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The unimolecular isomerisation of the prompt propargyl + propargyl “head-to-head”

adduct, 1,5-hexadiyne, to fulvene and benzene by the 3,4-dimethylenecyclobut-1-ene

(DMCB) intermediate (all C6H6) was studied in the high-pressure limit by threshold

photoelectron (TPE) spectroscopy. TPE spectra (TPES) were recorded with

photoelectron photoion coincidence spectroscopy using synchrotron vacuum

ultraviolet radiation. Reference TPES, obtained using pure compounds or judiciously

extracted from the pyrolysis data, served as basis functions for pyrolysis quantification.

From these spectra, we measured a revised fulvene ionisation energy of 8.401 �
0.005 eV. Temperature-dependent pyrolysis spectra were decomposed using these

basis functions. The basis function coefficients were converted to product yields relying

on assumed integral threshold photoionisation cross sections obtained by three,

partially mutually exclusive sets of assumptions. Thus, the product yields of DMCB,

fulvene, and benzene have been established, as well as their uncertainty. The derived

mole fractions are consistent with modeling based on the C6H6 potential and RRKM

master equation model of Miller and Klippenstein [J. Phys. Chem. A, 2003, 107, 7783].

Although our results are fully consistent with the parallel isomerisation pathways to

benzene and fulvene found by Miller and Klippenstein, we observe the onset of fulvene

at a lower temperature than that of the onset of benzene, in agreement with the master

equation model but in contrast to the previous experiments of Stein et al. [Proc.

Combust. Inst., 1990, 23, 85]. This work promotes the use of photoion mass-selected
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threshold photoelectron spectroscopy as a rapid, sensitive, isomer-selective, and

quantitative detection tool among the panoply of established analytical techniques.
1. Introduction

Isomerisation is a ubiquitous transformation in chemistry, playing critical roles
in vision,1 synthetic chemistry (e.g., enolisation2 and sigmatropic3 rearrange-
ments), sugar synthesis,4 atmospheric chemistry,5,6 and soot formation.7

Although Lindemann proposed his eponymous mechanism in 1922 to explain the
kinetics and mechanism of unimolecular thermal dissociation reactions,8 asso-
ciation and isomerisation reactions also derive their pressure-dependent rates
from the same competition between collisional energy transfer and chemical
reactions. Experimental studies of isomerisation on multi-well potential energy
surfaces are more easily interpreted when conditions are chosen to be in the high-
pressure limit. In this case, collisional equilibration is rapid compared to
chemical change, and experimental results more directly reect the enthalpy and
entropy of barriers on the potential energy surface (PES), enhancing the ability to
constrain and denemodels of PESs. However, experiments at lower pressures, in
the fall-off region or the low-pressure limit, can also be valuable because they
allow access to parts of the PES that are more difficult to reach when collisional
stabilisation is too efficient. Therefore, experimental probes applicable over
a range of pressures (and temperatures) can be an effective approach to study
isomerisation mechanisms.

Unsaturated organic molecules offer an especially rich landscape for studies of
isomerisation. The uncoupling and recoupling of p bonds allows a larger number
of isomers—and lower energy pathways connecting them—than is possible in
saturated molecular systems. One fascinating example is the isomerisation of
C6H6,9 with benzene being the most stable isomer. This system has been explored
extensively since the rst hypothesis that the reaction of two resonance-stabilized
propargyl radicals (HCCCH2) represents an important pathway for the formation
of the rst aromatic ring in the combustion of hydrocarbon fuels.10,11 Considering
the molecular structure of propargyl, it is highly unlikely that the recombination
of two could yield benzene in an elementary reaction step. Instead, the two
terminal carbons of propargyl each have substantial unpaired electron density,
leading to three possible acyclic adducts that can form upon recombination of
this asymmetric free radical. Of these, the “head-to-head” recombination pathway
yields 1,5-hexadiyne (1,5-HD), the least stable of the three possible adducts, as
shown in Scheme 1.
Scheme 1 Head-to-head adduct formation during the dimerization of propargyl radical,
forming 1,5-HD, along with three more stable possible products.
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The most complete theoretical investigation of the propargyl self-reaction is
from Miller and Klippenstein (MK),12 who calculated stationary points on the
PES using high-level electronic structure methods. They extracted rate coeffi-
cients for numerous elementary reactions on the C6H6 surface by solving an
RRKM-based master equation, treating both collisional energy transfer and
chemical kinetics. A key experimental study to which they validated their
theoretical treatment was performed in 1990 by Stein et al.,13 who heated 1,5-HD
in a ow reactor and observed its conversion to 3,4-dimethylenecyclobut-1-ene
(DMCB), fulvene, and benzene (Scheme 1). They separated isomers at each
temperature using gas chromatography, and observed the products with ame
ionisation, mass spectrometry, and infrared spectroscopy. Using radical scav-
engers and radical sources, they found no evidence for the participation of free
radicals in the isomerisation process. For systems like this, where isomer-
isations happen on a singlet PES, slow separation and detection techniques
(minutes to hours), as used by Stein et al.,13 can provide accurate results if no
further chemistry takes place during separation and detection. However, for
isomerisations on a doublet PES, as in the addition of radicals to unsaturated
molecules (e.g., OH + CH3CHCH2),14 much faster methods for isomer-resolved
chemical analysis are needed.

Photoionisation mass spectrometry (PIMS) using single-photon ionisation by
tunable vacuum ultraviolet radiation is a rapid method for such studies.15–17

Neutral isomers are selectively identied and quantied at a single mass-to-
charge (m/z) ratio by their distinct ionisation energies (IEs) and photoionisation
spectra. A more detailed molecular ngerprint can be obtained by photoelectron
photoion coincidence (PEPICO) spectroscopy,18–22 in which photoelectron spectra
can be extracted for each m/z channel, i.e., photoion mass-selected (threshold)
photoelectron spectra (ms-TPES), to distinguish isomers.23,24 To demonstrate the
utility of this approach for the study of isomerisations, we use PEPICO spec-
troscopy in this work for the rapid analysis of the previously explored 1,5-HD
system. The certainty of isomeric assignments from ms-TPES signicantly
exceeds that of PIMS for these rigid, cyclic species. The gradual change of spectra
as a function of temperature can be used to extract reference spectra of single
isomers observed in this system. The reference spectra we measure for DMCB and
fulvene represent the most-resolved TPES available for these species. Together
with measured or estimated (integral threshold) photoionisation cross sections of
the individual isomers, we probe the reaction progress by extracting mole frac-
tions of the C6H6 isomers at each temperature. Although our ndings are largely
in agreement with the earlier work of Stein et al.,13 we nd that fulvene arises at
a lower temperature than the more stable benzene isomer, which reects details
of the underlying PES and agrees with the master equation simulations of Miller
and Klippenstein.12 In addition, we show that isomers can be reliably quantied
using ms-TPE spectroscopy, with potential applications in complex reaction
mixtures relevant to combustion, catalysis and astrochemistry.

2. Experimental methods

The imaging PEPICO (iPEPICO) apparatus located at the Paul Scherrer Institute
(PSI) has been described in detail previously,25,26 and only a brief summary of the
instrument with a more detailed description of the new pyrolytic reactor system is
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 647
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provided here. Synchrotron radiation from the bending magnet VUV beamline of
the Swiss Light Source was collimated with a platinum-coated copper mirror
before entering a turntable-style grazing incidence monochromator.18 In the
experiments presented here, the 600 lines mm�1 laminar silicon grating was
used, as it is best suited for high resolution experiments between photon energies
of 7 and 14 eV. To suppress the higher order radiation of the grating, the
dispersed light was focused and directed into a differentially pumped gas lter,
lled over an optical length of 10 cm with a 10 mbar mixture of 60% Ne, 30% Ar,
and 10%Kr. The photon energy was calibrated using autoionisation lines of argon
in the rst and second order, conrming a photon energy resolution of 3 meV at
10 eV.

Samples were introduced either through a simple effusive, unheated inlet or,
for in situ pyrolysis, through a newly designed heatable borosilicate reactor. The
vapor from a commercial liquid sample of 1,5-HD in pentane (50 : 50 mixture)
was diluted to 5% concentration in argon. A mass ow controller regulated the
ow of this mixture at 0.25 sccm into the heatable reactor. The reactor (Fig. S1†)
had a 4 mm internal diameter (ID) with a 32 mm long heated zone. Immediately
aer this zone, the ID narrowed to a 0.1 mm capillary section within a 2 mm long
transition region. This design provides constant, slow ow velocity (�2.7 mm s�1)
in the 4 mm ID section followed by rapid ow in the capillary portion, which
quickly sweeps the ow into the high vacuum chamber for analysis. Six heating
cartridges (Watlow FIREROD with 150 W heating power each) were contained in
a copper block, which encircled the reactor over the heated length. A type K
thermocouple was used to measure the reactor surface temperature at the
midpoint of the heated zone and control the heating via a Eurotherm 3216 PID
controller. The gas pressure in the reactor varied from 0.24 to 0.42 bar. Given our
measured temperatures (295–773 K), ows, and pressures, the calculated resi-
dence time in the heated zone varied from 9.5 to 14.5 s, with an average of 11.8 s.
Expansion from the capillary into the high vacuum of the ionisation region of the
iPEPICO spectrometer suppressed collisions abruptly, stopping all further
chemistry before the sample was intersected by the VUV synchrotron radiation
with a 4 � 4 mm2 spot size. Pressure in the ionisation chamber was kept at 5 �
10�6 mbar, regulated by the ow of the 1,5-HD/argon mixture.

Ions and electrons produced aer VUV photoionisation were extracted from
the ionisation region in a constant 120 V cm�1 electric eld. In a grid-less setup,
photoelectrons were velocity map imaged based on their off-axis momentum onto
a Roentdek DLD40 position sensitive delay-line detector. The electron optics
focused the zero kinetic energy (threshold) electrons in a small center spot with
better than 1 meV resolution. However, energetic electrons with a momentum
exactly parallel to the ight tube axis are also imaged to this spot, and contribute
to the “hot” electron background signal. Subtracting the contribution of these hot
electrons was based on the signal in a ring region around the center spot, as
proposed by Sztáray and Baer.27 Photoions were mass analyzed using a two-grid
Wiley–McLaren-type linear TOF setup and detected on a Chevron-stack of
multichannel plates in a Jordan TOF C-726 non-imaging detector in the multiple-
start/multiple-stop delayed coincidence data acquisition scheme.28 Photoelectron
and photoion detection events served as the start and stop signals for the cation
TOF analysis, respectively.
648 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Threshold photoelectron spectra as a function of 1,5-hexadiyne pyrolysis
temperature. The most diagnostic spectral features for each C6H6 isomer are labeled, and
the main band of the impurity, Z/E-13HD5Y, is indicated by an asterisk.
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Coincidence count rates between threshold electrons (corrected for the effect
of hot electrons, vide supra) and photoions with a time of ight corresponding to
m/z 72 were plotted as a function of photon energy between 8.3 and 10.1 eV. We
saw no contributions of other cation mass channels to the threshold photoelec-
tron signal in this energy range, which is why, instead of the ms-TPES, the total
threshold photoelectron spectra with better signal-to-noise ratios are shown at
room temperature and in a 573–773 K temperature range of the pyrolytic reactor
in Fig. 1.
3. Theoretical methods

The temperature-dependent threshold photoelectron spectra were interpreted in
two steps. First, a basis set was constructed, consisting of reference C6H6 TPE
spectra for the isomeric spectral carriers. These are 1,5-HD, DMCB, fulvene,
benzene, and a contaminant, identied as 1,3-hexadien-5-yne (Z/E-13HD5Y, also
known as 1-ethynyl-1,3-butadiene, see below and in Fig. 2). Franck–Condon
factors were calculated in the double harmonic approximation including
Duschinsky rotations at an assumed vibrational temperature of 350 K at the
B3LYP/6-311++G(d,p) level of theory using Gaussian 16.29 Time-dependent density
functional theory was used to simulate the rst excited state band for fulvene. For
DMBC, this could be achieved using the equation of motion formalism for ion-
isation energies with coupled cluster singles and doubles,30 i.e., EOM-IP-CCSD/cc-
pVDZ calculations with Q-Chem 4.3.31 The FCFs were convolved with a 15–30 meV
FWHM Gaussian distribution to account for the rotational envelope and the
instrumental resolution to produce spectral simulations. Adiabatic ionisation
energies were calculated using the G4 composite method.32 We also calculated
vertical ionisation energies at the EOM-IP-CCSD/cc-pVTZ//B3LYP/6-311++G(d,p)
level. In order to understand the difficulties modeling the 1,5-hexadiyne spectra,
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 649
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Fig. 2 Spectra of the five individual isomers of C6H6. (a) 1,5-HD, (b) 13HD5Y, (c) DMCB, (d)
benzene, and (e) fulvene. The spectra in (a)–(c) and (e) were extracted from the 1,5-HD
sample at appropriate temperatures from data in Fig. 1. Spectrum (d) is from an authentic
sample of benzene. Franck–Condon simulations of ionisation to the ground and first
excited electronic states of the cations are shown in blue and orange, respectively.

Faraday Discussions Paper
Pu

bl
is

he
d 

on
 3

0 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
by

 L
ib

4R
I o

n 
10

/2
6/

20
22

 7
:5

7:
19

 A
M

. 
View Article Online
we optimized the cation geometries using EOM-IP-CCSD/cc-pVDZ, which revealed
large geometry changes between the neutral and the ~X+ 2B state of the gauche
conformer by internal rotation.

We solved the master equation using the Variex v.2.03 code.33 The molecular
data (geometries, harmonic frequencies, hindered rotors, energies, and tunneling
parameters) were identical to the parameters used by Miller and Klippenstein.12

As stated in their paper, the C6H6 system is in the high-pressure limit above 67
mbar in this temperature range. Because all our reactor pressures were higher
than this value, we used the high-pressure limit rate coefficients in our simula-
tions. The kinetic ODE was solved34 by the SciPy Python package’s ODE integrator
that uses lsoda from the Fortran library odepack. The residence time in the
heated region of the reactor was determined based on the ow velocity

v ¼ q
�

0
p0 � T

p� T0 � A
, where _q0 is the standard volumetric ow rate at a pressure and

temperature of p0 and T0, respectively, A is the reactor cross sectional area, and p
and T are the experimental pressure and temperature, respectively. The
maximum, average, and minimum residences used in our experiments were
found to be 14.5, 11.8, and 9.5 s, respectively, which were used to integrate the
system to calculate the yields. As discussed below, we adjusted one barrier height
by 1.0 kcal mol�1 to improve agreement with the experiment. This adjustment is
within the estimated uncertainty of the high-level electronic structure methods
used by Miller and Klippenstein.
650 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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4. Results

Fig. 1 shows the TPE spectra from the pyrolysis of a owing gas phase 1,5-
hexadiyne/pentane sample in argon over the temperature range 298–773 K.
Although we do not know the ratio of 1,5-HD to pentane in the gas phase, it is
unlikely that the thermal decomposition of pentane would generate any C6H6

products, and therefore should not affect our conclusions. At 298 K, the TPE
spectrum is dominated, as expected, by 1,5-HD, with an onset near 9.95 eV,
consistent with the reported photoelectron spectrum of Brogli et al.,35 who
measured an ionisation energy (IE) of 9.90 eV. The impurity denoted by an
asterisk is discussed in section 4.1.

As we increased the temperature, the spectra were unchanged until �573 K.
Above this temperature, the spectra gradually evolved as 1,5-HD isomerizes. The
spectra reveal the presence of three additional C6H6 isomers, with the most
characteristic peaks for isomeric assignment denoted in Fig. 1. We attempted to
collect a spectrum at 798 K, but the capillary portion of the reactor became
clogged with carbonaceous particles, preventing experiments at higher temper-
atures. To extract mole fractions of C6H6 isomers vs. temperature, we tted
a linear combination of reference spectra for each isomer to the data in Fig. 1, and
scaled each t coefficient by the assumed integral TPES cross sections, as
described in the sections below.
4.1 Reference TPES

Reference TPE spectra for C6H6 isomers could be measured for pure 1,5-HD and
benzene. Unfortunately, pure samples of the other isomers are not commercially
available. Fortunately, the gradual change of spectra with temperature seen in
Fig. 1 makes it possible to extract the remaining required reference spectra from
these data. The black traces in Fig. 2 show experimental TPE spectra for the C6H6

isomers determined in the present work. The results of Franck–Condon factor
(FCF) calculations for ionisation from the ground state of the neutral species to
the ground and excited electronic states of the corresponding cation are shown in
blue and orange, respectively. The simulated spectra were shied along the
photon energy axis to align the calculated origin transitions with the experiment,
where the former came from G4 calculations with an estimated uncertainty of
50 meV.

The TPE spectrum for 1,5-HD was measured by passing the sample mixture
through the effusive inlet at room temperature. The resulting TPE spectrum,
shown in Fig. 2(a), is not perturbed by pentane (m/z 72, IE ¼ 10.36 eV)36 and is in
good agreement with the reported IE for 1,5-HD, 9.90 eV.35 The simulation of the
1,5-HD photoelectron spectrum is fraught with challenges. The antiperiplanar
and gauche conformers are almost isoenergetic and have comparable abundances
at room temperature. The ground and rst two excited electronic states of the
cation are computed to have vertical ionisation energies below 10.6 eV using
EOM-IP-CCSD. Also, according to EOM-IP-CCSD calculations, the ~X+ 2B ground
state of the C2 gauche conformer undergoes large internal rotation, associated
with 0.4 eV stabilisation from the neutral geometry. Therefore, the 1,5-HD TPES
cannot be simulated in the double harmonic approximation and is likely also
affected by coupling between close-lying electronic states. Consequently, we are
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 651
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not reporting attempts to model the 1,5-HD TPES. A minor C6H6 impurity was
observed in the 1,5-HD sample with an origin transition near 8.65 eV (Fig. 2(b)).
Aer consideration of several C6H6 isomers, we assign this contaminant as 1,3-
hexadien-5-yne. Rosenstock et al.37 estimated the IE of 13HD5Y as 9.2 eV based on
corrected electron ionisation measurements. Nonetheless, our calculated IEs for
E-13HD5Y (8.67 eV) and Z-13HD5Y (8.71 eV) and the agreement of the associated
FCF simulation with the TPE spectrum for the impurity strongly support our
assignment. The rst two peaks are characteristic of the E/Z isomer distribution,
and the TPES could be tted assuming �20% Z and 80% E isomer, which is
somewhat different from the ab initio equilibrium prediction of 50% : 50%, with
the two isomers being practically isoenergetic at the G4 level of theory. Note that
the IE of 1,2,4,5-hexatetraene (1245HT) was measured by Bischof et al. to be
8.53 eV,38 and there is no evidence for the presence of this isomer in any of our
spectra.

As the temperature increases from 573 to 673 K, the spectral features in the
8.7–9.9 eV energy range in Fig. 1 increase at the same rate, consistent with the
increasing contribution of a single new isomer. Having already identied the
reference spectra of 1,5-HD and the impurity 13HD5Y, we subtract these two
contributions from the 673 K spectrum, yielding a at baseline near 8.65 eV and
no sign of the sharp rise of 1,5-HD near 10.0 eV. The resulting TPE spectrum is
shown in Fig. 2(c). We assign this spectrum to the C6H6 isomer DMCB. Its liter-
ature IE of 8.80 eV39 agrees with our G4 value of 8.80 eV, and our FCF simulation
also supports this assignment up to �9.1 eV. Above this photon energy, the TPE
spectrum is characterized by a signicant amount of unresolved signal and
a broad peak centered at �9.45 eV. Our EOM-IP-CCSD/cc-pVDZ calculations
predict vertical ionisation to the Ã+ 2A2 rst excited state of the C2v DMCB at
9.40 eV, which agrees with the position of this broad peak also reported by
Heilbronner et al.39 We calculated a FC simulation based on the optimized EOM-
IP-CCSD geometry of the Ã+ 2A2 state, which agrees well with the weak features
appearing above 9.4 eV. However, the vibrational structure in the rst excited state
may be lost due to lifetime broadening, as was also observed in the fulvenone
TPES.40 In an important contrast to the benzene and fulvene spectra discussed
below, which exhibit negligible baselines, the DMCB TPES starts to deviate from
the ground-state FCF model above 9.0 eV. This extra signal may arise from
coupling between the lowest two cation electronic states, which our calculations
show are quasi-degenerate at the optimized geometry of the rst excited state.
Such strong coupling could also facilitate autoionisation of the Rydberg states
formed promptly aer photoabsorption. We tentatively assign the broad unre-
solved signal as evidence for autoionisation, whichmay lead to an overall increase
of the integrated TPES intensity as well.

The TPE spectrum for benzene, shown in Fig. 2(d), was obtained using a pure
benzene sample introduced to the ionisation chamber through the effusive inlet.
The origin transition is centered at 9.241 eV, i.e., 3 meV lower than the known IE
of 9.24377(6) eV.41 The 3 meV red-shi of the peak maximum is likely the result of
broadening due to the Stark shi in the constant extraction eld.42 Moreover, the
spectrummeasured in the present work is nearly identical to the onemeasured by
Yencha et al.43 and the FCF simulation for benzene is in reasonable agreement
with the experimental spectrum.
652 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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Starting at 673 K, the rst sign of a new isomer can be seen from a peak at 8.398
� 0.005 eV, which rises from a very low-noise baseline. This peak is consistent
with the C6H6 isomer fulvene, whose IE wasmeasured by Heilbronner et al.39 to be
8.36 eV. We extract the TPE spectrum of fulvene from the 773 K spectrum in Fig. 1.
At this temperature, 1,5-HD does not contribute to the TPE spectrum, but features
from DMCB and benzene remain. The benzene TPE spectrum in Fig. 2(d) was
used to subtract signal from the 773 K data until the dening benzene peak at
9.241 eV disappeared into the broader baseline. Then, the DMCB TPE spectrum in
Fig. 2(c) was subtracted from the remaining 773 K spectrum until there was
approximately zero signal in the vicinity of the DMCB peak near 9.4 eV. We assign
the resulting spectrum in Fig. 2(e) to fulvene based on the good agreement with
the Heilbronner spectrum,39 which was acquired from a synthesized fulvene
sample, and the excellent agreement with our FCF simulation near the rst ion-
isation energy. The progression of resolved features beginning at 9.55 eV are
consistent with the features observed by Heilbronner et al.39 and are assigned to
ionisation into the Ã+ 2B1 excited electronic state of C2v fulvene. Fig. 2(e) also
shows a Franck–Condon simulation of this state, obtained with TD-DFT calcu-
lations, which shows excellent agreement with the observed signal. Based on
these results and taking into account the red shi of the benzene 0–0 peak
maximum with respect to the true ionisation energy, we propose a revised fulvene
ionisation energy of 8.401 � 0.005 eV.
4.2 From t coefficients to product yields

The ionisation energy calculations and FCF simulations helped us understand
the TPES structure and increased our condence in the experimentally derived
reference TPES. The experimental pyrolysis TPES as a function of temperature
(Fig. 1) were then decomposed into contributions from each isomer using the
normalized reference TPES as the basis function (Fig. 2). The basis function
coefficients for the normalized reference spectra were obtained byminimizing the
sum of squared differences between the sum spectra plus a constant baseline and
the normalized temperature-dependent experimental TPES. On average, the sum
of coefficients was 1.07, i.e., close to unity. The residuals were on the order of the
signal-to-noise ratio of the spectra, as shown for the 748 K spectrum in Fig. 3. Fits
for all temperatures are shown in Fig. S2.† The results of the basis set recon-
struction are shown in Fig. 4(a). We disregarded the 13HD5Y contaminant’s
coefficients (which were never more than a few percent for T > 298 K) and set the
benzene and fulvene coefficients to zero below 698 K and the 1,5-HD coefficients
to zero above 673 K. In these temperature ranges, the tted coefficients for these
reference spectra were, on average, �0.005, as they have negligible contributions
to the measured spectra. The main assumption in this decomposition is that the
TPES of the C6H6 isomers are either independent of the temperature in the
studied range or that there was sufficient collisional cooling in the borosilicate
capillary in the �5 ms the ow passed through it, in the expansion into the
ionisation chamber, or with the ionisation chamber walls to ensure that the
sample is ionized at �room temperature. This assumption was validated by the
fact that experimental spectra were reproduced very well at all temperatures by the
basis set decomposition, even though the reference spectra were derived from
data at only a few temperatures. However, the resulting reference TPES
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 653

https://doi.org/10.1039/d2fd00028h


Fig. 3 Fit of the spectrum at 748 K to a linear combination of C6H6 isomer threshold
photoelectron spectra. The TPES basis functions for each isomer are shown along with the
fit residuals at the top. Analogous fits are provided for all temperatures in Fig. S2 of the ESI.†
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coefficients are not equal to the relative product yields. The TPES intensities, and
therefore the reference TPES coefficients, are linearly dependent on the number
densities of the species in the ionisation region, thus, barring sampling effects,
they are proportional to the concentration of each component. The proportion-
ality constant is related to the (integral) threshold photoionisation cross section
of each isomer in the reference energy range, which may vary among isomers.

In the second step, we need to convert the basis set coefficients to relative
abundances, most importantly for DMCB, fulvene, and benzene. We rst dene
the integral threshold photoionisation cross sections (iTPICS) as the integral of
the threshold photoionisation cross section, which is proportional to the
threshold photoelectron signal, over the photon energy range of interest, on a per
molecule basis. As iTPICS are unknown, we propose three scenarios to estimate
their relative values and convert the C6H6 reference TPES basis set coefficients to
product yields. The rst scenario assumes that the integral threshold photo-
ionisation cross section of the three isomers is the same in the 8.3–10.1 eV energy
range. Justication for this assumption is given below. Furthermore, this energy
range completely encompasses two cation electronic state bands in DMCB and
fulvene, as well as the doubly degenerate ground state band of benzene. In the
second scenario, we consider the effects of the raised DMCB TPES baseline (see
Fig. 2(c)) on the intensities. In the third scenario, we note that photoionisation
spectra have been proposed to be loosely related to the integral of the photo-
electron spectrum.44,45 We therefore estimate the photoionisation cross section of
these three isomers at 10 eV and assume that their integral TPES intensity
corresponds to these. Based on these scenarios, we propose an uncertainty range
for the mole fractions of the C6H6 isomers as a function of reactor temperature.
654 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Basis set coefficients for the C6H6 isomer reference TPES are shown as
a function of the reactor temperature in 1,5-hexadiyne pyrolysis. They are converted to
abundances and the isomer product yields shown in (b) using three scenarios with the
working assumptions to obtain the relative integral threshold photoionisation cross
sections described in the text. Experimental (symbols) error bars represent the range of
results based on the three scenarios (see text). Solid lines show the master equation
simulation at the average 11.8 s residence time, with shading showing the limits of
simulations at 9.5 to 14.5 s residence times. Dashed lines show the ME simulation for 11.8 s
residence time with the barrier connecting wells 1 and 2 increased by 1.0 kcal mol�1.
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DMCB is seen at the majority of temperatures, so we chose a unity factor for its
basis function coefficient. Only 1,5-HD and DMCB coexist at low temperatures.
The total ion signals at both 10.365 and 10.890 eV were reduced by a factor of 2 at
673 K compared to 523 K. This reduction with increasing temperature may be due
to the larger ionisation cross section of 1,5-HD compared to DMCB at these
energies, as well as to temperature-dependent sampling effects. A 1,5-HD basis
function coefficient of 8 restores this overall intensity drop as far as the total
abundance is concerned in the temperature-dependent TPES. It is also reasonable
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 655
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considering that the reference TPES for 1,5-HD contains only a small part of the
rst TPES band in Fig. 2(a), whereas two electronic states are fully contained in
the DMCB reference in Fig. 2(c). Furthermore, the 1,5-HD photoionisation cross
sections may be enhanced compared to all other species because of the presence
of its triple bonds.46 Yet this factor of 8, used in all three scenarios, is the least-well
dened isomer factor and affects the position and, to a lesser extent, shape of the
1,5-HD disappearance and the DMCB appearance in the isomerisation mole
fraction diagram in Fig. 4(b). If it is changed from 5 to 15, the crossover
temperature of 1,5-HD/DMCB moves from 625 to 650 K, which gives some indi-
cation of the uncertainty of the low-T product yield results.

Two cation electronic states are fully included in the reference TPES of DMCB,
fulvene and benzene. The HOMO and HOMO�1 orbitals in the neutrals corre-
spond to similar p bonding orbitals in all three, which suggests that both the
transition dipole moments and the integrated FCF over the whole bands will be
similar. Therefore, as long as the dipole and the sudden approximations hold for
the ionisation mechanism, or deviations from them cancel out, the total TPES
intensities integrated over the rst two bands in the 8.3–10.1 eV region (including
the degenerate ~X+ 2E1g ground state of the benzene cation in D6h), should be the
same for the three C6H6 isomers. The rst scenario therefore uses unity basis
function coefficients for benzene, fulvene, and DMCB.

In the second scenario, we note that the lowest 200 meV of the DMCB TPES in
Fig. 2(c) is almost perfectly reproduced by the FCF calculations, but the spectrum
does not return to a negligible baseline and instead exhibits a large and almost
constant signal up to 9.6 eV, on top of which sits the Ã+ 2A2 excited state peak at
9.4 eV. The enhanced threshold photoionisation signal may be due to Rydberg-
state mediated autoionisation and the strong coupling between the ~X+ 2B1 and
Ã+ 2A2 states.40 As a consequence, the threshold photoionisation efficiency (i.e.,
the quantum yield for threshold ionisation) may be higher in DMCB than in
fulvene and benzene, leading to a larger TPES integral cross section. Between 8.65
and 9.30 eV, i.e., below the onset of the excited state peak, the TPES intensity is
1.3� higher than that of the FC simulation if the latter is tted to reproduce the
vibrational intensities below 9.0 eV. This apparently enhanced DMCB signal led
us to propose a conservative estimate in the second scenario that the DMCB TPES
integral cross section is 1.5� larger than that for fulvene and benzene.

Scenario three is based on the assumed quasi-equivalence of the integral
photoelectron spectrum with the photoionisation spectrum. Consequently, the
integral threshold photoelectron signal should be proportional to the photo-
ionisation cross section (PICS).44,45 Benzene, fulvene, and DMCB are all rigid
structures with 6 p electrons. They have two cation electronic states each below
10 eV. Soorkia et al. also reported fulvene and DMCB photoionisation spectra in
2010.47 Based on these, we can assume that the absolute photoionisation cross
section of these three C6H6 isomers will be very similar at equal excess energies
above the ionisation energy. The benzene PICS at 10 eV is known to be 23.4 Mb.48

For fulvene, the 10 eV photon energy is 1.60 eV above the IE. The same excess
energy in benzene corresponds to a 10.88 eV photon energy, at which the benzene
PICS is 38.6 Mb. DMCB has a higher ionisation energy of 8.80 eV, which implies
that its PICS at 10 eV should be equal to that of benzene at 10.44 eV, i.e., 30.5 Mb.
Thus, the assumed DMCB : fulvene : benzene PICS at 10 eV of 30.5 : 38.6 : 23.4
656 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Stationary points on the C6H6 potential energy surface. Numbering of wells and
saddle points follows the conventions of Miller and Klippenstein.12 See text for pathway
descriptions.
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Mb imply scaling factors of 1.00 : 0.79 : 1.30, respectively, to convert the TPES
basis function coefficients into mole fractions.

The basis set coefficients shown in Fig. 4(a) were converted to product yields
according to the three scenarios. The average mole fractions are plotted in
Fig. 4(b) together with error bars for the DMCB, fulvene, and benzene data cor-
responding to the product yield range spanned by the results.

4.3 Master equation results

We solved the master equation in the high-pressure limit for a model of the PES
dened by the stationary points shown in Fig. 5, using the electronic structure
results of MK.12 Our rst solution of the master equation for the thermal iso-
merisation of 1,5-HD utilized a 30 second residence time of molecules in the
heated zone in order to reproduce the calculations of MK12 and compare with the
earlier experimental results of Stein et al.13 that used this residence time. These
calculations reproduce nearly exactly the previous ME results, as shown in
Fig. S3.† The ME results shown as solid lines in Fig. 4(b) are calculated at our
average experimental residence time of 11.8 s, with shading showing the ME
predictions for our shortest (9.5 s) and longest (14.5 s) residence times, which
varied across our experimental datasets. The dashed lines show our predictions
when the energy of the 1–2 saddle point in Fig. 5 is increased by 1.0 kcal mol�1.

5. Discussion

In their 2003 paper on the propargyl radical self-reaction, Miller and Klippen-
stein12 stated that “.the low-temperature isomerisation experiments [of Stein
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 657
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et al.]13 are a fairly direct test of the most important features of the [C6H6] PES.”

Given the high sensitivity of chemical kinetics to saddle point energies, Miller and
Klippenstein made slight adjustments to barriers 1–2 and 2–3 (see Fig. 5) in order
to improve agreement with the Stein et al. data. Part of our motivation was to
provide additional data using a complementary and more direct experimental
method for comparison with theoretical predictions. We now discuss the
two experimental datasets and their connection to the underlying PES
depicted in Fig. 5.
5.1 Comparison between experiments

At a qualitative level, our results are in good agreement with the experiments of
Stein et al., showing the conversion of 1,5-HD to DMCB with increasing temper-
ature, followed by the production of fulvene and benzene at higher temperatures.
Looking more closely, there are three main differences between our experiments
and those of Stein et al. (see Fig. S4† for a direct comparison). First, with
increasing temperature, their loss of 1,5-HD and rise of DMCB occur at lower
temperatures compared to our data, which could simply reect their �3� longer
residence time. However, the shi of their proles with respect to ours is less
dramatic at higher temperatures, where DMCB is consumed as fulvene increases.
For the production of benzene, our proles are nearly the same as theirs, despite
the difference in residence times. The second difference is the fact that Stein et al.
observe a fairly at prole of DMCB, with 97% or greater yield from 620 to 720 K,
whereas our DMCB prole peaks more sharply at 698 K. The third and most
important difference is that the data of Stein et al. show the rst observations of
both fulvene and benzene at the same temperature, 736 K. By contrast, our data
shows evidence of fulvene at 673 K, with quantiable amounts starting at 698 K,
whereas benzene rst appears at 723 K. Before considering how these differences
may affect our understanding of the PES, we consider four potential sources of
experimental systematic errors.

First, Stein et al. used “a steady 20 cm3 min�1
ow (at room temperature and 1

atm)” with a reactor pressure of 1 atm and “residence times near 30 seconds”.
Molar ow, pressure, and residence time cannot all be constant when the gas
temperature is varied. Because constant molar ow is straightforward to main-
tain, and pressure gradients are difficult to maintain, it seems most likely that
over their temperature range of 523–823 K (a 57% increase in absolute temper-
ature), their residence time decreased by 36%, whereas Miller and Klippenstein12

used a constant 30 s residence time in their modeling of the Stein experiments.
Nevertheless, the ramications of this likely mismatch between the experimental
and modeled residence times is not signicant compared to the scatter in Stein’s
experimental data. A comparison can be seen in Fig. S5,† which shows that
reducing the modeled residence times from 30 s to 11.8 s (a 61% decrease)
generates a shi of all mole fraction proles by 20 K to higher temperatures.

Stein et al. quote a temperature uniformity of 2 K throughout the volume of
their 10 mm ID reactor. Although they do not say where the temperature was
measured, it is reasonable to believe that their transducer was in direct contact
with the gas given the relatively large diameter of their reactor, and therefore it is
likely accurate. In contrast, we measured the temperature of our 4 mm ID reactor
only on the external surface, and this temperature is surely higher than the gas
658 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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temperature. Our relatively short reactor length of 32 mm also increases the effect
of temperature drop at both ends of the heated zone, and we have no measure-
ment of this magnitude. However, it is reasonable to conclude that our effective
true gas temperature is lower than our externally measured value, and that this
error (arising from heat loss, which is proportional to the temperature gap
between the heated zone and the unheated surroundings) becomes larger as the
temperature increases. As a result, all of our experimental data points in Fig. 4(b)
should be shied to the le (to lower temperatures), with the magnitude of this
shi increasing with temperature. Such a shi would improve the agreement with
the ME predictions for all isomers except benzene. However, our largest
disagreements with the ME occur in the 600–675 K range, whereas this source of
systematic error should require the largest shis at the highest temperatures.
Therefore our temperature errors cannot be the only source of theory/experiment
disagreement, though they surely contribute.

Stein et al. used more dilute concentrations of 1,5-HD than we did, delivering
1,5-HD at 0.002–0.080%, whereas our mole fraction of 1,5-HD delivered to the
reactor could be as high as 2.5%. They found little dependence on 1,5-HD
concentration, except at their highest temperatures, which are higher than ours.
Nevertheless, all the experiments are fairly dilute, and given that Stein et al. found
no evidence for free radical reactions, it is not clear that these differences in
concentration would have any systematic effect.

Finally, Stein et al. used gas chromatography to disperse different isomers
according to their retention times on a chromatography column. This relatively
slow method and the required high surface contact area needed for good chro-
matographic separation could have allowed the surface-catalyzed conversion of less
stable to more stable isomers. We have no way of evaluating the likelihood of such
surface-catalyzed conversions, but if they happened, the thermodynamic driving
force for conversion tomore stable isomers would lead to the additional conversion
of 1,5-HD to DMCB beyond what would be expected from pure gas-phase thermal
isomerisation. Of course, our experiments could also be distorted by surface-
catalyzed conversion in our borosilicate reactor, but given our shorter residence
times and the nearly instantaneous separation/detection method provided by
PEPICO spectroscopy, we should be less susceptible to such systematic errors.

In summary, variations in residence time lead to fairly small shis of mole
fraction proles by an amount that is nearly independent of temperature, which
cannot account for the rst and second discrepancies between the two experi-
mental data sets shown in Fig. S4.† Compared to Stein et al., our experiments
likely have greater systematic error due to overestimation of the true gas
temperature, but this error alone cannot explain our disagreement with the MK
master equation model proles. The concentration of the starting material is
unlikely to cause signicant errors. In our estimation, the systematic error that
could have the largest effect on the Stein et al. data is the possibility of surface-
catalyzed conversion to more stable isomers during the slow chromatography
step of their work.
5.2 Insights into the reaction mechanism

Early theoretical calculations of the C6H6 PES by Miller and Melius,7 for the
purpose of studying the propargyl self reaction, found that benzene could only be
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 238, 645–664 | 659
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formed through fulvene as a reaction intermediate. The most important
conclusion Stein et al.13 drew from their observation that fulvene and benzene
appeared at the same temperature is that there must be parallel pathways from
DMCB to fulvene and benzene. The later calculations of Miller and Klippenstein12

found such parallel pathways. We depict in Fig. 5 the portions of their PES that are
relevant to the present experiments. To aid in understanding, we label the ve
different parts of the PES as paths 1–5 and depict them in contrasting colours,
adopting the numbering conventions of Miller and Klippenstein for the wells and
saddle points.

Path 1 in black describes the conversion of the reactant, 1,5-HD (1), by a (3,3)
sigmatropic rearrangement into 1245-HT (2). Our inability to see any experi-
mental evidence for this isomer is consistent with the ME predictions, which nd
that for temperatures high enough that 1245-HT forms, it rapidly converts to
DMCB (3) via a (2,2) sigmatropic rearrangement enabled by the low barrier (2–3).
However, DMCB itself is a dead-end for further isomerisation. At moderate
temperatures, the equilibrium between 1245-HT and DMCB favors DMCB due to
its lower enthalpy. However, as the temperature increases, the low entropy of the
rigid DMCB isomer favors conversion back to 1245-HT. It is from this isomer that
paths 2 (red) and 4 (blue) lead to more stable isomers.

Path 4 is the lowest enthalpy exit from 1245-HT, leading to a carbene with
a ve-membered ring (A) that rapidly converts to fulvene (4). In competition, path
2 has a slightly higher barrier (2–8) that leads to 13HD5Y (8), which is the same
isomer that is a minor impurity in our 1,5-HD sample. From 13HD5Y, both paths
2 (red) and 3 (green) connect to benzene (7) without going through fulvene. From
13HD5Y (8), the lower barriers of path 2 make it more favorable than path 3.
Finally, path 5 enables the direct conversion of fulvene to benzene. However, the
large energy difference between fulvene and its isomerisation barrier (4–9) means
that, in the high-pressure limit, where equilibrium is established rapidly
compared to chemical rearrangements, path 5 is completely negligible for T <
1200 K. Hence, the parallel paths 2 (forming benzene) and 4 (forming fulvene) are
expected to dominate at the temperatures in this work.

Returning to the comparison of our experimental mole fractions with the MK
model in Fig. 4(b), we note that the agreement for T > 690 K is reasonably good,
whereas signicant discrepancies exist for T < 670 K. Adjusting for the experi-
mental temperature error discussed in section 5.1 would move our data points to
lower temperatures, but this correction could not improve agreement across all
temperatures, as discussed in section 5.1. Instead, we ran an additional ME
simulation with barrier (1–2) increased by 1.0 kcal mol�1. These simulations are
shown as dashed lines in Fig. 4(b) for all species. Note that the 1,5-HD prole and
the rising edge of the DMCB prole are shied to higher temperatures, improving
the agreement with the experiment, whereas this change has no effect for T > 660
K. That dependence is expected because the conversion of DCMB to fulvene and
benzene depends on barriers (2–A) and (2–8), which we le unchanged. Further
increase in the energy of the barrier (1–2) would provide some additional
improvement, but might not be justied considering that Miller and Klippenstein
already increased the energy of this barrier by 1.0 kcal mol�1 to improve agree-
ment with the data of Stein et al. Raising this barrier further would also not
correct the different slopes of the ME vs. experimental proles of 1,5-HD and
DMCB. We do not have a complete solution to this discrepancy.
660 | Faraday Discuss., 2022, 238, 645–664 This journal is © The Royal Society of Chemistry 2022
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Regarding the onset of fulvene and benzene, we note that the MKmodel clearly
predicts that fulvene should have a lower-temperature onset compared to
benzene, due to the lower barrier in path 4 compared to that in path 2 on the PES.
Our experiments conrm this prediction, but take nothing away from the
signicant impact of the Stein et al.13 experiments, which helped catalyze the
theoretical search for independent routes to fulvene and benzene.

This work shows that the rapid analysis of thermal isomerisation by PEPICO
spectroscopy is possible even when ve isomers contribute to the spectra, and
despite the fact that some of the reference spectra required for extracting mole
fractions from the data were not obtainable from pure chemical samples. Further
development of methods, both theoretical49 and experimental,50 for the evalua-
tion of photoionisation and integral TPE cross sections when authentic samples
are not available will be important to improve the accuracy of PEPICO for this type
of study.

6. Conclusions

We measured the thermal isomerisation of the least stable C6H6 isomer, 1,5-
hexadiyne, in the 573–773 K temperature range via threshold photoelectron
spectra obtained with photoelectron photoion coincidence spectroscopy. 1,5-
hexadiyne isomerises to an equilibrated mixture of 1,2,4,5-hexatetraene and 3,4-
dimethylenecyclobut-1-ene, where equilibrium favors the latter isomer. With
increasing temperature, the very small steady-state concentration of 1,2,4,5-hex-
atetraene isomerises via parallel paths to fulvene and benzene. Our results are
generally in agreement with prior experiments of Stein et al.,13 although there are
quantitative differences. Most importantly, they observe conversion to fulvene
and benzene at the same temperature, whereas we clearly detect fulvene at 673 K,
with benzene rst appearing at 723 K. This spread in the temperature onset was
predicted by the RRKMmaster equation simulations of Miller and Klippenstein.12

Our experiments and master equation calculations conrm their electronic
structure calculations, which show a lower energy rate-limiting barrier for the
path to fulvene compared to the higher energy rate-limiting barrier on the path to
benzene.

Despite the spectral congestion caused by the presence of ve C6H6 isomers,
threshold photoelectron spectra can provide isomer identication and quanti-
cation, and do so rapidly compared to other methods for isomer separation. This
capability should make it a valuable tool for the future study of isomerisation
mechanisms in closed- and open-shell molecular systems.
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14 J. Zádor, A. W. Jasper and J. A. Miller, Phys. Chem. Chem. Phys., 2009, 11, 11040.
15 T. A. Cool, K. Nakajima, T. A. Mostefaoui, F. Qi, A. McIlroy,

P. R. Westmoreland, M. E. Law, L. Poisson, D. S. Peterka and M. Ahmed, J.
Chem. Phys., 2003, 119, 8356–8365.

16 C. A. Taatjes, N. Hansen, D. L. Osborn, K. Kohse-Höinghaus, T. A. Cool and
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