
vibrational wavefunctions (eq.2.11). Normally, the calculated stick spectrum is convoluted

with a Lorentzian function to facilitate comparison with the experimental spectrum.
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Article begins here

Abstract

Electronic spectra of mass-selected HC4H*-Ar,, (n=1-3) and HC4,H"-(N»),, (n=1-2) complexes
are measured over the 290-530 nm range using resonance-enhanced photodissociation
spectroscopy in a tandem mass spectrometer. Vibronic transitions in the visible region are
compared with previous experimental and theoretical results for the A%I1, « X°II, band
system of HC4H*. Hole burning experiments confirm that transitions over the 290-340 nm
range involve the diacetylene cation (HC4H"). Based on previous experiments and comparison
with spectra of isoelectronic molecules the peaks are assigned to the 2°TI, « ing band

system, with the origin transition for HC4H*-Ar occurring at 29723 cm™.

The main
progression has a spacing of 906 cm™' and is assigned to the symmetric C-C stretch
vibrational mode (v3). Assignment of additional bands is complicated by spectral congestion,
the possible presence of energetically close-lying electronic states, vibronic coupling effects,

and by the fact that HC4H™ possibly becomes non-linear in the 2211, state.

3.1 Introduction

Small reactive hydrocarbon molecules have been detected in extraterrestrial environments
and are believed to contribute to the formation of benzene and larger molecules, including
polycyclic aromatic hydrocarbons. !314:52.130.13L.175.313=315 vy drocarbon cations, formed
through photoionization by cosmic rays or ultraviolet (UV) stellar light, may also play a

chemical role by participating in ion-molecule interactions and dissociation processes. +>:16%:316

The diacetylene radical cation (HC4H") is one of the smallest products from acetylene
ion-molecule reactions, presumably generated through formation of the (HCCH),* dimer
cation followed by Hj loss. 13%136:15L152,179.180.317=319 1¢ cap also be generated from ionization
of neutral HC4H, which is believed to form in extraterrestrial environments through the
reaction of acetylene with the ethynyl radical (C;H).3?° Therefore, HC4H" is expected to
exist in environments where acetylene and diacetylene molecules are abundant and exposed
to strong UV radiation.'> The diacetylene cation may play a part in the chemistry of

proto-planetary nebulae and has been included in atmospheric models of Titan.?! It was
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once considered as a carrier of diffuse interstellar bands, although this hypothesis was later

discounted based on laboratory spectra, 103:170-321-324

In 1951, Schiiler recorded emission spectra of organic vapors in a discharge tube, !¢ and
the so-called “T” spectrum was later assigned by Callomon '’ to the AI1, « X*I1, band

system of HC4H*, with the origin transition located at 19724.5cm™!.

Strong vibronic
transitions were attributed to the C-C stretch (v3) progression and even quanta of the doubly
degenerate bending mode (v7), which gains intensity through Fermi resonance with v3. Since
then, many theoretical and spectroscopic investigations have focused on the A’TI, state,
which arises from the promotion of an electron from the second highest occupied molecular

orbital (HOMO-1, ;) to the HOMO (). !64:169.171-173.325-327

Much less is known about the higher excited states of HC4H* which arise from promotion
of an electron from the HOMO to the lowest unoccupied molecular orbital (LUMO) giving a
dominant electronic configuration ...1(rr)*1 (7rg)22(7ru)1 associated with five non-Koopmans’
states (“T1y, Iy, @, 21y, I1,). Electronic transitions from the ground 2I1, state to the three
211, states are spin and dipole allowed and therefore should be observable. Based on previous
calculations, two of the TI, states and the >®, state are predicted to have similar energies,
whereas the third 2I1, state is predicted to lie significantly higher in energy.!”®> Because the
energetic ordering of the states is unclear, it is useful to adopt the notation used in ref. 173 to
describe states above AZHu. Namely, the electronic states are labeled as nST, where n is the
state energetic order of a given symmetry, S is the spin multiplicity and I'" is the symmetry of
the state. With this nomenclature the five lowest doublet excited states are A2I1,, 22I1,, 12®,,
3211, and 4°11,,.

As non-Koopmans’ excited states are not usually accessible through photoionization of
the neutral diacetylene molecule, photoelectron spectra display a gap of ~ 4 eV between the
A?T], state and the next accessible excited state. 3172328 Observation of the non-Koopmans’
electronic states lying within the gap relies on electronic spectroscopy of the HC4H* cation.
The 2°I1, « X°I1, transition of HC4H* was reported to occur at 3.75 eV for HC,H* embedded
in an argon matrix, !’? and at 3.69 eV for HC4H" in a neon matrix.!”* Assignment of bands
lying above the 2°TI, « le—lg origin transition in the matrix spectra, which may be due
to transitions to higher vibrational states or other electronic states, is problematic due to

congestion and relatively poor signal to noise ratio.

The uncertainty regarding the location and assignment of the higher lying states represents
a primary motivation for the current study — a more comprehensive understanding of

electronic transitions of HC4H* in the UV. As a step in this direction, we have measured
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photodissociation action spectra of HC4H*-Ar and HC4H*-N; complexes in a tandem mass
spectrometer over the 290-540 nm range. Transitions between 290 and 340 nm are recorded
for the first time in the gas phase. To ensure that the measured UV bands are indeed associated
with the diacetylene cation, we conducted hole burning experiments, depleting the HC4H"-Ar
population by pumping the origin of the A%II, « XZHg band system. Interpretation of bands
in the UV relies on comparisons with spectra of isoelectronic ions NCCN* and C4~ and
excited state calculations for HC,H*, 171.174.329-334

3.2 Experimental methods

Electronic spectra of HC4H*-Ar, (n=1-3) and HC4H*-(N>),, (n=1-2) were recorded using
resonance-enhanced photodissociation (REPD) spectroscopy in a custom-built tandem
quadrupole-octupole-quadrupole mass spectrometer described previously. 29> A brief overview
of the arrangement is provided below. A dilute mixture of Ar or N, with acetylene (~ 0.7%),
with a stagnation pressure of 4.5 bar, was expanded into a vacuum via a pulsed valve. The
supersonic expansion was bombarded with electrons issuing from twin filaments to generate
carbocations and tagged complexes, including HC4H"-Ar,, (n=1-3) and HC;H™-(N»),, (n=1-
2). After passing through a skimmer, the charged complexes were mass-selected using a
quadrupole mass filter and then directed into an octupole ion guide using an electrostatic
quadrupole bender. Here, the ions encountered light from a tunable optical parametric
oscillator (OPO, EKSPLA NT342B). Resonant excitation of the HC4H* chromophore
induced photodissociation of the tagged complexes. The resulting HC4H™ cations were
mass-selected by a second quadrupole mass filter and detected with a microchannel plate.
A photodissociation action spectrum was generated by plotting fragment ion intensity as a
function of wavelength. The intensity of the photofragment signal was normalized by laser
power at each wavelength. The wavelength was calibrated using a wavemeter (High Finesse
Angstrom LSA UVL).

Hole burning (HB) experiments were conducted for HC4H*-Ar complexes to confirm that
bands between 290 and 350 nm are associated with transitions of the diacetylene cation. A
HB light beam (generated by a tunable OPO, Opotek Vibrant 355 LD) directed along the axis
of the first quadrupole mass filter was tuned to the A’I1, « X*I1, band origin (506.4 nm).
The HB beam should deplete the population of HC4H*-Ar ions in the octupole region but

leave the populations of other isobaric ions unaffected. To assess the effect of the HB light
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on the intensities of the bands, spectra were recorded with the HB light off and on. A more

complete description of the setup is provided in the supporting information (SI).

3.3 Results and discussion

3.3.1 Calculated properties

Quantum chemical calculations were used to evaluate the ground and excited state electronic
structures of the diacetylene radical cation. The equilibrium geometry and harmonic
vibrational frequencies of ground state HC4H* were determined at the CCSD/cc-pCVTZ
level of theory, employing the Psi4 1.1 program suite.?®® The HC4H* molecule in its
ground Xzflg electronic state was calculated to be linear and centrosymmetric with the
dominant electronic configuration ...5(0'g)24(0'u)21(7ru)41(7rg)3. Vibrational frequencies of
HC4H" in the XZHg state, provided in Table 3.1, agree with results of previous theoretical

investigations. 163,164

Table 3.1 Calculated harmonic vibrational frequencies (cm™') of HC4H" in the X°I1, and A°II,
states. All frequencies are unscaled.

Mode Description X" AL
V1, Og C-H symm. stretch 3390 3395
V2, 0g C=C symm. stretch 2283 2144
V3, Og C-C symm. stretch 956 846
v4, oy C—H antisymm. stretch 3389 3394
vs, oy C=C antisymm. stretch 2015 2040
V6, Mg trans H-C4—H bend 737 653
vy, mg  trans C=C-C=C bend 477 444
Vg, My cis H-C4—H bend 786 644
V9, My cis C=C—C=C bend 210 233

fCCSD/cc-pCVTZ
*EOM-CCSD/cc-pCVTZ

Vertical excitation energies and oscillator strengths calculated at the EOM-CCSD/cc-
pCVTZ level predict that the strong A*T1, « X?I1, transition occurs at 2.62 €V, and involves
promotion of an electron from the 1, orbital to the singly occupied HOMO 17, orbital.
The equilibrium geometry and harmonic vibrational frequencies of the A%Il, state were
calculated at the EOM-CCSD/cc-pCVTZ level. Our calculations predict a linear geometry
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for HC4H™ in the A’I], state, agreeing with previous studies. 333336 Calculated vibrational
frequencies for HC4H™ in the A°TI, state are provided in Table 3.1. The adiabatic excitation
energy, including vibrational zero point energy, was determined to be 2.45 eV (Table 3.2),
matching the previously measured energy of the A1, « X°I1, origin transition of HC,H*
at 19722.6cm™! (2.45eV).37

The 2211, 12®,, and 3%I1, states were predicted to have vertical excitation energies
of 3.93, 4.53, and 5.21 eV, respectively, and correspond to HOMO — LUMO electronic
excitations. As noted above, the three electronic states have the same dominant electronic
configuration. These excited states were previously studied by Zhang et al. 3% using the
CASSCF/CASPT?2 approach, where the third excited state was assigned as a 2I1, state. The
alternative assignment of the third doublet state to 12, (as described in Table 3.2) accords
with the calculations in ref. 173, and is consistent with the low predicted oscillator strength
for the transition from the ground state.

Table 3.2 Adiabatic (underlined) and vertical excitation energies, and oscillator strengths (f) for
HC4H* calculated in this work and from ref. 338. Energies (eV) are relative to the ground ()~(2Hg)
electronic state. Experimental energies for HC4H*-Ar are also included.

State Energy f¢
Calc Exp

AT, 2.62%,2.45" 2.45¢ 3.08x1072

2211, 3.93¢ 3.69¢ 2.48x1072

12d, 4.53¢ 8.98x107°

3211, 5.21¢ 2.17x1072

“CASSCF/CASPT2/cc-pVTZ (from ref. 338)
bPEOM-CCSD/cc-pCVTZ (this work)
“Experimental value for HC4H"-Ar (this work)

Understanding spectra arising from transitions to these excited states is complicated by
Renner-Teller (RT) interactions. The RT effect is apparently weak for the XZHg and A’TI,
states, which split into linear/linear pairs.33® However, the effects of RT interactions on
higher states of HC4H* are unknown. To explore the importance of RT interactions for the
2°T1, state of HC4H*, quantum mechanical calculations were conducted using the complete
active space self consistent field (CASSCF) method with the the cc-pVTZ basis set in the
ORCA suite. 2?39 An active space of 7 electrons and 8 7 orbitals was chosen to investigate
the le'[g, AZHU, and 2211, states. First, the geometry of the X2Hg state was optimized,

resulting in a linear structure. The relative energies for each of the two RT components in the
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XZHg, A1, and 2211, states were calculated by stepping along the CASSCF ground state
normal coordinates for v¢ (trans H-C4—H bend), v7 (trans C=C-C=C bend), vg (cis H-C4—H
bend), and vg (cis C=C—C=C bend). These potential energy curves and their significance are
discussed below.

To understand the interactions between HC4H* and Ar and N, the structures and energies
of the HC4H*-Ar and HC4H*-N, complexes were calculated using density functional theory
(DFT) at the wB97X-D/aug-cc-pVTZ3* level using the Gaussian 09 suite.*! This method
accounts for long-range dispersion interactions and is suitable for non-covalently bound
complexes.>*? The calculated binding energies account for vibrational zero point energy
(within the harmonic approximation) and include counterpoise corrections to address basis
set superposition errors.?> Calculations indicate that Ar and N can attach to HC4H* either
end-on or side-on, as shown in Figure 3.1. As shown by Botschwina and Oswald,* the
non-linear isomer is associated with a 2A” electronic substate arising when the 2I1, state
degeneracy is broken through the presence of an off-axis perturber. These two configurations
are predicted to have similar binding energies of ~ 460 cm™! for HC4H*-Ar. This agrees with
a previous computational study on HC4H*-Ar, in which a binding energy of ~ 500 cm™! was
predicted for the linear structure with the non-linear structure being slightly less stable.3*3
For HC4H"-Nj, the C.y linear structure with the N, tag positioned along the intermolecular
axis (Figure 3.1c¢) is predicted to be 276 cm™! more stable than the Cy structure (Figure 3.1d).
Because the intermolecular bonds in HC4H*-Ar and HC4H*-N, complexes are relatively
weak and the HC4H* core is only slightly distorted, the REPD spectra of HC4H*-Ar and
HC4H"-N; are expected to resemble closely the absorption spectrum of the bare HC4H*
molecule. Optimized structures and calculated energies of complexes with several Ar and N,
tags are described in the SI.

(a) (b)

Do = 462cm~! Dy = 457cm~! :
(c) (d)
0000200 0000
Dy =1058cm™" Dy =782cm™!

Fig. 3.1 Optimized structures of HC4H* tagged with Ar (a and b) and N; (c and d). The calculated
dissociation energy (Do) is listed in each case.
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3.3.2 Electronic spectra

Figure 3.2 depicts the electronic spectrum of HC4H*-Ar over the visible and UV regions
encompassing the AT, « le'lg and 2°T1, « XZHg band systems, respectively. Transitions

in the UV are approximately ten times weaker than those in the visible region.

Alnm
500 460 420 340 320 300
. : et . .
A?M, « XM, 221, « X2M,
x10
/e

/ /s
/4

19000 21000 23000 30000 32000 34000

v/em™!

Fig. 3.2 REPD spectra of HC4H*-Ar over the 425-530 nm (left) and 290-350 nm (right) ranges
obtained by monitoring HC4;H* photofragments. The AT, « Xzflg origin transition at 506 nm is
estimated to be ~ 10 times stronger than the 2°T1, « XZHg origin transition at 336 nm.

The A’I1, « X°II, band system (425-530 nm)

We first consider the well-known AT, « le'lg band system. REPD spectra of HC4H*-N,
and HC4H"-Ar complexes over the 425-530 nm range are shown in Figure 3.3 panels a and b,
respectively. Because the tagged ions are at low temperature and Ago=-31.1cm™!,3?7 the
population of the Q=1/2 spin-orbit component in the ground state should be negligible and
transitions should predominately occur from the Q2=3/2 substate with AQ=0 (Hund’s case a).
Assignments, positions, and spacings of vibronic bands are listed in Table 3.3. Assignments
are based on previous studies and comparisons with the simulated spectrum presented in
Figure 3.3¢. 167169171172 Corresponding spectra for larger HC4H*-Ar,, and HC4H*-(N»),
complexes are provided in the SI.

The spectra of HC4H*-Ar and HC4H"-N; closely resemble the spectrum of the bare
HC4H" cation aside from a small blue shift of the bands and the presence of weak addi-
tional peaks associated with excitation of intermolecular vibrational modes. The dominant
progression in the AT1, « X[, band system of HC4H* is associated with Fermi polyads
arising from the v3 C-C stretch vibration interacting with even quanta of the v; C-C bend

167,169,171,172,325 The 31/72
00

vibration. pair of transitions are observed at 08 +809 and 864 cm™!,
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Fig. 3.3 A’I1, « XZHg electronic spectra of (a) HC4H*-N, and (b) HC4H*-Ar, obtained by monitoring
HC4H* photofragments. (c) Predicted stick spectrum from a Franck-Condon simulation (red sticks)
compared to integrated experimental intensities (rectangular blue bars) of the 3 (n=1-3) polyads.
Asterisks represent polyads comprised of several transitions that are not individually assigned (see
text for details).

respectively, with the 55 cm™! spacing between the two peaks consistent with the 56 cm™!
gap measured with rotational resolution using cavity ringdown spectroscopy.>>> Polyads
involving v3 and v7 are observed at higher energies. For example, the 3(2)/3(1)7(2)/73 triad occurs
around 1600 cm™! above the origin transition, as indicated in Figure 3.3b. These assignments
agree with those in refs. 169 and 172. The groups of bands lying ~ 2500 and ~ 3250 cm™!
above the origin are assigned to the 3(3) and 33 polyads, respectively. More combinations are
possible for higher energy polyads and detailed assignment is frustrated by congestion and
low intensity of the bands. Groups of bands, for which individual vibronic transitions are not
assigned, are labeled with asterisks in Figure 3.3 and Table 3.3.

The ATl « le'lg band system was simulated using the PGOPHER program?>!'! with

ground and excited state structures and vibrational frequencies derived at the CCSD/cc-pVTZ
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Table 3.3 Band positions and assignments for A2, « XI1, transitions of HC4H*-Ar, (n=1-3)
and HC4H*-(Ny), (n=1-2) complexes. Asterisks denote polyads involving v3 and 2v7 with possible
contributions from several vibronic transitions.

HC4H+ -Ar HC4H+—AI'2 HC4H+—AI‘3 HC4H+—N2 HC4H+—(N2)2

Assignment v AV v AV v AV v AV v AV
s9 19694 -88 19758  -59
09 19746 0 19770 0 19786 0 19782 0 19817 0
s 19808 56 19841 71 19874 85 19896 79
s 19865 119 19959 177
9% 20173 427 20219 437 20275 458

3,175 20555 809 20581 811 20584 798 20588 806 20639 822
35/7% 20610 864 20636 866 20644 862 20690 873
65 20869 1123 20874 1104 20896 1114
85 20922 1140
3092 21027 1245

32307278 21342 1596 21373 1603 31382 1596 21377 1595 21425 1608

32307475 21410 1664 21419 1649 21455 1669 21451 1669 21499 1682

3%/3(1)73/7‘0‘ 21497 1751 21538 1768 21552 1766 21543 1761 21578 1761

2 21711 1965 21749 1979 21745 1959 21745 1963 21789 1972
3% 22209 2463 22228 2458 22242 2456 22245 2463 22294 2477
3% 22278 2532 22337 2555 22364 2547
20302075 22509 2763 22538 2756 22581 2674
2030/2075 22569 2823 22598 2816 22642 2825
3% 22991 3245 23016 3246 23026 3244 23081 3264
2338 23367 3621 23404 3622 23443 3626

and EOM-CCSD/cc-pCVTZ levels, respectively. A good match between the simulated and
experimental spectra was found by scaling the calculated harmonic frequencies by 0.957. A
simulated stick spectrum of the A1, « X°II, band system is shown in Figure 3.3c while
the corresponding convoluted spectrum (full width at half maximum of 30 cm™') is shown in
black. Bands observed at 08 +809, 1596, 2463, and 3245 cm™! correspond to the predicted
positions of the 3}, 3(2), 3(3), and 33 transitions, respectively. The simulation does not account
for Fermi resonance interactions, in which the 781 transitions borrow a fraction of the 38
transition intensities. Therefore, the predicted 3f transition intensities are more appropriately

compared with the sum of the observed intensities for the polyad members. The comparison is
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made in Figure 3.3c where the summed experimental intensities are represented as rectangular

blue bars and are displaced by ~ 100 cm™" from the simulated bands to aid comparison.

The simulation indicates that weak bands at 08+427, 1123, 1965, and 3245cm™!
correspond to the 92, 6%, 2(1), and 1(1) transitions, respectively, agreeing with previous
assignments. 167-171.172.326 predicted intensities of the 9(2) and 2(1) transitions match experimental
observations, whereas the intensity of the 6% transition is underestimated. The weak 1(1)
transition is difficult to distinguish as it overlaps the 3‘0‘ polyad transitions. Overall, the good
match between theory and experiment suggests that calculations at the CCSD/cc-pCVTZ and
EOM-CCSD/cc-pCVTZ levels provide a reasonable description of the X*I1, and ATI, state

geometries and frequencies.

3.3.3 Interaction of HC4H* with Ar and N,

The A%, « X°II, spectra of HC4H*-Ar, (n=1-3) and HC4H*-(Ny), (n=1-2) provide
information on the interaction of Ar and N, with the HC4H* cation. Figure 3.4 shows
expanded views of the HC4H*-Ar and HC4H*-N spectra in the region of the origin transition.
In each case, a progression of minor peaks is observed with spacings that are consistent with
the expected frequency for the intermolecular stretch vibrational mode (vy). For example,
weak peaks are observed at 08 +56 and 119 cm™ for the HC4;H*-Ar complex that can be
assigned to the sé and sé transitions, respectively, based on the calculated ground state v
frequencies of 61 and 65 cm™! for the linear and bent structures shown in Figures 3.1a and
3.1b. For HC4H*-N,, corresponding bands appear at 08 +85 and 177 cm™!, respectively,
consistent with a predicted intermolecular stretching frequency of 97 cm™' for the more stable

linear structure (see Figure 3.1).

The ATI, « XZHg origin transition of HC4H* occurs at 19722.6 cm™!, implying that
the origin transitions of the HC4H*-Ar, HC4H*-Ar,, and HC4H*-Ar; complexes are shifted
to higher energy by 23, 47 and 63 cm™!, respectively (Figure 3.5).%3” The almost equal
incremental shifts for HC4H"-Ar and HC4H*-Ar, indicate that the first two Ar atoms are
attached at equivalent binding sites, consistent, for example, with the Ar atoms preferentially
being attached to the two ends of the HC4H* molecule. The A®Il, « X’II, origin
transitions of the HC4H*-N, and HC4H"-(N,), complexes are blue-shifted by 59 and
94 cm™!, respectively, relative to the origin band of HC4H* (Figure 3.5). The unequal

incremental band shifts indicates that either the two N, tags are attached at inequivalent
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bare (19722.6 cm™1)
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Fig. 3.4 REPD spectra near the A’II, « XZHg origin band for (a) HC4H"-Ar, (b) HC4H*-Ar,, and
(¢c) HC4H*-N,. Transitions associated with intermolecular stretching vibrations are labeled. The
location of the A%IT, «— )~(2Hg origin band for bare HC4H* (from ref. 337) is indicated by the dashed
red line.

binding sites, or more probably that the first attached N, molecule significantly perturbs the
HC4H™* core.

The blue shift of the A%I1, « X>I1, origin transition upon complexation with Ar indicates
that the intermolecular HC4H*-Ar bond is weaker in the excited state than in the ground
state. The asymmetric contour of the origin band, which is shaded to lower energy, is
further evidence for a decreased intermolecular bond strength in the excited state. Hot bands
involving the low energy intermolecular stretch (v5) and bend (v;) modes, such as s} and
b} , for example, will be shifted slightly to the red of the origin peak if the intermolecular

vibrational frequencies are reduced in the excited state.
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Fig. 3.5 Energies for the ATT, « XZHg origin transitions of HC4H*-Ar,, (n=1-3) plotted as a function
of n. The wavenumber for the AZIT, «— XZHg origin transition of HC4H*(19722.6 cm™! from ref.
337) is indicated.

Transitions to higher excited states in the 290-345 nm region

The electronic spectrum of HC4H*-Ar over the 290-345 nm range, recorded by monitoring
HC4H" photofragments, is shown in Figure 3.6. First it was established that all bands over
the 290-345 nm range are associated with the diacetylene cation (HC4H™) by conducting hole
burning (HB) experiments (see Section 3.2 and the SI). A spectrum of the HC4H*-N, complex
was also obtained in this region (available in the SI). However, due to a mass coincidence
of HC4H*-N, and C¢Hg*, which was also formed in the ion source and photodissociated to

yield C4H,™ in this wavelength range, the spectrum has a poor signal-to-noise ratio. 18%-344

The HC4H-Ar spectrum shown in Figure 3.6 is similar to spectra of HC4H™ trapped in

rare gas matrices assigned to the 2%T1, « Xzﬂg excitation, 73174

although, due to a better
signal-to-noise ratio and spectral resolution, additional bands are observed in the present
study. Zhang et al. 338 predicted the 2°TT, « Xzﬂg vertical excitation energy to be 3.93 eV,
close to the lowest energy band at 29723 cm™! (3.69 eV). The oscillator strength for the
2°11, « X°Tl, transition was calculated to be around half that of the A1, « XTI, transition
(Table 3.2), consistent with the somewhat lower intensity of the UV bands compared to those
in the visible (see Figure 3.2). The 2201, « XZHg origin band for HC4H" in a Ne matrix
reported in ref. 174 is slightly blue shifted with respect to the HC4H*-Ar transition (by
~20cm™"). The forbidden 1°®, « X2Hg transition is also predicted to occur in this region,
with a vertical excitation energy of 4.53 eV,>3® and may gain intensity via Herzberg-Teller

interactions, as appears to occur for HCgH*.3* The 3°T1, « le'[g vertical excitation energy
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for HC4H™" is predicted to be 5.21 eV (Table 3.2),338 suggesting that this transition is unlikely
to occur within the 290-350 nm range.

viem™!
30000 31000 32000 33000 34000

HC4H™-Ar — HC4H™ + Ar

221, + X2M,

2900 3000 4000
Av/cm™!

0 1000

Fig. 3.6 REPD spectrum of HC4H*-Ar over the 290-345 nm range, obtained by monitoring HC,H*
photofragments. Tentative assignments are indicated. The lower lying peaks are assigned to the
2211, Xzﬂg system. Peak positions and assignments are given in Table 3.4.

Table 3.4 Band positions (wavenumbers) and assignments for peaks in the 22I1, « X[, system of
HC4H*-Ar over the 290-345 nm range.

Assignment % AV 't AT
09 29723 0 29753 0
9% 30232 509 30211 459
3 30629 906

3095 31194 1471 31114 1362
3; 31569 1846

32228 2505
2 32595 2872

32680 2957

32981 3258

33435 3712

T Ne matrix peak positions from ref. 174

Band positions and assignments for the HC4H*-Ar 221, « X[, spectrum are given
in Table 3.4. For convenience a selected set of vibrational frequencies for HC4;H, NCCN*
and C4~ are provided in Table 3.5 (an extended set is given in the SI). The strong peak at

08 +509 cm™! was previously assigned in the Ne matrix spectrum to the 9(2) (cis bending
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Table 3.5 Calculated and experimental (underlined) vibrational frequencies (cm™!) of the central
0y (C-C stretch) and cis-bending modes of HC4H*, NCCN¥, and C4~ in the Xzﬂg, 1211, (A211, for
HC,H"), and 2211, states.

State HC,H* NCCN* Cy™
C—-C stretch C—-C stretch C—C stretch
(0gs v3) (0gy v2) (ogs v2)
XM, 9569, 972b< 8087, 956¢ 893/, 936¢
1°T1,  809¢, 846, 806" 811’ 750/, 759%, 777!
21, 906¢ 870’ 710™, 755"

C=C-C=Cbend N=C-C=N bend C=C-C=C bend

(745 v9) (7ys vs) (7y, vs)
X211, 2104, 2007, 2407 240/
17T, 2147, 228" 174 223/, 2507
2°1, 164 268", 271"

aThis work, ?Ref. 327, ‘Ref. 167, “Ref. 329, ¢Ref. 346, /Ref. 347,
8Ref. 348, "Ref. 171, Ref. 331, /Ref. 349, ¥Ref. 350, 'Ref. 334
mRef. 332, "Ref. 333

mode) transition based on calculated ground state frequencies of HC4H*.!”* To some extent
this assignment is consistent with data for the isoelectronic ions NCCN* and C4~, for
which transitions at 327 and 541 cm™! above the 2%I1, « X°II, origin band, respectively,
were assigned to overtones of the analogous cis-bending mode (56 transition for the linear
tetra-atomic molecules — see Table 3.5).329-331.333.334.351 The bands observed at 08 +906cm™!
and 08 +1846cm™! can be assigned to the 35 and 3% transitions (C-C stretch vibration),
respectively, based on the corresponding spectra of NCCN* and C4~,33! as the spacings
and relative intensities of C-C stretch progression peaks are similar for all three molecules.
Assignments for peaks above 08 +2000cm™! are uncertain due to spectral congestion and
poor signal. However, the 2L 2(1)9(1), 2(1),35, 1(1), 1(1)9%, and 1(1)3(1) transitions should occur in this
region.

One problem with the assignment scheme outlined above relates to the exaggerated
intensity of the 93 transition. Whereas for both NCCN* and C,~ the corresponding 53 band
is comparatively weak, for HC4H* the 9(2) transition has an intensity that is comparable to

that of the origin transition. If the assignment for the 9% band is correct, the v9 frequencies in
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the 211, and )~(2Hg states are similar (~ 255 cm™! and 200 cm™!,3%7 respectively), leading to

the expectation of a relatively weak 9(2) band — if the molecule remains linear.

An alternative explanation for the vibronic structure in the 2°T1, « XZHg spectrum is
that HC4H* in the 211, state is non-linear, in which case one would expect strong transitions
to excited bending vibrational levels in the upper state. As a first step towards exploring this
possibility, bending potential energy curves were calculated using the approach employed
for NCCN™ in ref. 329 (CASSCF/cc-pVTZ level of theory) whereby the molecule was
progressively distorted along the v¢ (trans H-C4—H bend), v7 (trans C=C-C=C bend), vg
(cis C=C-C=C bend) and vg (cis C=C-C=C bend) normal mode coordinates derived for the
le—lg state. One-dimensional potential energy curves along the four bending coordinates (Qg,
Q7, Qg, Qo) are displayed in Figure 3.7. RT interactions split a degenerate I1 electronic state
through distortion along a bending coordinate, leading to two substates, each of which can be
either linear or bent. The calculated potential energy curves along all four bending normal
coordinates are split into linear/linear pairs for the XZHg and A’II, states, as found for
NCCN™*.329 The calculations indicate that RT effects are weak for the le'lg and AZHH states,
consistent with previous studies. 3?27 In contrast, the calculations predict that the 2°T1,, state
is split into a linear-bent pair for distortion along Qg (trans H-C4—H bend, Figure 3.7a),
linear-linear pair for distortion along Q7 (trans C=C-C=C bend, Figure 3.7¢), bent-bent pair
for distortion along Qg (cis H-C4—H bend, Figure 3.7b), and bent-bent pair for distortion
along Qg (cis C=C-C=C bend, Figure 3.7d). The bending potential energy curves shown
in Figure 3.7c and d indicate that HC4H" in the 2°T1, state is distorted away from linearity
along the Qg and Qg cis bend coordinates with respective barriers to linearity of ~2100
and ~ 1400 cm™~!. Therefore, it seems possible that the strong peak at 08 +509 cm™! may be
associated with excitation of a single quantum of one of the cis bending vibrational modes. It
would seem that 509 cm™! is too high for the v9 C=C-C=C bend vibrational mode given that
the predicted barrier to linearity is ~ 1400 cm™~! and the vibrational frequency in the ground
state is only 210 cm™! (Table 3.1). Rather, the band may be associated with excitation of a
single quantum of the vg cis H-C4—H bend vibrational mode for which the barrier to linearity
is ~2100 cm™! and the ground state frequency is 786 cm™! (Table 3.1). Electronic spectra of
the C4D4*-Ar complex would help decide whether the molecule in the 2211, state is indeed
distorted along the along vg cis H-C4—H bend coordinate. Ultimately, a more comprehensive
understanding of HC4H* transitions in the UV region will require gas-phase spectra with
better resolution and signal-to-noise ratio, spectra of isotopically substituted species, and
calculations for the 2°T1, excited state incorporating consideration of the Renner-Teller
couplings and bending potential energy curves that are likely to be highly anharmonic.
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40000-(a)¢ Py e -(b)‘ e
36000 F & ? 0, n
— 32000F Onn=147° |7 cm o e

40000

36000F
~ 32000f

28000

energy/cm
nN
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Fig. 3.7 One-dimensional potential energy curves along the bending normal mode coordinates for
Renner-Teller components in the )~(2Hg, A1y, and 2°T1, states calculated at the CASSCF/cc-pVTZ
level of theory. Potential energy curves along the: (a) Qg trans H-C4—H bend coordinate, (b) Qg
cis H-C4—H bend coordinate, (¢) Q7 trans C=C-C=C bend coordinate, (d) Qg cis C=C-C=C bend
coordinate. Lower and upper Renner-Teller curves for each electronic state are represented by solid
and dotted lines, respectively. The dimensionless coordinates Q; (i=6-9), correspond to the bending
normal coordinates for the ground electronic state, with the linear geometry at Q;=0.

3.4 Conclusions

In summary, electronic spectra of HC4H"-Ar, (n=1-3) and HC4H*-(N,),, (n=1-2) cation
complexes have been recorded over the 290-530 nm range through photodissociation in a
tandem mass spectrometer. The A%TT, « ing electronic spectra of the complexes in the

167,169,171,172 and are

visible region (425-530 nm) are similar to previously recorded spectra,
matched by simulations based on calculated structural parameters and harmonic vibrational
frequencies for the Xzﬂg and AT, states at the CCSD/cc-pCVTZ and EOM-CCSD/cc-

pCVTZ levels of theory, respectively.
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Transitions of HC4H*-Ar over the 290-350 nm range previously observed in matrix

isolation studies, 173174

were confirmed to be associated with the diacetylene cation through
hole burning experiments. The 2°I1, « X°I1, origin transition was observed at 29723 cm™!,
in accordance with previous matrix studies while bands at 08 +906 and 1846cm™! are
tentatively assigned to the 3(1) and 3(2) transitions, respectively, based on spectra of the
isoelectronic systems NCCN* and C4~. An intense band at 08 +509 cm™! was tentatively
assigned to the 9(2) transition (overtone of the cis-bending mode) on the basis of its frequency,
although this assignment does not properly account for its substantial intensity. An alternative
explanation, supported by electronic structure calculations, is that HC4H* is distorted along
the vg cis H-C4—H bend coordinate and that the band corresponds to excitation of a single
quantum of this vibration in the 2°T1, state. Better spectra, spectra of isotopologues, and
more reliable calculations that include consideration of Renner-Teller effects are required to
understand the transitions of HC4H™ in the ultraviolet region.
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3.6 Supporting information (SI)

3.6.1 Calculated structures of HC4H*-Ar, (n=1-3) and HC4H"-(N»),
(n=1-2) complexes

Density functional theory (DFT) calculations at the wB97X-D/aug-cc-pVTZ level of theory
were conducted using the Gaussian 09 suite3*! to predict the ground state binding energies
and harmonic vibrational frequencies of the HC4H*-Ar, (n=1-3) and HC4H*-(N,),, (n=1-2)
complexes. The binding energies were corrected for the basis set superposition error (BSSE).
Calculated structures, binding energies, and vibrational frequencies are summarized in
Figure 3.8 and Table 3.6. Calculated bond lengths of HC4H*, HC4H*-Ar,,, and HC4H*-(N3),,
(n=1-2) are summarized (Table 3.7) to highlight the effect of the tag (attached end-on) on
the geometry of the HC4H* core. The most significant change to HC4,H* arising from
addition of an Ar atom or N, molecule is a slight extension of the neighboring C-H bond (by
0.003 A for Ar and by 0.008 A for N»).
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Table 3.7 Bond lengths (A) for HC4H*, HC4H*-Ar,,, and HC4H*-(N,),, (n=1-2) in the ground
ing state, calculated at the wB97X-D/aug-cc-pVTZ level of theory.

0 1 2 3 4 5 6
X" H—C=C—C=C—HX,

X 0 1 2 3 4 5 6 X2

—_ — 1.073 1.225 1.326 1.225 1073 — —
Ar 2554 1076 1226 1326 1225 1073 — —
Ar 2560 1.076 1.225 1326 1.225 1.076 2.560 Ar
N, 2.152 1.081 1.226 1.326 1.224 1072 — —
N, 2167 1.080 1.226 1.326 1226 1.080 2.167 N




3.6 Supporting information (SI) 63

3.6.2 A, « X°Il, spectra of HC4H*-Ar, (n=1-3) and HC4H*-(Ny),
(n=1-2)

The AZIT, «— Xzﬂg spectra of HC4;H*-Ar,, (n=1-3) and HC4H*-(N,),, (n=1-2), recorded over
the 425-515 nm range, are shown in Figure 3.9. The position for the origin transition of bare
HC4H* (19722.6cm™! - ref. 337) is indicated in the figure by the dotted red line.
bare (19722.6cm™1)
v A/nm
I
510 500 490 480 470 460 450 440 430

I I I I IC4H2:‘F'AI‘3 I_> C4:I[_12+ +I 3AI‘

C4H2+—AI‘2 — C4H2+ + 2Ar

C4H2+-Ar — C4HzJr + Ar

C4H2—(N2)2 — C4H2 + 2N2

C4H2+-N2 — 041'12Jr -+ N2

-
_

19500 20500 21500 22500 23500
v/em™!

Fig. 3.9 A’T], « XZHg band systems of HC4H*-Ar,, (n=1-3) and HC4H"-(N3),, (n=1-2). The energy
of the origin transition of the bare HC4H" cation at 19722.6cm™! (ref. 337) is indicated by the red
dashed line.

3.6.3 Description of the hole burning experiments

Spectra of HC4H*-Ar, (n=1-3) and HC4H*-(N»), (n=1-2) complexes were recorded over
the 290-530 nm range using resonance enhanced photodissociation (REPD) spectroscopy by
monitoring HC4H* photofragments. Spectra recorded in the visible (420-520 nm) region

are similar to previously obtained spectra.!’3!7* To test whether bands observed over the
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290-350 nm range were also associated with the diacetylene cation we conducted hole
burning (HB) experiments for HC4H*-Ar ions. Figure 3.10 shows the setup used for hole
burning experiments. The experimental approach is similar to that used in the REPD
spectroscopy experiments, but with the addition of a second tunable light beam from an
optical parametric oscillator (OPO, Opotek Vibrant 355 LD) that passed down the axis of the
first quadrupole mass filter (QMF1). The wavelength of this hole burning beam was tuned
to the ATl « 5(2Hg origin band of HC4H*-Ar (506.4 nm). A fraction of the HC;H*-Ar
ion population dissociated following photoexcitation by the HB light, resulting in fewer
HC4H"-Ar ions reaching the octopole ion guide. In the octopole, the remaining HC4H*-Ar
ions - and other possible isobaric ions unaffected by HB light - encountered the probe light
that was scanned over the 290-350 nm range. To identify which bands corresponded to
transitions of HC4H"-Ar, a spectrum was recorded with the HB light off and another with
the HB light on, as shown in the top right inset of Figure 3.10 in red (HB light off) and blue
(HB light on). Because the HC4H"-Ar population is reduced when the HB light is on, bands
with diminished intensities correspond to transitions of HC4H"-Ar. It was found that the
intensities of all bands over the 290-350 nm range were uniformly reduced with the HB light
on, proving that they are indeed carried by the HC4H*-Ar cation.

probe HC,H-Ar — HC,H* + Ar
hole burning
light off —»

2211,
’—\/—>
dissociation

hole burning
light on

XZHg ap 342 340 338 336 334 332 330
v g A/nm

hole burning
light off light on

2
2 n“ —0 \U/

A2, —0 h=o
(11’3\()( 18 \“()Il
\ > HC,H' + Ar
2.\
X g \—
v=0 =0
HC,H*-Ar HC,H*-Ar

Fig. 3.10 Schematic diagram of the two-laser setup used for hole burning experiments.
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3.6.4 The 2°T1, < X°II, band system of HC4H*-Ar and HC4H*-N;

Spectra of HC4H*-Ar (Figure 3.11a) and HC4H*-N; (Figure 3.11b) were recorded over the
295-345 nm range by monitoring the HC4H* photofragment signal. The REPD spectrum of
HC4H"-N; has a relatively poor signal-to-noise ratio. This is because HC4;H-N; has the
same mass as CgHg "', which is also formed in the ion source and which also dissociates in
the UV region to give C4H,* ions. Band wavenumbers and assignments for the HC4H*-N,
spectrum are provided in Table 3.8.

A/nm
340 330 320 310 300

(a) HC,HT-Ar — HC,HT + Ar

HC,HT-Ny — HC,HY + N,

29000 30000 31000 32000 33000
v/em™1

Fig. 3.11 The 2°11, « )~(2Hg band system of (a) HC4H*-Ar and (b) HC4H*-N>.
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Table 3.8 Band positions (cm™') and assignments for 2211, « XI1, transitions of HC4H*-Ar and

HC4H*-N,.
HC4 H*-Ar HC4 H* —N2
Assignment v AvV v AV
09 29723 0 29752 0
% 30232 509 30273 521
3, 30629 906 30681 929
3095/9; 31194 1471 31245 1493
35 31569 1846
31829 2106
2 32228 2505 32292 2540
32595 2872 32597 2845
32680 2957 32703 2951
32981 3258 32983 3231
33435 3712

33727

4004
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3.6.5 Comparisons with the isoelectronic molecular ions NCCN* and
Cy4™

Previous spectroscopic studies of NCCN* and C4~, which are isoelectronic with HC4H*, help
understand the spectrum of HC4H* over the 290-350 nm range. The energies of the excited
states of HC4H", NCCN* and C,4~ are provided in Table 3.9 while vibrational frequencies
are listed in Table 3.10. Calculations for HC4H* were conducted using the Psi4 1.1 program

suite, 289

Table 3.9 Calculated and experimental excitation energies (eV) for HC4H*, NCCN™, and C4~.
Provided are adiabatic excitation energies (underlined) and vertical excitation energies. Calculations
for HC4H* were conducted at the CCSD/cc-pCVTZ and EOM-CCSD/cc-pCVTZ levels. In each case,
energies are relative to the energy of the Xzﬂg electronic state.

HC,H* NCCN* Cy~
AT, 211, C211,
calculated 2.45% 2.67¢ 2.27°  2.802¢,2.914
experimental 2.45¢ 2.11¢ 27178
2201, D211, 2211,
calculated 4.00¢ 4.3b 3.78¢
experimental 3.694, 3.75 416>  3.23¢,3.22"
321, 31,
calculated  4.17%, 4.84%, 4.60/
experimental 4.5 3.58¢, 3.568
2(Du Zq)u
calculated 443 5.164
2Hu ZHu
calculated 5.401,5.217

2This work, "Ref. 329, ‘Ref. 350, “Ref. 352, ¢Ref. 330
fRef. 333, 8Ref. 349, "Ref. 334 'Ref. 173, /Ref. 338
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Table 3.10 Selected vibrational frequencies (cm™!) determined for the XZHg and lowest two 211,
excited states of the isoelectronic systems HC4H*, NCCN* and C4~. For HC4H* the 171, state
corresponds to the AI1, state. Calculated and experimental (underlined) values are presented.

State HC H* NCCN* Cy™
C=C stretch N=C stretch C=C stretch
(0gy v2) (0gy V1) (ogs v1)
X7, 2283¢,2177°,2176.6° 23007, 2262¢ 20847, 20478
1711, 1965¢, 1961" 2105 17297, 1913k
2211, 2188 2056/
C-C stretch C-C stretch C-C stretch
(O-ga V3) (O-ga VZ) (O-g9 v2)
X, 9567, 972°,971.5¢ 8089, 956¢ 893/, 936¢
1711, 8097, 846¢, 806" 811’ 750, 759", 777
211, 906“ 870’ 755", 7107
C=C stretch N=C stretch C=C stretch
(O-ua Vs) (O-ua v3) (o-u, v3)
X2, 20154, 1827.9° 17897, 1818¢ 1884/
1211, 2040
2211,
C=C-C=C bend N=C-C=Cbend C=C-C=C bend
(g v7) (7gy v4) (7rgy v4)
XM, 4387, 433", 430.3¢ 5374 5057, 3968
1710, 432¢, 431" 351
271, 607" 349", 374/
C=C-C=C bend N=C-C=Cbend C=C-C=C bend
(7rus v9) (g, v5) (7ru,s v5)
X2, 210, 200°, 2407 240/
f1°11, 2144, 228" 174 223/, 2507
2711, 164’ 271", 268/

aThis work, ?Ref. 327, ‘Ref. 167, “Ref. 329, ¢Ref. 346, /Ref. 349,
8Ref. 348, "Ref. 171, Ref. 331, /Ref. 334, ¥Ref. 350, 'Ref. 347
mRef. 332, "Ref. 333, °Ref. 168



Chapter 4

REPD spectroscopy of C4H4" cations
tagged with Ar and N,

4.1 Introduction

Small carbocations serve as intermediates in reactions occurring in plasmas, 323354 flames, 33>-3%6

circumstellar and interstellar media, 43337 and the atmosphere of Titan. 16.358.359 UUnderstand-
ing the reactions in these different environments requires identification of the cations involved.
In extraterrestrial environments, C4Hy ™ cations have been proposed to exist where neutral acety-
lene or larger hydrocarbons encounter ultraviolet (UV) radiation. 143:176,177.188,192,196,360,361
Several C4H," isomers are predicted to be stable, although the four lowest energy ones,
displayed in Figure 4.1 in order of increasing ZPE-corrected electronic energy, are presumed
to be the most abundant. Detection of these isomers relies on matching their laboratory
spectra with astronomical observations. However, spectroscopic data of C4H4* isomers are

limited.

Mmcp* cet

Fig. 4.1 Structures of the lowest energy C4H4* radical cations, methylenecyclopropene (MCP™),
cyclobutadiene (CB™), butatriene (BT™), and vinylacetylene (VA*).

Electronic transitions of the methylenecyclopropene cation (MCP*) and the cyclobu-

tadiene cation (CB™) have not been observed, whereas the vinylacetylene cation (VA*;



70 REPD spectroscopy of C4Hy™ cations tagged with Ar and N,

1-but-en-3-yne) and the butatriene cation (BT") are known to exhibit electronic transitions
in the visible region of the spectrum.!73296207 Nonetheless, these transitions are not yet
well characterized. Based on previous neon matrix isolation studies, discussed in Section
4.1.1, VA* and BT* both absorb near 512 nm such that their transitions are difficult to

disentangle. 20627

In this work, resonance-enhanced photodissociation (REPD) spectra of C4H4*-Ar and
C4H4*-N; complexes, generated from a lean CoHy/Ar or C;H,/N, gas mixture, are measured
over the 296-550 nm range by monitoring C4Hy", C4H3™, and C4H,™ photofragments. The
spectra exhibit band systems commencing at 511 nm and 410 nm, in addition to an intense
band below 320 nm. These features are interpreted in the light of previous spectroscopic
studies and quantum chemical calculations of the four lowest energy C4H4* isomers. It is
shown that the 511 nm system in the REPD spectra arises primarily from the B2A”«X2A”
electronic transition of VA* and that the 410 nm system is due to the D?B3«X?B; transition
of BT*. The intense hump in the UV region of the spectrum likely arises from electronic
transitions of all four C4H4* isomers. The electronic spectra presented here are the first to

exhibit clear vibronic structure for VA* and BT™ in the gas phase.

This chapter begins with an overview of previous spectroscopic studies of the VA*, BT,
CB™*, and MCP" isomers (Section 4.1.1), followed by a description of their formation in the ion
source through acetylene ion-molecule reactions and ionization of neutral acetylene clusters
(Section 4.1.2). Section 4.2 describes the experimental approach. The electronic spectra are
presented and analyzed in Section 4.3, along with calculated pathways to C4H,* + H, and
C4H3" + H photofragments from the ground state C4H4™ potential energy surface.

4.1.1 Previous spectroscopic studies of C4H4" cations

Information on the structures and energies of the most stable C4H4* isomers have been derived

199-201,205.362 jnfrared spectroscopy,'>? and electronic

from photoelectron spectroscopy,
spectroscopy.2°%207 Below, the available spectroscopic data for each of the four isomers are
summarized. Energies for the spectroscopically relevant states are provided in Figure 4.2,
with solid and dotted arrows corresponding to photoionizing transitions of neutral C4H4 and
electronic transitions of C4H4™ cations, respectively. For simplicity, only excited electronic
states within 5eV of the doublet ground electronic state (X) of each C4H4" isomer are
displayed. Symmetry classifications for electronic states of BT* (D), CB* (Dyy), and

MCP* (C»,) are based on coordinate systems derived using Mulliken’s convention. 363-364
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Fig. 4.2 Energy level diagram based on measured ionization energies of neutral C4H4 molecules
(solid arrows) 199-201,205.362 apd excitation energies of C4H,* cations (dotted arrows). 200207

The vinylacetylene cation (VA*)

VA™ is planar (Cy) in its ground electronic state and is accessible from the closed-shell neutral
molecule through removal of an electron from the a” highest occupied molecular orbital
(HOMO). Based on photoelectron spectra, ejection of an electron from the HOMO-1, HOMO-
2, and HOMO-3 of the neutral gives rise to the A>A’, B?A”, and C?A’ electronic states lying
1.00, 2.42, and 3.22-3.6 eV above the X2A” state, respectively (see Fig. 4.2). 201,205

The first electronic spectrum of VA was recorded for ions in a solid argon matrix over
the 250-700 nm range. !”> The B?A”«X?A” origin transition occurs at 526 nm (2.36eV)
and is accompanied by progressions spaced by 520, 790, and 1320cm™'. The higher
energy HOMO—LUMO transition of VA™, to an excited electronic state not observable
using photoelectron spectroscopy, gives rise to a broad band around 296 nm (4.2 eV). Other
contributions to the recorded spectrum, in particular weak bands occurring between 350
and 450 nm (2.76-3.54eV), were postulated to arise from excitations of an unidentified
molecule. In a following study, an absorption spectrum was recorded for ions embedded in a
6 K neon matrix, with the B?A”«X?A” origin transition observed at 515nm (2.41 eV).2%
The observed spectrum included matrix site structure artefacts and transitions of HC,H*
photofragments as a consequence of the deposited VA* ions having sufficient internal energy
to dissociate. In the same study, the BZA”«X?A” origin transition of VA* was observed
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with rotational resolution in the gas phase at 513 nm (2.42 eV).2% To date, the higher vibronic
transitions within the B?A”«X?A” band system have not been measured clearly.

The butatriene cation (BT*)

The linear BT* chain isomer is one of the simplest open-shell cumulenic cations, 207-363-366
Ejection of an electron from the HOMO of an odd-type cumulene such as neutral BT (with
three  bonds) induces a change from planar (Dyy,) to staggered (D;) geometry, such that the
dihedral angle assumes a value of ~ 26-42° for the cation in its ground electronic state. 207-363-367
The molecular orbitals for these types of cations exhibit so-called "electrohelicity" — the
mixing of two overlapping, orthogonal sets of p-orbitals as shown in Figure 4.3.363-366.368
Electronic states of BT are typically described using molecular term symbols appropriate
for the Doy, point group (see Fig. 4.2), based on the early photoelectron spectroscopy study of
the planar neutral molecule.3%° The photoelectron spectrum of BT exhibits bands at 0.68,
2.48, and = 4.90 eV above the first ionization band, corresponding to removal of electrons
from the HOMO-1, HOMO-2, and HOMO-3 orbitals, respectively. The complex structure of
the HOMO-3 ionization band leads to uncertainty in its energy, as indicated by the range

shown in Figure 4.2.

(b3)? (bs)? (b,)? (b2)' (b3)°

@@ Dok SR SR 55

HOMO-3 HOMO-2 HOMO-1 HOMO LUMO

BT oI Do WD 3*% P00
(bsg)? (bay)? (bay)? (b (b3y)°

Fig. 4.3 The HOMOs and LUMO of neutral BT (D5y,) and the BT* cation (D) as predicted at the
CCSD/cc-pVTZ level of theory.

A recent (2015) neon matrix isolation study focused on the CZB3u<—5(2B2g electronic
transition of BT*, suspected to occur in the vicinity of 491 nm based on emission observed
from a glow discharge of 2-butyne.?’® The absorption spectrum of ions generated from
neutral BT exhibited transitions of the VA* isomer and the diacetylene fragment ion (see
Chapter 3) rather than transitions of BT™, indicating that the experimental conditions favored
isomerization of BT* to VA* and dissociation to C4H,* + H,.297 The contribution of VA™*
to the spectrum was reduced by depositing a dilute mixture of BT in Ne (1:20000) into the
solid Ne matrix and subsequently bombarding it with Ar* to ionize. Transitions of BT* were
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identified by subtracting known C4H,™ transitions from the spectrum. The CZB3u<—X2B2g
origin transition occurs at 512 nm (2.42 eV), agreeing with the energy difference between
the first and third ionization bands in the photoelectron spectrum (see Fig. 4.2). To interpret
the C?B3,«X?B,, absorption spectrum, quantum chemical calculations were conducted at
the CASPT2/ANO-L level of theory.??” The optimized equilibrium geometries for BT* in
the )~(2B2g and C?B3, electronic states were predicted to be similar, with torsional angles
of 39° and 37°, respectively, reflecting the intense origin transition in the spectrum. Based
on calculated harmonic vibrational frequencies of BT" in the Xszg state, bands in the
spectrum were assigned to vibronic transitions involving out-of-plane skeletal bending, CH,
torsional, and C=C stretching vibrational modes with frequencies of 207, 511, and 813 cm™!,
respectively. Interestingly, the quantum chemical calculations predict the C*Bs3, <—X2B2g
electronic transition to be the weakest transition (oscillator strength of 0.011) occurring
within 5eV of the X?Byg state. A higher energy transition, with vertical excitation energy of
4.60 eV and oscillator strength of 0.059, is a promising target for spectroscopic detection of
BT".

The cyclobutadiene cation (CB")

The square CB* structure distorts to rectangular (CBy..*) and rhombic (CB,*) forms that
are separated by a low energy barrier.?’! The photoelectron spectrum of the closed-shell
neutral CB (presumed to be rectangular) 3727373
3.26, 3.96, and 5.16 eV above the ground state cation (see Fig. 4.2).19362 The spectrum

was compared to simulated spectra for ionization to CBrec*, CBy™, and CBgquare ™, Which

unveiled three excited electronic states lying

suggested that the equilibrium geometry of the cation in its ground electronic state (XZBzg) is
rectangular rather than rhombic. More recently, calculations of CBy.* reproduced collision
cross sections measured in ion mobility experiments, 130 as well as structure observed in

5

vibrational predissociation spectra of C4H4*-Ar clusters, 1°2 supporting a rectangular geometry

for CB*.

An electronic spectrum of CB* has not been recorded. Excitation of CBe.* from the
Xszg state to the 2Bj, state (at 3.96eV) is dipole-allowed, whereas transitions to the 2By,
and 2By, states are optically forbidden. Considering the less likely CB,* distorted form,
two allowed electronic transitions have been predicted at 296 nm (4.19eV) and 183 nm
(6.78 V). 183
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The methylenecyclopropene cation (MCP*)

The photoelectron spectrum of neutral MCP revealed that at least three excited electronic
states of the cation lie within 5eV of the X’B state as shown in Fig. 4.2.2%° Bands lying
2.54 and 4.7 eV above the first ionization band arise from the removal of electrons from the
HOMO-1 and HOMO-2 molecular orbitals, respectively, giving rise to B, and >B; electronic
states. 209376 To date, no electronic transitions of MCP* have been reported. Although the
A?B,—X?B; transition is electric-dipole forbidden, excitations to the higher lying >B; and
2A| electronic states are allowed and may be promising targets for spectroscopic detection of

MCP* depending on their strengths.

Relevance to this work

In summary, based on previous work, electronic transitions of the VA*, BT*, CB*, and
MCP* isomers should occur across the visible and UV regions. Band intensities in the REPD
spectra measured in this work, over the 296-550 nm range, will depend on the abundance of
each isomer and the strengths of its electronic transitions. The REPD spectra are interpreted
with the aid of calculated transition energies and oscillator strengths for the four isomers,
along with spectral simulations based on calculated Franck-Condon (FC) factors. Ultimately,
the REPD spectra may facilitate detection of C4H4* intermediates in remote environments
where ion-molecule reactions of acetylene and its cation are similar to those occurring in the

ion source. These reactions are described in the following section.

4.1.2 Acetylene reactions leading to C4H4"

In this work, C4H4" cations are generated by bombarding an isentropic expansion of CoH,
in Ar (or N) with electrons. The cations can be formed in the expansion as collisionally
stabilized adducts of the Co;H,* + CoH, bimolecular reaction, or as fragments of larger
carbocations such as C¢Hg". These reactions can be understood with the help of the energy
level diagram shown in Figure 4.4, which was generated based on available experimental
and computational data. !7817%:185.377 Stationary points on both reaction surfaces are set to a
common CgHg* energy scale (by adding the energy of a C,H, molecule to all points on the
C4H4* surface).
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Fig. 4.4 Energy level diagram of stationary points associated with acetylene reactions leading to
C4H,* isomers. Energies are based on available thermochemical data. 178,179,185,377,378

The primary, barrierless reaction of CoH," and C,H, forms the (C;H;),* dimer ion that

then accesses the covalent C4H,4* potential energy surface: 178179

CoH,™ + CoHp — (CoHy)o™ — C4Hy™ 4.1)

Following formation, the excited C4H4** ions can be stabilized through radiation in low
pressure environments or collisions in high pressure environments. Alternatively, they can

access two dissociation channels:
C4H4+>k - C4H3+ +H 4.2)
and

C4H4+* — C4H2+ +H, (43)

The high energy portion of the C4H4* potential energy surface, near the bimolecular
entrance channel (eq.4.1), has been explored experimentally by photoionizing the neutral
acetylene dimer, a T-shaped van der Waals complex. !7%-185:379-384 Ca]culations, conducted
to understand the geometry of the neutral dimer on the charged potential energy surface,
predict that CoH,* and C,Hj react to form the dimer ion, D* in Figure 4.4.'7® A low energy
(<0.05eV) barrier leads to CB* while a higher energy (~ 0.5 eV) barrier, T*, leads to an
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intermediate along the pathway to VA*, BT*, and MCP*. Although all four isomers are
energetically accessible through the C,H,™ + CoH; reaction, calculations suggest that the
formation of CB™ is the most facile at low energies. °>!8%183 Vibrational predissociation
spectroscopy and ion mobility experiments, aimed to characterize the acetylene dimer cation,
confirmed that CB* is the predominant C4H4* isomer formed through acetylene ion-molecule

reactions. 152180

C4H4™ cations can also be formed through dissociation of larger carbocations generated
through ionization of neutral acetylene clusters, which may occur in low density regions of the
supersonic expansion (see Chapter 2). Calculations predict that vertical ionization of the neu-
tral acetylene trimer 12-380-383.385 Jeads to a C4H4*-CoH, complex [(CoHb)3* in Figure 4.4],
a structure that is consistent with the measured infrared spectrum of (CoHj)3*-Ar. 152 The
C4H4* "core" has a similar geometry to the T* transition state (Fig. 4.4) on the C4H4* potential
energy surface.!”8 If the T*-C,H, complex sheds the C;H, monomer, the T* fragment either
collapses to CB™ (through D*) or proceeds via an intermediate towards formation of VA™,
BT*, and MCP". Dissociation of larger acetylene cluster ions, such as the tetramer, is
predicted to give C¢Hg" fragments with structures similar to Tr,* in Figure 4.4, that may
access the C4Hy™ + CoH, channel if they retain sufficient internal energies. 377 Evidence from
photodissociation studies suggests that the VA* and MCP* isomers are the most likely C4H4*
fragments of C¢Hg*, with minor formation of BT, 176:186-188,360.361.386.387 pe explanation
for the lack of CB* formation is that several C¢Hg" isomerization barriers lie lower than
the dissociation limit (~ 4.5 €V above the benzene cation), with C¢Hg* scrambling between

acyclic structures ultimately favoring VA* and MCP* production. !3%-388-391

The preference for VA* formation under some experimental conditions may also be
due to its high isomerization and dissociation barriers. Because the most stable structures
of C4H3™ and C4H," ions are linear, it is believed that C4Hs* ions scramble toward
linear forms, such as the VA* and BT isomers, prior to dissociating.!”® Isomerization of
VA™ is predicted to require ~ 2 eV, °139? whereas dissociation to give C4H3* and C4H,*
fragments requires ~ 3 eV based on appearance energies and the ionization potential of

135,178,179,181,191,201,202,392 Collisional

neutral vinylacetylene. stabilization of intermediates

along these dissociation pathways may lead to formation of VA* and BT™ in the ion source.
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4.2 Experimental and computational methods

REPD spectra of C4Hs*-Ar and C4H4*-N> complexes over the 296-550 nm range were
recorded in a tandem mass spectrometer. The experimental arrangement has been described
in Chapter 2 and only a brief description is given here. The early portion of a pulsed supersonic
expansion of a lean acetylene mixture (= 0.7 % C,H, in Ar or N»), with a stagnation pressure
of 4.5 bar, was bombarded with electrons to initiate acetylene ion-molecule reactions. The
stabilized C4H4™ cations were tagged with Ar or N in the expansion. The target C4H4"-Ar
and C4H4*-N; cations were mass selected by a quadrupole mass filter (QMF). The ion beam
was deflected 90° using an electrostatic quadrupole bender and introduced into an octopole
ion guide where it was exposed to light from a tunable optical parametric oscillator (OPO,
EKSPLA NT342B). Following resonant photoexcitation, the complexes dissociated to C4Hy™*
(tag loss), C4H,* (H; and tag loss), and possibly C4H3* (H and tag loss) fragments, which
were mass selected with a second QMF and detected using a microchannel plate. Due to
the low signal-to-noise ratio at the onset for C4H,™ formation around 410 nm, the mass
resolution of the second QMF was reduced slightly to pass C4H,™ and C4H3™ photofragments.
Photodissociation action spectra were obtained by recording the photofragment ion signal
(normalized to the laser power) as a function of wavelength (calibrated using an Angstrom
LSA UVL wavemeter).

Quantum chemical calculations were conducted to predict wavelengths for electronic
transitions of C4H4* isomers and to understand pathways to C4H,* + H, and C4H3™ +H
photofragments. Calculations were conducted using the Gaussian 16 suite.?®® Ground
state equilibrium geometries and harmonic vibrational frequencies for the MCP*, CB ",
CB.*, BT*, and VA" structures were calculated at the CCSD/cc-pVTZ level. Electronic
transition energies and oscillator strengths were predicted at the EOM-CCSD/cc-pVTZ level
using the ground state equilibrium geometries. Franck-Condon (FC) factors and adiabatic
excitation energies for the most likely electronic transitions were derived from the calculated
geometries and harmonic vibrational frequencies in the ground and excited electronic states
using the PGOPHER program.3!! Stationary points on the ground state C4;H,;* potential
energy surface were found by conducting relaxed potential energy surface scans of C4Hy*
structures along various internal degrees of freedom at the wB97X-D/aug-cc-pVTZ level
of theory. The optimized geometry for each saddle point was verified by its single negative
vibrational frequency and by intrinsic reaction coordinate (IRC) calculations.3** To obtain
more reliable energies for all stationary points, single point energies were calculated at the

CCSD(T)/aug-cc-pVTZ level and were added to the vibrational zero-point energies obtained
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at the wB97X-D/aug-cc-pVTZ level. The CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-pVTZ
nomenclature is used to refer to this procedure.

To assess the influence of the tag on the C4Hs* core, the geometries and harmonic
vibrational frequencies of several C4H,"-Ar and C4H4*-N, complexes in the ground electronic
state were calculated using density functional theory (DFT) at the wB97X-D/cc-pVTZ level.
Calculated binding energies, used to predict the strength of the intermolecular interaction,

account for basis set superposition error. 394

4.3 Results and discussion

4.3.1 REPD spectra and computational results

A/nm
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Fig. 4.5 REPD spectra of C4Hy"-Ar complexes recorded over the 296-550 nm range by monitoring
(a) C4H4* and (b) C4H,* and C4H3™" photofragments. (¢) Simulated spectra and calculated oscillator
strengths (f) for the BZ2A”«X?A"" electronic transition of VA* (red trace) and the C?B3 < X°B,
and D?B; « X?B, electronic transitions of BT* (blue traces), generated from calculations at the
EOM-CCSD/cc-pVTZ level of theory. Simulated spectra are plotted so that the origin transitions
correspond to the calculated adiabatic excitation energies. Intensities of the simulated spectra are
normalized to the strongest electronic transition for each isomer in the visible region.
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REPD spectra of C4H4*-Ar complexes, recorded over the 296-550 nm range by monitoring
C4H4* and C4H,* / C4H3* photofragments, are presented in Figures 4.5a and 4.5b, respectively.
The spectrum on the C4H,* / C4H3* (Fig. 4.5b) channel was recorded by reducing the mass
resolution of the second QMF, allowing the C4H,* and C4H3* photofragments to be monitored
together. A series of narrow bands commences at 511 nm (2.42 eV) and appears only on the
C4H4" channel, demonstrating that the C4H4*-Ar complexes have enough internal energy to
cleave the intermolecular bond, but insufficient energy to sever covalent bonds. A weaker
band system is observed around 410 nm (3.02 eV) on both C4H4" and C4H,* / C4H3* channels.
An intense, broad band appears on the C4H," / C4H3™ channel at energies above 315 nm
(3.94¢eV).

To help interpret the REPD spectra, electronic transition energies and oscillator strengths
for the four lowest energy C4H4* isomers were calculated at the EOM-CCSD/cc-pVTZ level
of theory using ground state equilibrium geometries obtained at the CCSD/cc-pVTZ level.
Calculations for the BT* cation were conducted using the ground state equilibrium geometry

that has D, symmetry (see below). The results are summarized in Table 4.1.

All C4Hy* isomers, with the exception of CB,*, are predicted to have strong electronic
transitions occurring between 4.71 and 5.24 eV, such that they all may contribute, depending
on abundance, to the structureless band appearing below 315 nm (3.94 eV). The B?A” «—X*A”
electronic transition of VA* and the C2B3«X2B, and D?B3«X?B, transitions of BT* are
likely to give rise to the 511 nm (2.42eV) and 410nm (3.02eV) band systems. Because
previous calculations, IR vibrational predissociation spectroscopic studies, and ion mobility
experiments indicate that the CB* isomer should be abundant and is rectangular as opposed
to thombic, the moderately intense B>A |« X?B, electronic transition of CBy* (f =0.021)
is unlikely to give rise to the weak 410 nm system. °%178:180.183 Simylated spectra for the
three transitions of VA* and BT*, generated based on calculated FC factors, are displayed
in Figure 4.5¢ and are aligned based on the calculated adiabatic excitation energies. The
intensity of each simulated spectrum is normalized to the intensity of the strongest electronic

transition for each isomer in the visible region.

Previous studies show that the B2A”«—X2A” transition of VA* and the C?B3«—X?B,
transition of BT* overlap in the 440-520 nm region.27-3%%-370 Qur calculations at the EOM-
CCSD/cc-pVTZ level predict that the B?A”«X?A” adiabatic excitation of VA* occurs at
2.67 eV and that the C?B3«X’B, adiabatic excitation of BT* occurs at 3.14 eV. The large
overestimation of the transition energy for BT is possibly due to inaccurate treatment of
static and dynamical electron correlation that has been noted to occur for molecules with
highly delocalized electrons.3*~3%° The stronger D?B3«X?B, transition (f = 0.036) of BT*
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Table 4.1 Vertical (Eye¢) and adiabatic (E,q,) excitation energies and oscillator strengths (f),
calculated at the EOM-CCSD/cc-pVTZ level, along with measured E 4, (exp) for electronic transitions
of the four lowest energy C4Hs* isomers (including both distorted geometries of the cyclobutadiene
cation CB*). Transitions for the BT* isomer were calculated assuming D, symmetry. Energies are in
eV. For each isomer, 14a represents the electron occupying the highest occupied molecular orbital.

transition dominant contribution  Eyer f E .dia exp
MCP* A’B, « X’B, 138—148 4.40 0
B2A, « X?B, l4a—15a 524  0.009
C2A, « X%B, 128—148 5.37 0.0005
D?B; « X?B, 118—148 5.88  0.004
BT* A’B, — X°B, 138—148 1.92 0
B?B; « X°B, l4a—15a 244  0.015
C2B; « X?B, 128—148 328 0.007 3.14 2.424b
D?B; «— X’B, 138—158 404 0.037 3.83 3.02¢
E’B; «— X’B,  l4a—16a, 13¢—15a¢ 5.05 0.140
B, — X°B, 13a—15a 5.07 0
G?B; — X*B, 118—14p 6.42  0.08
CBrct  A?Bjg « X?By, l4a—15a 1.20 0
B?By, « X’By, 138—148 4.64 0
C?A, «— X?Byy 128158, 14a—16a 477  0.004
D?B3, « X*By, 128—148 5.22  0.103
CB,* A?B; « X’B; l4a—15a 2.54 0
B2A, « X?B, l4a—16a 4.17 0.021
C2A, « X?B, 138—148 6.14  0.007
VA*  AZA’ «— X2A” 138—148 1.31 0
B2A” « X2A” 128—14p 290 0.056 2.67 2.42%¢ 2364
C2A’ — X2A” 11p—14p 4.69 0.0001
DZA” — X2A” l4a—15a 472  0.282

athis work, Pref. 207, ref. 206, ref. 173

is predicted to occur 0.69 eV above the C2B;«X2B, transition (f =0.007), coinciding with
the bands near 410 nm (3.02eV). Vibronic structure in the electronic spectra of the two

isomers, based on calculated FC factors, are discussed below.
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4.3.2 The B’A” « X?A” transition of VA* (511 nm system)
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(b) C4H4+-Ar — C4H4+ + Ar
(c) o e simulations
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Fig. 4.6 REPD spectra of (a) C4H4*-Ar and (b) C4H4*-N; complexes, recorded over the 436-520 nm
range by monitoring C4H,* photofragments. (c) simulated spectra for the BZ2A””«<~X2A"" transition of
VA* (red trace) and the C?B3«X?B, transition of BT* (blue trace), shifted by 1977 and 5768 cm™',
respectively, so that the origin transitions coincide with that of the C4H4"-Ar complex in (b).

REPD spectra of C4Hs*-Ar and C4H4*-N, complexes over the 436-520 nm range are
presented in Figure 4.6 panels a and b. To aid in the assignment of bands, simulated spectra
of the BZA” «—X2A” transition of VA* and the C?B3«X?B, transition of BT*, shown in
Figure 4.6¢, are plotted so that the positions and intensities of the origin transitions match
those of the 511 nm band in the C4H4*-Ar spectrum. These simulations were generated using
calculated structures, shown in Figure 4.7, and unscaled harmonic vibrational frequencies
(see Tables 4.6 and 4.8) for the isomers in the ground and excited electronic states. The
simulated B?A”«X?A” transition of VA* (red trace) reproduces most bands in the REPD
spectra whereas the simulated C?B;«X?B, transition of BT* (blue trace) matches fewer

bands. This indicates that the 511 nm system arises mostly from VA*. Band assignments
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for the BZA” «—X2A" system of VA*, tabulated in Table 4.2, are based on the simulated

spectrum.

(@) VA" ..(@@)'@) @) — (b) BT* ...(b3)"(bo)(b;)* —5— CB, %
HOMO c e HOMO 1.3 1.30
OMO-2 HOMO-2 :371
N\ _ — N\ - 1S
~@@)y@") —— X?A" (bs)(b,)4(by)' —L— X?B,

Fig. 4.7 Molecular orbitals and equilibrium geometries relevant to the (a) BZA”«X2A"" transition
of the vinylacetylene cation (VA*) and (b) (C2B3«—X2B, transition of the butatriene cation (BT*),
calculated at the CCSD/cc-pVTZ and EOM-CCSD/cc-pVTZ levels of theory.

Table 4.2 Assignments, positions, and relative positions of bands for the BZA””«~X?A"” band system
of VA*-Ar and VA*-N,.

VA*-Ar VA*-N,
band A/(mm) ¥/(ecm ™) Av/(ecm™") A/(m) F/(em™Y) A¥/(ecm™h)
09 51130 19558 0 511.48 19551 0
13 506.00 19763 205 506.33 19750 199
135 500.85 19966 408 500.80 19968 417
12 49838 20065 507 49853 20059 508
13512) 49332 20271 713 49341 20267 716
10; 491.06 20364 806 491.11 20362 811
13310,/125  486.14 20570 1012 486.07 20573 1022
133105/12513;  481.35 20775 1217 48126 20779 1228
1210 479.16 20870 1312 479.18 20869 1318
13512010, 474.38 21080 1522 47432 21083 1532
102 47263 21158 1600 47248 21165 1614
13107 467.86 21374 1816 467.88 21373 1822
133103 463.54 21573 2015 46328 21585 2034
12105 461.64 21662 2104 461.55 21666 2115
13512102 457.08 21878 2327
103 45548 21955 2397 45537 21960 2409
135107 450.84 22181 2614 451.12 22167 2616
125107 445.18 22463 2912

103 439.58 22749 3198
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There are several obvious progressions in the band system. The progression spaced
by ~806cm™! is a prominent feature of the REPD spectra, extending for at least three
quanta. The spacing is similar to that previously observed in matrix isolation spectra of
VA*.173:206 This progression is assigned to vy, a symmetric (a’) C=C stretching vibrational
mode, based on the calculated harmonic vibrational frequency of 811 cm™! in the BZA” state
and the fact that the central C=C bond lengthens as a consequence of the 7—n* transition
(indicated by the HOMO-2 and HOMO molecular orbitals displayed in Figure 4.7). Shorter
progressions spaced by ~ 507 and ~200cm™! are also observed. Although the 507 cm™!
progression was observed in previous matrix isolation spectra, the 200 cm™! progression was
not apparent due to the width of the bands, contribution of contaminants to the spectra, and
presence of matrix site artefacts. !73-201:205-207 Here, the progressions are attributed to the v,
(C4 skeleton) and v3 (C-C-C) a’ bending vibrational modes (see Figure 4.8), based on the
calculated harmonic vibrational frequencies of 534 and 220 cm™!, respectively, in the BZA”
state. These progressions build upon the intense progression in v, establishing a regular

pattern in the spectrum.

B2A" 811 cm™ 534 cm"’ 220 cm”’
Vip (@) Vqp (@) V3 (@)
u/' 1
X2A" 956 cm’" 547 cm! 205 cm’!

Fig. 4.8 The C-C stretch (vy9), C4 skeletal bend (v;2), and C-C-C bend (v13) vibrational normal
modes of VA* with corresponding harmonic vibrational frequencies in the X?A” and B?A"’ states,
calculated at the CCSD/cc-pVTZ and EOM-CCSD/cc-pVTZ levels of theory.

The agreement between the simulated and REPD spectra indicates that the (EOM)CCSD/cc-
pVTZ calculations adequately describe the geometries and harmonic vibrational frequencies
of VA* in the X2A” and B2A” electronic states, and that the Ar and N, tags have minor
effects on the VA™ core. Excitations of intermolecular stretch (v) and bend (vp) vibrations
give rise to weak features near the origin and 10(1) transitions. In the VA™-N, spectrum
(Figure 4.9a), a band ~ 27 cm™! above the origin band is assigned to the b(l) transition, based
on the calculated vibrational frequency (38 cm™!) for the lowest intermolecular bending
mode of the VA*-N, structure shown in Figure4.9b. Another weak band, occurring at
08 +75cm™! likely arises from the s(l) transition (a’ intermolecular stretch, vg). Similarly,
transitions occurring 24 and 86 cm™! above the 10; transition are assigned to the 10;b
and 10(1)8(1) combination bands, respectively. In the VA*-Ar spectrum, weak bands appearing

27cm~! above the 08 and 10(1) transitions, shown in Figure 4.10, arise from the b(l) and 10(1)b(1)
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transitions, with v, being the lowest frequency intermolecular bending vibrational mode. The
calculated vibrational frequency for vy, of 21 cm™!, for the lowest energy VA*-Ar complex
shown in Figure 4.10b, supports these assignments. See Section 4.5.1 in the supporting
information (SI) for additional details of calculations on VA*-Ar and VA*-N, complexes.

(a) Alnm (b)

514 512 510 508 //493 491 489 487 Dy 782 cm™!
r T 1 r T Vb (a/) 38 Cm—1

vp(@”) 47 cm~!

vas (@) 92 cm!

5221A

VAT-Np — VAT + Ny

(]

Fig. 4.9 (a) REPD spectrum of VA*-N; over the 508-514 nm and 487-493 nm ranges. (b) Binding
energy (Do) and harmonic vibrational frequencies for intermolecular bending vy, and stretching v;
modes of the lowest energy VA*-N; complex, calculated at the wB97X-D/cc-pVTZ level.

(a) Al/nm (b)
514 512 510 508 493 491 489 487 1
T A A Dy 327 cm
VA*-Ar — VAT + Ar vp(a) 21 ecm™!
03 Vp(a) 53 cm™!
vs (@) 80 cm™!

104

o
bj (+27) 105b} P
i3.26 A
19500 19600 '/ 20300 20400 20500 %

v/iem—1

Fig. 4.10 (a) REPD spectrum of VA*-Ar over the 508-514 nm and 487-493 nm ranges. (b) Binding
energy (Dp) and harmonic vibrational frequencies for intermolecular bending vy, and stretching vy
modes of the lowest energy VA*-Ar complex, calculated at the wB97X-D/cc-pVTZ level.

All bands in the REPD spectra over the 436-520 nm range correspond to the BZA” «X?A”
electronic transition of VA* and excitations of intermolecular vibrations of C4Hs*-Ar and
C4H4*-N; complexes. Bands associated with the weak C2B;«—X2B, transition of BT* are not
evident and are possibly obscured by the strong electronic transition of VA*. In the previous
neon matrix spectrum, the C?B3«X?B, origin transition of BT* is observed 118 cm™! above

the B2A”«X?A” origin transition of VA*.2%7 Assuming a similar separation for the tagged
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gas-phase cations, the C2B3«X?B, origin transition of BT* should occur around 508 nm in

the REPD spectra, represented by the blue arrow in Figure 4.11.

A/nm
516 514 512 510 508 506 504

08 (VA+) C4H4+-Ar — C4H4+ + Ar

13!
by 0BT+ °

v

19400 19500 19600 19700 19800 19900
Av/ecm™!

Fig. 4.11 REPD spectrum of C4Hs*-Ar complexes over the 503-517 nm range, with the expected
location of the C?>B3«X’B; origin transition of BT* indicated by the blue arrow.

4.3.3 The D’B;«X’B, transition of BT* (410 nm system)

Transitions at 410, 397, and 385 nm in the C4H4*-Ar spectrum arise from the D?B;«—X?B,
band system of BT™. To facilitate assignment of the bands, the REPD spectra of C4Hy*-Ar
complexes, recorded by monitoring the different photofragments (see Fig. 4.5), were summed
together to produce the spectrum shown in Figure 4.12a. The spectrum can be compared
with the simulated D?B3«X?B, spectrum, generated using unscaled harmonic vibrational
frequencies (see Table 4.8 in the supporting information) and plotted in Figure 4.12b so that the
origin transition’s position and intensity match those of the 410 nm band in the REPD spectrum.

Positions and assignments of bands, based on the simulated spectrum, are tabulated in Table 4.3.

A/nm
430 410 390 370 350 330

summed C4H,"-Ar spectrum
(C4H4 ™, C4Hz ™, and C4Ho T fragments)

|

BT+ D2B; «+ X2B, simulation
45 B R Y

0 1000 2000 3000 4000 5000
Av/ecm™!

(b) 09 41/5

Fig. 4.12 (a) REPD spectrum of C4Hy"-Ar complexes, generated by summing spectra recorded by
monitoring C4H4*, C4H3*, and C4H,* photofragments (see Fig. 4.5). (b) Simulated D’B3«X?B,
electronic transition of the butatriene radical cation (BT).
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Table 4.3 Assignments, positions, and relative positions of bands for the D?B3«X?B3 band system
of BT*-Ar.

band A/(mm) ¥/(cm™Y)  A¥/(cm™!)

0p  409.85 24399 0
4515, 39744 25161 762
42155 38524 25958 1559

The bands at 397 nm (0§ + 762 cm™") and 385 nm (0) + 1559 cm™") in the REPD spectrum
are assigned to the 4(1) and 4(2) transitions, with their intensities consistent with the predicted
lengthening of the C=C bonds (Figure 4.13) and decrease in the v4 (a) C=C symmetric stretch
vibrational frequency (from 875 to 835 cm™ 1) from X?B, state to D?Bj state. Transitions
associated with the CH, twisting vibration (vs, a symmetry), which has a calculated harmonic
vibrational frequency of 804 cm™! in the D?Bj state, lend intensity to the 397 and 385 nm
bands.

BT+ X2B, 37 D2B, A6
1.26 1.34 1.31 1.35
\ 4+—> 44— \ 4+—> _4—>
<..(b3)?(b2)?(b2)" (bs)° o ..(b3)%(b)"(b2)" (bs)" 9

Fig. 4.13 Geometries and dominant electronic configurations for the X?B; and D?B3 (D, point group)
electronic states of the butatriene radical cation (BT*) calculated at the EOM-CCSD/cc-pVTZ level
of theory.

4.3.4 Dissociation pathways

The onset for C4H,* / C4H3" photofragments in the REPD spectrum at ~3.0eV matches
previously measured appearance energies for C4Hy ™ (see Section 4.1.2). Possible dissociation
pathways are explored here by calculating stationary points on the ground state C4Hy*
potential energy surface using the CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-pVTZ level of
theory. A relevant portion of the surface is presented in Figure 4.14, with additional details
provided in the supporting information. Energies for the stationary points are relative to the
energy of the BT* isomer. Interconversion pathways agree with those previously calculated

at different levels of theory, described in Section 4.1.2 and depicted in Figure 4.4, 178,191,202

The lowest energy dissociation channels correspond to C4H,* + H; ([12] in Fig. 4.14) and
C4H3* + H ([14]), with thresholds predicted to lie 2.43 and 2.87 eV above the BT* isomer,
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Fig. 4.14 Potential energy surface relevant to the C;H,* + CoH; association reaction, with stationary
points calculated at the CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-pVTZ level of theory. Energies
(eV) are relative to BT™.

respectively. These channels are accessed through the BT* and VA™* chain intermediates to
give the linear diacetylene (C4H,*) and protonated diacetylene (C4H3") charged fragments,
which are the global minima on their respective potential energy surfaces.

Among the four most stable C4H4" isomers, BT* is predicted to most easily sever
a C-H bond, through a barrierless pathway, whereas the VA* isomer is the likely in-
termediate for production of C4H,* + H, fragments, involving a barrier ([3-12]7) lying
0.42 eV above the energetic threshold. Because of the low energy interconversion barri-
ers, all C4Hy* isomers are able to access the C4Ho* + H, and C4H3* + H channels with
~ 3 eV of internal energy (see Table 4.4), consistent with previously measured appearance

energies, kinetic energy release measurements, and available heats of formation. 718!

Table 4.4 Dissociation energies (eV), calculated at the CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-
pVTZ level, for the four lowest energy C4Hs* isomers.

C4H2+ +H, C4H3+ +H C2H2+ +C,H,

MCP* 3.17 3.19 3.92
BT 2.85 2.87 3.60
CB* 2.83 2.85 3.58

VA* 2.74 2.76 3.49
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4.4 Conclusions

Electronic transitions of C4H4 " isomers were investigated using REPD spectroscopy of C4Hy*-
Ar and C4H4"-N; complexes and quantum chemical calculations at the EOM-CCSD/cc-pVTZ
level of theory. The 511 and 410 nm band systems in the REPD spectra were assigned to
the B?A”«X?A” transition of VA* and the D?B;3«X°B, transition of BT*, respectively.
Bands in the spectra were matched by spectral simulations of the two transitions, generated
using calculations at the EOM-CCSD/cc-pVTZ level of theory, that aided in the assignment
of bands to vibronic transitions. The B?A”«X?A” electronic spectrum is dominated by
a progression in the central C-C stretching vibration spaced by ~ 806 cm™!, with weaker
transitions associated with excitation of bending vibrational modes. The D?B;—X2B,
transition of BT* spectrum features a short progression in the C=C symmetric stretching
vibration, with possible contribution from the CH, twisting vibration, spaced by ~ 760 cm™!.
The onset for production of C4H," and C4H3* photofragments at 3.02¢eV in the REPD
spectrum of C4Hy"-Ar agrees with calculated ground state dissociation thresholds for BT*.
Although spectroscopic fingerprints for the MCP* and CB* isomers were not apparent in the
REPD spectra, their transitions likely overlap strong electronic transitions of VA* and BT*

in the UV, giving rise to the broad band observed in the spectrum above 4 eV.

The spectra measured in this work constitute the first BZA” «X?A” electronic spectrum
of VA" in which the vibronic structure is clearly resolved and the first observation of the
D?B3«X?B, transition of BT*. These spectra may be useful for the detection of the isomers
in remote environments where acetylene ion-molecule reactions occur, including in the
interstellar medium and the atmosphere of Titan. Although a kinetic model for C4Hy*
dissociation was not carried out, owing to the two C4H3* + H and C4H,* + H; dissociation
channels being measured together, the calculated stationary points on the ground state
C4H4" manifold may prove useful for modeling hydrocarbon chain reactions occurring in
extraterrestrial environments, plasmas, and flames. The models are expected to show that
MCP* and CB* formation dominates under low energy and pressure conditions, with VA*

and BT* production becoming competitive with increased energy and clustering.
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4.5 Supporting information (SI)

The following sections provide additional information on the electronic structure calculations
of VA*-Ar, VA*-Nj;, and BT*-Ar complexes (4.5.1) and of stationary points on the ground
state C4H4™ potential energy surface (4.5.2).

4.5.1 Electronic structure calculations for VA*-Ar, VA*-N,, and BT*-
Ar

The geometries and harmonic vibrational frequencies of VA*, VA*-Ar, VA*-N,, BT* and
BT*-Ar were calculated at the wB97X-D/cc-pVTZ level to assess the effect of an Ar or
N, tag on the C4H4* core ion. For the ionic complexes, binding energies were predicted
using vibrational zero-point corrected energies of the bare C4Hy™ cation and the tagged
complex, accounting for basis set superposition errors. The similar binding energies for
the four predicted VA*-Ar complexes, shown in Figure 4.15, suggest that several forms of
VA™*-Ar may be generated in the ion source. For VA*-N,, the end-on configuration (D) is the
lowest energy structure, although the similar binding energy for (B) suggests it may also be
stabilized in the expansion. For all tagged structures, the geometry (Table 4.5) and harmonic
vibrational frequencies (Table 4.6) are similar to those of the core VA* cation, indicating

only a mild perturbation by the tag.

(A) (B) ©) o (D)
* P 3,00
13.26
vAt.Ar 2.71
30\[.:')‘ ............ '
; -0 . .......
D, =327 cm"’ D, =308 cm"’ D, =300 cm"” D, = 247 cm’™
() C>f (D)
245
2.21
"ﬁ_‘_’,’ vﬁ_‘_‘« ........ ._.
VA N2 V‘ﬁ ' . ......... o
=669 cm™’ =742 cm™ =610 cm™’ Dy =782 cm™

Fig. 4.15 Calculated structures and binding energies (Dg) of VA*-Ar and VA*-N; complexes at the
wB97X-D/cc-pVTZ level of theory. Intermolecular bond lengths are in A.
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Table 4.5 Calculated bond lengths and angles of VA*, VA*-Ar, and VA*-N, cations at the wB97X-
D/cc-pVTZ level.

tag bond length (A) 0 (deg.)
1 2 3

(bare) 1382 1.372 1.222 120.8

(A) 1383 1.372 1221 1208
(B) 1.382 1372 1.222 120.8
(©) 1.382 1372 1.222 120.8
D) 1.382 1372 1.222 120.8

N,

(A) 1.383 1.372 1.221 120.8
(B) 1.383 1.372 1.221 120.9
© 1.383 1.372 1.221 120.7
(D) 1.381 1.372 1.223 120.8
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Two BT*-Ar isomers were predicted by calculations at the wB97X-D/cc-pVTZ level as
shown in Figure 4.16. The lower energy planar isomer (A) has a binding energy of 304 cm™!.
The less stable isomer (B), with a binding energy of 241 cm™!, has the Ar tag atom above
a CH, group. Details on the geometries and harmonic vibrational frequencies of the two
BT*-Ar isomers are provided in Table 4.7 and Table 4.8, respectively.

® 9 ®)
BT Ar o 3.40%, )
:E 9 8
D, = 304 cm" Dy =241 cm™

Fig. 4.16 Calculated structures and binding energies (Do) of BT*-Ar complexes at the wB97X-D/cc-
pVTZ level of theory. Intermolecular bond lengths are in A.

Table 4.7 Calculated bond lengths and dihedral angles of BT* and BT*-Ar cations at the wB97X-
D/cc-pVTZ level of theory.

A'e*
12 ;

9o

tag  bond length (A) 0 (deg.)
1 2

(bare) 1.322  1.257 39.7

Ar
(A) 1.322 1.257 39.0
(B) 1.323  1.256 39.0
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Table 4.8 Harmonic vibrational frequencies for BT* in the X?B,, B2B3, C?B3, and D?B; electronic
states, calculated at the EOM-CCSD/cc-pVTZ level of theory (italicized) and for BT* and BT*-Ar in
their ground electronic states calculated at the wB97X-D/cc-pVTZ level (normal font). All frequencies

are unscaled.

BT* BT*-Ar
Mode  X°B, C?B; D?B; X’B, (A) (B)

Vi 3141 (a) 3132(a) 3101 (a) 3121(a) 3122(a) 3123 (a)
V) 1903 (a) 1995 (a) 1932(a) 1869 (a) 1866 (a) 1876 (a)
3 1462 (a) 1436 (a) 1402 (a) 1434 (a) 1433 (a) 1434 (a)
V4 876 (a)  827(a)  835(a) 890 (a) 891 (a) 890 (a)
Vs 625() 1001 (a) 804 (a) 687 (a) 690 (a) 684 (a)
ve 3142 (b)) 3130(by) 3094 (b;) 3123 (b)) 3124 (a) 3125 (a)
v; 1550 (b)) 1534 (by) 1101 (a) 1576 (b;) 1578 (a) 1575 (a)
vs 1387 (b)) 1398 (by) 1397(b;) 1372 (b;) 1372(a) 1372 (a)
vo 3247 (by) 3240 (by) 3197 (by) 3223 (by) 3224 (a) 3224 (a)
vio 1029 (by) 977 (by) 920 (by) 1012 (by) 1011 (a) 1011 (a)
vii  977(by) 827 (by)  828(by) 965 (by) 963 (a) 965 (a)
vio 481 (by) 414 (by) 350(by) 500 (by) 498 (a) 499 (a)
viz  210(by)  178(by)  94(by)  212(by) 215(a) 213 (a)
via 3247 (b3) 3240 (b3) 3197 (b3) 3223 (b3) 3224 (a) 3225 (a)
vis 1014 (b3) 970 (bs) 922 (b3) 1005 (bsz) 1004 (a) 1005 (a)
vie 981 (b3) 824 (b3) 832(bz) 964 (b3) 962 (a) 964 (a)
viz 344 (b3)  353(bs) 357 (b3) 372(b3) 369 (a) 372 (a)
vig 201 (b3) 184 (b3) 149 (b3) 203 (b3) 201 (a) 206 (a)
Vs 49 (a) 52 (a)
Vb 34 (a) 74 (a)
Vb 25 (a) 17 (a)
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4.5.2 Calculated stationary points on the ground state C4H4" potential
energy surface

Stationary points on the ground state C4H4* potential energy surface were calculated at the
wB97X-D/aug-cc-pVTZ level of theory to help understand the formation of C4H4* isomers
from the CoH,™ + CoH, bimolecular reaction. The reaction network shown in Figure 4.17
includes isomerization and dissociation pathways with energies relative to the BT* isomer.
The MCP*, CB*, BT, and VA" isomers are the lowest energy structures on the C4Hy*
potential energy surface. Other minima are labeled [1]-[17] in order of ascending energy
(see Fig.4.18). Structures of transition states are shown in Figure 4.18. A shallow well is
predicted for stationary point [9], such that the calculated barrier may be negligible (indicated
by the asterisk in Fig.4.17). Two interconversion barriers exist between the methyleneallene
isomer ([4]) and VA*. The lower energy pathway (2.00 eV) involves a 2,3-hydrogen shift
whereas the higher energy one (2.98 V) corresponds to a 1,4-hydrogen shift.

[4]’& 1.32

) 0 %,

A 5
®,
EX)

2.98 o [14]
+ o
+ o 2.00 V 2.87
° 7] VA*
3.65 o [12]
3.56
< p 000000 + oo
° 0.1 2.43

0.75
*
2.97 3.13
cB* .
0.02

Fig. 4.17 Calculated reaction network for C4H,* formation from acetylene reacting with its radical
cation (stationary point [16]) at the CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-pVTZ. Energies (eV)
are relative to the BT* isomer and are italicized for saddle points. See Figure 4.18 for geometries of
saddle points.
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(a) minima
-0.32 0. 02 0.03 o 1 0.72 0.75
MCP* BT+ CBreo' CB,* VA* 1 2]
- SIS S S P
0.79 1.11 113 1.15 1.19 1.27 1.84
[3] [4] [5] [6] [7] [8] [9]
° + o 990
1.96 2.25 2.43 2.48 2.87 * 3.60
[10] [11] [12] [13] [14] [15] [16]
é+ °
3.65
[17]

saddle points

(b)
T S GO S < S

1.53 1.27 1.32 2.48 2.97 3.13
IMCP*-2] [MCP*-4 BT*-4p BT*-13]* [cB*-2J [cB*-8]*
1.61 2.00 2.98 1.34 ‘2.32 2.91
[VA*-3]t [VA*-4] [VAT-4]* [VA*-6]t [VA*-11] [VA*-14]*

@® @
rves e e P
3.56 2.99 2.85 2.33
[VAT-12p [2-6]* [3-12]F [4-10]F

Fig. 4.18 Geometries and energies of stationary points on the ground state C4H4* potential energy
surface, calculated at the CCSD(T)/aug-cc-pVTZ//wB97X-D/aug-cc-pVTZ level.
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Abstract

The B'A’«X'A’ electronic spectra of the 1-butyn-3-yl cation (H;CCHCCH?") and the
H3;CCHCCH"-Ne and H3CCHCCH™-Ar complexes are measured using resonance enhanced
photodissociation over the 245-285 nm range, with origin transitions occurring at 35936,
35930, and 35928 cm™!, respectively. Vibronic bands are assigned based on quantum
chemical calculations and comparison of the spectra with those of the related linear methyl
propargyl (H3C4H,*) and propargyl (H,C3H") cations. The photofragment ions are CoH3*
(major) and C4H3* (minor), with the preference for CoH3™ consistent with master equation
simulations for a mechanism that involves rapid electronic deactivation and dissociation on

the ground state potential energy surface.

5.1 Introduction

356,400

Small carbocations are important in plasmas, combustion processes and in extrater-

restrial environments. *47-31:401.402 There is a growing body of spectroscopic data for small
fundamental carbocations in the gas phase, including C4Hs*, 136:174,225229,230,403.404 the gyb-
ject of this paper. C4Hs" cations have been detected in Titan’s atmosphere using the Ton
Neutral Mass Spectrometer, !¢ and are suspected to lead to formation of polycyclic aromatic

hydrocarbons and tholins that populate the haze layers, 64405406

although it is unclear which
isomers are present. Laboratory spectroscopic data of C4Hs™ isomers may facilitate their
detection in remote environments. Photoelectron spectroscopy has provided information on
two low energy C4Hs™ structures, the bent 1-butyn-3-yl (H;CCHCCH™) and linear 2-butyn-
1-yl (H3C4H>*) cations (BT and MP in Figure 5.1),22%230 with similar spacings between

the lower electronic states of the respective cations. 2317233

The B'A” «— X' A| electronic transition of the propargyl cation, H;C3H* (P in Figure 5.1),
corresponding to the promotion of an electron from the second highest occupied molecular
orbital (HOMO-1) to the lowest unoccupied molecular orbital (LUMO), was first measured
over the 240-268 nm range using neon matrix isolation spectroscopy.*?’” The measured
spectrum was dominated by a strong progression spaced by 667 cm~! which was assigned to

the CCH bending vibration, due to a supposed reduction in symmetry for P upon electronic
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HOMO-1 LUMO

H;CCHCCH*
BT
‘“‘ +0.14 eV %

]

H3CyH,"

MP
0ev 9

HaCsH"

P

Fig. 5.1 Structures of BT (H3CCHCCH"), MP (H3C4H,"), and P (H,C3H™), calculated at the
MP2/aug-cc-pVDZ level of theory. Energies of the C4Hs* isomers are relative to that of MP
and include single point energies at the CCSD(T)/cc-pVTZ level using optimized geometries and
vibrational zero-point corrections to energy predicted at the MP2/aug-cc-pVDZ level.

excitation.*?” Later, the spectrum was recorded in the gas phase using resonance enhanced
photodissociation (REPD) spectroscopy.>* Accompanying calculations suggested the B state
retains C,, symmetry and the progression was reassigned to the C-C symmetric stretching

vibrational mode (vs).23

Based on the calculated molecular orbitals shown in Figure 5.1, the HOMO-1—-LUMO
electronic transitions should be similar for P, MP, and BT. In accordance with these
expectations, the BA’«X! A’ electronic transitions of MP and P occur at similar wavelengths
and exhibit comparable progressions in the C-C stretching vibration, '>® demonstrating that
the on-axis methyl group has little influence on the propargyl chromophore.

In the current study, REPD spectra of H;CCHCCH* and the H;CCHCCH"-Ne complex
were measured to enable comparisons with the spectra of P and MP and to facilitate possible
detection of H3CCHCCH® ions in remote environments. Excitation of the B'A’—X!A’
transition of BT generates C,H3* and C4H3* photofragments, as is the case for MP. 156 To
understand the dissociation process and to predict the C;H3* / C4H3™ branching ratio, we
model the fate of energized BT ions using master equation simulations, based on calculated
stationary points on the C4Hs* ground state potential energy surface. There have been
several previous investigations of C4Hs* dissociation. Photofragmentation at 193 nm of
C4Hs" generated from 2-hexyne mainly produced C,H3* photofragments.??> Collision-
induced dissociation of C4Hs*, presumably the MP isomer, also gave nearly exclusively

C,H3" fragments, with the dissociation proposed to proceed through a low energy cyclic
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isomer. %% On the other hand, reactive C* + C3Hs collisions, which presumably involve C4Hs™*
intermediates, were found to yield C4H3* products but not C;H3* products.*? Recently, it
was observed that excitation of the B'A’«<~X'A’ transition of MP produced both CoH3* and
C4H;" photofragments with a branching ratio of 5:1.13® Master equation simulations based
on a calculated ground state C4Hs* potential energy surface suggested the CoH3z™ + CoH,
channel is accessed through a multi-step process, whereas the C4H3" + H; fragments are
formed through a more direct, albeit higher energy, process. 1> Although the calculations
in ref. 156 did not include the BT isomer, other calculations predict low energy barriers
between BT and MP,?** suggesting that both isomers should have similar dissociation

mechanisms and play comparable roles in unimolecular reactions of C4Hs™.

5.2 Methods

5.2.1 Experimental

REPD spectra of H;CCHCCH* and H;CCHCCH™-Ne were recorded through laser excitation
of ions in a tandem mass spectrometer. A brief overview of the experimental setup is provided
below, while a more complete description is available in ref. 410. H;CCHCCH* and
H3CCHCCH™-Ne ions were formed by seeding vapour of liquid 3-bromo-1-butyne (cooled
to 0°C) into a pulsed supersonic expansion of argon or neon gas (stagnation pressure ~ 4 bar)
that was bombarded by electrons. The target ions were then mass selected using a quadrupole
mass filter and deflected 90° using an electrostatic quadrupole bender into an octupole ion
guide where they were exposed to the output light from an optical parametric oscillator
(OPO, EKSPLA NT342B). Resonant photoexcitation produced photofragments that were
mass selected using a second quadrupole mass filter and detected by a microchannel plate.
REPD spectra were obtained by monitoring the photofragment ion yield (normalized with
respect to laser power) as a function of wavelength (calibrated using a wavemeter, Angstrom
LSA UVL).

5.2.2 Computational

The structure and energetics of BT and other relevant isomers, fragments, and transition
states were characterized through quantum chemical calculations using the Gaussian 16

program. 8 The geometry, frequencies, and vibrational zero-point corrected energy for the
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electronic ground state of BT were calculated at the CCSD/cc-pVTZ level of theory. Vertical
excitation energies and oscillator strengths were calculated at the EOM-CCSD/cc-pVTZ
level. This level of theory was also used to estimate the equilibrium geometry, frequencies,
and vibrational zero-point energy of BT in the excited state. Structural and energetic data
for the H3CCHCCH*-Ne and H;CCHCCH"-Ar complexes are reported in the supporting

information (SI).

To explore the dissociation mechanism of BT, stationary points on the ground state
C4Hs™ potential energy surface were calculated at the MP2/aug-cc-pVDZ level of theory,
building on a previous study of MP.'%° Transition states and intermediates were located
by scanning along internal coordinates. Intrinsic reaction coordinate (IRC) calculations
were used to verify the transition states.>*> Energies of the stationary points were calculated
at the CCSD(T)/cc-pVTZ level and include vibrational zero-point energy corrections at
the MP2/aug-cc-pVDZ level. The structures, vibrational frequencies, and energies were
used to carry out master equation simulations within the Multiwell program. 282411412 The
modelling procedure follows that used in the earlier study of MP, where more details
are provided. 13 Rigid-Rotor-Harmonic-Oscillator approximations were used to describe
molecular degrees of freedom based on MP2 frequencies and moments of inertia, with the

h*!3 count method used to determine sums and densities of

Beyer-Swinehart-Stein-Rabinovitc
states. Rice-Ramsperger-Kassel-Marcus (RRKM) theory was used with CCSD(T) energies
to obtain microscopic k(E) values. Collisional energy transfer is modelled using a single-
exponential down model, with average energy transferred in deactivating collisions (A Egown)
set to 200 cm™!, consistent with values derived for organic molecules colliding with Ar at
room temperature. #4415 Note the model is not sensitive to variations in A Eqown given the
nearly collisionless environment in the octupole region. For the master equation simulations,
the ions were assumed to have a Boltzmann energy distribution corresponding to 7=30K
based on previous spectroscopic studies of other molecular ions generated by the source, *16417
with an additional 4.63 eV of internal energy provided through the absorption of a 268 nm

photon.
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5.3 Results

5.3.1 REPD spectra

REPD spectra of BT over the 245-285 nm range, recorded by monitoring C,H3* and C4H3*
photofragments, are shown in Figure 5.2a and b, respectively. The spectra recorded on
the CoH3* (+ C,H,) and C4H3* (+ Hy) channels have the same structure and relative band
intensities, although the C,H3" yield was ~ 6 times the C4H3* yield across the spectrum.
REPD spectra of H;CCHCCH™*-Ne (Fig. 5.2¢) are similar to spectra of the bare molecule,
whereas significantly broader bands are observed for H{CCHCCH*-Ar (see SI).

A/nm
280 275 270 265 260 255 250
(a) H3CCHCCH™T — CoHs™ + CoHo
(b) H3CCHCCH+ — C4H3+ + H2
X6
(C) HsCCHCCH+-Ne — CgHgJr + CQH2 + Ne

35500 36500 37500 38500 39500 40500
v/iem™!

Fig. 5.2 REPD spectra of H;CCHCCH" (BT), obtained by monitoring (a) C;H3" and (b) C4H3"
fragments over the 245-285 nm range; (¢) REPD spectrum of HCCHCCH™*-Ne obtained by monitoring

C,H3* fragments.

The observed spectrum of BT is associated with the B'A’«<X'A’ transition, and occurs
in the same spectral region as the corresponding spectra of P and MP. Its onset around
277 nm is consistent with the calculated adiabatic excitation wavelength of 278 nm (4.46 eV).
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5.3.2 Band assignments

Band positions and assignments for the HCCHCCH* and H3CCHCCH*-Ne spectra are
provided in Table5.1. The spectrum of BT is assigned through comparisons with the
previously reported spectra of MP and P. 159234 For clarity, spectra of the three ions are
displayed in Figure 5.3, with the origin transitions adjusted so that they coincide. Spectra of
BT, MP, and P all feature a pronounced progression associated with the C-C symmetric
stretch vibration. For BT, bands at 08+660, 1320, 1980, and 2640cm™! are assigned
to this progression (11}, 11(2), 118, and llg transitions, respectively). The length of the
progression, which extends for at least five quanta, is consistent with the predicted substantial
elongation of the central C-C bond by 0.10 A upon electronic excitation (see Figure 5.4).
The calculated vibrational frequency for v in the B'A’ state, 776 cm™', matches the
experimental progression spacing when scaled by 0.85, a value used to fit the corresponding
progression in the MP spectrum. The low scaling factor necessary to reconcile the calculated
and the observed excited state C-C frequency indicates that the EOM-CCSD/cc-pVTZ

P. 156234 Eor P, much

calculations overestimate the frequency, as also found for P and M
better agreement with experiment was found for calculations using the restricted active space
self-consistent field (RASSCF) method with the cc-pVTZ basis set. The computational cost
of the RASSCF/cc-pVTZ level calculations prevents a similar approach being used for the

larger C4Hs" systems (MP and BT).

Iable 5.1 Band positions (cm™!), relative band positions (A#/cm™!), and band assignments for the
B'A’ « X'A’ system of HCCHCCH* and H3CCHCCH*-Ne.

H3;CCHCCH* H3;CCHCCH'-Ne

Assignment v AV v AV
149 35802 -134
0 35936 0 35930 0
14 36039 103 36051 121
115 36596 660 36628 698

115145 36718 782 36709 779

112 37270 1334 37298 1368
50 37721 1785
113 37940 2004 37952 2022

1161 38546 2610 38597 2667
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(@) of 113 113 113 HzCCHCCH™* (BT)
| 12145 | 56 |
/ 14 o

H2CsHs ™ (MP)

roed

(b)

(c) HoCsHT (P)
0 1000 2000 3000 4000
Av/cm—!

Fig. 5.3 REPD spectra of (a) HJCCHCCH®" generated by averaging spectra shown in Figs. 5.2a and
b, (b) H3C4H,* taken from ref. 156, and (c) H;C3H*-Ne taken from ref. 234. The origin transitions
for the spectra have been set to coincide to facilitate comparison.

B'A’

Fig. 5.4 Equilibrium geometries of H;CCHCCH*(BT) in the X' A’ and B'A’ states, calculated at
the CCSD/cc-pVTZ and EOM-CCSD/cc-pVTZ levels of theory, respectively.

Spectra of BT, MP, and P all exhibit a band with similar relative intensity between
09+ 1550 and 1800 cm™" that arises from excitation of the C=C stretching vibration (vs for
BT). The calculated v5 vibrational frequency for BT in the B!A’ state (1810cm™!) agrees
with the band’s position (08 + 1785 cm™"). The band’s appreciable intensity is consistent with
the predicted increase in the C=C bond length by 0.03 A from the ground state to the excited
state (Fig. 5.4). This assignment differs from the one advanced in an earlier study of P,?3*
where the band (08 + 1585 cm™!) was considered to be associated with the out-of-plane CH;
wag. However, it is clear that the band is unlikely to arise from a wag because the position is

not significantly affected by substituting a methyl group for an H atom.

The spectrum of BT displays closely spaced vibronic structure at 08 +103cm™! and 08 -
134cm™! that is not present in the spectra of the other two ions (see Fig. 5.3). Although their
assignments are not clear, the bands may be due to transitions involving the lowest frequency
a’ mode (v14), corresponding to bending of the C4 skeleton. The band at 08 +103cm™! can
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be tentatively assigned to 14(1) based on the calculated v14 vibrational frequency in the B! A’
state (165 cm™!). The band’s appreciable intensity is consistent with the reduction in the
Me-C-C bending angle from ground to excited state (see Fig. 5.4). The band at 08 -134cm™!
may be the 14(1) hot band, in-line with a calculated vibrational frequency of 195cm™" for
v14 in the ground state. Its assignment to a hot band is consistent with the band’s reduced
intensity in the H;CCHCCH™-Ne spectrum.

5.3.3 Effect of methyl substitution

The presence of an electron-donating methyl group influences the structure of the propargyl
chromophore by stabilizing the charge on the carbon to which it is attached, and therefore,
depending upon its position, affects conjugation in the molecule. The structural changes can
be assessed by comparing the calculated C-C bond lengths for P, BT, and MP (see Fig.5.5).
The bond lengths of P reflect its delocalized electronic structure between two resonance
forms, *C;-C,=C5 and C; =C2=C§', with a preference for the former form. 226 Replacing an H
atom on C; with a methyl group, to give BT, stabilizes the *C;-C,=Cj form, consequently
increasing the C;-C, bond length. On the other hand, methyl substitution at the Cj site, to
give MP, stabilizes the allenyl-type (C;=C,=Cj) form, with an increase in the C,-C3 bond
length. These effects may become apparent in higher resolution studies of these fundamental

carbocations.

Fig. 5.5 Ground state equilibrium structures of P, BT, and MP, calculated at the CCSD/cc-pVTZ
level of theory. Bond lengths (A) are shown in italic font.
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5.3.4 Photodissociation dynamics

Photoexcitation of BT over the 245-285 nm range leads to the generation of CoH3* and
C4H;™ fragments. A Co;H3*/C4H;3™ branching ratio of ~ 6:1 was measured while pumping
the 11% transition at 268 nm (4.63 eV), similar to the branching ratio for MP (x5:1) for
the corresponding transition.>® For both MP and BT, the branching ratio over the 230-
280 nm range was independent of wavelength. Interestingly, for the HCCHCCH'-Ne and
H3;CCHCCH?"-Ar complexes, the only detected photofragments were Co;H3* and C4H3z*
suggesting that an insignificant fraction of the complexes radiatively relax to the ground
state, as these ions would only have sufficient energy to sever the weak intermolecular bond.
Therefore, one can assume that nonradiative relaxation, presumably internal conversion,

dominates.

We investigated ground state dissociation pathways assuming that dissociation follows
internal conversion. A simplified version of the C4Hs* potential energy surface is pic-
tured in Figure 5.6 (see SI for more details). The B'A” state (4.46eV), accessed through
the B'A’«—X'A’ transition (arrow), lies above the calculated dissociation thresholds for
C,H3" + CyH; (1.93€eV) and C4H3™ + H; (2.74 €V). The most likely C4H3™ fragment is the
classical protonated diacetylene structure [10], which can be accessed through two C4H3* + Hp
channels. The lowest energy channel is direct H; loss from BT through a 2.22 eV barrier
[20]*. Calculations suggest that BT may access the other C4;H3* + H, channel through a
1.29 eV interconversion barrier [24]*. Following isomerization to MP, H, loss can occur
through [9a]*, lying 2.29 eV above BT. The similar energies of [20]* and [9a]* indicate that
both C4H3* + H, channels are accessible, with the [9a]* channel slightly more favorable.
The C,H3* + C,H; channel, to form the nonclassical protonated acetylene ion and acetylene
molecule [8], can also be reached through the initial isomerization step involving [24]%,

followed by several additional interconversions prior to dissociating.

The potential energy surface shown in Figure 5.6 was used for RRKM/master equation
simulations to predict the C;H3" /C4H3" branching ratio. Assuming a population of BT
with a Maxwell-Bolzmann distribution of 7=30 K, and given 4.63 eV of internal energy,
corresponding to absorption of a 268 nm photon, the model predicts a branching ratio of
1.4:1. Although the model underestimates the measured branching ratio, possibly due to
inaccuracies in the calculated energies of points on the C4Hs* potential energy surface, it
correctly predicts the preference for the CoHs* + CoH, channel.
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Fig. 5.6 Simplified ground state potential energy surface of C4Hs™ from calculations at the MP2/aug-
cc-pVDZ (geometries and zero point energies) and CCSD(T)/cc-pVTZ (single point energies) levels,
with transition states represented by I and dotted lines indicating multistep processes. Energies (zero
point added to single point) are relative to the energy of BT in its X' A’ state. The B'A’ state energy
corresponds to the experimental B'A’ — XA’ origin transition (arrow). See SI for details and a more
complete potential energy surface.

5.4 Conclusions

In summary, the B'A’«~X'A’ band system of H;CCHCCH" has been recorded over the
245-285 nm range by monitoring C;Hs* and C4H3™ photofragments. Bands were assigned
through comparison of the spectrum with those of H3C4H,* and H,C3H* and with the aid
of calculated vibrational frequencies. Extended progressions in the HyCCHCCH™ spectrum,
with intervals of ~ 660 cm™!, are attributed to the C-C stretching vibration (v11). A weak
band located around 1800 cm™~! above the origin transition is assigned to the 5(1) transition,
corresponding to an excitation of the symmetric acetylenic (C=C) stretching mode. Weak
bands in the vicinity of the origin transition are tentatively assigned to transitions involving
bending of the C4 skeleton (v14), which corresponds to the lowest frequency vibrational mode.
Minor differences in the calculated structures of H;CCHCCH*, H3C4H,*, and H,C3H* were
rationalized through conjugative effects related to the location of the methyl group. Finally,
the dissociation of HCCHCCH®* was modeled using master equation simulations based on
calculations of the ground state potential energy surface, correctly predicting the preferred

generation of C,H3* photofragment ions.
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5.6 Supporting information (SI)

5.6.1 Additional spectra

Resonance enhanced photodissociation (REPD) spectra of H;CCHCCH*, H3CCHCCH™-Ne,
and H;CCHCCH*-Ar, shown in Figure 5.7, were recorded over the 245-285nm range
by monitoring C,H3* and C4H3" photofragments. As mentioned in the paper, elec-
tronically excited H3CCHCCH™ ions in the B'A’ state yield ~6 times more CoH3*
ions than C4H3" ions, and therefore the signal-to-noise ratio for the spectrum in Fig-
ure 5.7a is higher than for the spectrum in Figure5.7b. The signal-to-noise ratio for
the spectrum of H;CCHCCH'-Ne is poor, as the complexes were difficult to gener-
ate. Spectra of H;CCHCCH®-Ar exhibit bands that are broad, possibly due to the pres-
ence of multiple HCCHCCH™-Ar isomers, which are discussed in the following section.

A/nm
280 275 270 265 260 255 250
(a) H3CCHCCH+ — CQH3+ + CZHQ
(b) HaCCHCCH* — C4Ha™ + Hy
(C) H3CCHCCH+'NG — CQH3+ + CoHs + Ne
(d) H3CCHCCH+-AT — CQH3+ + CoHs + Ar
(e) H3CCHCCH+-AF — C4H3+ + Hs + Ar

35500 36500 37500 38500 39500 40500
v/em—1

Fig. 5.7 REPD spectra over the 245-285 nm range of (a) H;CCHCCH™" obtained by monitoring
C,H3™ fragments, (b) HCCHCCH™* obtained by monitoring C4H3* fragments, (¢) H; CCHCCH*-Ne
recorded by monitoring C,H3;* fragments, (d) HCCHCCH*-Ar recorded by monitoring CoH3*
fragments, and (¢) H3CCHCCH®-Ar obtained by monitoring C4H3* fragments.
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5.6.2 Calculated structures and harmonic vibrational frequencies for
H3;CCHCCH*, H3CCHCCH"-Ne, and H;CCHCCH"-Ar

As described in the paper, geometries and harmonic vibrational frequencies for H;CCHCCH™*
in the X'A” and B'A’ electronic states were calculated at the CCSD/cc-pVTZ and EOM-
CCSD/cc-pVTZ levels of theory. To investigate the interactions between the rare gas
(RG) atoms and H;CCHCCH®, the geometries, frequencies, and energies of H;CCHCCH?,
H3CCHCCH?*-Ne and H3CCHCCH*-Ar in the ground state (see Figure 5.8) were calculated
at the wB97X-D/aug-cc-pVTZ level, a level that includes dispersion corrections and which
has been used to describe similar non-covalently bound complexes. 133*? Calculated har-
monic vibrational frequencies for H;CCHCCH™", H;CCHCCH*-Ar and H;CCHCCH*-Ne
are provided in Tables 5.2 and 5.3. The calculated energies include vibrational zero-point

corrections and account for basis set superposition errors. %

H3CHCCH1-Ar H3CHCCH-Ne
(a) 398 cm™ ) (d) 133 cm™ o
318 318

(b)332 cm™

(c)285 cm! (f) 75 cm’

MK)\...Q..M 1)\._2;62

Fig. 5.8 Calculated structures and binding energies (cm~') of H;CCHCCH®*-Ar and H;CCHCCH*-
Ne at the wB97X-D/aug-cc-pVTZ level of theory. Binding energies are corrected for basis set
superposition errors. For (a) and (e) the indicated bond length corresponds to the distance between
the RG atom and the adjacent H atom.
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Table 5.2 Harmonic vibrational frequencies (cm™') of H;CCHCCH®" in the X!A’ and B! A’ states,
calculated at the CCSD/cc-pVTZ and EOM-CCSD/cc-pVTZ levels of theory, respectively. All
frequencies are unscaled.

Mode XA’ B'A’

Vi 3406(a’") 3380 (a")
2 3210(a") 3204 (a’)
V3 3169 (a’) 3224 (a")
V4 3012 (a’) 2858 (a")
Vs 2143 (a’) 1810 (a")
V6 1524 (a’) 1459 (a’)
V7 1413 (a’) 1361 (a")
v 1338 (@) 1217 (@)
12 1209 (") 1164 (a’)
vio 1126 (a") 1039 (a’)
Vi1 869 (a’) 776 (a’)

Yi2 656 (a") 624 (a’)

Vi3 533 (@) 467 (a')

Vi4 195 (a%) 163 (a")

vis  3055(@”7) 2809 (")
vie 1452 @"7) 1280 (a”)
vz 1079 @”7) 861 (")
Vi 875@") 650 (")
V19 788 (a”) 457 (a”)
V20 253 @"7) 329(@")
Va1 103 (") 218 (a”)

The calculations predict that the Ne and Ar atoms bind to BT at three different sites. The
lowest energy conformation involves the RG atom bound side-on and above the Cy4 plane of
BT (Figures 5.8a and d). Less stable configurations have the RG atom bound side-on and
in the C4 plane (Figures 5.8b and e) and the RG attached end-on to the acetylenic hydrogen
(Figures 5.8¢ and 5.8¢). The geometry of H;CCHCCH® (BT) is only slightly affected by the

attached Ne or Ar atom.
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Table 5.3 Harmonic vibrational frequencies for H;CCHCCH*, H;CCHCCH*-Ar and H;CCHCCH™-
Ne in the ground state, calculated at the wB97X-D/aug-cc-pVTZ level. Columns (a)-(f) correspond to
the structures in Figure 5.8. All frequencies are unscaled.

H;CCHCCH* H;CCHCCH*-Ar H;CCHCCH*-Ne
Mode (a) (b) (©) (d (e) (H)
Vi 3401 (') 3400 (a) 3399 (a') 3358(a’) 3398 (a) 3398 (a’) 3395 (a)
v 2304 (') 3202 (a) 3202 (a’) 3201 (a’) 3201 (a) 3202(a’) 3201 (a)
V3 3150 (') 3153 (a) 3152 (") 3149 (a’) 3150 (a) 3151 (a’") 3149 (2)
Va 2994 (a') 2994 (a) 2993 (a’) 2994 (a’) 2994 (a) 2993 (a’) 2992 (a)
Vs 2170 @) 2172 (a) 2170 (a") 2164 (a’) 2170 (a) 2170 (a’) 2169 (a’)
Ve 1517 @)  1517(@a) 1519(@2’) 1517(@") 1518 (a) 1517 (") 1517 (a’)
V7 1405 (a') 1403 (a) 1403 (a’) 1404 (a') 1404 (a) 1404 (a') 1404 (a’)
Vg 1310 @)  1312(a) 1307(a’) 1311(@) 1310(a) 1308 (a’) 1309 (a’)
Vo 1211 ()  1209(a) 1211 (@) 1209 (a’) 1210 (a) 1210(a’) 1210 ()
V1o 1124 @) 1123 (a) 1122(@) 1124@@") 1124(a) 1124 (") 1124 (a’)
Vi1 875 (a) 875(a) 877(a) 875(@) 876(a) 876(a’) 876 (a’)
Via 636 (2) 695(a) 684 (a’) 704(a) 685(a) 685(a) 691 (a)
Vi3 551 (2) 551(a) 552(@2) 551(a") 551(@a) 551(a) 551(a)
Via 203 (2) 203 (a) 213() 205(2’) 203(a) 204(@a) 203 (a)

Vis 3028 (a”) 3032 (a) 3026 (a”) 3028 (a”) 3028 (a) 3027 (a”) 3026 (a”)
V16 1423 (a’) 1425 (a) 1424 (a”) 1424 (a"”) 1423 (a) 1422 (a”) 1423 (a")
V17 1061 (a”) 1066 (a) 1059 (a”) 1061 (a”) 1061 (a) 1059 (a”) 1060 (a”)

Vis 900 (a”) 897 (a) 900 (") 916(a”) 899 (a) 900 (a”) 906 (a”)
" 782 (a'") 793 (a) 783 (a”) 782(@a") 783(a) 780(a") 781 (a")
V20 256 (a’") 269 (a) 259 (a”) 263(a7) 258(a) 258 (a”) 260 (a”)
vai 107 (a”) 104 (@ 191(a”) 103@”) 110() 111(@") 103 (a")
Vs 121 75@)  40@) 52 S52@)  33(@)
Vi 32 38@) 2@) 17@ @ 32@) 17 (a")

Vb 59 (a) 43 (a”) 37 (a”) 41 (a) 19 (a”) 28 (a”)
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5.6.3 Calculated structures and energies of C4Hs" isomers, transition
states, and fragments

Structures for stationary points on the ground state C4Hs™ potential energy surface were
calculated at the MP2/aug-cc-pVDZ level of theory (see Figure 5.9). The exception was
the classical vinyl cation structure, the CoH3* fragment for stationary point [6b], which
was not a minimum at that level of theory (see next paragraph). Cartesian coordinates for
all stationary points optimized at the MP2/aug-cc-pVDZ level are provided in Table 5.5.
The MP2/aug-cc-pVDZ electronic energy and vibrational zero-point corrections to energy
are provided in Table 5.4. The vibrational zero-point corrected energies for the different
structures, relative to the energy of the methyl propargyl cation (MP), are provided in normal
font in Figure 5.9, and were used to generate the potential energy surface shown in Figure 5.10.
A more accurate potential energy surface was calculated by obtaining single point energies at
the CCSD(T)/cc-pVTZ level, corrected by MP2/aug-cc-pVDZ vibrational zero-point energies.
These vibrational zero-point corrected energies, relative to the energy of the methyl propargyl
cation (italicized in Figure 5.9), were used to generate the potential energy surface shown in
Figure 5.11.

As noted above, the classical vinyl cation geometry ([6b]) could not be optimized at the
MP2/aug-cc-pVDZ level. Instead, the MP2/aug-cc-pVDZ energy of [6b] was estimated using
the calculated energy of the nonclassical structure ([8]) and a previously calculated energy
difference between the two configurations.*'® The previous calculations at the CCSD(T)/cc-
pVQZ level of theory predicted that [6b] lies 0.16 eV higher in energy than [8], and that
the interconversion barrier ([6b]*) between the forms lies only ~ 0.005 eV above the energy
of the classical structure. The 0.16 eV energy difference between the forms was added to
the energy for [8] (2.72eV above MP) calculated in this work at the MP2/aug-cc-pVDZ
level, resulting in a predicted relative energy for [6b] of 2.88 eV above MP (normal font in
Figure 5.9). Because [6b] lies in a shallow potential energy well, only the [6b]* transition

state is presented in the potential energy surfaces in Figures 5.10 and 5.11.

For the more accurate potential energy surface shown in Figure 5.11, the classical vinyl
cation structure was optimized at the wB97X-D/cc-pVDZ level and used for a CCSD(T)/cc-
pVTZ single point energy calculation. The wB97X-D/cc-pVDZ vibrational zero-point energy
was added to the CCSD(T)/cc-pVTZ single point energy to predict the relative energy of [6b],
italicized in Figure 5.9, that was used to generate the potential energy surface in Figure 5.11.

Using this approach, the classical vinyl cation [6b] structure is predicted to lie 0.15 eV higher
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in energy than the nonclassical structure [8], consistent with previous predictions at the
CCSD(T)/cc-pVQZ level. *18
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Fig. 5.9 Structures of C4Hs™ stationary points (see Figures 5.10 and 5.11) calculated at the MP2/aug-
cc-pVDZ level (wB97X-D/cc-pVDZ level for 6b, see text). The MP2/aug-cc-pVDZ vibrational
zero-point corrected energy (eV, normal font) and the CCSD(T)/cc-pVTZ single point energy corrected
by the MP2/aug-cc-pVDZ vibrational zero-point energy (€V, italicized) are listed below each structure.
Energies are relative to the energy of the methyl propargyl cation MP.
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Table 5.4 Electronic energies and vibrational zero-point energies calculated at the MP2/aug-cc-pVDZ
level, along with CCSD(T)/aug-cc-pVTZ single point energies for stationary points on the C4Hs*
potential energy surface (Figures 5.10 and 5.11, respectively). Cartesian geometric coordinates for the
stationary points optimized at the MP2/aug-cc-pVDZ level are given in Table 5.5.

stationary point MP2/aug-cc-pVDZ CCSD(T)/aug-cc-pVTZ MP2/aug-cc-pVDZ
electronic energy single point energy vibrational ZPE correction
BT -154.54121 -154.741545 0.07046
MP -154.544497 -154.7463852 0.070319
2 -154.496444 -154.7006797 0.0679
3 -154.555975 -154.7579842 0.071749
4a -154.519939 -154.7175782 0.071603
4b -154.499456 -154.7056343 0.069216
4c -154.497578 -154.7041898 0.069484
4d -154.416923 -154.6050261 0.067742
Sa -154.541006 -154.7353782 0.073262
5b -154.574321 -154.7693052 0.07518
6a -154.444422 -154.6480927 0.061047
6b* -154.6298214 0.060108
6¢ -154.378367 -154.5798978 0.064735
7 -154.461293 -154.6580459 0.059032
8 -154.433475 -154.6357081 0.059218
9a -154.439949 -154.6477236 0.060837
9b -154.404599 -154.5899434 0.06204
10 -154.454384 -154.6605116 0.055546
11a -154.416726 -154.6164825 0.063113
11b -154.396473 -154.5949145 0.065094
12a -154.423665 -154.6244056 0.061345
12b -154.423519 -154.6241072 0.061388
13 -154.420402 -154.6215448 0.059422
14 -154.411103 -154.6053456 0.065529
15 -154.455641 -154.64669 0.062703
16 -154.452725 -154.644132 0.060897
17 -154.400309 -154.5904592 0.061909
18 -154.425834 -153.6311458 0.055552
19 -154.485986 -154.6815989 0.066527
20 -154.449471 -154.6508292 0.06134

21 -154.411517 -154.6114124 0.065569
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22 -154.585255 -154.7826001 0.073142
23 -154.402187 -154.6081037 0.067171
24 -154.494475 -154.6928404 0.069492

*The classical vinyl cation geometry ([6b]) could not be optimized at the MP2/aug-cc-pVDZ level
and was instead optimized at the wB97X-D/cc-pVDZ level. The vibrational zero-point correction

to the energy calculated for the classical vinyl cation at the wB97X-D/cc-pVDZ level is provided.
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Table 5.5 Atomic Cartesian coordinates for stationary points calculated at the MP2/aug-cc-pVDZ
level of theory, as represented in Figure 5.9. Coordinates for the cation fragments for stationary points
[6b], [8], [10], [13], [16], and [18] are provided here. Coordinates for the neutral fragments are given
in Table 5.6. The classical vinyl cation geometry ([6b]) was calculated at the wB97X-D/cc-pVDZ

level (see text).

stationary point

BT C -1.452871  0.897091 0
H -1.716661 1.53617 0.870409
H -2.005952  -0.04711 0
H -1.716661 1.53617 -0.870409
C 0 0.747493 0
H  0.619499 1.657666 0
C  0.666696 -0.46825 0
C  1.286589  -1.542382 0
H  1.817293  -2.486604 0
MP C  0.049018 1.976021 0
H -0404896  2.385439 0.914881
H -0.404806  2.385439  -0.914881
H 1.127327 2.243058 0
C 0 0.534208 0
C -0.008562  -0.720008 0
C  -0.06429  -2.079678 0
H -0.087265 -2.638597  0.944315
H -0.087265 -2.638597  -0.944315
(2] C -1.803333 -0.188207 -0.029564
H -1.119577  1.185947 0.302875
H -2.116269 -0.917886 0.73072
H -2.569879  0.297608  -0.645649
C  -0.494197 0241412  -0.105077
C  0.800905 0.202481 0.086163
C 2121228 0.290786 0.092867
H  2.639545 0.896017  -0.659811
H 2706132  -0.245798  0.848256
[3] C 1.673416  -0.441227  -0.000005
H  0.992059 1.626802  -0.000004
H 1368704  -1.492827  -0.000002
H 2742964  -0.206857  -0.000007
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stationary point

C  0.725821 0.565907  -0.000003
C  -0.60427 0.181332 0.000001
C -1.851561 -0.182273  0.000006
H -2.382075 -0.334779  0.950234
H -2.382089 -0.334767  -0.950217
[4a)* C 0866022 -0.711914 -0.307871
H 1.6094 1.551936 -0.22394
H 0.892128  -1.000259  -1.368321
H 0922375  -1.488058  0.458691
C  0.979999 0.708929 0.059272
C -0.303853 0.49312 0.28654
C -1.430216  -0.258192  0.355637
H -1.892757 -0.516133  1.316691
H -1919137 -0.568874 -0.576513
[4b]F C 1433646  -0.682636  -0.379872
H 1.513896 1.22782 0.107714
H  -2.62988 0.031827 0.290586
H  1.981308 -1.53899  -0.777464
C  0.827607 0.345076 0.082916
C -0.582238  0.439941 0.59196
C -1.616317 -0.081952  -0.100637
H -0.683399  0.978533 1.537065
H -1.487454 -0.578622 -1.065208
[4c)* C  1.621131 -0.441072  0.722613
H 1.138794  0.593666  -1.080854
H -2.605861  0.281843  -0.119862
H 2172729  -0.898481 1.545837
C 0.857312  -0.007832  -0.206029
C -0.610177  -0.35668 0.089784
C  -1.554087  0.539586  -0.272366
H -0.826586 -1.318869  0.554695
H -1.314864  1.498174  -0.738416
[4d]¥ C -0.120682  0.855605 0.047562
H 2192502  0.074612 0.293875
H -0.194725  1.330972 -0.94721
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stationary point

H -0.030329 1420703  0.980942
C 122739 -0.035745  -0.206009
C  0.092462  -0.791853  -0.102271
C  -1217166  -0.254003  0.02873
H -2.121086 -0.338604 -0.580879
H -0221452 -1.064232  1.006188
[5a] C  -0.079610  0.890372 0
H 2359389  -0.038524  0.000012
H -0.009192 1421869  -0.952453
H -0.009200 1421874  0.952442
C  1.286683  -0.203744  0.000007
C  0.158546  -0.800912  -0.000016
C  -1.175160  -0.239623  0.000005
H -1.741906  -0.340885  -0.930696
H -1.741845 -0.340893  0.930743
[5b] C  -0.08033  -0.881515  -0.143439
H -2192921 -0.000003  0.270874
H 1962881  -0.000016 -0.528935
H -0.142661 -1.721716  -0.845866
C  -1.103665 -0.000007  0.239362
C  -0.080331  0.88152  -0.143442
C 1117744  -0.000001  0.168191
H -0.142664 1.721748  -0.845836
H 1394855  0.000002  1.22573
[6a]* C  -0.624928 045574  -0.114307
H 017647  1.126547  0.187617
C 1400944 050311  -2.152647
H 108476 1245735  -2.870327
C  -1.486232 -0.362952  -0.542926
H -0.714108 -0.696678  -1.332589
H -2.483594  -0.794836  -0.470647
C  1.828173 -0.356861 -1.373681
H 2260325 -1.107761 -0.728759
[6b] C 0 0 -0.586249
(classical H,CCH™) H 0 0.95216 -1.154531
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stationary point

H 0 -0.95216  -1.154531
C 0 0 0.676444
H 0 0 1.767894
[6c]¥ C 1215158 -0.307866  -0.180567
H  1.824381 -1.17153  -0.428503
C -0.413001 -0.378536  0.296918
H -0466921 -0.943061  1.236827
C  -1.434937  0.479577  -0.309155
H -0.735922 -0.925105 -0.677619
H -2.377286 0.23278 0.230526
C 0.858639  0.867694  0.107243
H 0.681842 1.895735 0.408941
[7] C -1.487507  0.010841 0.618807
H -1.526152 -0.029087  -1.699948
H  1.482012 1.704587  -0.029325
H -1.526082  0.029074 1.699956
C  -1.487469 -0.010843  -0.618802
C 1481784  -0.620209  0.010671
C 1481786  0.620216  -0.010663
H 1482074 -1.70458 0.029334
H 0.15658 -0.00003  -0.000091
[8] C 0 0.623976  -0.077111
(nonclassical H,CCH*) H 0 1.713548 -0.065
C 0 -0.623976  -0.077111
H 0 -1.713548 -0.065
H 0 0 1.055335
[9a]* C  0.205826  -2.047682  0.041839
H -0.671801 -2.705198  0.079425
H 1212301  -2.484069  0.030819
C  0.049968  -0.741039  0.009267
C -0.108085  0.559457  -0.021168
C  -0.156344  1.828745  -0.055566
H 0.281677 2.821169  -0.090479
H -1.712774  2.358888 0.364241
H -1.730873 2337735  -0.429041
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stationary point

[9b]F C -1.589983  -0.184705 -0.000985
H -2.139632  -0.00665  -0.939472
H -0.399502  1.071248 0.022875
H -2.141695 -0.040459  0.942038
C -0.542264 -1.032136 -0.015867
C 0771225  -1.097167 -0.017764
C 1.54851 -0.039507  0.000445
H 2578636  0.330189 0.005976
H  0.490296 1.113546 0.020795
[10] C -2.000403 0.016334  -0.012556
H -3.084979  0.047378  -0.014969
C -0.760589 -0.037205  0.022107
C 0582599  -0.002529  0.000723
C 1.88162 0.011089  -0.004556
H 2428423 0.966606  -0.005765
H 2437198  -0.940118 -0.013575
[11a]f C 0238559  -0.882328  0.146379
H  2.384245 0.011172  -0.256973
H -2.054971 0.0057 0.82068
H 0.105127  -1.728019  0.829802
C 1.305759 0.005035  -0.103307
C 0215317 0.885682 0.049195
C  -0.746235 -0.049655 -0.592664
H  0.058086 1.797229 0.636084
H -2.127246  -0.036882  0.016508
[11b]* C  0.145245 0.901134  -0.066324
H 2242244  -0.064192  0.344275
H -2.109107  0.280075  -0.379107
H 0.073387 1.769674  -0.730148
C 1169772 -0.063499  0.144589
C 0213892 -0.986204 -0.336587
C -0.851319 -0.098362  0.307591
H -1.896801 -0.455323 -0.664544
H -1.335682 -0.284896  1.269324
[12a] C  -0.066204 -0.899488  -0.120924



5.6 Supporting information (SI)

125

stationary point

H -2241919 -0.000697  0.030041
H  2.873223 0.000116  -1.006454
H 0.236325  -1.798951  -0.665287
C -1.161799 -0.000352  -0.133715
C -0.066822  0.899549  -0.121122
C  0.620236  0.000371 0.802295
H  0.235073 1.799099  -0.665694
H 2944833  -0.000053 -0.251812
[12b] C 0.028674  0.933403  -0.053462
H 2.20723 0.126374 0.243813
H -3.178692  0.283151 -0.357867
H -0.294426  1.864235  -0.525925
C  1.152689 0.068429  -0.041282
C 0258776  -1.023468 -0.410491
C -0.541726  -0.232078 0.51849
H -294919  -0.274904  -0.814945
H -1.175401 -0.476571 1.375391
[13] C  0.000018 0.949459  -0.149607
H 1.804904  -0.182986  0.820316
H  0.000042 1.900222  -0.688396
C 0902127 -0.083999  0.210154
C  -0.00002  -1.037217  -0.429407
C -0902131 -0.083962  0.210154
H -1.804911 -0.182924  0.820314
[147% C  -0.091396  0.539296 0.142197
H -2.244184  -0.123539  -0.709482
H 1924596  -0.472147  0.224084
H -0.133347  0.875756 1.345392
C -1.168311 -0.18896  -0.566062
C -0.075186 -0.953711 -0.726832
C  1.148906  -0.094759  -0.452695
H -0.071739  -0.01418 1.443137
H 1.508638 0.400385  -1.360059
[15] C 0.07813 0.189105 0.757842
H 2.29433 0.364326 0.00261
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stationary point

H -1.824867  0.174385  -0.370636
H -1.122264  2.723557  -0.057197
C  1.238337 0.095942 0.016447
0.245296  -0.543352  -0.697365
-1.056286  -0.487581  0.046508
-0.971602 2.64496 -0.794454

-1.408454  -1.431917  0.479085

-1.48476  -1.472656  0.000819
0.196777 0.042448  -1.029596

-2.7317 -0.058764  0.044758

C
C
H
H
[16] C 0 0.819144 0.087173
C 0 0 1.198002
H 0 0 2.287835
C 0 -0.819144  0.087173
C 0 0 -1.170258
H -0931111 0 -1.750185
H 0931111 0 -1.750185
[177# C 0.57501 0.811012  -0.296947
H 2199321 -0.751902  0.229232
H  0.356502 1.643393  -0.968635
H -0.391695  1.214776 1.035696
C  1.243071  -0.346842  -0.100513
C -0.053987 -0.824351 -0.332319
C -1.272464 -0.413079  -0.20133
H -2.260658 -0.298546  -0.648149
H -1.067433 0.70388 1.049983
[18] C  0.992428 0.689836  -0.000028
H 1.49929 -1.585278  -0.000009
H  1.144481 1.768742 0.000091
C 1.038969  -0.596622  0.000018
C  -0.396767 -0.147703  -0.000009
C -1.625364 -0.000045  0.000004
H -2.699372 0.14374 0.000007
[19]F C  -1.692464  -0.398344  0.022559
H
H
H
C

-0.677477  0.527235 0.036474
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H -0.842291 1.607855  -0.018972
C 0732625 0.095624 0.076444
C 1948521  -0.169938 0.03472
H 2994744  -0.446342 -0.018195
[20]F C  1.793545  -0.342468  0.000017
H 0.801543 1.842642 0.391246
H  1.885005 -1.44004 0.000032
H 2.68624 0.284345 0.000029
C  0.550655 0.097674  -0.000026
H 0.801577 1.842691  -0.391169
C  -0.809407 -0.010305 -0.000042
C  -2.043917 -0.125088  0.000007
H -3.11962  -0.248513  0.000131
[21]F C 1938692  0.048595 0.009114
H 2.188976 0.02013 -1.078841
H 2477759 -0.79168 0.474778
H  2.241445 1.031367 0.402479
C 0516762 -0.156184  0.028152
H -1.401058 1.046113 0.003766
C -0.762164 -0.000221  0.003835
C -2.108564 -0.183402 -0.006351
H -3.015475 0.441342 -0.01068
[22] C 1.602521  -0.000001  -0.006194
H 1.91427 0.000012 1.054269
H  1.990541 0.909658  -0.482864
H 1990547 -0.909673  -0.482838
C 0.127971  -0.000006 -0.012274
H -1.642103  1.625985 0.00252
C -1.082834  0.689335 0.001434
C -1.082847 -0.689329  0.001431
H -1.642123 -1.625974  0.002527
[23]F C -1.893353  0.080721  -0.004289
H  -2.52901 -0.758016  -0.324055
H -2.11269 0.996982  -0.577457
H -2.120516  0.281718 1.067101
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-0.491457  -0.328329  -0.02395
0.264125 1.011028  -0.021496
0.837722  -0.014704  -0.005129
2.120687  -0.073648  0.006435

3.056497 0.484048 0.017505

[241F -1.47013  -0.576754  0.024578
2.884713  -0.583356  0.093604
-2.339054  -0.710715  0.685556
-1.185193  -1.413428  -0.627503
1.861273  -0.245334  0.051087
0.724929 0.227031 -0.031899
-0.688676  0.639564  -0.019662

-0.957666  1.386833 0.738988

T L Q0 O QO m =T X O|XT O O T 0O

-0.967183  1.053622  -1.035273

Table 5.6 Atomic Cartesian coordinates for acetylene (neutral fragment for stationary points [6b]
and [8]) and H; (neutral fragment for stationary points [10], [13], [16], [18]), calculated at the
MP2/aug-cc-pVDZ level of theory. Structures and energies, relative to the energy of the MP ion, are
provided in Figure 5.9.

stationary point

[6b], [8] 0 0 0615744
0 0 1.690997
0 0 -0.615744

-1.690997

[10], [13], [16], [18] 0 0 0.377466

T D |ZZ o = O
=}
o

0 0 -0.377466




Chapter 6

REPD spectroscopy of C¢H4" isomers
tagged with Ar and N,

6.1 Introduction

This chapter focuses on the electronic spectroscopy of open-shell C¢Hy ™ cations generated in an
ionized pulsed expansion of a lean CoH; / Ar or C;H; / Ny gas mixture. The electronic spectra
may help identify C¢H4" intermediates involved in acetylene ion-molecule reactions occurring
in plasmas, 140,415-427 acetylene-rich flames, *28-430 the interstellar medium (ISM),ZO"‘S’58 and
the atmosphere of Titan, one of Saturn’s moons. 8 The studies also reveal how excited C¢Ha*
ions dissipate excess energy through fragmentation, which is believed to be a fundamental
driving force for hydrocarbon growth.?’> Comparison of the laboratory REPD spectra with
astronomical spectra may facilitate detection of C¢Hy™ isomers, including those which
may be fragments of larger cations such as benzene, 15>-139:186,192,244,252,257.387,402.431.432 51

ionized forms of neutral molecules that exist in harsh environments exposed to high energy
light, 8:237:238

A description of the formation, dissociation, and spectroscopy of C¢Hs* isomers was
summarized in Chapter 1. Further details are presented in the following section, followed by
an overview of the experimental approach, predictions of quantum chemical calculations,

and presentation and interpretation of the measured REPD spectra.
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6.1.1 Formation and dissociation of C¢H4" cations

Ion-molecule reactions of acetylene plasmas leading to C¢Hs" depend on the energy and
pressure, which influence whether the intermediates are stabilized and if they react further
with acetylene, CoH,. %33 Excited collision complexes, formed through association reactions
along the growth pathway, may be collisionally or radiatively stabilized before forming
reaction products. In low temperature, low pressure environments such as the ISM, the
excited intermediates can be stabilized through emission of IR radiation or dissociate if an
exothermic unimolecular pathway is available.*3* With high internal energies, emission of
more than one infrared photon may be necessary to stabilize the intermediate. 3 Also, with
increasing internal energy, additional exit channels may become available.?’”*3> Consequently,

fragmentation of the intermediate becomes competitive at higher energies.

In this work, C,H,* precursor ions are probably produced through Penning ionization
by metastable Ar atoms (see Chapter 2). 159436 For simplicity, the reactions discussed below
leading to C¢H,* are assumed to involve CoH,™ in the X211, and A2Ag electronic states, the
latter of which may internally convert to high lying vibrational levels of the XTI, state before

reacting.

A C H +* + 20 H
97| L 212 dissociation of (C,H,),*

6 CoHs" + CoH  clusters (n = 4)
N + CoH,

5 CoHy” + 2C:H, CeHa* + 2H

C,H;" + C,H, + H
~.C4Hy" + CoH,

+ H2

C,H,t + CH,

e CeHs™ +H
-2 — ionization of neutral o« Pathway 1 e
acetylene trimer

// 1 Pathway 2 - - - - -
/ Pathway 3 —¢—¢--
-4 — (benzene) ° Pathway 4 --e--e--

reaction coordinate

Fig. 6.1 Simplified energy level diagram, generated using available thermochemical data, highlighting
four main acetylene ion-molecule reactions leading to C¢H4 ™. Energies of stationary points are on a
common CgHg" energy scale and are relative to the C¢Hy* + Hy energy. Saddle points are indicated

by %.



6.1 Introduction 131

Four main pathways leading to C¢H4 " are summarized in the energy level diagram shown
in Figure 6.1, which was produced using available thermochemical data and computational
predictions, 13%178,179.185,377,378,387,421,431,437-439 Becauyse at least three acetylene monomers
are necessary to generate CgHy™, stationary points are set to a common C¢Hg™ energy scale.

Possible structures for the intermediates involved are given in Figure 6.2.

+ C,H, +C,H
/ \ 2112 C6H6 (b H
-2

+ C,H, ————P
(C2 2)2 \) > ﬁ{ __.é_H' > C6H4

\)
-H -
2 F J om
M
MCP+

CeHs"(a)

0000
PD+} -0-0-0 S+ CoHp
R “a
O A e
Q o °
+° N ° Pathway 1 ..........
CeHs"(b CeHs® CeHs"(d
sHs (D) 6:5(9) - Hs(d) Pathway 2 - - -
3'4 »,' -H Pathway 3 ~<~—
CGH4 PathWay 4 @@

Fig. 6.2 Flow chart of likely C4Hs*, C4Hy*, C4H3*, C¢Hs™, and C¢Hg* intermediates along acetylene
ion-molecule reaction pathways leading to C¢Hs*. See Figure 6.1 for relative energies.

All pathways to CgH4™ rely upon the initial acetylene ion-molecule reaction, introduced
in Chapter 1 as equation 1.19 and reproduced here:

CoHy " +CoHy — (CoHp) ™ — C4Hy™ (6.1)

According to computational 17183 and experimental 152179180 investigations, the reaction
proceeds through a dimer complex, (C,H),™, that enters the covalent C4H4 " potential energy
surface. Secondary and tertiary reactions involving C4H4" intermediates lead to CgHy*
cations.

Some C4H,* ions, generated in the ion source used in this work, have been described

in Chapter 4. The REPD spectra of tagged C4H4" ions exhibit transitions due to butatriene



132 REPD spectroscopy of C¢Hy™ isomers tagged with Ar and N,

(BT*) and vinylacetylene (VA™), whose structures are shown in Figure 6.2. To explain
their formation through the initial bimolecular reaction (eq. 6.1) and their fragmentation to
C4H," +H; and C4H3* + H, stationary points on the ground state C4H4" potential energy
surface were calculated. The reaction was predicted to proceed through two different (C,H;),*
complexes, with one collapsing to the four-membered ring, cyclobutadiene (CB*), and the
other to an intermediate leading to the methylenecyclopropene (MCP*), BT*, and VA*
isomers (see Figure 6.2). Although the route to CB* is expected to be favored under low
temperature and pressure conditions, pathways to other C4Hy" isomers are likely to prevail
in high energy and pressure domains. Secondary and tertiary reactions involving linear
C4H,* isomers, particularly VA*, are believed to play important roles in hydrocarbon growth,
possibly through C¢H4* intermediates. 183:188.249.250 Thege reactions are grouped and defined
here as Pathways 1-4, as shown in Figures 6.1 and 6.2.

Pathways 1 and 2 occur following dissociation of the excited C4Hy" cations to linear

C4H3™ (protonated diacetylene; PD*) and C4H,* (diacetylene; DA™), shown in Fig. 6.2, that

subsequently react with another acetylene molecule: !33:136,176,207,246,419.420,422,440,441

Pathway 1
C4H4+ - C4H2+ +Hp> (6.2)
C4H2+ +C2H2 - C6H4+ (63)

and

Pathway 2
C4H4+ - C4H3+ +H (6.4)
C4H3++C2H2 - C6H5++H (6.5)
C6H5+ — C6H4+ +H (66)

Pathway 1 is thermodynamically favorable and possibly occurs in the ISM and at-
mosphere of Titan, with the possibility that the resulting C¢H4* cations fragment to
CgH3 " + H.20:43:58.80.420422 Because the CgHy* potential energy surface remains relatively
unexplored, it is unclear which structures may be stabilized along this pathway. In the case of

low-lying C¢H4* isomerization barriers, it could be assumed that a large fraction of the ions
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relaxes to the lowest energy forms, such as the fully cyclic meta- and ortho-benzyne cations
(A* and F* in Figure 6.3). 151.2%6

A+ F+

| meta- ortho-

benzyne

Fig. 6.3 Geometries of the lowest energy benzyne cations.

In higher energy environments, including circumstellar envelopes, flames, and electron
impact ionization sources such as that used in this study, Pathway 2 becomes competitive.
This is evidenced by results of mass spectrometric studies where the energy of the ionizing
electrons was varied.*?!#**! With relatively low electron impact energy of 14 €V, pulsed ion
cyclotron resonance mass spectrometry revealed that the growth of C¢Hs* from sequential
ion-molecule reactions correlated only with the decay of C4H,™ but nor with C4Hz*.**! These
results are consistent with C4H3" cations, having low excess internal energy, reacting with
acetylene to generate C¢Hs™ intermediates (eq. 6.5) which are then unable to cleave a C-H
bond (eq. 6.6) as this overall reaction is slightly endothermic (see Fig. 6.1).43° Pathway 2 has
been presumed to dominate when electron energies are between 16.3 and 18.0 eV, considering
that the acetylene cation precursor is in its AZAg excited electronic state (CoH,** in Fig. 6.1),

which provides an alternative route to C4Hz* and with greater internal energy: 421422442443

C2H2+* + C2H2 — C2H3+ + C2H (67)
C2H3+ +CHy — C4H3+ +Hp> (6.8)

At even higher energies, acetylene dissociatively ionizes to Co,H* (~ 18eV), CH* (x22¢€V),
H* (22¢eV), C* (r24¢€V), and C* (~25¢eV), with the former two fragments reacting with
acetylene to form C,H3™" intermediates that may then produce C¢Hy* through egs. 6.7, 6.8
and Pathway 2.421:444445 Beyond 34 eV, acetylene is expected to doubly ionize and dissociate

to the same fragments, such that Pathway 2 is still a likely contributor to CgH4*. 446449
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The CgHy* structures produced through Pathway 2 may be inferred from the C¢Hs*
intermediates generated by C4H3™ reacting with acetylene (eq. 6.5). Although the reactivity

of C4H3* reportedly does not depend on its structure, 14

we consider the lowest energy, linear
protonated diacetylene isomer (PD* in Fig. 6.2) for simplicity. Quantum chemical calculations
predict the association of PD* with acetylene produces three initial C¢Hs* adducts with three-
and four-membered rings (see Figure 6.2).43% At high internal energies, dissociation of the
CeHs* adducts may occur rapidly, with H loss resulting in C¢Hs* isomers that retain the
carbon backbone, such as the propargyl cyclopropene and ethynyl cyclobutadiene cations C*
and K* shown in Figure 6.4. These C¢H4* isomers have been predicted to lie low in energy

on the C¢Hy4* potential energy surface. !31:2%6

C* K*

b o
propargyl cyclopropene ethynyl cyclobutadiene

Fig. 6.4 Geometries of possible CcHy™ fragments of C¢Hs* adducts along the C4H3™ + CoH; route
(Pathway 2).

Pathways 3 and 4 rely on formation of C¢Hg* cations, which occurs through acetylene

addition to (probably linear) C4Hy*+*; 140,249.250

C4H4+* + C2H2 4 C6H(,+ (6.9)

This process is unlikely to occur in cold extraterrestrial environments, but may be important at
higher pressure and acetylene densities, such as in the ion source used in this work, in which
a fraction of C4H;** cations may be collisionally stabilized.'*® Sequential condensation
reactions lead to ionized acetylene clusters [(CoHy),*, n = 3,4, 5, ...] that typically give rise

to peaks in electron impact ionization mass spectra (see Figure 1.6 in Chapter 1). 148.152.180
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Excited CqHg™* cations, once formed, can access two dissociation channels: 155,216,244,387,431

Pathway 3
Ce¢Hg" — CgHy* +H, (6.10)
and
Pathway 4
Ce¢Hg" — CgHs" +H (6.11)
Ce¢Hs" — CgHs* +H (6.12)

The H, and H loss channels (eqs. 6.10 and 6.11, respectively) are expected to be competitive
at threshold due to similar measured appearance energies of C¢Hs* and C¢Hs™ from the
benzene cation (see Fig. 6.1).38743! The structures of the resulting C¢H,"* fragments depend

on the C¢Hg" intermediates and their internal energies.

The immediate C¢Hg™ structures generated from C4H,** are likely acyclic, based on the
previously calculated geometries of intermediates along the C4Hs* + CoH; fragmentation
pathway of the benzene cation.3*° Because several C¢Hg" isomerization barriers, including for
ring-opening steps, have been calculated to lie below the lowest dissociation limit, scrambling
is likely to occur before fragmentation. 13%-383-39 The pathway to C4H4* fragments, specifically
the vinylacetylene cation (VA™), has been calculated to be barrierless, and involves an acyclic
intermediate shown in Figures 6.2 and 6.5 as C¢Hg*(a). The C¢Hg*(a) isomer, or another
acyclic one, may be the initial adduct formed through barrierless association of VA** with
acetylene. If the energized adduct dissociates into C¢Hy™ + Hy (Pathway 3) or C¢Hs™ + H
(Pathway 4), C¢H4™ chains such as the 1-hexene-3,5-diyne cation, shown as G* in Figure 6.5,
are likely to be formed. Interestingly, isomer G* was spectroscopically identified in an
acetylene-helium discharge expansion, as well in a Ne matrix produced using the acyclic

CgHg" isomers 1,4- and 1,5-hexadiyne (see Section 6.1.2 for spectroscopic details).>>*2>%6

Ionization of the early, dense portion of the supersonic expansion is expected to trigger the
acetylene ion-molecule reactions described above, although there is a possible contribution
of neutral (C2Hy), cluster ionization to C¢Hs* formation. 22133377 Jonization of neutral
clusters and dissociation of larger acetylene cluster ions form CgHg" cations with high
internal energies. 1>%183377 The relevant portion of the C¢Hg¢™ potential energy surface has

been explored through photoionization of neutral acetylene trimers and tetramers 218
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VA*
S, -H
S‘S\ 2
© =P
/ ° TN >,
+
CeHs'(a) 1-hexene-3,5-diyne
Y Pathway 3 —<O—0-—
benzene Pa‘[hway 4 i@ @

Fig. 6.5 Pathways leading to possible formation of isomer G* through a high energy acyclic
intermediate, C¢He* (a).

complemented by quantum chemical calculations. !3%377 The trimer cation is predicted to
be a complex consisting of a C4H4™ "core" bound to an acetylene molecule. If collisionally
cooled, it may enter the "tightly" bound section of the C¢Hg" potential energy surface as a
vibrationally excited three-membered ring structure,’’ shown in Fig. 6.6 as CHg*(b), with
sufficient energy to access the C¢Hy* + H; channel (Pathway 3, see Fig. 6.1). Similarly, the
tetramer cation is predicted to consist of an acetylene monomer attached to a covalent C¢Hg*
core, shown as C¢Hg*(c) in Figure 6.6. 185.377 If the tetramer evaporates the neutral monomer,
the C¢Hg*(c) fragment may also dissociate to C¢Hy". Assuming the C-C skeleton remains

intact, the C¢Hs™ isomer C* may be a favorable fragment of ionized acetylene clusters.

CeHs"(b) CeHs"(c) c*

Fig. 6.6 Geometries of two high-energy C¢Hg ™ isomers, C¢Hg*(b) and C¢Hg " (c), and a C¢Hy ™" isomer,
the propargyl cyclopropene cation (C*), with a similar carbon backbone.

In summary, the formation and stabilization of C¢H4* isomers formed through acetylene
ion-molecule reactions depend on the internal energies of the precursor ions and C¢Hy™ iso-
merization barriers and relaxation mechanisms, including collisional stabilization. Although
relative energies of several CsH, ™ isomers have been previously calculated, 131:139-233.256,261.430
there is little information about interconversion and fragmentation pathways. Previous studies
show that collision-induced dissociation occurs during the deposition of C¢H4* ions into a

solid Ne matrix, resulting in formation of HC¢H*, HC4H*, and HC¢H,* fragments giving
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rise to their characteristic bands in the recorded electronic spectrum.?>® In another study,
photolysis of Mg*-CcH4F, complexes was proposed to initiate a sequential dissociation
pathway, first forming C¢Hy™ fragments, believed to be the cyclic ortho-benzyne isomer
(F* in Figure 6.3), that further decompose to yield diacetylene (HC4H") cations.?>® The
dissociation energy of F* was experimentally determined to have a lower bound of 1.70 eV
and upper bound of 2.35 eV, with calculations at the B3LYP/aug-cc-pVTZ level predicting the
C4H,* + CoH, threshold lies at 2.56 eV. 2341 [t is unclear whether C4H,™ + CoH, is formed
directly from F* through a reverse Diels-Alder mechanism or if isomerization plays a role.

6.1.2 Previous spectroscopic studies of C¢H4" cations
Previously recorded electronic spectra of C¢Hy™ cations are limited to those for isomers

G*, I*, J*, and C* depicted in Figure 6.7.234-236:450450 Taple 6.1 summarizes the previously

recorded transitions.

G ) I* J* c*
"Lf | trans- };{’ 1K.

|
1-hexene-3,5-diyne 3-hexene-1,5-diyne propargyl cyclopropene

Fig. 6.7 C¢H,4* isomers previously studied through electronic spectroscopy.

Table 6.1 Electronic transitions and corresponding wavelengths (nm) for CsHs* isomers, obtained
through cavity ringdown and matrix isolation spectroscopy experiments.

isomer transition band wavelength (nm)
gas phase / Ne matrix

J o 2A «X%B 09 ---1622.0°
G* AV < XA 09 604.41° / 608.8*P
G* A" < XA 12} 580.93¢ / 585.3"¢
I' 2B, — X%A, 09 580.07¢ / 585.5%P
J o 2A «—X%B 09 ---/385.1
G* A7 < XA 05 ---1372.8
I 2By X%A, 09 ---/373.0°
Ct AT < XA 09 ---/417.0°

aref, 256, ref. 450, ref. 254,9ref. 255
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The first electronic spectrum of CgHy* was recorded for ions in an acetylene-helium
plasma expansion using cavity ringdown spectroscopy.*® By analyzing the rotationally
resolved band at 604 nm, the cation was confirmed to be the 1-hexene-1,3-diyne isomer, G*
in Fig. 6.7, with the band corresponding to the origin of a 2A” « X2A” transition. Additional
transitions within the band system were recorded by trapping the C¢H4* ions in a Ne matrix
and monitoring absorption, with the origin band observed at 609 nm (see Table 6.1). Most
attention was given to a band occurring at 585 nm, initially assigned to the 12(1) transition (v,
in-plane bending vibrational mode), as it exhibited a large intensity that could not be explained.
Spectra recorded using different precursors showed that the intensity of the 585 nm band
changed with respect to that of the origin transition, signaling a contribution from another
isomer. In a subsequent study using cavity ringdown spectroscopy, the 12(1) transition of G*
was confirmed to overlap an *B, < X?A, origin transition of the trans-3-hexene-1,5-diyne

isomer (I* in Figure 6.7). 242

The most comprehensive spectroscopic study of C¢Hy™ isomers involved measuring
absorption spectra in Ne matrices and interpreting the spectra using predictions from quantum
chemical calculations. > In addition to the overlapping band systems of isomers G* and I*
occurring in the visible region, higher energy transitions associated with the two isomers
were observed around 373 nm that were also difficult to disentangle. Spectra were recorded
using different precursors and were then subtracted from one another after scaling the 609
and 585 nm band intensities for G* and I, respectively. Based on changes in its intensity, the
373 nm band was assigned to overlapping 2A” «— X?>A” and °B g — X2A, origin transitions
of G* and I'*. Bands at 366 and 359 nm were assigned to vibronic transitions within the band
system of G*, and bands at 367, 360, 353, 347, and 341 nm were attributed to an extended
progression in the symmetric in-plane bending vibration of the central C4 skeleton (vg) of I*.
Interestingly, the calculated geometry of I" in its excited electronic state was distorted from
Con symmetry along the central HCCH dihedral angle, suggesting that a progression in the
twisting vibrational mode (v3) should have appreciable intensity in the spectrum. However,

this progression was not apparent in the measured spectrum.

The Ne matrix spectra also included electronic transitions of the cis-3-hexene-1,5-diyne
and propargyl cyclopropene cations, shown in Figure 6.7 as isomers J* and C*, respectively.
Weak bands at 622 and 385 nm were assigned to two different origin transitions of J*, based
on calculated energies and oscillator strengths. Vibronic progressions within the two band
systems were not evident. A band system commencing at 417 nm was tentatively assigned to
a?A” « X?A” transition of C* based on agreement with a simulated spectrum generated

using quantum chemical calculations. A low intensity band at 423 nm was not assigned.
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Calculations predicted that a transition of isomer F* (o-benzyne; see Fig. 6.3) occurs nearby,
based on a planar equilibrium geometry for the ground electronic state. However, a recent
photoelectron spectroscopy investigation confirmed the geometry of F* to be twisted (C;
symmetry, X2A).?®! Energies of excited electronic states of isomer F* were only predicted
up to 2.22 eV (556 nm) above the X?A state; understanding of higher-lying electronic states

requires further computational investigation.

In the current study, REPD spectra of C¢Hy-Ar and C¢Hy™-N; complexes were measured
over the 265-700 nm range by monitoring C¢Hs* and C4H,* photofragments. The spectra are
interpreted based on previous spectroscopic studies, hole burning experiments, and electronic
structure calculations of relevant isomers in their ground and excited electronic states. To
help understand which C¢Hs* isomers are formed through acetylene ion-molecule reactions
in the ion source, and to predict their dissociation energies and mechanisms, stationary points
related to reaction Pathways 1-4 and the ground state C¢H4* potential energy surface were

calculated.

6.2 Experimental methods

Electronic spectra of C¢Hs*-Ar and C¢Hs™-N, complexes were recorded using resonance
enhanced photodissociation (REPD) spectroscopy over the 265-700 nm range. The experi-

mental apparatus is described in Chapter 2.263

In this work, a pulsed supersonic expansion
of % 0.7% C,H; in Ar (or Ny), with a stagnation pressure of 4.5 bar, was bombarded with
electrons to form C¢H,* isomers and the CgHy*-Ar and C¢Hy*-No complexes. The com-
plexes were mass-selected using a quadrupole mass filter (QMF) and then deflected 90°
using an electrostatic quadrupole bender into an octupole ion guide. There, the molecular
beam was radially focused and exposed to output light from a tunable optical parametric
oscillator (OPO, EKSPLA 342B). Dissociation following resonant photoexcitation of the
complexes resulted in C¢Hy™ (tag loss) and C4H,* (CoH; and tag loss) fragments that were
mass-selected using a second QMF and detected with a microchannel plate. REPD spectra
were generated by plotting photofragment ion yield (normalized to laser power) as a function

of wavelength (calibrated using an Angstrom LSA UVL wavemeter).

As described above, several different C¢Hy™ isomers are expected to form from acetylene
ion-molecule reactions. Hole burning (HB) experiments were conducted to help ascertain
whether particular bands arise from a single isomer. These HB experiments, described in

Chapter 2, involved measuring REPD spectra using the setup described above, but with the
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addition of a second OPO (OPOTEK Vibrant 355 LD) that provided the HB light. The
HB beam, directed along the axis of the first QMF toward the ion source, was tuned to a
wavelength resonant with a strong vibronic transition of an Ar-tagged CcHs™ isomer. The
complex absorbing the HB light dissociates prior to reaching the octupole, resulting in
diminished intensities of bands associated with the selected C¢Hs™ isomer in the REPD

spectrum.

6.3 Computational methods

To predict C¢Hy* structures that are generated in the ion source, stationary points along reaction
Pathways 1-4 and the ground state C¢H4* potential energy surface were calculated at the
wB97X-D/aug-cc-pVTZ level. Ground state dissociation pathways leading to C4H,™ + CoHo,
CgH," + Hp, and C¢H3™ + H fragments were also investigated. Saddle points were identified
by scanning the potential energy surface along bond lengths, angles, and torsions. The
optimized geometry for each saddle point was inspected for its single negative frequency
and further evaluated through intrinsic reaction coordinate (IRC) calculations.>** To obtain
more accurate energies, single point energies of all optimized geometries were calculated
using the coupled-cluster singles, doubles, and perturbative triples method CCSD(T). The
CCSD(T)/cc-pVTZ energies were then added to the vibrational zero-point energies calculated
at the wB97X-D/aug-cc-pVTZ level. The CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ
nomenclature is used to refer to this computational approach.

To help assign bands to vibronic transitions of C¢Hy4* ions, vertical excitation energies and
oscillator strengths for the twelve lowest-energy isomers were calculated using time-dependent
density functional theory (TD-DFT) at the wB97X-D/aug-cc-pVTZ level. Strong electronic
transitions were further investigated by calculating excited state equilibrium geometries
and harmonic vibrational frequencies, which were used with the corresponding ground
state parameters to simulate spectra employing the PGOPHER program.3!! Excited state
harmonic vibrational frequencies for all spectral simulations were scaled by 0.957, based on

the recommended factor for ground state calculations at the wB97X-D/aug-cc-pVTZ level. *3

Ground state equilibrium geometries and harmonic vibrational frequencies for C¢Hs*-Ar
and C¢Hy"-N, complexes, calculated at the wB97X-D/aug-cc-pVTZ level, indicate the Ar
or N, ligands only slightly perturb the geometries and vibrational frequencies of the bare
CgH,4" ions. Intermolecular bond dissociation energies were calculated, accounting for basis

set superposition errors (BSSE) and vibrational zero-point corrected energies of the ionic
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complexes, the bare CcH™ ions, and the tags. Structural and energetic data of ground state

CeHy"-Ar and CgH4*-N, complexes are provided in the supporting information (SI).

6.4 Results and discussion

6.4.1 Ground state C¢H4" potential energy surface and Pathways 1-4

Stationary points associated with reactions along Pathways 1-4 have been calculated to better
understand C¢H4* formation through acetylene-ion molecule reactions. These calculations
are used to interpret the REPD spectra, as the detection of isomers depends on their abundance

and the strengths of their electronic transitions.

Calculated stationary points for the lower energy Pathways 1 and 3 are shown in the energy
level diagram of Figure 6.8. A simplified version of the ground state C¢Hs* potential energy
surface is embedded within the large brackets. More than seventy covalently bound CeHy*
structures were investigated through DFT calculations of the ground state CsH4* potential
energy surface (see Figs. 6.15-6.17 in the SI), with the twelve lowest energy structures depicted
in Figure 6.8 as A* - L*. Higher-lying points on the C¢H4" surface are labeled [n] with n
corresponding to the energetic rank (ascending) of the point relative to the global minimum,
isomer A*. The equilibrium geometries calculated in this work for isomers A* - L* agree with
those reported in previous studies (see Figure 6.19 in the SI), aside from the propadienylidene

cyclopropene isomer, D*, which has not been previously considered. 1>!236-261

Ground state calculations predict the C4H,* + C,H; entrance channel of Pathway 1 lies
3.29 eV above CgHy " isomer A*, with the reaction likely proceeding through a vibrationally
excited open-chain C¢Hy ™ intermediate, shown in Figure 6.8 as stationary point [47]. Because
the interconversion barriers extending from the intermediate are relatively low, several
different C¢Hy ™ structures are accessible and may be kinetically stabilized, depending on the
dissociation and collisional stabilization in the expansion. Based on the lowest calculated
CgH3 " + H dissociation limit, 3.18 eV above isomer A" (see [64] in Fig. 6.8), it is likely that
although a portion of the C¢H4™ isomers dissociate following reactions in Pathway 1, most of
the CgH4* isomers remain intact, consistent with previous experimental observations where
~ 5 % of the ions detected through Pathway 1 were C¢H3* fragments of C¢Hy*.#>> Assuming
collisional stabilization is the dominant relaxation mechanism for C¢H4 " cations generated in
the ion source through Pathway 1, the lower energy isomers, particularly the global minimum

(A™), are most likely to occur.
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Fig. 6.8 Simplified energy level diagram including calculated stationary points along Pathway
1 (blue dotted lines) and Pathway 3 (green dashed lines with hollow diamonds), with points on
the C¢H4™ potential energy surface embedded within the large brackets. Dotted lines connecting
the lowest twelve CgHy* isomers, A* - L*, represent multi-step processes involving intermediates
(see Section 6.6.1). Saddle points are indicated by %. Energies of all points, calculated at the
CCSD(T)/cc-pVTZ//wB9TX-D/aug-cc-pVTZ level, are relative to the energy of A* + Ho.

Two C¢Hg" intermediates were considered for Pathway 3, the first being the acyclic isomer
CeHg"(a), possibly formed through association of the vinylacetylene cation with neutral
acetylene (see Fig. 6.5), and the second being the three-membered ring structure C¢Hg* (),
predicted to result from dissociation of larger acetylene cluster ions (see Fig. 6.6).3”” For both
isomers, H-atom shifts are likely necessary to lose Hy, and a number of rearrangements are
possible. Not considering other competitive relaxation pathways, these intermediates can
easily isomerize and then fragment to C¢Hy™ isomers C*, D*, and G* (see Figure 6.23 for a

possible pathway to D*).

The stationary points on the C¢Hy* potential energy surface, embedded within the
large brackets in Figure 6.8, help understand the fate of the various isomers following
photoexcitation. This is useful for assigning bands to particular isomers in the REPD
spectra, as fragmentation may occur following internal conversion of photoexcited C¢Hy*
cations to the ground state manifold. Interestingly, accessing the lowest C¢H3* + H threshold
([64]; 3.18 eV) requires cyclization through isomer A*, whereas accessing the lowest energy
C4H,* + CoH; channel ([67]; 3.29 V) requires ring-opening through intermediate [47]. Both
of these dissociation pathways are barrierless. This suggests that the C4H3* / C4H,* branching
ratios should vary for each isomer at near-threshold energies, as fully cyclic C¢Hy " isomers
may prefer the C¢H3™ + H channel over the C4H," + CoH, channel whereas other structures

more easily dissociate to C4H," + C,H,.
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Stationary points calculated at the CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ level,
related to higher-energy reactions along Pathways 2 and 4 that proceed through C¢Hs*
intermediates, are shown in the energy level diagram in Figure 6.9. All energies are relative
to the A* +H; energy, as in Figure 6.8. As previously mentioned, pathways involving
dissociation of C¢Hs* to CgHy* (Pathways 3 and 4) are energetically feasible if the Co;Hy*
precursor is vibrationally hot or electronically excited (see Fig. 6.1), which are likely scenarios

in the ion source used in this work, 421:422.442,443

Calculations predict five different C¢Hs™ adducts, labeled in Figure 6.9 as C¢Hs"(a-d) and
(g), occur from the association of C4H3™ (protonated diacetylene, PD") with acetylene. The
CgHy* fragment isomers D*, C*, G*, and H", are easily reached through direct, barrierless
dissociation of the excited C¢Hs™ adducts. It is noted that the pathway to E* from C¢Hs(c),
may require rearrangement on the C¢Hs™ surface to facilitate a change in conjugation to the
staggered cumulene fragment. 3%
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Fig. 6.9 Simplified energy level diagram including calculated stationary points along Pathway 2 (red
dashed lines) and Pathway 4 (gray dotted lines with filled circles), with points on the C¢Hs ™ potential
energy surface embedded within the large brackets. Primary CgHs* isomers are displayed and other
higher energy intermediates along dissociation routes are indicated by {. Saddle points are indicated
by #. Energies of all points are calculated at the CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ level
and are relative to A* + H, for consistency with Figs. 6.1 and 6.8.



144 REPD spectroscopy of C¢Hy™ isomers tagged with Ar and N,

6.4.2 REPD spectra

REPD spectra of CsHs*-Ar complexes, recorded over the 265-700 nm range by monitoring
Ce¢Hy* and C4H,* photofragments, are shown in Figures 6.10a and 6.10b, respectively.
The spectra are divided into three spectral regions, Region 1 (526-700 nm), Region 2
(375-460 nm), and Region 3 (265-375 nm) that are discussed separately in the following
sections. Mass coincidence between C¢Hy*-N, and CgHg™ ions, which both produce CeHy*
photofragments following photoexcitation, complicated measurement of the CgHs™-N,
spectrum at wavelengths below 410 nm, and therefore the spectrum is only presented and
discussed in Region 1.

The bare C¢Hy™" ion (tag loss) is the predominant fragment observed from C¢Hy"-Ar
and C¢H4*-N; over the 400-700 nm range, with weak C4H,"* signal in this region arising
from multi-photon processes as confirmed through power dependence measurements. The
onset for C4H,™ formation (C,H, and tag loss) from single-photon absorption occurs around
426 nm (2.91 eV), with the C4H,™ channel dominating at higher energies.
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Fig. 6.10 REPD spectra of CcHs"-Ar complexes recorded over the 265-700 nm range by monitoring
(a) C¢H4 ™" and (b) C4H,* photofragments. (c) Predicted vertical (solid bars) and adiabatic (hollow bars)
electronic transitions calculated at the TD-DFT wB97X-D/aug-cc-pVTZ level for isomers A* - L*.
Transition energies are unscaled. Intensities are normalized to that of the strongest transition within
the range. An adiabatic transition is only displayed if the optimized geometry of the relevant excited
electronic state was calculated to have all real vibrational frequencies. Dotted lines correspond to the
calculated C4H," + CoH, dissociation threshold for each isomer.



146 REPD spectroscopy of C¢Hy™ isomers tagged with Ar and N,

Spectroscopic identification of CcHy* isomers

Previous band assignments (see Section 6.1.2), quantum chemical calculations, and hole
burning experiments are used to identify the C¢Hy* isomers giving rise to bands in the
REPD spectra. Excitation energies and oscillator strengths for electronic transitions over the
200-700 nm range for the twelve lowest energy isomers A* - L* are depicted in Figure 6.10c.
The red bars represent vertical excitation energies and the hollow bars represent adiabatic
excitation energies, included only for transitions in which the optimized excited state possessed
all real vibrational frequencies. The calculated intensities are normalized to the intensity
of the strongest electronic transition for each isomer. The predicted energies and oscillator
strengths using TD-DFT are consistent with those previously calculated at other levels of
theory, although the energetic ordering of electronic states varies for some isomers. '>!:236.261
To help characterize and ensure the correct assignment of the electronic states, molecular

orbital information is tabulated in Table 6.5.

TD-DFT calculations predict electronic transitions of isomers I*, L*, and J* are the
strongest among those of the twelve isomers shown in Figure 6.10c, suggesting their bands
may be apparent in the REPD spectra even if relatively low quantities of the isomers are
stabilized in the ion source. Conversely, the transitions of the benzyne cations, isomers A™,
B*, and F*, have the weakest electronic transitions, indicating a substantial population of
these ions would be necessary for their bands to be prominent in the spectra. The transitions
of isomers C*, D*, K*, G*, and H* are predicted to have intermediate oscillator strengths.
Given that the current calculations predict the generation of these isomers is favorable along

Pathways 1-4, their transitions may give rise to observable bands.

Region 1. 526-700 nm (1.77 - 2.36 €V)

The spectrum in Region 1 (Figure 6.11c,d) exhibits a series of relatively narrow bands,
commencing with an intense band at 604 nm. Excitation of the C¢Hy"-Ar and CgHy*-
N, complexes over this region (1.77-2.36eV) predominantly generates C¢Hy™ (+ tag)
photofragments, with minor C4H,* (+ C,H; + tag) production resulting from multi-photon
absorption. The observed photofragments are consistent with the calculated C4H,* + C,H»
dissociation energies for isomers A* - L* (Fig. 6.10c), for which the lowest energy threshold is
2.64 V. Bands in Region 1 are assigned to the B?A” « X*A” and Cng «— X?A, electronic
transitions of isomers G* and I*, respectively, based on previous spectroscopic studies,
TD-DFT calculations, and HB experiments. The positions and assignments of transitions for
CeHy*-Ar and C¢Hy*-N; in Region 1 are provided in Table 6.2.
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Fig. 6.11 (a) Simulated spectra of the B?’A”” « X?>A”’ transition of isomer G* (red trace) and the
Cng «— X2A, transition of I* (blue trace), generated using TD-DFT calculations at the wB97X-
D/aug-cc-pVTZ level. Excited state vibrational frequencies of both isomers are scaled by 0.957.
(b) REPD spectra of C¢Hs*-Ar complexes, recorded in the absence of HB light (black solid trace)
and with the HB light tuned to 604 nm (red dotted trace). REPD spectra of (c) C¢Hs™-Ar and (d)
CgHs*-N; complexes recorded by monitoring C¢Hs* photofragments. The transition of isomer I* is
indicated by an asterisk.

As described above, the 604 nm band was previously measured in the gas phase using
cavity ringdown spectroscopy and assigned to the B2A” «X?A” origin transition of isomer
G™ based on ab initio calculations and rotational analysis of the spectrum.?>*49 Additional
transitions within the band system were recorded in a 6 K neon matrix, with the 12(1) transition
exhibiting a larger intensity than expected. It was later confirmed, using cavity ringdown
spectroscopy, that the 12(1) transition of isomer G* at 580.93 nm occurs near the C2Bg — X2A,
origin transition of isomer I* at 580.07 nm (see Table 6.1).%°> More recently, vibronic

transitions of the two isomers were disentangled by recording several matrix isolation spectra
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using different precursors and observing the changes in relative band intensities.>>® The bands
were confirmed to belong to vibronic transitions within the BZA”«—X?A” and Cng — X2A,
band systems of G* and I" based on calculations at the EOMIP-CCSD/cc-pVDZ level of
theory.

Table 6.2 Assignments, positions, and relative positions of bands in REPD spectra of C¢Hy*-Ar and
CgH4*-N; complexes over the 526-700 nm range.

C6H4+—Ar C6H4+—N2
isomer transition band A/nm v/em™' Av/em™! A/nm ¥/em™! Av/em!
G* B2A” « X2A” 08 604.16 16552 0 605.25 16522 0
17(1) 600.82 16644 92 601.36 16629 107

16, 596.02 16778 226 596.94 16752 230
15 588.17 17002 450 589.55 16962 440

14 586.48 17051 499 58779 17013 491
12)/16415, 581.50 17197 645 58258 17165 643
16514 579.78 17248 726
15014} 572.90 17455 933
143 569.83 17549 997  570.84 17518 996
147 55435 18039 1487 555.62 17998 1476

6, 539.37 18540 1998 540.19 18512 1990

I' C’B, « X%A, 09 580.62 17223 0 581.77 17189 0

The first and most intense band in Region 1 of the REPD spectrum occurs at 16552 cm™!
(604.16 nm) for CgHa*-Ar and 16522 cm™" (605.25 nm) for C¢H4*-N», consistent with the
previously measured B2A” « X*A” origin transition of isomer G* at 16545 cm™" (604.41 nm)
in the gas phase.?** The shifts in the origin transitions of the complexes from that of the
bare cation are due to the different intermolecular binding energies for the complexes in
the ground and excited electronic states (see Chapter 2). The large relative intensity of the
origin band suggests that the electronic transition induces minor changes in the geometry of
G*, as predicted by the calculations (see Fig. 6.30 in the SI) which were used to generate
the simulated B2A” « X?>A” spectrum shown in Figure 6.11a (red trace). The simulated
spectrum is shifted to align its origin with the 604 nm band in the C¢Hy"-Ar spectrum.
Close resemblance between the simulated and REPD spectra demonstrates that the TD-DFT
calculations adequately describe the ground and excited electronic states of isomer G* and
that the bands at 0) +226, +450, +499, + 645, and +1990cm™" (596, 588, 586, 582, and

539 nm) arise from the 16(1), 15(1), 14(1), 12(1), and 6(1) vibronic transitions, respectively, agreeing

with the previous assignments made in the neon matrix spectroscopy studies.?>*>640 The
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weak band appearing at 08 +92cm™! (601 nm), not apparent in previous spectra, corresponds

to the 17(1) transition involving the lowest frequency a’ bending mode.

To ascertain whether all bands observed in Region 1 arise from transitions of G*, HB
experiments were conducted for C¢Hs"-Ar complexes by tuning the HB light to 604 nm,
resonant with the BZA” « X?A” origin transition. The Ar-tagged complexes of G* photodis-
sociate following exposure to the HB light and the fragments are filtered prior to reaching the
electrostatic quadrupole bender. This results in a diminished population of G* complexes in
the octupole where the molecular beam is exposed to the probe light. The REPD spectra of
CgH4*-Ar shown in Figure 6.11b were recorded with the HB light on (black solid trace) and
off (red dotted trace). The peak at 581 nm appears unaffected by the HB light, signaling that

it is due to an isomer other than G*, presumably I* on the basis of previous spectra.>3>-2%6

TD-DFT calculations predict that the CZBg «— X?A, origin transition of isomer I'* occurs
at 519 nm (2.39 €V), agreeing with its appearance at 581 nm (2.13 eV) in the REPD spectrum.
Vibronic transitions within the band system are predicted to be much weaker than the
origin band based on the simulated spectrum shown in Figure 6.11 (shifted so its origin
transition aligns with the 581 nm band in the C¢H4*-Ar spectrum). This is consistent with
the appearance of only weak bands at wavelengths below 581 nm in the REPD spectra and

previously measured matrix isolation spectra. >

The low intensity of the 581 nm band relative to the 604 nm band indicates that fewer I'*
ions are formed in the ion source than G* ions, as the two electronic transitions are predicted
to have similar strengths (f = 0.09 for the Cng — X?A, transition of isomer I* and f =0.11
for the BZA” « X2A” transition of isomer G*). The predominance of G* is rationalized
by quantum chemical calculations that predict it lies lower in energy than I*, and that G*
is easily formed through acetylene ion-molecule reactions. Along Pathway 1 (Fig. 6.8), the
interconversion barriers from intermediate [47] to isomer G* are lower than those leading to
I*. In addition, isomer G* is predicted to be a direct fragment of the larger C¢Hg*(a) and
CgHs"(b) intermediates along Pathways 2-4 (Figs. 6.8 and 6.9) whereas interconversion (on
the C¢Hg*, C¢Hs™, or CcHy™ potential energy surfaces) is necessary to form I*.
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Region 2. 375-460 nm (2.70 - 3.31 eV)

Excitation of C¢Hy*-Ar complexes with light over the 375-460 nm range (Region 2) produces
both C¢Hy* and C4H2+ charged photofragments. Broad bands at 440, 425, and 422 nm and
sharper bands at 416, 407, and 400 nm predominantly appear on the C¢Hy™ (+ Ar) channel
shown in Figure 6.12c. REPD spectra recorded on both channels (C¢Hy™ and C4H,™) were

summed together to produce the spectrum shown in Figure 6.12d.

The three sharper bands were previously recorded in a 6 K neon matrix and tentatively
ascribed to the BZA” « X2?A” transition of isomer C*, based on Franck-Condon factors
calculated at the EOMIP-CCSD/cc-pVDZ level.?>® Although the bands coincided with
predicted transitions for isomer C*, it remained unclear whether transitions of the o-benzyne
cation, isomer F*, contributed to the bands. Calculations conducted in this work support
assignment of the sharper bands at 416, 407, and 400 nm to the B2ZA” « X2A” transition of
isomer C* as opposed to the nearby F>B«X?A transition of isomer F* which is ~ 20 times
weaker (see Table 6.5 in the SI). The predicted adiabatic excitation energy of 3.14 eV for
the B?A” « X?A” transition of C* corresponds to the energy of the origin band occurring
at 416 nm (2.98 eV). As well, the calculated 3.07 eV dissociation energy for the C* isomer
(see blue dashed arrow in Fig. 6.12d) is consistent with the fact that the three bands appear
predominantly on the C¢Hs* channel (Fig. 6.12c), which indicates that the internal energy
of photoexcited C¢Hy"-Ar complexes is not sufficient to generate C4H,* (+ CoH; + Ar)

fragments.

Based on TD-DFT calculations, the BZA” «— X2A” electronic transition of C* primarily
involves promotion of an electron from the HOMO-2 to the HOMO, displayed in Figure 6.13,
which induces a 0.11 A elongation of the C=C bond on the propargyl chain and a 0.04 A
shortening of the adjacent C-C bond connecting the propargyl group to the ring. The band at
09+539cm™" (407 nm) can be assigned to the 15; transition while the broad band centered
at 08 +935 cm~!(400 nm) is probably a composite of the 13!, 12(1), and 10(1) transitions (see
relevant vibrational normal modes in Fig. 6.14), based on comparison of the simulated and

experimental spectra (Fig. 6.12). These assignments are tabulated in Table 6.3.
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Fig. 6.12 (a) Simulated C?A” « X?A” and B?A” « X?A" spectra for isomers H* and C*,
based on calculations at the PBE1PBE/aug-cc-pVTZ and wB97X-D/aug-cc-pVTZ levels, respec-
tively. Excited state harmonic vibrational frequencies of both isomers are uniformly scaled by
0.957. (b) REPD spectra of C¢Hs*-Ar complexes, obtained by monitoring C¢Hy* photofrag-
ment signal with the hole burning light off (black traces) and hole burning light on and tuned to
440 nm (red traces). (c) REPD spectrum of C¢Hs*-Ar complexes recorded by monitoring C¢Hy™
photofragments with transitions of C* indicated by asterisks. (d) REPD spectrum of CgHy*-
Ar complexes generated by summing spectra shown in Figs.6.10a and b. Arrows at 22745 and
24761 cm™! represent calculated C4H,* + CoH; dissociation limits for isomers H* and C*, respectively

[CCSD(T)/cc—pVTZ//wB97X —D/aug —cc —pVTZ level].
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C+ (propargyl cyclopropene)
XA

HOMO-2 HOMO

Fig. 6.13 Equilibrium geometries of isomer C* in the X?>A”’ (left) and B>A”’ (right) electronic states,
calculated at the wB97X-D/aug-cc-pVTZ level of theory, with bond lengths (A) for spectroscopically
relevant C-C bonds and the HOMO-2 and HOMO of the X?A” state shown.

V12 2 V13 R V1s )
L L E

X2A" B?A" X2A" B2A" X2A" B?A" X2A" B2A"
1131 1062 987 935 857 841 554 531
Fig. 6.14 Vibrational normal modes of C¢Hy" isomer C* that include some degree of C-C stretching

vibrational motion. Harmonic vibrational frequencies (cm™!) are given for the X>A” and BZA”
electronic states at the wB97X-D/aug-cc-pVTZ level of theory.

Table 6.3 Assignments, positions, and relative positions of bands in the REPD spectrum of C¢Hy"-Ar
complexes over the 375-460 nm range.

1

isomer transition band A/nm  #/cm™! A¥/em”
H* C2A” « X2A” 09 44039 22707 0
18 42492 23534 827
95/10;  421.83 23706 999
(on B2A” — X2A” 09 41575 24053 0
15 406.80 24582 529

13)/125/10; 400.19 24988 935
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Three broad bands appear at 440, 425, and 422 nm in the REPD spectrum, one of which
may correspond with the 423 nm band that was previously recorded in a 6 K neon matrix and
could not be assigned.!”* To investigate whether the three bands arise from one isomer, HB
experiments were conducted with the HB light tuned to 440 nm. The effect of HB light on
the band intensities was assessed by recording REPD spectra, shown in Figure 6.12b, with
the HB light off (black solid trace) and then on (red dotted trace). Reduced intensities of the
three bands indicate they arise from transitions of one C¢Hs* isomer (H* as argued below)
whereas the unaffected 416 nm band arises from another (C*).

Considering the calculated energies and pathways to formation, the bands at 440, 425, and
422 nm correspond to the C*A « X?A” transition of isomer H*. This isomer should have a
similar abundance in the ion source as isomer G* (Figs. 6.8 and 6.9), and its C?A « X?A”
transition is predicted to have comparable intensity to the BZA” < X?A” transition of G*
whose origin occurs at 604 nm in Region 1. In addition, the calculated C4H,* + CoHp
dissociation threshold of 2.82 eV (red dashed arrow in Fig. 6.12d) for the H* isomer agrees
with the onset of C4H,* photofragments around 426 nm (2.91 €V). The vibronic structure in
the spectrum of isomer H* is discussed below based on calculated FC factors, focusing on
the first three bands at 440 ,425, and 422 nm that appear on the C¢Hs* channel.

The C2A” « X?A” origin transition of isomer H* at 440 nm is weaker than the bands at
425 nm and 422 nm, signifying that a substantial change in geometry accompanies photoexci-
tation. TD-DFT calculations predict that the transition primarily involves HOMO—LUMO
excitation (orbitals shown in Figure 6.15), which causes a change in conjugation in the three-
membered ring. Optimization of the CZA” state geometry at the wB97X-D/aug-cc-pVTZ
level failed to converge, possibly because of a shallow potential energy surface associated
with ring distortion. However, a minimum was found at the PBE1PBE/aug-cc-pVTZ level
with a geometry shown in Fig. 6.15. The PBE1PBE calculations predict that the electronic
transition causes the two C-C bonds within the ring to lengthen and the C-H bond to bend
45.7° out of plane.

Based on the calculated geometries and vibrational frequencies of the ground and excited
states (see Figures 6.16 and 6.31), vibronic transitions associated with the symmetric C-C
ring stretch (vg9), CH, rocking (vy9), and the out-of-plane C-H bending (v;3) modes are
expected to have appreciable intensities in the REPD spectrum. The 9(1) and 10(1) transitions
are both predicted to occur near 08 +1050cm™!, supporting their assignments to the band at
08 +999cm™! (422 nm) in the REPD spectrum. A prominent progression in the vig C-H
out-of-plane bending vibration is predicted with a spacing of 691 cm™'. The calculated

intensity of the 18(1) transition in the simulated spectrum, shown in Figure 6.12a, agrees with
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H* (1-ethynyl-3-methylene-cyclopropa-1,2-diene) 45.7°
X2A"

1.441.41

* 1.23

1.36

HOMO LUMO (side view)
Fig. 6.15 Equilibrium geometries of C¢Hy™ isomer H* in its XA’ and C>A”" electronic states,

calculated at the PBE1PBE/aug-cc-pVTZ level of theory, with bond lengths (A) for spectroscopically
relevant C-C bonds and the HOMO and LUMO of the X>A"” state shown.

H* Vg Vio Vig
(side view)
i2All EZAII XZA" 62A" iZAn 62A"
' 1288 1088 K2 1062 1033 900 691

Fig. 6.16 Spectroscopically relevant vibrational normal modes of C¢Hs* isomer H*, with harmonic
vibrational frequencies (cm™") for the X2A”” and C2A”’ electronic states calculated at the PBE1PBE/aug-
cc-pVTZ level of theory.

the intensity of the band at 08 +827cm™! (425 nm) in the REPD spectrum. Assuming the
425 nm band is correctly assigned to the 18(1) transition, the calculations underestimate the
vibrational frequency for vig in the C2A” state by 16 %, which would imply that there is

appreciable anharmonicity along the C-H bending coordinate.

Region 3. 265-375nm (3.31-4.68 ¢V)

Region 3 (265-375 nm) of the REPD spectrum, shown in Figure 6.17b, exhibits four bands
near 371 nm followed by several bands below 320 nm that are superimposed on a broad hump
that extends for several thousand wavenumbers. The bands below 320 nm were not reported
in previous spectroscopic studies of C¢Hy ", and according to the TD-DFT calculations may
arise from numerous transitions, including those of isomers F*, G*, D*, and K*. Confident
assignment is currently impossible. Therefore, this section focuses on the 371 nm region.
Tentative assignments for these bands are outlined in Table 6.4.
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Fig. 6.17 (a) Simulated spectra for the D*A”” « X?>A” transition of G* (blue trace), the C*B « X’B
transition of D* (red trace), and the D*By«X?A, transition of I* (green trace), generated using
TD-DFT calculations at the wB97X-D/aug-cc-pVTZ level with excited state vibrational frequencies
scaled by 0.957. (b) REPD spectra of C¢H4*-Ar complexes, recorded over the 265-395 nm range by
monitoring C4H,* photofragments.

Table 6.4 Tentative assignments (see text), positions, and relative positions for the REPD spectrum
of C¢Hy*-Ar complexes over the 265-375 nm range.

isomer transition band A/nm ¥/cm™! Av/cm™!
G*  D’A” < X*A” 0) 37075 26972 0
D* C?’B « X’B 08 364.62 27426 0

10 357.33 27985 559
105 350.55 28527 1101

The bands near 371 nm were previously recorded in a 6 K neon matrix and were assigned
to the G* and I' isomers based on calculated electronic transition energies and oscillator
strengths. 2% In that study, vibronic transitions of G* were distinguished from those of I*
by recording spectra using various precursors that yielded different relative abundances of
the two isomers. Because the changes in the UV band intensities were similar to those

observed for the 609 and 585 nm bands, which are known to arise from G* and I", the
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bands at 373, 366, and 359 nm were assigned to vibronic transitions of the two isomers.
Photoconversion experiments performed in the study also provided evidence that I* absorbs
at 373 nm.2>° The intensities of bands at 373 and 585 nm, the latter of which is known
to belong to the trans-3-hexene-1,5-diyne cation (I*), increased following exposure of the
matrix to 390nm light. At the same time, the intensities of bands at 385 and 622 nm,
corresponding to the cis (J*) conformation of the 3-hexene-1,5-diyne cation, decreased. This
cis—trans photoisomerization was shown to be reversible by exposing the matrix to 375 nm
light. Although it is evident that I'* absorbs at 373 nm, one difficulty is that the calculations
conducted in that study predict that the isomer in its D*B ¢ electronic state is distorted along
the central HCCH dihedral angle, although a progression in the v3 twisting vibrational mode

is not prominent in the neon matrix spectrum.

Our TD-DFT calculations agree that the DB, «X?A,, transition of I* should appear
near 371 nm in the REPD spectrum with an intensity 5 times that of the CZBg —X%A,
transition whose origin appears at 581 nm (Region 1). In line with previous calculations

accompanying the Ne matrix study,>°

the optimized geometry for the ]52Bg state at the
wB97X-D/aug-cc-pVDZ level is such that I" lowers its symmetry from Cy, to C, upon
photoexcitation and has a HCCH dihedral angle of 150° as shown in Figure 6.18. Inspection
of the molecular orbitals of isomer I indicates that the ]32Bg — X?A, (HOMO—LUMO)
transition is a 7—n* transition that induces elongation of the central C-C bond (note that
TD-DFT calculations predict a similar situation for the cis conformer, J*). The simulated
spectrum, generated with C, symmetry constraints, is shown in Figure 6.17a with its origin
band set to the calculated adiabatic excitation energy (363 nm), although the transition is
likely to occur at a wavelength longer than 371 nm based on the neon matrix study.?>® An
extended progression in v3, the HCCH torsional mode, is predicted with a maximum at
0 +990cm™" (13;%). Other progressions (55137, 9134, 105137, 113137) overlap and give
rise to a broad hump that extends for several thousand wavenumbers. This may correspond
to the underlying hump in the REPD spectrum upon which the 371, 365, 357, and 351 nm
bands are superimposed. The presence of a broad D*By«X?A, electronic transition of I*
underneath the resolved bands agrees with previous conclusions of the neon matrix study
that I* contributes to their intensities.?>® Interestingly, this broad band is not evident at
shorter wavelengths in the previous neon matrix spectrum, possibly as a result of trans—cis
photoconversion. Transitions of the cis conformer (J*), observed in the neon matrix spectrum,
are not apparent in the REPD spectrum. Ultimately, the peaks at 371, 365, 357, and 351 nm

atop the hump must be assigned to another carrier rather than I* or J*.
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I* (trans—3 hexene-1,5-diyne)

ﬂ1 y O 40 )@‘?9“));‘9;‘445 J‘;‘J

150°
HOMO LUMO (side view)

Fig. 6.18 Equilibrium geometries of isomer I* in the X?A, (left) and Dng (right) electronic states,
calculated at the wB97X-D/aug-cc-pVTZ level of theory, with bond lengths (A) for spectroscopically
relevant C-C bonds and the HOMO and LUMO of the X2A,, state shown.

On the basis of available evidence, the 371 nm system possibly arises from isomer G*.>>¢
TD-DFT calculations predict that the D?A” « X?A” adiabatic electronic transition of G*
occurs at 351 nm (3.53 eV), with an oscillator strength approximately 70% that of the isomer’s
B2A” « X?A” transition in Region 1. The simulated spectrum, represented by the blue trace
in Figure 6.17a, is set to align its origin band with the 371 nm (3.34 ¢V) band in the REPD
spectrum based on the assignment made in the previous matrix isolation study.?% Aside
from the origin transition, the 5(1) transition, involving an a’ C-C stretching vibration, is the
only transition predicted to have appreciable intensity. However, no clear band is apparent in
the REPD spectrum near its predicted wavelength of 337 nm (08 +2736cm™!). The bands
at 365 and 357 nm in the REPD spectrum are also not predicted by spectral simulations for
G*, suggesting that either the calculations poorly characterize this transition or that another
isomer gives rise to bands in this region of the spectrum. Due to the restricted wavelength
range of the HB light source, HB experiments could not be conducted to ascertain whether

the 371, 365, 357, and 351 nm bands arise from the same isomer.

Another isomer possibly associated with one or more of the 371, 365, 357, and 351 nm
bands is the propadienylidene cyclopropene cation (D*), an isomer not considered in previous
spectroscopic studies. The likely formation of D* and its detectability are supported by
its relatively low calculated energy (Fig. 6.8) and the reasonably large oscillator strength
(f=0.135) of the C’B « X’B transition (HOMO—LUMO excitation). The calculated
adiabatic excitation energy of 3.49 €V coincides with bands occurring between 371-355 nm
(3.34-3.50€eV). A short progression in v1g, the lowest frequency C-C stretching vibration, is
predicted to arise due to a 0.04 A shortening of the central C-C bond connecting the ring to
the propargylic chain. The predicted spacings and intensities of the 07, 10(1) (08 +577cm™h),
and 10(2) (08+ 1164 cm_l) transitions, shown in red in Figure 6.17d, match the bands observed
in the REPD spectrum at 365 nm, 357 nm (0) + 599 cm™") and 351 nm (0 + 1101 cm™"). The
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3(1) transition, involving the symmetric C=C stretch of the propargylic chain, is predicted to
occur at 339 nm (08 +2185 cm™!) although no clear band is apparent in the REPD spectrum.

6.5 Conclusions

In summary, REPD spectra of Ar- and Nj-tagged C¢Hy™* cations, generated through ion-
molecule reactions of acetylene, have been recorded over the 265-700 nm range by monitoring
CgH4" and C4H,™ photofragments. Quantum chemical calculations for isomer energies
and interconversion barriers were conducted to predict which isomers were likely to be
generated in the ion source. The C4H,* + CoH; reaction can form several isomers through
low interconversion barriers on the C¢Hy " potential energy surface. At higher energies, other
pathways to C¢Hy™ are accessible, including the association reaction between protonated
diacetylene (C4H3™) and CoH, to generate C¢Hs™ adducts that have sufficient internal energy
to cleave a C-H bond. Additional possible sources of C¢Hs* include the formation and
fragmentation of energized C¢Hg* cations. The calculated ground state dissociation thresholds
for C¢Hy™ isomers agree with the detection of C4H,* + C,H; + Ar photofragments following
photoexcitation of C¢Hy"-Ar complexes at wavelengths below 426 nm (2.91 eV).

Electronic transitions were assigned based on previous spectroscopic studies, 206:23>-2%6

hole burning experiments, ground state DFT calculations, and excited state TD-DFT cal-
culations for the twelve lowest energy isomers. The spectra were considered over three
distinct ranges, Region 1 (526-700 nm), Region 2 (375-460 nm), and Region 3 (265-375 nm).
In Region 1, the REPD spectra are similar to previously recorded spectra of C¢Hs™ ions
embedded in Ar and Ne matrices.?%%25526 The B?A”«X?A” electronic transition of the
1-hexene-3,5-diyne cation (G*), commencing at 604 nm, is matched by spectral simula-
tions generated from TD-DFT calculations. A weak band appearing 92cm™! above the
B2A”«X?A” origin transition, not apparent in previous spectra, has been assigned to the
17(1) transition based on the spectral simulations. Hole burning experiments confirmed that
the C?Bg«—X?A, electronic transition of the trans-3-hexene-1,5-diyne cation (I*) contributes
intensity to the weak 581 nm band.

The B?A”«X?A” electronic transition of the propargyl cyclopropene cation (C*) gives
rise to sharp bands at 416, 407, and 400 nm in Region 2 of the C¢H4*-Ar spectrum. The
bands are reproduced by spectral simulations, which support the tentative assignments made
for these bands in the previous neon matrix study.?>® The REPD spectrum in this region
also exhibits three broad bands at 440, 425, and 422 nm, one of which may correspond to a
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band at 423 nm in the Ne matrix that could not be assigned.?’® Hole burning experiments
confirmed that the three bands arise from a single isomer. The bands were assigned to the
C2A”«X?A” electronic transition of the 1-ethynyl-3-methylene-cyclopropa-1,2-diene cation
(H*) based on the calculated energies and agreement with spectral simulations.

Region 3 of the REPD spectrum exhibits several bands appearing atop a broad hump.
The first three bands at 371, 365, and 357 nm were previously observed in the neon matrix

spectrum and assigned to transitions of the G* and I* isomers. >

In light of the ground
state and TD-DFT calculations conducted in this work, a third isomer, the propadienylidene
cyclopropene cation (D*), may also contribute to these bands. Our calculations support
the previous assignment of the 371 nm band (373 nm in the neon matrix spectrum) to the
D?A” «—X?A” origin transition of G*.2%% The 365 and 357 nm bands are tentatively reassigned
to the C>B«—X?B electronic transition of D* and the underlying band is postulated to be
due to the l~)ng<—)~(2Au electronic transition of I*, which calculations predict undergoes a
reduction in symmetry from lower to upper state. Although these tentative assignments in

Region 3 differ from those made in the previous work, >

they support the conclusion that the
G* and I'" isomers contribute to the 371, 365, and 357 nm bands. Ultimately, better spectra

and hole burning experiments are necessary to assign the transitions in Region 3.

The recorded gas-phase spectra of C¢Hy* cations may be compared with astronomical
spectra to facilitate their detection in remote environments. It is hoped that the measured
spectra and calculated transition energies and oscillator strengths guide future sophisticated
investigations, in particular with regard to transitions in Region 3 that are difficult to interpret
using the available resources. Ion mobility mass spectrometry coupled with laser spectroscopy,
for instance, would enable direct observation of different C¢H4* isomers that can then be
separated and individually probed to record isomer-selected electronic spectra.
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6.6 Supporting information (SI)

This section includes additional computational data related to the interpretation of measured
REPD spectra. It is organized as follows: supporting information for ground state calculations
(Section 6.6.1), electronic transition properties (6.6.2), and harmonic vibrational frequencies
and bond lengths for relevant isomers in the ground and excited electronic states (6.6.3).

6.6.1 Additional information on ground state calculations
Optimized ground state geometries of the twelve lowest energy C¢H4" isomers

A previous computational investigation compared the relative energies of several C¢Hy™
isomers predicted at different levels of theory. Figure6.19 compares the equilibrium
geometries calculated in this study at the wB97X-D/aug-cc-pVTZ level with geometries
calculated at higher levels of theory, including the CCSD(T)/cc-pVTZ level which was judged
to be reliable. ! For isomer F*, the geometry is compared to the geometry calculated at the

CASPT2(9,10)/cc-pVDZ level. 2!
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Calculated stationary points on the ground state C¢H,* potential energy surface

To predict the stability of low-energy C¢Hy" isomers and their dissociation energies and
mechanisms, stationary points on the ground state C¢Hs* potential energy surface were
calculated at the CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ level of theory. Several low
energy isomerization and dissociation pathways are shown in Figure 6.20. Geometries and

energies associated with stationary points are provided in Figures 6.21 and 6.22.
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Fig. 6.20 Energies and geometries associated with stationary points on the ground state CcHy™
potential energy surface, calculated at the CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ level of theory.
Energies (saddle points in italics and minima in bolded font) are relative to the CsHs* global minimum,
isomer A+. Stationary point [67] (boxed) is the entry point for Pathway 1. Isomers encircled by dotted
red lines are calculated to be favorable through Pathway 2. See complementary Figures 6.21 and 6.22.
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Fig. 6.21 Calculated structures and energies (eV), relative to the global minimum A*, of minima on
the C¢Hy* potential energy surface. Structures were calculated at the wB97X-D/aug-cc-pVTZ level
and energies were derived from CCSD(T)/cc-pVTZ single point energies and wB97X-D/aug-cc-pVTZ
vibrational zero point energies.



6.6 Supporting information (SI) 165
[A*/B*]F [B*/C*TH [B*/F*TF [B*/14]* [C*/20F [C*/49F [C*/51}
f @
:0: " ]

: E i o! ° ° ’ i

0.24 3.09 2.39 2.36 3.27 2.35 2.41
[C*/52] [D*/26]F [D+/28]F [D*/30]* [D*/52]* [E*/26] [E*/65FF o

o o

Y ° Y o °

3.21 2.91 1.85 2.38 3.06 2.50 3.30
[F*/18} [F*/39F [F*/54] G117 [G*/20F* [G*/26])* [G*/34F

® 'Q\‘ }‘,J’"A ° U _°
o

2.23 2.27 2.78 2.39 2.40 3.60 3.53

[G*/36]* [G*/45]F [G*/65]F [H*/20)* (AN [I*/513 [J/23)*
o
9o ;-q."

3.12 3.23 3.34 1.54 1.99 3.13 1.60°

[J*/51] [K*/15]F [K*/30]F [K* /47T [K*/55]F [L*/20]F [L*/26]F
° ° R °
)04-,_, < t"" 'h/’o

3.07 0.83 3.60 2.63 3.27 2.23 2.83

[L*/35]F [13/52] [13/53]* [14/39F [15/30]F [15/34]* [16/47]F
)
) o
3.18 2.52 243 ° 3.48 4.33 214 4.01
[17/56]F [18/36] [18/63] [20/42] [20/54]F [26/51]* [26/63]
o,
)
.

3.40 2.34 3.36 3.33 2.70 3.85 3.38
[32/56]* [34/47] [39/55]* [47/48] [49/51]F [50/51]F [52/53]*
ﬁ, A Q, M v A{f M

4.18 2.36 3.28 2.38 2.53 2.70 3.65
[55/59]* [59/60]*

3.60 3.32

Fig. 6.22 Calculated structures and energies (eV), relative to the global minimum A™*, of saddle points
on the C¢Hy ™" potential energy surface. Structures were calculated at the wB97X-D/aug-cc-pVTZ level
and energies were derived from CCSD(T)/cc-pVTZ single point energies and wB97X-D/aug-cc-pVTZ
vibrational zero point energies.
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Additional calculations related to Pathway 3

The C4H4" intermediate, formed from the association of CoH,*™ with C,Hs,, can transfer
excess energy to Ar atoms leading to collisional stabilization. Subsequent reaction with
C,H; results in formation of excited C¢Hg** ions, which are predicted by calculations to have
three-membered rings or be acyclic. One possible mechanism to form isomer D* + H;, from a

high-energy C¢Hg* adduct is shown in Figure 6.23.

energy (eV)
—
W u.;‘\

- CoHe'(c) ‘ﬁw

reaction coordinate

Fig. 6.23 Possible acetylene ion-molecule reaction pathway, involving a high energy C¢Hg* isomer
CeHg"(c), to C¢Hy* isomer D* + Hy, calculated at the CCSD(T)/cc-pVTZ//wB97X-D/aug-cc-pVTZ
level of theory.

Other dissociation channels

Regardless of the C¢Hy* structure, the lowest energy CoH,* + H, formation pathway is
predicted to proceed through a common intermediate, the methyl chain isomer, H;C¢H*
(isomer [17] in 6.21), that is accessible from G* through 1,2-hydrogen transfer. The
dissociation barrier, represented by [17/56]" in Figure 6.20, lies 3.40 eV above the global
minimum, indicating that the C¢H,™ + Hy channel is less favorable than the C4H,™ + CoHjp
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channel lying at 3.29 eV. Although no bands were observed in REPD spectra recorded by
monitoring C¢H,* photofragments over the 410-350 nm range, it is likely that the C¢H, ™ + Hp
channel becomes more favorable at higher energy.

Several low energy CqH3* + H formation pathways are predicted, owing to the stability
of several cyclic and linear C¢Hs* isomers that lie within ~0.17 eV of one another. 433 The
lowest energy mechanism is barrierless, requiring 3.18 eV, and involves the formation of the
cyclic C¢H3* global minimum ([64] in Fig. 6.8) through H loss from m-benzyne isomers
A* and B*. Another barrierless pathway, lying slightly higher in energy (3.21 eV), involves
H loss from isomer G* to form the linear protonated triacetylene cation (Ho,C¢H™; [65] in
Fig. 6.8). Based on the calculated energies, it is possible that C¢Hs* + H + Ar photofragments
are formed following photoexcitation of C¢Hy-Ar complexes over the 373-440 nm range. At
higher energies, the C4H," + CoH, + Ar channel is dominant and C¢H3™ + H + Ar formation
is less likely.

Geometries and binding energies of C¢H4*-Ar and C¢H4*-N, complexes

Calculations of CgH4*-Ar and CgH4*-N; complexes were conducted at the wB97X-D/aug-
cc-pVTZ level to understand the interaction between the Ar or N; tag with the CgHy*
chromophore. The geometries and binding energies, accounting for basis set superposition
errors (BSSE), for several complexes are provided in Figures 6.24-6.27. The wB97X-D/aug-
cc-pVTZ level of theory includes dispersion corrections and has been previously used to

characterize non-covalent interactions involving small carbocations. *+436
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Fig. 6.24 Structures and binding energies (cm™!) of Ar-tagged complexes of isomers A*-G*, calculated
at the wB97X-D/aug-cc-pVTZ level of theory. Binding energies include vibrational zero point energies
and corrections that account for basis set superposition errors (BSSE).
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Fig. 6.25 Structures and binding energies (cm™') of Ar-tagged complexes of isomers H*-L* calculated
at the wB97X-D/aug-cc-pVTZ level of theory. Binding energies include vibrational zero point energies
and corrections that account for basis set superposition errors (BSSE).
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Fig. 6.26 Structures and binding energies (cm™!) of N,-tagged complexes of isomers A*-E* calculated
at the wB97X-D/aug-cc-pVTZ level of theory. Binding energies include vibrational zero point energies
and corrections that account for basis set superposition errors (BSSE).
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Fig. 6.27 Structures and binding energies (cm~') of N,-tagged complexes of isomers F*-J* calculated
at the wB97X-D/aug-cc-pVTZ level of theory. Binding energies include vibrational zero point energies

and corrections that account for basis set superposition errors (BSSE).

6.6.2 Electronic transitions and excited state calculations

Energies and oscillator strengths associated with electronic transitions of C¢Hs* isomers,

calculated using TD-DFT at the wB97X-D/aug-cc-pVTZ level, are consistent with those

previously calculated at different levels of theory.!'>12°® Electronic states of each CgHy*

isomer are described using the X2, AZI", BT, ... notation in order of increasing energy, with

XT corresponding to the ground electronic state with I" symmetry. To facilitate comparison
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of TD-DFT predictions with those obtained using other approaches, Table 6.5 includes
transition energies, oscillator strengths, and molecular orbitals predicted to be involved in
electronic transitions. In the table, orbital 20, the highest occupied molecular orbital (HOMO),
is singly occupied for all C¢Hy ™" radical cations.
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Table 6.5 Vertical (Eyer) and adiabatic (E,q;,) excitation energies (€V), oscillator strengths (f), and
spin expectation values (< s? >), calculated at the wB97X-D/aug-cc-pVTZ level, corresponding to
electronic transitions (f > 0.001) of the twelve lowest energy C¢Hy " isomers. For all isomers, orbital
20 is the highest occupied molecular orbital (HOMO).

isomer transition dominant contribution Evert f <8 > E.dia expt.
A* B2B; — X2A, 198—208 230  0.010 074 1.87
(2B, « X2A, 200—21a 460 0002  0.76
B* DB, « X2A, 20a—2la 367 0034 076
G?B; « XA, 198—22 475 0002  1.04
2B, « X324, 20a—22a 512  0.003 085
Cct B2A” — X2A” 188—208 343 0085 074 3.14  2.98,2.97¢
C2A” — X2A” 20a—21a 444 0004  1.07
EZA” — X2A” 200—22a 502 0286 097
D* B2B — X’B 188—208 342 0.003 078
C?B — X’B 20a—2la, 19a—21a 3.99  0.135 1.20 3.49 3.40
D?A — X?B 200—22a 433 0.005 1.15
B — X’B 20a—23a, 198—228 5.03  0.003 1.48
E* B2B, — X?B; 20a—21a 163 0010 0.78
D?B, « X?B; 188—208, 196—218 289 0.011 1.31 2.82
E?B, « X?B; 20a—2a 351 0.040  0.96
G?B, « X?B; 178—208 402 0.028 1.42 3.65
I’B, « X?B; 19a—22a 491 0066 182
F* AZB « X2A 198—208 1.07  0.001 0.79
B2A < X2A 188—208 125 0006  0.77
C?B — X2A 20a—21a, 1882183 207  0.001 1.99
B « X2A 178—-208, 20a—21a, 18a—2la  3.88  0.004 1.18
G2A « X2A 198218 424 0.001 1.08
2B « X2A 20a—22a 434 0012 138
2B «— X2A 168—208 456  0.003 091
G+ B2A” — X2A” 188—208 252 0.108  0.76 237  2.05,2.04¢
D?A” « X2A” 20a—2la, 168—208, 19a—22a 382  0.076 130 3.53  3.34,3.33¢
G2A” « X2A” 168—208, 20a—2l a 427 0105 118 4.14
H* B2A” — X2A” 188—208, 20a—2la 3.32  0.009 1.76
CZA” (C)) « X2A” 20a—21a, 188—208 409 0104  1.10  3.49% 2.81
G?A” « X2A” 18a—2la, 188—218,20a—21a 504 0014  1.69
PA” — X2A” 18a—2la, 200—22a, 188213 576  0.125  0.88
It (2B, « X%A, 188—208, 20a—2la 253 0092 076 239  2.14,2.12¢
DB, (Cy) « X?A, 20a0—-2la 390 0.503 085 3.42 3.32¢
J* C2A, « X?B, 178—208 239  0.045 077 221 1.99¢
D?A (C,) « X2B 20a—21a 3.83 0286  0.84 3.63 3.22¢
E?B, « X?B; 168—208 3.88  0.032 1.29
K+ AZA < X2A7 200—2la, 18a—21a, 188—208 1.10  0.005  0.77
E2A” < X2A” 188218, 188—208 408 0083 123
G2A” « X2A” 18a—2la 483  0.133 1.19 451
L* C2A” « X2A” 178—208 251 0012 074
B2A” < X2A” 20a—21a 3.62 0473 1.01 3.50
FPA” « X2A” 168—208, 1Ta—21a 406  0.085 1.40

*Calculated at the PBE1PBE/aug-cc-pVTZ level
“4Energy of origin transition in Ne matrix from ref. 256
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6.6.3 Calculated geometries and harmonic vibrational frequencies for
isomers C*,D*, G", H", and I in the ground and excited electronic
states

Simulated spectra based on calculated Franck-Condon factors aid in assignment of bands in
the REPD spectra. The simulations rely on calculated equilibrium structures and harmonic
vibrational frequencies in the ground and excited electronic states. These have been calculated
at the wB97X-D/aug-cc-pVTZ level for several C¢Hs™ isomers, with results provided in
the figures and tables below. Vibrational modes are numbered according to the Mulliken
convention.
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1.40 1.36
1.08 1.08
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122 1.23
1.07 1.07
150°  149°
151° 151°
121° 121°
1200 117°
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v

Fig. 6.28 Bond lengths (A) and angles for the equilibrium geometries of C¢Hy* isomer C* in its
X2A” and B2A”’ electronic states, predicted at the wB97X-D/aug-cc-pVTZ level. Displacement
vectors are displayed for the vy1, v12, v13, and v;s vibrational modes that are associated with active
vibronic transitions in the BZA” «<X?A” band system.
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D* X?B C2B
a 134 1.32
b 1.08 1.08
c 1.38 1.42
d 136 1.32
e 128 1.31
f 1.35 1.36
A 150° 151°
B 149° 147°
C 151° 152°
D 180° 180°
E 180° 180°
F 120° 118°

Q V3 A/O V1o

Fig. 6.29 Bond lengths (A) and angles for the equilibrium geometries of C¢Hy* isomer D*in its X*B
and C?B electronic states, predicted at the wB97X-D/aug-cc-pVTZ level. Displacement vectors are
displayed for the v3 and v vibrational modes that are associated with active vibronic transitions in
the C>B«X?B band system.
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Gt )"izA.. EZA" BZA"

a1.08 1.08 1.08
b 108 1.08 1.08
c 137 137 1.4
d1.08 1.09 1.09
e 1.37 143 1.34
f123 121 1.28
9133 137 1.32
h121 122 1.24
i 1.07 107 1.07
A 118°  119°  119° Vis
B 120° 120° 120°
C 121° 123° 121°
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F 180° 180° 180°
G 180° 180° 180°
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Fig. 6.30 Bond lengths (A) and angles for the equilibrium geometries of C¢H,* isomer G* in its X2A"”,
B2A”, and D?A” electronic states, predicted at the wB97X-D/aug-cc-pVTZ level. Displacement
vectors are displayed for the vs, v, V12, V14, V15, V16, and vi7 vibrational modes that are associated
with active vibronic transitions in the REPD spectrum recorded in this work.
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H"' iZAu EZAII

a 1.08 1.08 A 120° 119°
b 1.08 1.08 B 151° 152°
c 1.40 1.36 C 150° 148°
d 1.37 1.44 D 150° 150°
e 1.08 1.08(172° out-of-plane) E 148° 150°
f 1.36 1.41
9 1.40 1.40
h 1.37 1.37
i 120 1.23
j 107 107

(view from top)
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Fig. 6.31 Bond lengths (A) and angles for the equilibrium geometries of CgHy* isomer H* in its X>A”’
(Cy) and C?A” (C;) electronic states, predicted at the PBE1PBE/aug-cc-pVTZ level. Displacement
vectors are shown for the v, vi1, V12, V14, V17, and vy vibrational modes that are associated with
active vibronic transitions in the C2A”’«X?A”" band system.

" X?A, C?B, D?B,
a 1.07 1.07 1.07
b 121 122 1.22
c 137 143 1.40
d1.08 1.08 1.08
e 139 135 1.45
A 180° 180° 179°
B 179° 179° 178°
C 119° 1170 121°
D 120° 122° 121°
B1.0.34 180° 180° 135°
V,
V 6
4 ? 3>

P R— <+= /
Fig. 6.32 Bond lengths (A) and angles for the equilibrium geometries of C¢Hs* isomer I* in its X2A,
(Can), CZBg (Cap), and DB (C,) electronic states, predicted at the wB97X-D/aug-cc-pVTZ level.

Displacement vectors are shown for the v4 and v¢ vibrational modes that are associated with active
vibronic transitions in the Cng<—X2Au band system.
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Table 6.6 Harmonic vibrational frequencies (cm™!) for C¢H, " isomers A*, B*, and C* in the ground
and excited electronic states, calculated at the wB97X-D/aug-cc-pVTZ level of theory.

At B* Cc*

Mode  X2A, B?B, X2A, X2A" B2A”
vi 3269 (a;)) 3267 (a;) 3241 (a;)) 3423 (a’) 3421 (a’)
Vo 3251(a)) 3209 (a;) 3220(a;) 3305(2) 3307 (@)
vs 3241 (a;) 3201(a;) 3206(a;) 3270 (@) 3271 (a))
va  1822(a;)) 1767 (a;) 1784 (a;) 3208 (2) 3224 ()
ys  1422(a;)) 1373 (a;)) 1413 (a;)) 2089 (a’) 2252 (a’)
ve  1143(a;) 1088 (a;) 1096 (a;) 1780 (a’) 1741 (@)
v 1048 (a;) 1037 (a;) 1059 (a;) 1473 @) 1510 (a’)
vs  970(a;) 832(a;) 826(a;) 1395() 1341 (a)
vo  819(a;)) 676(a;)) 537 (a;) 1262 (a) 1207 (@)
vio 850 (ay) 802 (ay) 825(ay) 1131(a’) 1062 (a’)
vii 508 (az) 603 (az) 460 (ay) 1040 (a’) 1022 (a’)
via 1010 (b;) 1541 (b)) 990 (b)) 987 (a’) 935 (a))
vis  878(b;) 963 (b;) 766 (b)) 857(a’) 841 ()
via  800(b;) 878(by) 617(by)  719(a)) 754 (a)
vis  492(by) 442 (b;) 542(b)) 554 (a’) 531 (a)
vie  261(b;) 224(b;) 374(b;) 346(a’) 337 (@)
viz  3264(by) 3264 (b)) 3236(by) 130(a)) 127 (@)
vis  1454(by) 2048 (b)) 1554 (by) 1001 (a”) 961 (a”)
vig  1373(by) 1440 (b)) 1309 (by) 861 (a”) 789 (a”)
vao 1269 (b)) 1311(by) 1291 (by) 770 (a”) 649 (2”)
var 1092 (b))  1157(by) 1118 (by) 700 (a”) 509 (a”)
vas 1041 (by) 1103 (by) 1059 (by) 435(a”) 421 (@)
Va3 849 (by) 920 (by) 927 (by) 398 (a”) 409 (a”)
vas  564(by) 594 (b))  526(by) 128 (a”) 158 (a”)
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Table 6.7 Harmonic vibrational frequencies (cm™!) for C¢H4* isomers D*, E*, and F* in the ground

and excited electronic states, calculated at the wB97X-D/aug-cc-pVTZ level of theory.

D* E* F*
Mode  X’B C’B X2B; D?B, X2A
vi 3302(a) 3303(a) 3133(a) 3104(a) 3235 (a)
v 3158 (a) 3126(a) 1766(a) 2272 (a) 3206 (a)
vs 2167 (a) 2185(a) 1604 (a) 1533 (a) 1782 (a)
va 1769 (a) 1732(a) 1402(a) 1384 (a) 1517 (a)
vs 1486 (a) 1519(a) 645(a)  632(a) 1303 (a)
ve 1433 (a) 1594 (a) 600(a)  655(a) 1181 (a)
v 1208 (a) 1123 (a) 3232(b;) 3102(b;) 1082 (a)
vs  991(a) 934 (a) 2044 (b)) 1992 (b)) 1025 (a)
vo  957(a) 951 (a) 1450 (b;) 1422 (b;) 981 (a)
vio  621(a) 603 (a) 1180 (b;y) 1109 (b)) 896 (a)
vii 161 (a) 1365(a) 3230 (by) 3192 (by) 621 (a)
via 3266 (b) 3262(b) 992 (by) 954 (by) 529 (a)
vis  3263(b) 3217(b) 969 (by) 925 (by) 415 (a)
via  1228(b) 1088 (b) 556 (by) 480 (by) 3223 (b)
vis  1028(b) 998 (b) 362 (by) 348 (by) 3203 (b)
vie 1022(b) 968 (b) 247 (b)) 219 (by) 1416 (b)
viz 889(b) 860(b) 101 (by)  96(by) 1273 (b)
vis  841(b)  750(b) 3230 (b3) 3192 (b3) 1228 (b)
vig  517(b) 443 (b) 991 (b;) 954 (b3) 1050 (b)
vao  507(b)  426(b) 968 (b3) 926 (b3) 921 (b)
va1  413(b)  373(b) 518 (b3) 456(b3) 761 (b)
vy 332(b)  59(b) 437 (b3) 451 (by) 741 (b)
vas  127(b) 160(b) 261 (b3) 231 (b3) 347 (b)
vas  124()  67(b)  102(b3)  95(bs) 212 (b)
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Table 6.8 Harmonic vibrational frequencies for C¢H4* isomer G* in the ground and excited electronic
states, calculated at the wB97X-D/aug-cc-pVTZ and (EOM)CCSD/cc-pVDZ (italicized) levels.

Mode X2A"” B2A” D2A”
vi 3412,3418 (a') 3412,3414 (a’) 3405 (a’)
v, 3278,3302 () 3282, 3307 (a’) 3279 (a')
v 3189,3220(a’) 3181,(3211a’) 3160 (a’)
va  3168,3183(a’) 3178,3188 (') 3167 (a’)
vs  2303,2327(a’) 2347,2388(a’) 2736 (a’)
ve  2073,2054 (a") 2196,2173 (a’) 1902 (a’)
v 1564, 1554 (a’) 1640, 1656 () 1491 (a’)
vs 1460, 1441 (a’) 1453,1450 (a') 1426 (a’)
vo  1297,1289 (a") 1313,1303 (a’) 1144 (a’)
vio  1274,1262 (') 1134, 1150 (a’) 1260 (2')
vir 1055, 1046 (a') 1012, 1024 (a’) 1013 (2")
iz 720,710 () 684,708 (a') 707 (a’)
Vi3 700,693 (') 708,679 (a') 545 (a’)
Via 550,521 (') 540,531 (a’) 487 (a’)
Vis 481,466 () 474,479 (a') 424 (a))
Vie 238,231 (a') 244,243 () 216 (@)
Vi7 108, 108 (a’) 102,106 (a') 92 (@)
vis  1071,1039 (a”) 1029, 998 (a”) 956 (a”)
vig 929,922 (a”)  848,845(”) 772 (a”)
vao 785,759 (a”) 680,696 (a”) 677 (a”)
Va1 632,613 (@)  512,515(a”) 444 (a”)
vy 493,489 (a”) 454,501 (a”) 354 (a”)
vas 311,314 (a”) 310,310 (") 224 (a”)
vas 138,137 (a”)  133,133(a”) 114 (a”)
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Table 6.9 Harmonic vibrational frequencies (cm™") for C¢H4* isomer H* in the ground and excited
electronic states, calculated at the wB97X-D/aug-cc-pVTZ and PBE1PBE/aug-cc-pVTZ levels of
theory.

wB97X-D PBEIPBE
Mode  X2A”  X2A”(Cy) C2A” (Cy)
vi  3431(a") 3429 (a) 3397 (a)
v, 3298(a’) 3291 (a) 3278 (a)
vi  3280(a’) 3268 (a) 3247 (a)
va  3178(a’) 3172(a) 3166 (a)
vs  2238(a’) 2222(a))  1975(a)
ve  1794(a’) 1801 (a)) 1710 (a)
v 1517(") 1516 (a)) 2480 (a)
v 1465(a’) 1455(@’) 1457 (a)
ve  1296(a’) 1288 (a’) 1088 (a)
vio 1071 (@) 1062 () 1033 (a)
vii 1038 (a) 1034 (a) 955(a)
vio  888(a)) 889 (a) 805 (a)
vis T34 @) 719 (@) 615 (a)
vie  T13@)  715() 666 (a)
vis  554@)  552(a) 543 (a)
Vie 327 (a%) 327 (a’) 327 (a)
vi7  138(@) 139 (a) 128 (a)
vis 907 @”7) 900 (a”) 691 (a)
vie 853 (a”) 846 (a”) 937 (a)
o 832" 818 (a”) 719 (a)
var 607 @7) 602 (a”) 439 (a)
v, 375@7) 374 (a”) 339 (a)
vas 277 (@7 278 (a”) 365 (a)
vas 1807 182 (a”) 150 (a)
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Table 6.10 Harmonic vibrational frequencies (cm™!) for C¢Hy* isomer I* in the ground and excited
electronic states, calculated at the wB97X-D/aug-cc-pVTZ and (EOM)CCSD/cc-pVDZ (italicized)

levels.

Mode  X2Ay (Can) C?Bg (Cap) DB, (Cy)
vi 3415,3417 (ag) 3215,3417 (ag) 3407, 3414 (a)
va  3187,3209 (a,) 3197, 3227 (ag) 3180, 3207 (a)
vs  2167,2150 (ag) 2148,2160 (ag) 1791, 1869 (a)
va 1566, 1571 (a,) 1581, 1616 (ag) 2395, 2661 (a)
vs  1281,1282 (a,) 1316, 1316 (ag) 1272, 1270 (a)
ve  1081,1075(ag) 1011, 1012 (ag) 1013, 1014 (a)
V7 713,671 (ag) 732,703 (ag) 699, 664 (a)
Vg 535,518 (ag) 518,513 (ag) 544,531 (a)
Vo 231,218 (ag) 237,234 (ag) 207,206 (a)
vio 899,898 (ay) 953,972 (ay) 720, 704 (a)
Vil 789, 744 (a,) 693,671 (a) 738,720 (a)
vie 441,432 (a,) 514,514 (a) 440, 420 (a)
Vi3 99, 99 (ay) 112, 116 (ay) 99, 95 (a)
via  939,922(bg) 878,841 (by) 721,673 (b)
vis 788,746 (by) 686,665 (by) 739,717 (b)
vie 319,318 (bgy)  353,358(by) 348,331 (b)
vi7  3412,3415(b,) 3412,3418 (by) 3405, 3410 (b)
vis 31923214 (b,) 3200, 3229 (b,) 3184, 3206 (b)
vie  2112,2077 (by) 2282, 2304 (by) 2095, 2135 (b)
vao  1315,1302 (by) 1289, 1275 (by) 1246, 1243 (b)
var  1121,1114 (by) 899,945 (by,) 573,822 (b)
v, 713,673 (b)) 732,704 (by) 696, 644 (b)
Va3 513479 (by) 506,491 (by) 490, 477 (b)
vas 124,120 (by) 125, 125 (by) 141, 135 (b)
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Table 6.11 Harmonic vibrational frequencies (cm™!) for C¢Hy* isomers J*, K*, and L* in the ground
and excited electronic states, calculated at the wB97X-D/aug-cc-pVTZ level.

J+ K* L*

Mode XZ2B; (Cay) C2A; (Cay) D2A(Cy)  X2AY X2A” E2A”
" 3416 (a;))  3412(a;) 3427 (a) 3425(2)) 3416(a’) 3409 (a’)
v 3199 (a;))  3226(a;)  3155(a) 3275(2)) 3250(a’) 3251 (a)
V3 2170 (a;) 2166 (a;)  2125(a) 3262(a’) 3163 (a’) 3193 (a)
Vs 1528 (a;) 1607 (a;) 1360 (a) 3242 (a’) 3146(a’) 3145 (a)
Vs 1239 (a;) 1214 (a;)) 1144 (a) 2204 (a’) 2243 (a’) 2564 (a')
Ve 943 (a;) 899 (a;) 856 (a) 1547 (') 2128(a’) 2169 (a’)
V7 712 (ay) 727 ()  751(a) 1503 (a’) 1534 (a’) 1466 (a)
Vg 449 (a;) 436 (a;)  420(a) 1297 (2) 1449 (@) 1426 (@)
v 109 (a;) 106 (a;) 100 (@) 1256 (a’) 1305(a’) 1233 (a)
Y10 996 (a;) 1007 () 777 (a) 1153 (a)) 1105(a’) 1041 (a’)
Vil 792 (ay) 696 (ap) 704 (a) 1082 (a’) 1036(a’) 1028 (a)
iz 467 (a2) 595 (ay) 374 (a) 1008 (a') 886 (a’) 844 (a)
Vi3 173 (a2) 239 (ay) 185(@ 877(a) 710(@)  735(@)
Via 802 (by) 774 (b))  749(b) 740 (a’) 562 (a)) 537 (2)
Vis 783 (by) 687 (b;)  712(b)  605(a’) 362(a’) 365 (a)
Vie 322 (by) 363 (b))  326(b) 506(a’) 252(a’) 242 (a)

vi7 3413 (by) 3414 (b)) 3425(b) 168 () 96 (2) 88 (a’)
vis  3187(by)  3212(by) 3154(b) 993 (a”) 1010 (a”) 942 (a”)
vie 2113 (by)  2273(by) 2098 (b) 863 (a”) 869 (a”’) 584 (a”)
Voo 1452(by)  1376(by) 1366(b) 823 (a”) 780(a”) 698 (a”)
var 1094 (by) 960 (by) 914 (b)  786(a”) 504 (a”) 388 (a”)
v 735 (by) 694 (by)  753(b) 535(a”) 342(a”) 301 (a”)
V3 709 (by) 725(,)  676(b) 301 (a”) 200(a”) 190 (a”)
Vos 237 (by) 233 (b))  232(b) 145(a”) 119(a”) 1429* (a”)







Chapter 7

Summary and outlook

Electronic spectra of C4Hy*, C4Hy4™, C4Hs*, and C¢H4™ cations have been measured in
a custom-built tandem mass spectrometer by photodissociating their messenger-tagged
complexes (with Ar, Ne, or N,) and monitoring photofragment production as a function
of wavelength. The spectra were interpreted in the light of calculated transition energies
and oscillator strengths, spectral simulations, hole burning experiments, and previous
spectroscopic measurements. The spectral data may be useful for detecting C4H,*, C4Hy™,
C4Hs*, and C¢H* cations in remote environments where reactive hydrocarbons exist,
including Titan’s upper atmosphere and photospheres of asymptotic giant branch stars where
the large abundance of C,H, and high flux of far-ultraviolet photons (91 < A <240 nm) are

likely to drive ion-molecule reactions.

The spectroscopic experiments were accompanied by quantum chemical calculations of
the ground state C4H4*, C4Hs™, and C¢H,* potential energy surfaces. Systematic explorations
of these surfaces revealed several low-energy minima and saddle points, indicating that
multiple isomers can be stabilized and exist in low pressure and temperature environments —
consistent with the spectroscopic detection of multiple C4H4* and C¢Hy* isomers generated
in the ionized supersonic expansion of = 0.7 % C,H; in Ar or N;. The calculated ground state
dissociation pathways help rationalize the detection of photofragments: C4H,*™ and C4H3*
from C4H4*, CoH3* and C4H3* from C4Hs™, and C4H,* from C¢H4". These calculations are
valuable for at least two reasons, i) they provide an estimate of thermodynamical thresholds for
dissociation, and ii) they provide information on the reverse reactions, helping to identify ways
in which the cations may be synthesized in different environments. The calculated stationary

points can be incorporated into chemical models and used for master equation simulations,
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such as those carried out in this work to clarify the dissociation of the 1-but-yn-3-yl cation
(H3CCHCCHY) following exposure to 268 nm light.

The studies presented in this work advance our understanding of the electronic structure,
formation, and destruction of C4H,*, C4Hs*, C4Hs™, and C¢Hy* cations, and it is hoped
that future experiments resolve the mysteries that remain. For example, Renner-Teller and
Herzberg-Teller interactions involved in higher energy transitions of the diacetylene cation
(HC4H") may be teased apart through higher resolution electronic spectroscopy, or two-
color photoelectron spectroscopy, accompanied by sophisticated computational approaches.
Furthermore, in the future electronic transitions of individual C4H4* and C¢Hy™ isomers may
be measured using strategies such as ion-mobility mass spectrometry coupled with laser
spectroscopy. Additionally, the isomer responsible for various transitions may be determined
using precursors that yield different isomeric abundances.
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ABSTRACT: Electronic spectra of mass-selected HC,H"—
Ar, (n = 1-3) and HC,H*-(N,), (n = 1-2) complexes are
measured over the 290—530 nm range using resonance-
enhanced photodissociation spectroscopy in a tandem mass
spectrometer. Vibronic transitions in the visible region are
compared with previous experimental and theoretical results

bent? 22Hu

for the A’TI, « le_lg band system of HC,H". Hole burning
experiments confirm that transitions over the 290—340 nm
range involve the diacetylene cation (HC,H"). On the basis of
previous experiments and comparison with spectra of
isoelectronic molecules the peaks are assigned to the 27TI,
« ing band system, with the origin transition for HC,H*—
Ar occurring at 29723 cm™'. The main progression has a
spacing of 906 cm™" and is assigned to the symmetric C—C stretch vibrational mode (v;). The assignment of additional bands is
complicated by spectral congestion, the possible presence of energetically close-lying electronic states, vibronic coupling effects,

and by the fact that HC,H" possibly becomes nonlinear in the 2°I1, state.

B INTRODUCTION

Small reactive hydrocarbon molecules have been detected in
extraterrestrial environments and are believed to contribute to
the formation of benzene and larger molecules, including
polycyclic aromatic hydrocarbons.'™ Hydrocarbon cations,
formed through photoionization by cosmic rays or ultraviolet
(UV) stellar light, may also play a chemical role by
participating in jon—molecule interactions and dissociation
processes.

The diacetylene radical cation (HC,H') is one of the
smallest products from acetylene ion—molecule reactions,
presumably generated through formation of the (HCCH)j
dimer cation followed by H, loss.">~*" It can also be generated
from the ionization of neutral HC,H, which is believed to form
in extraterrestrial environments through the reaction of
acetylene with the ethynyl radical (C,H).”> Therefore,
HC,H" is expected to exist in environments where acetylene
and diacetylene molecules are abundant and exposed to strong
UV radiation.”® The diacetylene cation may play a part in the
chemistry of proto-planetary nebulae and has been included in
atmospheric models of Titan.”* It was once considered as a
carrier of diffuse interstellar bands, although this hypothesis
was later discounted based on laboratory spectra.”*~*’

In 1951, Schiiler recorded emission spectra of organic vapors
in a discharge tube,*® and the so-called “T” spectrum was later
assigned by Callomon®’ to the A, « 5(21'[g band system of

v ACS Publications  © 2019 American Chemical Society 7228

HC,H", with the origin transition located at 19724.5 cm™".

Strong vibronic transitions were attributed to the C—C stretch
(v;) progression and even quanta of the doubly degenerate
bending mode (v,), which gains intensity through Fermi
resonance with ;. Since then, many theoretical and
spectroscopic investigations have focused on the AT, state,
which arises from the promotion of an electron from the
second highest occupied molecular orbital (HOMO-1, 7,) to
the HOMO ().

Much less is known about the higher excited states of
HC,H" which arise from promotion of an electron from the
HOMO to the lowest unoccupied molecular orbital (LUMO)
giving a dominant electronic configuration ...l(ﬂu)4l(7tg)22-
(z,)" associated with five non-Koopmans states (*II,, *IL,
*®,, M1, °I1,). Electronic transitions from the ground 2Hg
state to the three *I1, states are spin and dipole allowed and
therefore should be observable. On the basis of previous
calculations, two of the I, states and the @, state are
predicted to have similar energies, whereas the third *IT, state
is predicted to lie significantly higher in energy.’” Because the
energetic ordering of the states is unclear, it is useful to adopt
the notation used in ref 39 to describe states above AZII,.
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Namely, the electronic states are labeled as n5T, where # is the

state energetic order of a given symmetry, S is the spin

multiplicity, and I' is the symmetry of the state. With this

nomenclature the five lowest doublet excited states are A’II,,
21, 1’®,, 31, and 4L,

As non-Koopmans’ excited states are not usually accessible
through photoionization of the neutral diacetylene molecule,
photoelectron spectra display a gap of ~4 eV between the
AT], state and the next accessible excited state.””***!
Observation of the non-Koopmans’ electronic states lying
within the gap relies on electronic spectroscopy of the HC,H"
cation. The 2%T1, « XZHg transition of HC,H"* was reported to
occur at 3.75 eV for HC,H* embedded in an argon matrix,”
and at 3.69 eV for HC,H" in a neon matrix."” The assignment
of bands lying above the 2°T1, « 5(2Hg origin transition in the
matrix spectra, which may be due to transitions to higher
vibrational states or other electronic states, is problematic due
to congestion and relatively poor signal-to-noise ratio.

The uncertainty regarding the location and assignment of
the higher lying states represents a primary motivation for the
current study—to obtain a more comprehensive understanding
of electronic transitions of HC,H" in the UV. As a step in this
direction, we have measured the photodissociation action
spectra of HC,H*—Ar and HC,H"—N, complexes in a tandem
mass spectrometer over the 290—540 nm range. Transitions
between 290 and 340 nm are recorded for the first time in the
gas phase. To ensure that the measured UV bands are indeed
associated with the diacetylene cation, we conducted hole
burning experiments, depleting the HC,H'—Ar population by
pumping the origin of the A, « le_l band system.
Interpretation of bands in the UV relies on comparlsons with
spectra of isoelectronic ions NCCN™ and C; and excited state
calculations for HC,H* 3¢*~*8

B EXPERIMENTAL METHODS

Electronic spectra of HC,H*—Ar, (n = 1-3) and HC,H"—
(N,), (n = 1-2) were recorded using resonance-enhanced
photodissociation (REPD) spectroscopy in a custom-built
tandem quadrupole—octupole—quadrupole mass spectrometer
described previously.”” A brief overview of the arrangement is
provided below. A dilute mixture of Ar or N, with acetylene
(~0.7%), with a stagnation pressure of 4.5 bar, was expanded
into a vacuum via a pulsed valve. The supersonic expansion
was bombarded with electrons issuing from twin filaments to
generate carbocations and tagged complexes, including
HC,H'—Ar, (n = 1-3) and HC,H*—(N,), (n = 1—2). After
passing through a skimmer, the charged complexes were mass-
selected using a quadrupole mass filter and then directed into
an octupole ion guide using an electrostatic quadrupole
bender. Here, the ions encountered light from a tunable
optical parametric oscillator (OPO, EKSPLA NT342B).
Resonant excitation of the HC,H* chromophore induced
photodissociation of the tagged complexes. The resulting
HC,H" cations were mass-selected by a second quadrupole
mass filter and detected with a microchannel plate. A
photodissociation action spectrum was generated by plotting
fragment ion intensity as a function of wavelength. The
intensity of the photofragment signal was normalized by laser
power at each wavelength. The wavelength was calibrated
using a wavemeter (High Finesse Angstrom LSA UVL).
Hole burning (HB) experiments were conducted for
HC,H"—Ar complexes to confirm that bands between 290
and 350 nm are associated with transitions of the diacetylene
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cation. A HB light beam (generated by a tunable OPO, Opotek
Vibrant 355 LD) directed along the axis of the first quadrupole
mass filter was tuned to the A1, « XZH band origin (506.4
nm). The HB beam should deplete the populatlon of HC,H"—
Ar ions in the octupole region but leave the populations of
other isobaric ions unaffected. To assess the effect of the HB
light on the intensities of the bands, spectra were recorded with
the HB light off and on. A more complete description of the
setup is provided in the Supporting Information (SI).

B RESULTS AND DISCUSSION

Calculated Properties. Quantum chemical calculations
were used to evaluate the ground and excited state electronic
structures of the diacetylene radical cation. The equilibrium
geometry and harmonic vibrational frequencies of ground state
HC,H" were determined at the CCSD/cc-pCVTZ level of
theory, employing the Psi4 1.1 program suite.”” The HC,H"
molecule in its ground X2 T1, electronic state was calculated to
be linear and centrosymmetrlc with the dominant electronic
configuration ...5(0,)*4(0,)*1(%,)*1(x,)’. Vibrational frequen-
cies of HC,H" in the X2 T1, state, prov1ded in Table 1, agree
with results of previous theoret1ca1 investigations.* "

Table 1. Calculated Harmonic Vibrational Frequencies
(cm™) of HC,H" in the XZH and A’MI, States. All
frequencies Are Unscaled

mode description XZHga ALY
vy O C—H symm. stretch 3390 3395
vy O C=C symm. stretch 2283 2144
U3 O C—C symm. stretch 956 846
Uy Oy C—H antisymm. stretch 3389 3394
Vs, 0, C=C antisymm. stretch 2018 2040
Ve) T, trans H—C,—H bend 737 653
Uy, g trans C=C—C=C bend 477 444
Vg, T, cis H-C,—H bend 786 644
Vo, T, cis C=C—C=C bend 210 233

9CCSD/cc-pCVTZ. "EBOM-CCSD/cc-pCVTZ.

Vertical excitation energies and oscillator strengths calcu-
lated at the EOM-CCSD/cc-pCVTZ level predict that the
strong AL, « XZHg transition occurs at 2.62 eV, and involves
promotion of an electron from the 1s, orbital to the singly
occupied HOMO 1z, orbital. The equilibrium geometry and
harmonic v1brat10nal frequencies of the A, state were
calculated at the EOM-CCSD/cc-pCVTZ level Our calcu-
lations predict a linear geometry for HC,H" in the A1, state,
agreeing with previous studies.’”>” Calculated vibrational
frequencies for HC,H" in the A’[I, state are provided in
Table 1. The adiabatic excitation energy, including vibrational
zero point energy, was determined to be 2.45 eV (Table 2),
matching the previously measured energy of the AX[1, « X°IT
origin transition of HC,H" at 19722.6 cm™" (2.45 eV) 3

The 2°11, 1°®,, and 3°[1, states were predicted to have
vertical excitation energies of 3.93, 4.53, and 521 eV,
respectively, and correspond to HOMO — LUMO electronic
excitations. As noted above, the three electronic states have the
same dominant electronic conﬁguratlon These excited states
were previously studied by Zhang et al.>” using the CASSCF/
CASPT?2 approach, where the third excited state was assigned
as a I, state. The alternative assignment of the third doublet
state to 1@, (as described in Table 2) accords with the
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Table 2. Adiabatic (Underlined) and Vertical Excitation
Energies, and Oscillator Strengths (f) for HC,H",
Calculated in This Work and from Reference 55“

energy
state calculated experimental i
AT, 2.62°, 2.45° 2457 3.08 x 1072
21, 3.93° 3.697 2.48 X 1072
1’0, 453" 8.98 x 107¢
31, 5217 2.17 x 1072

“Energies (eV) are relative to the ground (X°IL,) electronlc state.

Experimental energies for HC,H*—Ar are also included. “CASSCF/
CASPTZ/CC -pVIZ (from ref 55). “EOM-CCSD/cc-pCVTZ (this
work). “Experimental value for HC,H*—Ar (this work).

calculations in ref 39, and is consistent with the low predicted
oscillator strength for the transition from the ground state.

Understanding spectra arising from transitions to these
excited states is complicated by Renner-Teller (RT)
interactions. The RT effect is apparently weak for the XTI
and AMI, states, which split into linear/linear pairs.>
However, the effects of RT interactions on higher states of
HC,H" are unknown. To explore the importance of RT
interactions for the 2*I1, state of HC,H", quantum mechanical
calculations were conducted using the complete active space
self-consistent field (CASSCF) method with the cc-pVIZ
basis set in the ORCA suite.’®”” An active space of seven
electrons and eight 7 orbitals was chosen to investigate the
XZH AT, and 21, states. First, the geometry of the XZH
state was optimized, resultlng in a linear structure. The relatlve
energies for each of the two RT components in the XZH
A, and 2711, states were calculated by stepping along the
CASSCF ground state normal coordinates for v (trans H—
C,—H bend), v, (trans C=C—C=C bend), v (cis H—-C,—H
bend), and v, (cis C=C—C=C bend). These potential energy
curves and their significance are discussed below.

To understand the interactions between HC,H" and Ar and
N,, the structures and energies of the HC,H'—Ar and
HC,H'—N, complexes were calculated using density func-
tional theory (DFT) at the ®B97X-D/aug-cc- pVTZ>® level
using the Gaussian 09 suite.”” This method accounts for long-
range dispersion 1nteract10ns and is suitable for noncovalently
bound complexes.”” The calculated binding energies account
for vibrational zero point energy (within the harmonic
approximation) and include counterpoise corrections to
address basis set superposition errors.”’ Calculations indicate
that Ar and N, can attach to HC,H" either end-on or side-on,
as shown in Figure lab. As shown by Botschwina and
Oswald,”* the nonlinear isomer is associated with a ZA’
electronic substate arising when the Hg state degeneracy is
broken through the presence of an off-axis perturber. These
two configurations are predicted to have similar binding
energies of ~460 cm™' for HC,H*—Ar. This agrees with a
previous computational study on HC,H'—Ar, in which a
binding energy of ~500 cm™' was predicted for the linear
structure with the nonlinear structure being slightly less
stable.” For HC,H'—N,, the C_,, linear structure with the N,
tag positioned along the intermolecular axis (Figure lc) is
predicted to be 276 cm™' more stable than the C, structure
(Figure 1d). Because the intermolecular bonds in HC,H"—Ar
and HC,H"—N, complexes are relatively weak and the HC,H*
core is only slightly distorted, the REPD spectra of HC,H"—Ar
and HC,H'—N, are expected to resemble closely the
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Figure 1. Optimized structures of HC,H" tagged with Ar (a and b)
and N, (c and d). The calculated dissociation energy (D) is listed in
each case.

absorption spectrum of the bare HC,H* molecule. Optimized
structures and calculated energies of complexes with several Ar
and N, tags are described in the SL

Electronic Spectra. Figure 2 depicts the electronic
spectrum of HC,H'—Ar over the visible and UV regions

A/nm
500 460 420 340 320 300

; - — - :

A%, « XM, 221, « X211,
x10

/-
19000 21000 23000 7/ 30000 32000 34000

viem™!

Figure 2. REPD spectra of HC,H"—Ar over the 425—530 nm (left)
and 290-350 nm (right) ranges obtained by monitoring HC,H"
photofragments. The A’[1, « X’ origin transition at S06 nm is
estimated to be ~10 times stronger than the 2711, « X* I1, origin
transition at 336 nm.

encompassing the A, « )N(ZHg and 271, « )N(ZI'[g band
systems, respectively. Transitions in the UV are approximately
10 times weaker than those in the visible region.

A’Tl, « XM, Band System (425-530 nm). We first
cons1der the well known A1, « XZI_I band system. REPD
spectra of HC,H"—N, and HC,H" —Ar complexes over the
425—530 nm range are shown in Figure 3 panels a and b,
respectively. Because the tagged ions are at low temperature
and Ago = —31.1 cm™,* the population of the Q = !/, spin—
orbit component in the ground state should be negligible and
transitions should predominately occur from the Q = 3/,
substate with AQ = 0 (Hund’s case a). Assignments, positions,
and spacings of vibronic bands are listed in Table 3.
Assignments are based on previous studies and comparisons
with the simulated spectrum presented in Figure 3c.**¢7%
Corresponding spectra for larger HC,H"—Ar, and HC,H*—
(N,), complexes are provided in the SI.

The spectra of HC,H*—Ar and HC,H"—N, closely resemble
the spectrum of the bare HC,H" cation aside from a small blue
shift of the bands and the presence of weak additional peaks
associated with excitation of intermolecular vibrational modes.
The dominant progression in the A’[l, «< X’II, band system
of HC,H" is associated with Fermi polyads arising from the v
C—C stretch vibration interacting with even quanta of the v,
C—C bend vibration.*"****™3% The 3}/72 pair of transitions
are observed at 0 + 809 and 864 cm™, respectively, with the
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viem™!
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Figure 3. A’TI, « XZHg electronic spectra of (a) HC,H'—N, and (b)
HC,H'—Ar, obtained by monitoring HC,H* photofragments. (c)
Predicted stick spectrum from a Franck—Condon simulation (red
sticks) compared to integrated experimental intensities (rectangular
blue bars) of the 35 (n = 1—-3) polyads. Asterisks represent polyads
comprising several transitions that are not individually assigned (see
text for details).

55 cm™! spacing between the two peaks consistent with the 56
cm™' gap measured with rotational resolution using cavity
ringdown spectroscopy.”” Polyads involving 5 and v, are
observed at higher energies. For example, the 33/37%/7¢ triad
occurs around 1600 cm™' above the origin transition, as

indicated in Figure 3b. These assignments agree with those in
refs 37 and 38. The groups of bands lying at ~2500 and ~3250
cm™" above the origin are assigned to the 33 and 3] polyads,
respectively. More combinations are possible for higher energy
polyads, and detailed assignment is frustrated by congestion
and low intensity of the bands. Groups of bands, for which
individual vibronic transitions are not assigned, are labeled
with asterisks in Figure 3 and Table 3.

The AMI, « XZHg band system was simulated using the
PGOPHER program® with ground and excited state
structures and vibrational frequencies derived at the CCSD/
cc-pVTZ and EOM-CCSD/cc-pCVTZ levels, respectively. A
good match between the simulated and experimental spectra
was found by scaling the calculated harmonic frequencies by
0.957. A simulated stick spectrum of the AMI, « XZHg band
system is shown in Figure 3c while the corresponding
convoluted spectrum (full width at half-maximum of 30
cm™') is shown in black. Bands observed at 05 + 809, 1596,
2463, and 3245 cm™! correspond to the predicted positions of
the 33, 3%, 33, and 3§ transitions, respectively. The simulation
does not account for Fermi resonance interactions, in which
the 7§ transitions borrow a fraction of the 3§ transition
intensities. Therefore, the predicted 3§ transition intensities are
more appropriately compared with the sum of the observed
intensities for the polyad members. The comparison is made in
Figure 3c where the summed experimental intensities are
represented as rectangular blue bars and are displaced by ~100
cm™ from the simulated bands to aid comparison.

The simulation indicates that weak bands at 05 + 427, 1123,
1965, and 3245 cm™ correspond to the 93, 63, 2¢, and 1}
transitions, respectively, agreeing with previous assign-
ments.>*¥3%37 Predicted intensities of the 92 and 2}
transitions match experimental observations, whereas the
intensity of the 63 transition is underestimated. The weak 1§
transition is difficult to distinguish as it overlaps the 3§ polyad

Table 3. Band Positions (in cm™') and Assignments for AT, < izﬂg Transitions of HC,;H*—Ar, (n = 1-3) and HC,H"—
(N,), (n =1-2) Complexes. Asterisks Denote Polyads Involving 75 and 2v, with Possible Contributions from Several Vibronic

Transitions
HC,H*—Ar HC,H'—Ar, HC,H*—Ar, HC,H'-N, HC,H'—(N,),

assignment v AD v AU v AD v AD v AD
s 19694 —88 19758 -59
03 19746 0 19770 0 19786 0 19782 0 19817 0
S8 19808 56 19841 71 19874 85 19896 79
S2 19865 119 19959 177

9% 20173 427 20219 437 20275 458
3/7% 20555 809 20581 811 20584 798 20588 806 20639 822
34/75 20610 864 20636 866 20644 862 20690 873
6 20869 1123 20874 1104 20896 1114

83 20922 1140

309 21027 1245

3%/357%/74 21342 1596 21373 1603 31382 1596 21377 1595 21425 1608
3%/357%/74 21410 1664 21419 1649 21455 1669 21451 1669 21499 1682
3%/3573/74 21497 1751 21538 1768 21552 1766 21543 1761 21578 1761
28 21711 1965 21749 1979 21745 1959 21745 1963 21789 1972
3% 22209 2463 22 228 2458 22 242 2456 22245 2463 22294 2477
3% 22278 2532 22337 2555 22364 2547
2538/287% 22509 2763 22538 2756 22581 2674
2038/247% 22569 2823 22598 2816 22642 2825
34 22991 3245 23016 3246 23026 3244 23081 3264
2432 23367 3621 23404 3622 23443 3626

7231 DOI: 10.1021/acs.jpca.9b05996
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transitions. Overall, the good match between theory and
experiment suggests that calculations at the CCSD/cc-pCVTZ
and EOM-CCSD/cc-pCVTZ levels provide a reasonable
description of the XZHg and A, state geometries and
frequencies.

Interaction of HC,H* with Ar and N,. The A1, < X’I1,
spectra of HC,;H"—Ar,, (n = 1-3) and HC,H'—(N,),, (n = 1=
2) provide 1nformat10n on the interaction of Ar and N, with
the HC,H" cation. Figure 4 shows expanded views of the

bare (19722.6 cm™1)
a) Vo HC4HT-Ar — HC4HY + Ar
0
<«—19746cm!

(b) o HC4H*-Aro — HC4H* + 2Ar
 «——19770cm-"

o HC4H+-N2 — HC4H+ + N2
0

O e 19782cm~!

e

19650 19750 19850

v/iem™!

19950 20050

Figure 4. REPD spectra near the A’Il, < X’II, origin band for (a)
HCH'-Ar, (b) HC,H'—Ar,, and (c¢) HC,H'—N,. Transitions
associated with intermolecular stretching vibrations are indicated. The
location of the AM, « X Hg origin band for bare HC,H" (from ref
54) is indicated by the dashed red line.

HC,H"—Ar and HC,H"—N, spectra in the region of the origin
transition. In each case, a progression of minor peaks is
observed with spacings that are consistent with the expected
frequency for the intermolecular stretch vibrational mode (v,).
For example, weak peaks are observed at 03 + 56 and 119 cm™
for the HC,H'—Ar complex that can be assigned to the sy and
sg transitions, respectively, based on the calculated ground state
v, frequencies of 61 and 65 cm™' for the linear and bent
structures shown in Figure 1a,b. For HC,H"—N,, correspond-
ing bands appear at 0j + 85 and 177 cm™, respectively,
consistent with a predicted intermolecular stretching frequency
of 97 cm™ for the more stable linear structure (see Figure 1).

The AMI, « le_lg origin transition of HC,H" occurs at
19722.6 cm™', implying that the origin transitions of the
HC,H*—Ar, HC,H*—Ar,, and HC,H"—Ar; complexes are
shifted to higher energy by 23, 47, and 63 cm™’, respectively
(Figure 5).>* The almost equal incremental shifts for HC,H*—
Ar and HC,H*—Ar, indicate that the first two Ar atoms are
attached at equivalent binding sites, consistent, for example,
with the Ar atoms preferentially being attached to the two ends
of the HC,H* molecule. The A1, « X2 I1, origin transitions
of the HC,H'-N, and HC,H" (N2)2 complexes are blue-
shifted by 59 and 94 cm™, respectively, relative to the origin
band of HC,H* (Figure 5). The unequal incremental band
shifts indicate that either the two N, tags are attached at
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Figure S. Energies for the AMI, « XZH origin transitions of
HC,H"—Ar, (n = 1-3) plotted as a function *of n. The wavenumber
for the AZH « XZH origin transition of HC,H*(19722.6 cm™ from
ref 54) is mdlcated

inequivalent binding sites or more probably that the first
attached N, molecule s1gn1ﬁcantly yerturbs the HC,H" core.

The blue shift of the A’II, < XZH origin transition upon
complexation with Ar indicates that the intermolecular
HC,H*—Ar bond is weaker in the excited state than in the
ground state. The asymmetric contour of the origin band,
which is shaded to lower energy, is further evidence for a
decreased intermolecular bond strength in the excited state.
Hot bands involving the low energy intermolecular stretch (v,)
and bend (v,) modes, such as s; and b}, for example, will be
shifted slightly to the red of the origin peak if the
intermolecular vibrational frequencies are reduced in the
excited state.

Transitions to Higher Excited States in the 290—345
nm Region. The electronic spectrum of HC,H"—Ar over the
290—345 nm range, recorded by monitoring HC,H* photo-
fragments, is shown in Figure 6. First it was established that all

viem™!
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HC4H*-Ar — HC4H* + Ar
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Figure 6. REPD spectrum of HC,H'—Ar over the 290—345 nm
range, obtained by monitoring HC,H* photofragments. Tentative
a551gnments are indicated. The lower lying peaks are assigned to the
221—1 <X H system. Peak positions and assignments are given in
Table 4.

bands over the 290—345 nm range are associated with the
diacetylene cation (HC,H") by conducting hole burning (HB)
experiments (see Experimental Methods and SI). A spectrum
of the HC,H"—N, complex was also obtained in this region
(available in the SI). However, due to a mass coincidence of
HCH"—N, and C¢H{, which was also formed in the ion
source and photodissociated to yield C,Hj in this wavelength
range, the spectrum has a poor signal-to-noise ratio.”***

The HC,H'—Ar spectrum shown in Figure 6 is similar to
spectra of HC,H" trapped in rare gas matrices assigned to the
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271, « XZHg excitation,””** although, due to a better signal-
to-noise ratio and spectral resolution, additional bands are
observed in the present study. Zhang et al.”® predicted the
21, « XZI_Ig vertical excitation energy to be 3.93 eV, close to
the lowest energy band at 29723 cm™' (3.69 €V). The
oscillator strength for the 27TI, « XZHg transition was
calculated to be around half that of the AMI, « XZH
transition (Table 2), consistent with the somewhat lower
intensity of the UV bands compared to those in the visible (see
Figure 2). The 2’1, « X°II, origin band for HC,H" in a Ne
matrix reported in ref 42 is slightly blue-shifted with respect to
the HC,H"—Ar transition (by ~20 cm™"). The forbidden 1*®,
« le'[ transition is also predicted to occur in this region,
with a vertlcal excitation energy of 4.53 eV,”> and may gain
intensity via Herzberg—Teller interactions, as appears to occur
for HCH*.%® The 31, « XZH vertical excitation energy for
HC,H" is predicted to be 5.21 eV (Table 2),>° suggesting that
this transition is unlikely to occur within the 290—350 nm
range.

Band positions and assignments for the 27T, « XZI'[g
spectrum of HC,H"—Ar are given in Table 4. For convenience

Table 4. Band Positions (in cm™') and Assignments for
Peaks in the 2711, « XZH System of HC,H*—Ar over the
290—345 nm Range

assignment v AD 7 AD”
03 29723 0 29753 0
9% 30232 509 30211 459
3 30629 906
3192 31194 1471 31114 1362
32 31569 1846
32228 2505
28 32595 2872
32680 2957
32981 3258
33435 3712

“Ne matrix peak positions from ref 42.

a selected set of vibrational frequencies for HC,H", NCCN",
and Cj are provided in Table S (an extended set is given in the
SI). The strong peak at 03 + 509 cm™' was previously assigned

Table S. Calculated and Experimental (Underlined)
Vibrational Frequencies (cm™) of the Central o, (c-C
Stretch) and cis-Bending Modes of HC,H*, NCCN", and C}
in the X’I,, 1°I1, (A, for HC,H"), and 27II, States

state HC,H* NCCN* (o
C—C stretch C—C stretch C—C stretch
_ (O'gr vs) (Ug) %) (0'3, )
e, 956, 972" 8087, 956° 893/, 936%
I,  809°, 846, 806" 811’ 750/, 759%, 777
211, 906 870 710", 755"
C=C—-C=C bend N=C-C=N bend C=C—-C=C bend
(7 Ug) (7, '/5) (7, Vs)
%1, 210, 200, 2407 240
I’I1, 214, 228" 174’ 223/, 250"
221—[ 164" @m, mn

“This work. "Reference 35. “Reference 31. “Reference 43. “Reference
67. /Reference 68. Reference 69. "Reference 36. 'Reference 45.
JReference 70. *Reference 71. 'Reference 48. ™Reference 46.
"Reference 47.
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in the Ne matrix spectrum to the 93 (cis-bending mode)
transition based on calculated ground state frequencies of
HC,H""* To some extent this assignment is consistent with
data for the isoelectronic ions NCCN* and Cj, for which
transitions at 327 and 541 cm ™" above the 2°T1, « XZHg origin
band, respectively, were assigned to overtones of the analogous
cis-bending mode (5% transition for the linear tetra-atomic
molecules; see Table 5).*>*7*7% The bands observed at 03
+906 cm™ and 0f + 1846 cm™ can be assigned to the 3§ and
33 transitions (C—C stretch vibration), respectively, based on
the corresponding spectra of NCCN* and Cj,* as the spacings
and relative intensities of C—C stretch progression peaks are
similar for all three molecules. Assignments for peaks above 03
+ 2000 cm™" are uncertain due to spectral congestion and poor
signal. However, the 25, 2§95, 26,35, 1o, 1993, and 133}
transitions should occur in this region.

One problem with the assignment scheme outlined above
relates to the exaggerated intensity of the 9 transition.
Whereas for both NCCN* and C; the corresponding 5§ band
is comparatively weak, for HC,H" the 9} transition has an
intensity that is comparable to that of the origin transition. If
the assignment for the 9% band is correct, the v, frequencies in
the 2°I1, and XZH states are similar (& 255 and 200 cm_l,35
respectlvely), leadmg to the expectation of a relatively weak 9§
band, if the molecule remains linear.

An alternative explanation for the vibronic structure in the
271, « 5(2Hg spectrum is that HC,H" in the 2°TI, state is
nonlinear, in which case one would expect strong transitions to
excited bending vibrational levels in the upper state. As a first
step toward exploring this possibility, bending potential energy
curves were calculated using the approach employed for
NCCN* in ref 43 (CASSCF/cc-pVIZ level of theory)
whereby the molecule was progressively distorted along the
v (trans H—C,—H bend), v, (trans C=C—C=C bend), v4
(cis C=C—C=C bend) and v, (cis C=C—C=C bend)
normal mode coordinates derived for the 5(2Hg state. One-
dimensional potential energy curves along the four bending
coordinates (Qg Qy, Qg Qo) are displayed in Figure 7. RT
interactions split a degenerate II electronic state through
distortion along a bending coordinate, leading to two substates,
each of which can be either linear or bent. The calculated
potential energy curves along all four bending normal
coordinates are split into linear/linear pairs for the XZH and
A™MI, states, as found for NCCN*.** The calculations 1nd1cate
that RT effects are weak for the XZH and A’I, states,
consistent with previous studies. 33,358 In contrast, the
calculations predict that the 27T1, state is split into a linear-
bent pair for distortion along Q4 (trans H—C,—H bend, Figure
7a), linear—linear pair for distortion along Q, (trans C=C—
C=C bend, Figure 7c), bent—bent pair for distortion along Qg
(cis H-C4,—H bend, Figure 7b), and bent—bent pair for
distortion along Qg (cis C=C—C=C bend, Figure 7d). The
bending potential energy curves shown in Figure 7 panels ¢
and d indicate that HC,H" in the 2°T1, state is distorted away
from linearity along the Qg and Qq cis bend coordinates with
respective barriers to linearity of ~2100 and 1400 cm™.
Therefore, it seems possible that the strong peak at 05 + 509
cm ™' may be associated with excitation of a single quantum of
one of the cis bending vibrational modes. It would seem that
509 cm™ is too high for the #, C=C—C=C bend vibrational
mode given that the predicted barrier to linearity is ~1400
cm™" and the vibrational frequency in the ground state is only
210 cm™' (Table 1). Rather, the band may be associated with
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Figure 7. One-dimensional potential energy curves along the bending
normal mode coordinates for Renner-Teller components in the S(ZHg,
A™MIL, and 2°T], states calculated at the CASSCF/cc-pVTZ level of
theory. Potential energy curves along the (a) Qg trans H—C,—H bend
coordinate, (b) Qg cis H-C,—H bend coordinate, (c) Q, trans C=
C—C=C bend coordinate, (d) Qo cis C=C—C=C bend coordinate.
Lower and upper Renner-Teller curves for each electronic state are
represented by solid and dotted lines, respectively. The dimensionless
coordinates Q; (i 6—9), correspond to the bending normal
coordinates for the ground electronic state, with the linear geometry

at Q; = 0.

excitation of a single quantum of the vg cis H—C,—H bend
vibrational mode for which the barrier to linearity is ~2100
cm™' and the ground state frequency is 786 cm™" (Table 1).
Electronic spectra of the C,D;—Ar complex would help decide
whether the molecule in the 271, state is indeed distorted
along the along vg cis H-C,—H bend coordinate. Ultimately, a
more comprehensive understanding of HC,H" transitions in
the UV region will require gas-phase spectra with better
resolution and signal-to-noise ratio, spectra of isotopically
substituted species, and calculations for the 2°I1, excited state
incorporating consideration of the Renner-Teller couplings
and bending potential energy curves that are likely to be highly
anharmonic.

B CONCLUSIONS

In summary, electronic spectra of HC,H"—Ar, (n = 1-3) and
HC,H'—(N,), (n 1-2) cation complexes have been
recorded over the 290—530 nm range through photo-
dissociation in a tandem mass spectrometer. The A1, «
XZHg electronic spectra of the complexes in the visible region
(425—530 nm) are similar to previously recorded spec-
tra’"*°7* and are matched by simulations based on calculated
structural parameters and harmonic vibrational frequencies for
the XZHg and A’ states at the CCSD/ cc-pCVTZ and EOM-
CCSD/cc-pCVTZ levels of theory, respectively.
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Transitions of HC,H*—Ar over the 290—350 nm range
previously observed in matrix isolation studies’** were
confirmed to be associated with the diacetylene cation through
hole burning experiments. The 2°I1, « 5(21_[g origin transition
was observed at 29723 cm™', in accordance with previous
matrix studies, while bands at 05 + 906 and 1846 cm™! are
tentatively assigned to the 3j and 3] transitions, respectively,
based on spectra of the isoelectronic systems NCCN* and CjJ.
An intense band at 0§ + 509 cm™' was tentatively assigned to
the 9% transition (overtone of the cis-bending mode) on the
basis of its frequency, although this assignment does not
properly account for its substantial intensity. An alternative
explanation, supported by electronic structure calculations, is
that HC,H" is distorted along the vg cis H-C,—H bend
coordinate and that the band corresponds to excitation of a
single quantum of this vibration in the 2°TI, state. Better
spectra, spectra of isotopologues, and more reliable calcu-
lations that include consideration of Renner-Teller effects are
required to understand the transitions of HC,H" in the
ultraviolet region.
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ABSTRACT: The B'A’ < X'A’ electronic spectra of the 1-butyn-
3-yl cation (H;CCHCCH') and the H;CCHCCH'-Ne and
H;CCHCCH'-Ar complexes are measured using resonance
enhanced photodissociation over the 245—285 nm range, with
origin transitions occurring at 35936, 35930, and 35928 cm}
respectively. Vibronic bands are assigned based on quantum
chemical calculations and comparison of the spectra with those of
the related linear methyl propargyl (H,;C,H,") and propargyl
(H,C3H") cations. The photofragment ions are C,H;* (major) and
C,H;" (minor), with the preference for C,H;* consistent with
master equation simulations for a mechanism that involves rapid
electronic deactivation and dissociation on the ground state
potential energy surface.

B INTRODUCTION

Small carbocations are important in plasmas, combustion
processes,l’2 and extraterrestrial environments.”~” There is a
growing body of spectroscopic data for small fundamental
carbocations in the gas phase, including C,H;*,*'* the subject
of this paper. C,H" cations have been detected in Titan’s
atmosphere using the ion neutral mass spectrometer15 and are
suspected to lead to formation of polycyclic aromatic
hydrocarbons and tholins that populate the haze layers,'™"*
although it is unclear which isomers are present. Laboratory
spectroscopic data of C,H;" isomers may facilitate their
detection in remote environments. Photoelectron spectroscopy
has provided information on two low energy C,H;" structures,
the bent 1-butyn-3-yl (H;CCHCCH?") and linear 2-butyn-1-yl
(H5C,H,") cations (BT and MP in Figure 1),"*"* with similar
spacings between the lower electronic states of the respective
cations.' ™'

The B'A’ « X'A, electronic transition of the propargyl
cation, H,C;H* (P in Figure 1), corresponding to the
promotion of an electron from the second highest occupied
molecular orbital (HOMO—1) to the lowest unoccupied
molecular orbital (LUMO), was first measured over the 240—
268 nm range using neon matrix isolation spectroscopy.22 The
measured spectrum was dominated by a strong progression
spaced by 667 cm ™!, which was assigned to the CCH bending
vibration, due to a supposed reduction in symmetry for P upon
electronic excitation.”” Later, the spectrum was recorded in the
gas phase using resonance enhanced photodissociation
(REPD) spectroscopy.”” Accompanying calculations suggested
the B state retains C,, symmetry and the progression was

© 2020 American Chemical Society
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Figure 1. Structures of BT (H;CCHCCH"), MP (H,C,H,"), and P
(H,C;H"), calculated at the MP2/aug-cc-pVDZ level of theory.
Energies of the C,H;" isomers are relative to that of MP and include
single-point energies at the CCSD(T)/cc-pVTZ level using optimized
geometries and vibrational zero-point corrections to energy predicted
at the MP2/aug-cc-pVDZ level.

reas51§ned to the C—C symmetric stretching vibrational mode
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On the basis of the calculated molecular orbitals shown in
Figure 1, the HOMO—-1 — LUMO electronic transitions
should be similar for P, MP, and BT. In accordance with these
expectations, the B'A’ « X'A’ electronic transitions of MP
and P occur at similar wavelengths and exhibit comparable
progressions in the C—C stretching vibration,"* demonstrating
that the on-axis methyl group has little influence on the
propargyl chromophore.

In the current study, REPD spectra of H;CCHCCH" and
the H;CCHCCH'-Ne complex were measured to enable
comparisons with the spectra of P and MP and to facilitate
possible detection of H;CCHCCH ions in remote environ-
ments. Excitation of the B'A’ « X!'A’ transition of BT
generates C,H;" and C,H;" photofragments, as is the case for
MP."? To understand the dissociation process and to predict
the C,H;*/C,H;" branching ratio, we model the fate of
energized BT ions using master equation simulations, based on
calculated stationary points on the C,H;* ground state
potential energy surface. There have been several previous
investigations of C,H;" dissociation. Photofragmentation at
193 nm of C,H;" generated from 2-hexyne mainly produced
C,H;" photofragments.”* Collision induced dissociation of
C,H,", presumably the MP isomer, also gave nearly exclusively
C,H;* fragments, with the dissociation proposed to proceed
through a low energy cyclic isomer.”® However, reactive C* +
C;Hj; collisions, which presumably involve C,H" intermedi-
ates, were found to yield C,H;" products but not C,H;*

roducts.”® Recently, it was observed that excitation of the
B'A’ « X'A’ transition of MP produced both C,H;" and
C,H," photofragments with a branching ratio of 5:1."* Master
equation simulations based on a calculated ground state C,H;*
potential energy surface suggested the C,H;" + C,H, channel
is accessed through a multistep process, whereas the C,H;" +
H, fragments are formed through a more direct, albeit higher
energy, process.” Although the calculations in ref 13 did not
include the BT isomer, other calculations predict low energy
barriers between BT and MP,*’ suggesting that both isomers
should have similar dissociation mechanisms and play
comparable roles in unimolecular reactions of C,H;".

B METHODS

Experimental Section. REPD spectra of H;CCHCCH"
and H;CCHCCH'-Ne were recorded through laser excitation
of ions in a tandem mass spectrometer. A brief overview of the
experimental setup is provided below, while a more complete
description is available in ref 28. H;CCHCCH® and
H;CCHCCH'-Ne ions were formed by seeding vapor of
liquid 3-bromo-1-butyne (cooled to 0 °C) into a pulsed
supersonic expansion of argon or neon gas (stagnation
pressure &4 bar) that was bombarded by electrons. The target
ions were then mass selected using a quadrupole mass filter
and deflected 90° using an electrostatic quadrupole bender
into an octupole ion guide where they were exposed to the
output light from an optical parametric oscillator (OPO,
EKSPLA NT342B). Resonant photoexcitation produced
photofragments that were mass selected using a second
quadrupole mass filter and detected by a microchannel plate.
REPD spectra were obtained by monitoring the photofragment
ion yield (normalized with respect to laser power) as a
function of wavelength (calibrated using a wavemeter,
Angstrom LSA UVL).

Computational Details. The structure and energetics of
BT and other relevant isomers, fragments, and transition states
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were characterized through quantum chemical calculations
using the Gaussian 16 program.”” The geometry, frequencies,
and vibrational zero-point corrected energy for the electronic
ground state of BT were calculated at the CCSD/cc-pVTZ
level of theory. Vertical excitation energies and oscillator
strengths were calculated at the EOM-CCSD/cc-pVTZ level.
This level of theory was also used to estimate the equilibrium
geometry, frequencies, and vibrational zero-point energy of BT
in the excited state. Structural and energetic data for the
H;CCHCCH"-Ne and H;CCHCCH'-Ar complexes are
reported in the Supporting Information.

To explore the dissociation mechanism of BT, stationary
points on the ground state C,H;" potential energy surface were
calculated at the MP2/aug-cc-pVDZ level of theory, building
on a previous study of MP.'” Transition states and
intermediates were located by scanning along internal
coordinates. Intrinsic reaction coordinate (IRC) calculations
were used to verify the transition states.’’ Energies of the
stationary points were calculated at the CCSD(T)/cc-pVIZ
level and include vibrational zero-point energy corrections at
the MP2/aug-cc-pVDZ level. The structures, vibrational
frequencies, and energies were used to carry out master
equation simulations within the Multiwell program.’’~>* The
modeling procedure follows that used in the earlier study of
MP, where more details are provided."” Rigid-rotor-harmonic-
oscillator approximations were used to describe molecular
degrees of freedom based on MP2 frequencies and moments of
inertia, with the Beyer—Swinehart—Stein—Rabinovitch®* count
method used to determine sums and densities of states. Rice—
Ramsperger—Kassel—Marcus (RRKM) theory was used with
CCSD(T) energies to obtain microscopic k(E) values.
Collisional energy transfer is modeled using a single-
exponential down model, with average energy transferred in
deactivating collisions (AEy,,,) set to 200 cm™', consistent
with values derived for organic molecules colliding with Ar at
room temperature.””*® Note the model is not sensitive to
variations in AEg,,, given the nearly collisionless environment
in the octupole region. For the master equation simulations,
the ions were assumed to have a Boltzmann energy distribution
corresponding to T = 30 K based on previous spectrosco;)ic
studies of other molecular ions generated by the source,>®
with an additional 4.63 eV of internal energy provided through
the absorption of a 268 nm photon.

B RESULTS

REPD Spectra. REPD spectra of BT over the 245—285 nm
range, recorded by monitoring C,H;" and C,H;" photofrag-
ments, are shown in Figure 2a,b, respectively. The spectra
recorded on the C,H;" (+C,H,) and C,H;" (+H,) channels
have the same structure and relative band intensities, although
the C,H;" yield was =6 times the C,H;" yield across the
spectrum. REPD spectra of H;CCHCCH"-Ne (Figure 2c) are
similar to spectra of the bare molecule, whereas significantly
broader bands are observed for H;CCHCCH"-Ar (see the
Supporting Information).

The observed spectrum of BT is associated with the B'A’ «
X'A’ transition, and occurs in the same spectral region as the
corresponding spectra of P and MP. Its onset around 277 nm
is consistent with the calculated adiabatic excitation wave-
length of 278 nm (4.46 eV).

Band Assignments. Band positions and assignments for
the H;CCHCCH" and H;CCHCCH*-Ne spectra are provided
in Table 1. The spectrum of BT is assigned through

https://dx.doi.org/10.1021/acs.jpca.9b11810
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A/nm
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(a) H3CCHCCH+ — C2H3+ + C2H2
(b) chCHCCH+ — C4H3+ + Ho
X6
(C) H30CHCCH+-N9 — C2H3+ + CgHg + Ne
35500 36500 37500 38500 39500 40500
v/iem™!

Figure 2. REPD spectra of H;CCHCCH' (BT), obtained by
monitoring (a) C,H;" and (b) C,H;" fragments over the 245—28S
nm range. (c) REPD spectrum of H;CCHCCH"-Ne obtained by
monitoring C,H;" fragments.

Table 1. Band Positions (cm™'), Relative Band Positions
(AP/cm™), and Band Assignments for the B'A’ « X'A’
System of H;CCHCCH" and H;CCHCCH*-Ne

H,CCHCCH* H;CCHCCH*-Ne
assignment v AD v AD
149 35802 —134
03 35936 0 35930 0
14p 36039 103 36051 121
115 36596 660 36628 698
11514 36718 782 36709 779
112 37270 1334 37298 1368
50 37721 1785
113 37940 2004 37952 2022
113 38546 2610 38597 2667

comparisons with the previously reported spectra of MP and
P.'"»** For clarity, spectra of the three ions are displayed in
Figure 3, with the origin transitions adjusted so that they

(@ 03 1My 112 113 HaCCHCCH* (BT)
nyay L 84 |
/ 13 .

2000 3000 4000

Av/em™!

0 1000

Figure 3. REPD spectra of (a) H;CCHCCH?" generated by averaging
spectra shown in Figure 2a,b, (b) H;C,H," (reproduced from ref 13,
with the permission of AIP publishing https://doi.org/10.1063/1.
4974338), and (c) H,C;H*-Ne (reproduced from ref 23, with the
permission of AIP publishing http://dx.doi.org/10.1063/1.4935169).
The origin transitions for the spectra have been set to coincide to
facilitate comparison.
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coincide. Spectra of BT, MP, and P all feature a pronounced
progression associated with the C—C symmetric stretch
vibration. For BT, bands at 0J + 660, 1320, 1980, and 2640
cm™! are assigned to this progression (113, 113, 113, and 11§
transitions, respectively). The length of the progression, which
extends for at least five quanta, is consistent with the predicted
substantial elongation of the central C—C bond by 0.10 A
upon electronic excitation (see Figure 4). The calculated

Figure 4. Equilibrium geometries of H;CCHCCH® (BT) in the X'A’
and B'A’ states, calculated at the CCSD/cc-pVTZ and EOM-CCSD/
cc-pVTZ levels of theory, respectively.

vibrational frequency for vy, in the B'A’ state, 776 cm™,
matches the experimental progression spacing when scaled by
0.85, a value used to fit the corresponding progression in the
MP spectrum. The low scaling factor necessary to reconcile the
calculated and the observed excited state C—C frequency
indicates that the EOM-CCSD/cc-pVTZ calculations over-
estimate the frequency, as also found for P and MP."** For P,
much better agreement with experiment was found for
calculations using the restricted active space self-consistent
field (RASSCF) method with the cc-pVTZ basis set. The
computational cost of the RASSCF/cc-pVTZ level calculations
prevents a similar approach being used for the larger C,H "
systems (MP and BT).

Spectra of BT, MP, and P all exhibit a band with similar
relative intensity between 0) + 1550 and 1800 cm ™" that arises
from excitation of the C=C stretching vibration (5 for BT).
The calculated v vibrational frequency for BT in the B'A’
state (1810 cm™') agrees with the band’s position (0§ + 1785
cm™"). The band’s appreciable intensity is consistent with the
predicted increase in the C=C bond length by 0.03 A from
the ground state to the excited state (Figure 4). This
assignment differs from the one advanced in an earlier study
of P,>* where the band (03 + 1585 cm™) was considered to be
associated with the out-of-plane CH, wag. However, it is clear
that the band is unlikely to arise from a wag because the
position is not significantly affected by substituting a methyl
group for an H atom.

The spectrum of BT displays closely spaced vibronic
structure at 03 + 103 cm™ and 05 — 134 cm™ that is not
present in the spectra of the other two ions (see Figure 3).
Although their assignments are not clear, the bands may be
due to transitions involving the lowest frequency a’ mode
(v14), corresponding to bending of the C, skeleton. The band
at 05 + 103 cm ™! can be tentatively assigned to 14y on the basis
of the calculated v, vibrational frequency in the B'A’ state
(165 cm™). The band’s appreciable intensity is consistent with
the reduction in the Me—C—C bending angle from the ground
to excited state (see Figure 4). The band at 03 — 134 cm™ may
be the 14} hot band, in-line with a calculated vibrational
frequency of 195 cm™' for vy, in the ground state. Its
assignment to a hot band is consistent with the band’s reduced
intensity in the H;CCHCCH"-Ne spectrum.

Effect of Methyl Substitution. The presence of an
electron-donating methyl group influences the structure of the
propargyl chromophore by stabilizing the charge on the carbon

https://dx.doi.org/10.1021/acs.jpca.9b11810
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to which it is attached and, therefore, depending upon its
position, affects conjugation in the molecule. The structural
changes can be assessed by comparing the calculated C—C
bond lengths for P, BT, and MP (see Figure S5). The bond

Figure 5. Ground state equilibrium structures of P, BT, and MP,
calculated at the CCSD/cc-pVTZ level of theory. Bond lengths (A)
are shown in italic font.

lengths of P reflect its delocalized electronic structure between
two resonance forms, *C;—C,=Cj; and C,=C,=C,", with a
preference for the former form.” Replacing an H atom on C;
with a methyl group, to give BT, stabilizes the *C,—C,=C;,
form, consequently increasing the C,—C, bond length.
However, methyl substitution at the C; site, to give MP,
stabilizes the allenyl-type (C,=C,=C;") form, with an
increase in the C,—C; bond length. These effects may
become apparent in higher resolution studies of these
fundamental carbocations.

Photodissociation Dynamics. Photoexcitation of BT
over the 245-285 nm range leads to the generation of
C,H;" and C,H;" fragments. A C,H;"/C,H;" branching ratio
of ~6:1 was measured while pumping the 113 transition at 268
nm (4.63 eV), similar to the branchlng ratio for MP (~5:1) for
the corresponding transition."” For both MP and BT, the
branching ratio over the 230—280 nm range was independent
of wavelength. Interestingly, for the H;CCHCCH"-Ne and
H;CCHCCH"-Ar complexes, the only detected photofrag-
ments were C,H;" and C,H;", suggesting that an insignificant
fraction of the complexes radiatively relax to the ground state,
as these ions would only have sufficient energy to sever the
weak intermolecular bond. Therefore, one can assume that
nonradiative relaxation, presumably internal conversion,
dominates.

We investigated ground state dissociation pathways
assuming that dissociation follows internal conversion. A
simplified version of the C,H;" potential energy surface is
pictured in Figure 6 (see the Supporting Information for more
detalls) The B'A’ state (4.46 eV), accessed through the B'A’
« X'A’ transition (arrow), lies above the calculated
dissociation thresholds for C,H;* + C,H, (1.93 eV) and
C H;* + H, (2.74 eV). The most likely C,H;* fragment is the
classical protonated diacetylene structure [10], which can be
accessed through two C,H;" + H, channels. The lowest energy
channel is direct H, loss from BT through a 2.22 eV barrier
[20]%. Calculations suggest that BT may access the other
C4H3 + H, channel through a 1.29 eV interconversion barrier
[24]% Followmg isomerization to MP, H, loss can occur
through [9&1]3F zmg 2.29 eV above BT. The similar energies of
[20]* and [ indicate that both C,H;" + H, channels are
accessible, w1th the [9a]* channel slightly more favorable. The
C,H;" + C,H, channel, to form the nonclassical protonated
acetylene ion and acetylene molecule [8], can also be reached
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Figure 6. Simplified ground state potential energy surface of C,H;"
from calculations at the MP2/aug-cc-pVDZ (geometries and zero-
point energies) and CCSD(T)/cc-pVTZ (single-point energies)
levels, with transition states represented by I and dotted lines
indicating multistep processes. Energies (zero point added to single
point) are relative to the energy of BT in its X'A” state. The B'A’ state
energy corresponds to the experimental B'A’ « X'A’ origin transition
(arrow). See the Supporting Information for details and a more
complete potential energy surface.

through the initial isomerization step involving [24] ¥ followed
by several additional interconversions prior to dissociating.
The potential energy surface shown in Figure 6 was used for
RRKM/master equation simulations to predict the C,H;"/
C,H;"* branching ratio. Assuming a population of BT with a
Maxwell-Bolzmann distribution of T = 30 K, and given 4.63
eV of internal energy, corresponding to absorption of a 268 nm
photon, the model predicts a branching ratio of 1.4:1.
Although the model overestimates the measured branching
ratio, possibly due to inaccuracies in the calculated energies of
points on the C,H" potential energy surface, it correctly
predicts the preference for the C,H;* + C,H, channel.

B CONCLUSIONS

In summary, the B'A’ « X'A’ band system of H;CCHCCH?*
has been recorded over the 245—285 nm range by monitoring
C,H;" and C,H;* photofragments. Bands were assigned
through comparison of the spectrum with those of H;C,H,"
and H,C;H" and with the aid of calculated vibrational
frequencies. Extended progressions in the H;CCHCCH"
spectrum, with intervals of ~660 cm™, are attributed to the
C—C stretching vibration (vy;). A weak band located around
1800 cm™" above the origin transition is assigned to the 5§
transition, corresponding to an excitation of the symmetric
acetylenic (C=C) stretching mode. Weak bands in the vicinity
of the origin transition are tentatively assigned to transitions
involving bending of the C, skeleton (v,,), which corresponds
to the lowest frequency vibrational mode. Minor differences in
the calculated structures of H;CCHCCHY, H;C,H,", and
H,C;H" were rationalized through conjugative effects related
to the location of the methyl group. Finally, the dissociation of
H,;CCHCCH" was modeled using master equation simulations
based on calculations of the ground state potential energy
surface, correctly predicting the preferred generation of C,H;"
photofragment ions.

https://dx.doi.org/10.1021/acs.jpca.9b11810
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