CHINESE JOURNAL OF CHEMICAL PHYSICS

REVIEW

DECEMBER 28, 2018

Dissociation Dynamics of Energy-Selected lons with Threshold
Photoelectron-Photoion Coincidence Velocity Imaging’

Xiang-kun Wu?, Xiao-feng Tang®, Xiao-guo Zhou®*, Shi-lin Liu®*

a. Hefei National Laboratory for Physical Sciences at the Microscale, iChEM (Collaborative Innovation
Center of Chemistry for Energy Materials), Department of Chemical Physics, University of Science and
Technology of China, Hefei 230026, China
b. Laboratory of Atmospheric Physico-Chemistry, Anhui Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences, Hefei 230031, China

(Dated: Received on November 18, 2018; Accepted on December 13, 2018)

Threshold photoelectron-photoion coincidence (TPEPICO) is a powerful method to pre-
pare and analyze internal energy- or state-selected ions. Here, we review the state-of-the-art
TPEPICO imaging technique combining with tunable vacuum ultraviolet (VUV) synchrotron
radiation and its recent applications at Hefei Light Source (HLS), especially on the funda-
mental data measurement and the dissociation dynamics of ions. By applying the double
velocity map imaging for both electrons and ions in coincidence, the collection efficiency
of the charged particles, the electron energy resolution and the resolving power of the re-
leased kinetic energy in dissociation have been greatly improved. The kinetic energy and
the angular distributions of fragment ions dissociated from parent ions with definitive inter-
nal energy or state have been acquired directly from TPEPICO images. Some dissociation
mechanisms involving non-adiabatic quantum effects, like conical intersection and internal
conversion, have been revealed. Moreover, the mass-selected threshold photoelectron spec-
troscopy (MS-TPES) shows tremendous advantages in isomer-specific analysis of complex

systems.
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I. INTRODUCTION

Gas-phase photoionization as a fundamental photon-
matter process in nature has attracted extensive atten-
tions in the past decades. Fundamental data such as
ionization energy (IE), dissociation energy (D) and
appearance energy (APg) of fragment, together with
the reaction dynamics, involved in the photoionization
and/or dissociative photoionization processes have been
measured precisely. These data as well as reaction dy-
namics have provided valuable information in the re-
search fields of astrochemsitry, combustion, atmosphere
chemistry and quantum information [1, 2].

Among various analytical techniques, since 1980s,
with the rapid development of commercial ultraviolet
(UV) lasers, the laser-based resonance enhanced multi-
photon ionization (REMPI) and pump-probe methods
have been often used to prepare ions in specific ionic
states and investigate their spectroscopy and dissocia-
tion dynamics [3—6]. However, it is mainly used for
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small molecules due to an essential prerequisite of Ryd-
berg intermediate state with a long lifetime. As the
IEs of most organic molecules locate in the vacuum
ultraviolet (VUV) energy range, VUV single photon
ionization is considered to be universal to get internal
energy-selected molecular ions. The methods of photo-
electron spectroscopy (PES) and photoionization mass
spectrometry (PIMS) especially combined with mod-
ern light sources such as VUV laser and synchrotron
radiation have made considerable progresses to probe
molecular photoionization. Synchrotron radiation tak-
ing the characters of high flux, wide energy range and
continuous tenability etc. in the VUV range has been
utilized as an ideal light source in photoionization.

By scanning synchrotron radiation in photoioniza-
tion, the various electronic and vibrational states of
molecular ion can be prepared as illustrated by the fol-
lowing equation.

Eion = hv — IE — Eglectron (1)

where hv is the photon energy, Fio, is the internal
energy of ion, and Fgjecrton 1S the kinetic energy of
electron. Based on the principle, the electron and
ion produced in the same photoionization event can
be analyzed simultaneously and correlated in coin-
cidence. Building on the capabilities of PES and
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PIMS, the method of photoelectron-photoion coinci-
dence (PEPICO) spectroscopy can provide complemen-
tary information in photoionization experiments [2].

As a powerful method to prepare and analyze state-
selected ions, PEPICO has been applied for a long
time. In 1967, Brehm and Puttkamer [7] firstly applied
PEPICO to investigate photoionization of methanol.
From then on, the electron-ion coincidence measure-
ment has been developed rapidly. A number of chemi-
cal systems including diatomic and triatomic molecules
[8, 9], complex chemical systems like combustion [10,
11], clusters [12] and biomolecules [13, 14], have already
been investigated. However, the electron energy reso-
lution and the collection efficiencies for either charged
particle are low in early PEPICO measurements [15]. A
higher electron energy resolution can be achieved with
the threshold photoelectron-photoion coincidence spec-
troscopy (TPEPICO) [16], in which only electrons with
near zero kinetic energy, so-called threshold photoelec-
trons, are detected in coincidence with ions by employ-
ing a tunable light source. In the early TPEPICO in-
vestigations, many electrostatic energy analyzers, e.g.
127° energy analyzer [17], steradiancy analyzer [18] and
hemispheric energy analyzer [19], were used to analyze
photoelectron under a relatively high-intensity extrac-
tion field. Moreover, a penetrating field was also applied
to improve the electron energy resolution [20]. But the
balance between electron energy resolution and collec-
tion efficiency was unsatisfactory. The performance of
TPEPICO has been improved with combination of ve-
locity map imaging (VMI) of the charged particles. In
2003, Bare and Li [21] firstly applied the VMI tech-
nique to collect photoelectrons. The threshold electron
energy resolution was notably improved, and the collec-
tion solid angle of photoelectrons was increased to al-
most 47 sr. [21]. Through optimizing the focus electric
field, Garcia et al. [22] improved the electron energy
resolution to an amazing level of less than 1 meV at
SOLEIL.

Although the electron collection efficiency and the
electron energy resolution were improved, the Wiley-
McLaren linear TOF or reflectron TOF mass spectrom-
eters [23] were usually utilized to measure ion. The ki-
netic energy release distribution (KERD) of fragment
ion in dissociative photoionization was only derived
from evaluation by fitting the TOF profile [3, 24—26]
and hence the resolving power of kinetic energy distri-
bution of fragment ion was very limited. Moreover, the
angular distribution of fragment could not be obtained.
In 2009, a double VMI was firstly used in TPEPICO
measurement at Hefei Light Source (HLS) [27]. It is
known that the released kinetic energy and angular dis-
tributions of fragments from the dissociation of a state-
selected ion can be measured directly from the velocity
imaging [28 29, 30]. Therefore, the fundamental data
including IE, Dy and AP( have been re-measured with
high accuracy, and some detailed dissociation mecha-
nisms of the quantum state-selected ion have been re-
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vealed [31—39]. Moreover, by scanning the VUV photon
energy the mass-selected threshold photoelectron spec-
trum (MS-TPES) corresponding to a specific ion can
be recorded. MS-TPES is regarded as a powerful tool
to identify the reactive intermediates and free radicals,
especially to distinguish isomers [40, 41].

This review will provide a brief introduction of
TPEPICO imaging technique, and then focus on its re-
cent progresses of application at HLS. Based on the
reported results, the advantages of TPEPICO imaging
technique are clearly shown, and then some new di-
rections with VUV ionization to interrogate complex
chemical systems are proposed.

Il. TPEPICO VMI TECHNIQUE
A. Principle of TPEPICO

When a molecule absorbs a VUV photon with higher
energy than its IE, it will be ionized. The parent ions
with specific internal energy can be prepared by select-
ing the coincident ones with the threshold electrons,
according to the energy conservation of Eq.(1). If the
photon energy is beyond APy, a dissociative photoion-
ization process may occur as illuminated by the follow-
ing equation.

AB+hy = ABT +e—> AT +B+e (2)

Then the conservation of energy becomes a little com-
plex and follows the equation below.

Eap + hv —IE(AB) = Eiy(AT) + Ein(B) + Egran +
Eelectron + DO (AB+) (3)

where Eap is the internal energy of neutral molecule
and can be ignored in supersonic molecular beam con-
dition, Fi,(AT) and F;,(B) are the internal energies
of ion fragment and neutral fragment, respectively,
Fliran is the total released kinetic energy in dissociation,
Etran:Etran(AJr)"'Etran(B)a Eelectron is the kinetic en-
ergy of electron, and Do(AB™) is the dissociation en-
ergy of ion.

Taking into account the conservation of momentum
in dissociative photoionization, Firan(AT)/FEiran(B)
equals the inverse ratio of their masses, mp/my+, and
thus the total translation energy distribution, Fian,
can be obtained from the measured kinetic energy of
fragment ion. Based on the assignment of the velocity
image, the internal energy distributions of fragments
can be determined too. Finally, Dy(AB™T) can be ac-
curately calculated with Eq.(3) in TPEPICO measure-
ment. Moreover, the dissociation dynamics of inter-
nal energy-selected molecular ion can be investigated by
measuring the kinetic energy and angular distributions
of fragment ion, with the aid of high-level theoretical
calculations on potential energy surfaces of low-lying
electronic ionic states.
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FIG. 1 (a) Schematic diagram of the time-coincident measurement at HLS. (b) Single-start/multiple-stop data acquisition
mode for collecting electrons and ions under the low ionization rate (less than 1 kHz).

Generally, in a TPEPICO setup, the photoelectron
often needs a few ten nanoseconds to reach the detector
from photoionization region under the action of electric
field, and thus it can be ignored when counting the ion
flight time (usually in a few ten microseconds). Thus,
when the same dc electronic field is applied for the ex-
traction region of the TPEPICO setup, the flight time
interval between the electron and the ion produced from
the same photoionization event is kept constant. Based
on the principle, a special time-coincidence counting
mode has been developed [21], which is usually classified
to two types according to the ionization rates. The trig-
gerless multiple-start multiple-stop measurement mode
is applied in Swiss Light Source (SLS) [42] and SOLEIL
at France [43] according to the recording rate of thresh-
old electrons over 100 kHz. Whilst, at HLS the single-
start /multiple-stop data acquisition [27] has been used
in the low ionization rate (less than 1 kHz). In this
scheme, the threshold electrons provide the start sig-
nals to measure the TOFs of ions, as shown schemat-
ically in FIG. 1. A counter (FAST Comtec, Germany,
P7888) records the relative time of every “stop” ion sig-
nals. An advantage of the P7888 counter is that it auto-
matically neglects any new start signal and records all
ion stop signals during the selected time circle. There-
fore, the signals of true coincident ions are augmented
at a certain range of flight time, while the false coin-
cident ions (correlated to the energetic electrons) are
distributed randomly. In addition, when the photoion-
ization cross section to yield threshold photoelectrons
is small, the signal-to-noise ratio becomes too worse to
measure the kinetic energy and angular distributions of
fragment ions. The case occurs occasionally, especially
for the molecular ion in a highly excited electronic state.
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B. Details of TPEPICO velocity map imaging at HLS

In TPEPICO experiment of dissociative photoioniza-
tion, the most important characters are the collection
efficiency, the energy resolution of threshold electrons,
and the resolving power of kinetic energy distribution
of fragment ion.

In the TPEPICO investigations at HLS, we usually
collect photoelectrons with a mask with a diameter of
1 mm aperture being placed in front of electron detec-
tor. Thus, all threshold electrons are focused to go
through the aperture, while the most energetic electrons
deviate from the axis of flight tube and are blocked by
the mask. However, a small part of energetic electrons
with initial direction of emission along with the axis
of flight tube can pass through the aperture and are
assigned falsely as the threshold electrons. Thus, the
false-coincidence measurement occurs inevitably to de-
press the resolution. A scheme was proposed by Sztaray
and Baer to solve the problem [44]. Two detectors of
multichannel plate were used to collect electrons, and
one was placed just behind the aperture to measure the
electrons flying along the axis while the other was set-
tled off-center to collect the energetic electrons. Based
on the hypothesis of isotropic electron emission in lab-
oratory frame, the fraction of the false threshold elec-
trons in the signals of the center detector could be es-
timated by the area ratio of two detectors. Therefore,
the true TPES can be obtained with an improved en-
ergy resolution by subtracting the energetic electrons
and normalizing by photon flux.

Generally, the weaker the extractor electric field is,
the better the electron energy resolution is. However, a
too weak extraction field may cause a very low collection
efficiency of ion. Thus, a moderate-intensity extrac-
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FIG. 2 (a) Geometric diagram of the velocity focusing optics and dual TOF tubes in the TPEPICO imaging spectrometer at
HLS, (b) simulated trajectories of the threshold (in blue) and 50 meV (in red) energetic electrons, (c) simulated trajectories
of ions with zero (in black), 0.3 eV (in blue), and 0.8 eV (in red) kinetic energy. In all simulations above, the extraction
field is 15 V/cm. Reproduced with permission from Tang et al. [27]. Copyright 2009 American Institute of Physics.

tion field becomes primary when designing a TPEPICO
setup. In the TPEPICO setup at HLS, a moderate elec-
tric field (typically 15 V/cm) has been usually applied
to extract the charged particles with satisfying collec-
tion efficiency. Both the electrons and ions are pushed
out of the photoionization region in the opposite direc-
tions, and the velocity focusing is achieved simultane-
ously for them under the action of the “soft focus lens”
[30]. As shown in FIG. 2, a VMI field is used for ion
image with 25 homocentric electrodes. Similar to Lin’s
design [30], a lens behind the extraction field is added
to reduce the expanded ion packet under the soft fo-
cus condition. Whilst, a special retarding focus field is
designed to prolong the flight time of electron. Under
the same extraction field the energetic electrons expand
from a few tens to a few hundred nanoseconds. Thus,
the false-coincidence counting rate is evidently reduced
at least tenfold, and the energy resolution of threshold
electron is further improved.

With the double VMI design, the KERD and angu-
lar distribution of fragment ions can be directly mea-
sured. The resolving power of the released kinetic en-
ergy in dissociation, AFEyran/Etran, was determined to
be ~2.4% [27], which was high enough to distinguish the
vibrational populations of fragment ions. In this case,
the dissociation dynamics of specific state-selected ions
can be investigated with satisfying resolving power. Fol-
lowing the strategy, SLS [42] and SOLEIL [43] severally
built the double VMI TPEPICO instruments recently.
Although the reported electron energy resolution and
the coincident counting rate were higher than those at
HLS, their ion kinetic energy resolving powers are still
needed to be improved.
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In summary, several types of experiment can be per-
formed by using the TPEPICO imaging spectrometer,
e.g. MS-TPES of molecules, dissociative photoioniza-
tion dynamics from TPEPICO imaging. From these
measurements, not only the IE, Dy and AP values can
be accurately determined, but also the detailed dynam-
ics of dissociative photoionization may be obtained.

I1l. DISSOCIATION OF MOLECULAR ION IN
SPECIFIC QUANTUM STATE

A. Appearance potential (AP) of fragment and
dissociation energy (Do)

Dy and APy are the key dynamic parameters to judge
the major chemical routines in a complex system. Gen-
erally, their accurate measurement in gas phase is based
on the thermodynamic cycle diagram in FIG. 3 [45].
Through photoionization with tunable VUV photon,
the molecular ions in specific quantum state can be
produced. If APo(A*/AB) is accurately obtained, the
Do(A*-B) value of molecular ion can be calculated as
Do(AT-B)=AP, (AT /AB)—IE(AB). Similarly, the dis-
sociation energy of neutral molecule, Dy(A-B), equals
to APg(A*/AB) minus IE(AT).

In the early experiments, APy was estimated by fit-
ting PIE curves of fragment [46]. According to the in-
fluence of thermal-distributed internal energy of neutral
molecules, the Frank-Condon factor of photoionization
and the kinetic shift, the fitted APy values were of low
accuracy. An upgraded acquisition of APy is to fit the
breakdown diagram, which shows the photon-energy de-
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FIG. 3 Thermodynamic cycle diagram of gaseous molecule,
based on the dissociative photoionization.

pendence of abundances of parent and fragment ions.
With the increase of photon-energy around APy, the in-
tensity of parent ion gradually reduces to zero, while the
fragment ion appears and enhances. With a hypothe-
sis of statistical unimolecular dissociation, the Maxwell-
Boltzmann thermal distribution is assumed for the ini-
tial internal energy distribution of the dissociating ion.
If there are multi-channels in the unimolecular dissocia-
tion, the branching ratio of specific fragment is propor-
tional to the micro-canonical rate constant k(e) of the
corresponding channel, which can be calculated with
the RRKM theory as Eq.(4) [47—49].

- N7(e — ¢)
hp(e)

where N7 (e—A¢p) is the number of states of transi-
tion state at excess energy of e—Aecq, p(€) is the density
of states of molecular ion, A is Planck’s constant, and
o is the symmetry of the reaction coordinate. Thus,
based on the computed vibrational frequencies and rota-
tional constants of molecular ion and transition states,
the APo(A"/AB) value can be obtained by fitting the
breakdown diagram and reproducing the fractional ion
abundances with the Eqgs.(5)—(8) [50, 51].

k(e) = (4)

For hv <AP:
Apofhl/
Sparent(hy) = / P(E)dé (5)
0
Sdaughter(hV) = / P(€)d€ (6)
Apo—hl/
For hv>AP:

Sparent(hl/) =0 and Sdaughter(hl/) =1 (7)

P(e) o p(e)e™/ (k1) (8)

where Sparent (7)) and Sgaugnter (hv) are the intensity of
parent and daughter ions in mass spectra, P(e€) is the
internal energy distribution of neutral molecules.

As mentioned above, the temperature of molecular
ions in photoionization is necessary to fit the break-
down diagram. Usually, the room temperature is op-
tionally used although it is undefined due to Frank-
Condon transition. Therefore, the fitted APy(A™/AB)
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value is expected with a certain amount of error, espe-
cially for those direct dissociation with a very fast rate.

In some cases, the dissociation may occur rapidly, and
thus the lifetime of parent ion is not enough to com-
plete the intramolecular vibrational distribution (IVR).
Thus, internal energy of molecular ions is not thermally
distributed. The highly symmetric molecules, e.g. CFy,
SFg and SeFg are the typical examples. Due to the
unstable electronic ground states, the molecular ions
directly dissociate along X—F (X=C, S, Se) bond rup-
ture upon ionization. In this case, no abundance of
parent ion exists in the breakdown curves, and hence
the APo(AT/AB) value can not be obtained from the
fitting method.

Taking CF, as an example, the electronic con-
figuration of neutral CF, is (3a;)?(2t2)%(4a1)?(3ts)°
(1e)*(4t2)%(1t1)®. When an electron is removed from
the outermost orbit (1t1), the molecular ion CF4% in
the ground state, X2T;, is produced and quickly dis-
sociated to produce CF3*(X'A;) fragment ion and
F(®P) atom. Therefore, only the upper limit of
APy(CF3%/CF4) could be estimated from the re-
leased kinetic energy by analyzing the TOF profile of
CF3™ in previous experiments [52]. Fortunately, the
APy(CF3"/CFy) value could be obtained by directly
measuring the KERD of CF3T with the TPEPICO VMI
technique. At 15.98 eV (just beyond IEq of CFy), the
CF3™" fragment ion was observed in TPEPICO mass
spectra [35]. Through recording the time-sliced im-
age of CF3T as shown in FIG. 4, the total KERD
in dissociative photoionization was obtained. More-
over, the parallel anisotropic distribution was consis-
tent with the fast dissociation. Due to fast dissocia-
tion along the C—F bond rupture, the umbrella vibra-
tion (voT=798.1 cm™!) was dominantly excited. Tak-
ing into account the upper limit of APo(CF35%/CFy),
the maximal vy ™ quantum number of CF3+(X1A!) was
less than 10 at 15.98 eV, and the vibrational state pop-
ulation of CF3™ was assigned in FIG. 4 as well. From
the maximal total KERD, the APy(CF3"/CF,) value
of (14.714+0.02) eV could be calculated from the ground
vibrational level as shown with an arrow in FIG. 4. This
value exactly matched with the recent high-level quan-
tum chemical calculation [53].

B. Vibrationally dependent dissociation of molecular ion

Since the double VMI is successfully combined with
TPEPICO, the KERD and angular distribution of frag-
ment ion can be directly obtained. Through gating the
ion signal with ca. 40 ns, only those ions ejected per-
pendicularly to the extraction axis were collected for
the time-sliced images [22]. Thus, the signal from a sin-
gle dissociation reaction might appear only as a narrow
ring in images. Benefiting from the high resolution of
kinetic energy in VMI, we can get detailed information
of dissociative photoionization.
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FIG. 4 Time-sliced TPEPICO velocity map image of CF3" fragment and the corresponding total kinetic energy released
distributions in dissociative photoionization of CF4 at 15.98 eV. Reproduced with permission from Tang et al. [35]. Copyright

2013 American Institute of Physics.

Usually due to high density of states, dissociation
of large polyatomic ions in the low-lying electronic
states is statistical, which is described in terms of well-
established statistical models. However, some large ions
can dissociate directly on the repulsive potential energy
surfaces of electronically excited states, and thus the
relatively large translational energy is released and ex-
ceeds the prediction of statistical model. In contrast
to large polyatomic ions, most of di- or tri-atomic ions
show the non-statistical behavior owing to their sparse
vibrational levels. Therefore, the vibrationally depen-
dent dissociation of these ions can be observed in ex-
periments. As a result, the fragment products formed
from specific vibrational levels can be identified too by
measuring the KERD in dissociative photoionization.

In the dissociative photoionization of NoO at a pho-
ton range of 19.95—20.65 eV, a typical vibrationally de-
pendence of dissociation dynamic was observed [31, 36].
Three vibronic levels of C2X 7 ionic state, C(0, 0, 0),
C(1, 0, 0) and C(0, 0, 1), were prepared in this energy
range, where (v1T, vaT, v37) were the quantum num-
bers of symmetric, bending and asymmetric vibrations,
respectively. As shown in FIG. 5, two rings can be
found in the TPEPICO images of NO™' fragment, cor-
responding to the two dissociation channels involved in
the dissociation. The inner ring is assigned to the higher
dissociation channel of NO*(X!'$+)+N(?P) and has a
stronger intensity than that of the outer ring. With
the aid of theoretical calculations, the NOt formation
mechanism in the dissociation of NoOT(C?ET) is sum-
marized in Eq.(9) and Eq.(10) as well.

N,O1(C?2T) — N,OT (B2I)
— NOH(X'ST, o™+ N(?P)  (9)

or

N,OT(C?8T) =N,OT (B21I)
-2 ¥ 7or 2A — NOT(X'2F,v) + N(*D) (10)
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It was worth noting that the asymmetric vibra-
tion of C?XT ionic state efficiently promoted dis-
sociation possibility along the lowest channel of
NOT(X2%%)+N(?D). According to the above dissoci-
ation mechanism, the vibrational dependence could be
understood because the asymmetric vibration benefits
the coupling from B?II to the linear repulsive 2%~ (or
2A\) ionic state.

Vibrational specific dissociation was also observed in
dissociative photoionization of Os via the B2Eg_ ionic
state [32, 34]. By ionizing with a VUV energy range
of 20.1-21.1 eV, the Oy* ions were prepared in B*%;
(vt=0-6) and 2% (vF=0-7) states, where the latter
was noted as a “optical dark” state due to forbidden
transition from the ground ionic state. According to two
energy-allowed dissociation channels of O (*S)+O(*P)
and O (*S)+O(1D), the TPEPICO images of O% frag-
ment showed a structure of two rings in FIG. 6 when
the quantum number vT equaled to 4 and 6.

The outer narrow ring is attributed to the frag-
ment produced along the lowest dissociation channel of
O1(%S)+O(3P), while the inner wide ring is contributed
by the other decomposition pathway of O+ (*S)+O(D).
It is interesting to realize that the dissociation along
the higher energy dissociation channel disappears at the
B?%. (vT=5) state, although the internal energy of par-
ent ion is higher than the dissociation limit.

As suggested by previous high-level calculations, the
O('D) fragment was produced from Oy*(B*%;) via
coupling to a repulsive 24Hg state. The calculated in-
tersection energy of B2Eg and 241'1g states was located
at near the v™=6 level and higher than the experimen-
tal result of vT=4. In fact, the v+ =4 level of BQZg_ and
the v+=5 level of 2X7 state are nearly degenerate, as
shown in TPES or theoretical calculations. The dissoci-
ation of 23, ~ (vT=5) could occur via coupling with the
nearby *II, state and then producing O+ (*S)+O('D),

(©2018 Chinese Physical Society
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FIG. 5 Time-sliced TPEPICO velocity map images of NO™
and the total kinetic energy released distributions in disso-
ciation of NoOT at various vibrational states of C?YT. The
images are recorded at C(0, 0, 0), C(1, 0, 0) and C(0, 0,
1) vibronic levels, respectively, from top to bottom. Least-
squares fitting of the total KERD curves with two Gaussian
profiles are plotted with the solid line. Reproduced with
permission from Tang et al. [31]. Copyright 2011 American
Institute of Physics.

and their intersection energy is lower than the BQEg
(vF=4) level. Thus, the O('D) fragment observed in
experiment was the resonant dissociation product of
02" (*%;, vT=5), not from B?%, (vt=4) state. More-
over, when the ionization energy was increased to the
higher vT=5 level of BzEg , no incidental degeneration
existed and thus no O(!D) fragment was observed be-
cause the internal energy of O, was lower than the
intersection of BzEg and 241'[g states. However, for
02" (B?%,, vT=6) ion, the O(' D) fragment could reap-
pear due to the internal energy beyond the intersection
of BzEg and 241_1g states. Therefore, the optical dark
ionic state, 2X7, played a significant role in dissociation
of O, within the excitation energy range.

C. Influence of electronic interaction on dissociation of
molecular ion

The dissociation dynamics of polyatomic molecular
ions with high symmetry is a hot topic and has attracted
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a great deal of attention in the past decades. The adi-
abatic and nonadiabatic effects, e.g. internal conver-
sion and conical intersection, can be involved and show
significant influences on the dissociation. In dissocia-
tive photoionization of CH3Cl within the photon energy
range of 11.0—18.5 eV [33], the C—Cl bond cleavage
was observed for the CH3ClT ion in the lower electron-
ically excited states, e.g. A?A; and B2?E. The typical
TPEPICO images of CH3™ fragment ion and their cor-
responding total KERD are displayed in FIG. 7.

As shown in FIG. 7, a series of homocentric rings were
observed in the image of CH3™ fragment dissociated
from CH3CIT(A4%A;), but only a bright and structure-
less spot existed for dissociation of CH3Cl* (B?E), indi-
cating that the different dissociation mechanisms hap-
pened for A?A; and B2E states. The A%2A; state is a
typical repulsive state in Franck-Condon region as sug-
gested by the high-level quantum chemical calculations
[54]. When being prepared at A%A; state, the C—Cl
bond of CH3CI™ will naturally break, and the struc-
ture of CH3' moiety gradually changes from tetrahe-
dral to plane configuration. Therefore, CH3t fragment
was observed to be excited at the mode of umbrella
vibration. Moreover, the anisotropic parameter of the
rings showed a dependence on the v+ vibrational num-
ber, providing an experimental evidence of a shallow po-
tential well along the C—Cl bond rupture predicted by
theoretical calculation [54]. In addition, the proportion
of average total released kinetic energy and available
energy in dissociation was much lower than the value
predicted by the classic “impulsive model”, indicating
that the partial relaxation of methyl group happened to
change from the tetrahedral structure to planar during
the impulsive period of dissociation.

Although the internal energy of B2E ionic state was
higher than that of A%2A;, its dissociation along the Cl-
loss channel was much slower. As the total KERD is
shown with a Maxwell-Boltzmann profile in FIG. 7(b), a
statistical dissociation was suggested for the C—Cl bond
rupture of CH3C1*(B2E) ion. The theoretical calcula-
tion confirmed the conclusion, because the B2E state
was bound and its Cl-loss process must happen via in-
ternal conversion to the high vibrational states of X?E
followed by statistical dissociation.

For the dissociation of another methyl halide ion,
CF3Cl™, its mechanism becomes a little complex. By
fitting the TOF mass peaks of fragment, dissocia-
tion of CF3C1T in different electronically excited states
was briefly introduced but in query [55, 56]. Re-
cently, dissociation of internal energy-selected CF3Cl+
ion was re-investigated in the photon energy region of
11.0—18.5 eV [39]. For the low-lying electronic states,
A?A; and B%A, states, the TPEPICO images of the
dominant fragment, CF3™", were recorded at 14.88 eV
and 15.36 eV, and shown in FIG. 8. The A%?A; and
B?A, states overlap and comprise a wide peak in TPES,
and the two photon energies locate within the peak.
Thus, the CF3Cl* parent ions prepared at the two pho-
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FIG. 6 Time-sliced TPEPICO images of O fragment dissociated from 02+(B2Eg7 vT=1-6), respectively. Reproduced
with permission from Tang et al. [32, 34]. Copyright 2011-2012 American Chemical Society.
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FIG. 7 Time-sliced TPEPICO velocity images of CHz™
fragment and the corresponding total kinetic energy released
distributions in dissociation of CH3Cl" ions, (a) A%A; at
14.530 eV and (b) B?E at 15.480 eV. Reproduced with per-
mission from Tang et al. [33]. Copyright 2012 American
Institute of Physics.

ton energies should have both the contributions of the
A%A; and B?A, states.

As we expected, two components existed in the im-
ages of FIG. 8, and the total KERD could be fitted
very well with a Boltzmann- and one Gaussian-type
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FIG. 8 Time-sliced TPEPICO velocity map images of CF3™
and the corresponding total kinetic energy released distribu-
tions in dissociation of CF3Cl1" ions, (a) A%A; at 14.88 eV
and (b) B?E at 15.36 eV. Reproduced with permission from
Tang et al. [39]. Copyright 2018 Royal Society of Chemistry.

curves. With the aid of theoretical calculations, the CI-
loss mechanism of CF3ClT at A%2A; and B2?A, states
were clarified. The Boltzmann-type distribution in the
total KERD was attributed to statistical dissociation of

(©2018 Chinese Physical Society
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FIG. 9 The total kinetic energy released distributions in dissociation of CoHszC1" in (a) B?A” at 13.14 eV and (b) C?A’ at
13.65 eV. Reproduced with permission from Wu et al. [38]. Copyright 2017 American Chemical Society.

the bound B2A, component after internal conversion to
the high vibrational level of the ground electronic state.
The Gaussian one was contributed by the direct disso-
ciation along the repulsive A?A; state. As shown in
the images, the non-statistical dissociation dominated.
Moreover, the anisotropy parameters of the Gaussian
component were close to 2, which was consistent with
the character of repulsive A2A; ionic state.

Another important electronic interaction, conical in-
tersection, was found to play a significant role in dis-
sociative photoionization of CoHsCl [38]. The B2A”
and C?A’ ionic states overlapped to a wide peak of
12.7—14.2 eV in TPES. At two typical photon energies,
the time-sliced TPEPICO images of the unique frag-
ment ion, CoH3™, were recorded and the correspond-
ing total KERDs were shown in FIG. 9. At 13.14 eV
(mainly belonged to B2A” state), the total KERD
showed a bimodal distribution consisting of Boltzmann-
and Gaussian-type components, indicating a competi-
tion between statistical and non-statistical dissociation
mechanisms. An additional Gaussian-type component
was found in the KERD at 13.65 eV (in C?A’ state),
a center of which was located at a lower kinetic en-
ergy (blue line in FIG. 9(b)). Although we could not
assess the population fractions of CoA’ and highly vi-
brationally excited B?A” states at 13.65 eV, it should
be emphasized that the new direct dissociation path-
way was found and contributed by conical intersection
between B?A” and C2?A’. In another words, the C2A’
state played an important role in dissociation dynamics
of the nearby highly vibrationally excited B2A” state.

D. Identification of intermediates in complex chemical
systems

Besides the above applications to investigate dissocia-
tion dynamics of energy-selected ions, TPEPICO tech-
nique has also been employed to probe products and
intermediates in complex reaction systems, e.g. pyroly-
sis, flame and pulsed photolysis. MS-TPES is thought
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as a powerful analytical tool and has the advantage to
identify free radicals and distinguish isomers [40].

In contrary to the smoothly changing PIE curves,
each species exhibits sharp peaks in TPES and offers a
greater selectivity [57]. MS-TPES becomes a preferred
analytical and high-selective tool for detecting products
of complex chemical systems, e.g. flow tube reactor [58,
59], pyrolysis [60—63], and combustion [64, 65].

The first successful attempt to determine the iso-
mer mixture was performed at SLS using PEPICO
[66]. A mixture of C4Hg (1,3-butadiene and 2-butyne,
V/V=0.95/0.05) and CsHg (cyclopentene, isoprene, 1-
pentyne, and 1,4-pendadiene) was photoionized at a
fixed photon energy, and the full PES ranging from 0 to
0.8 eV were analyzed. In FIG. 10(a), the black traces
were the recorded PIE curves, where the presence of
2-butyne in the mixture could be shown by compar-
ing the solid and dash lines. However, the appearing
resonances of 2-butyne in TPES made its identification
much more definitive. Moreover, FIG. 10(b) shows MS-
TPES of m/z=54, where both butadiene and butyne
are easily identifiable. Because only m/z=>54 ions coin-
cident to threshold photoelectron were collected in ex-
periment, the spectral intensities were totally different
from TPES of FIG. 10(a). The MS-TPES looked like
a simple superposition of TPES of pure 1,3-butadiene
(blue trace) and 2-butyne (green trace) with a cer-
tain weight. Above 9.5 eV, all spectral structures were
dominantly contributed by those of 2-butyne, because
the photoionization cross section of 2-butyne was much
higher than that of 1,3-butadiene. Moreover, more vi-
brational resonances were observed besides the band
origin as shown in FIG. 10(b), thus MS-TPES can pro-
vide more vibrational fingerprints for identifying iso-
mers. With the aid of Franck-Condon calculation, the
isomers can be distinguished and assigned efficiently in
complex systems [67—69)].
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FIG. 10 (a) Threshold photoelectron spectrum of the 1,3-
butadiene and 2-butyne mixture, as well as the TPES of the
individual compounds (scaled). Here the PIE curves of the
mixture and pure 1,3-butadiene are also shown for compar-
ison. (b) Total TPES, m/z=54 MS-TPES of the mixture
along with reference TPES of the two C4Hg isomers. Re-
produced with permission from Bodi et al. [66]. Copyright
2011-2012 American Chemical Society.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

As a state-of-the-art experimental approach,
TPEPICO VMI has the advantage to investigate the
dissociation dynamics of state-selected molecular ions.
Especially, the utilization of the double VMI for both
photoelectron and photoion has greatly improved the
collection efficiency of the charged particles, the energy
resolution of threshold electron and the resolving power
of KERD in dissociation.

For polyatomic molecule, the fundamental molecu-
lar parameters, such as IE, Dy and APg, can be accu-
rately measured in TPEPICO experiments. The sig-
nificant non-adiabatic quantum effects, like conical in-
tersection and internal conversion, involved in the dis-
sociation of ions, have been investigated. For the most
organic molecular ions, the internal conversion from the
highly excited electronic state to the ground electronic
state is very fast due to the high density of states, and
thus the dissociation of electronically excited states usu-
ally exhibits the statistical features on the potential
energy surface of ground electronic state. But, some
special ions, like CF4+ with an unstable ground state,
still exhibit state-selected dissociation dynamics and
the TPEPICO imaging has already demonstrated its
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ability on it.

Besides these applications presented in this review,
another potential application of the coincidence tech-
nique is to study photo-induced ion-pair formation,

AB+hv — AT 4+ B~ (11)

This special fragmentation pathway occurs in the ex-
citation energy of IEg to APg, and thus it causes the
AT fragment appear below the lowest dissociation chan-
nel of molecular ion, ABT—A*4B. Under photolysis
with the tunable VUV light, we can straight detect
the negative fragment ion by using electron optics, and
record the velocity map images of coincident cations
and anions with the double VMI. The high resolution
KERD and angular distribution of the positive and
negative fragments can be measured and correlated di-
rectly. Thus, the detailed dynamic information of ion-
pair formation of polyatomic molecule can be obtained.

TPEPICO also shows another important application
to probe complex reaction systems during the past
years. The MS-TPES has been thought as a powerful
tool for identifying intermediates. It shows tremendous
potential for quantitative and isomer-specific analysis
of complex systems. Not only the fundamental param-
eters like IEqg and APy, but also the vibrational signa-
tures are observed in MS-TPES. Therefore, it provides
higher selectivity compared to the traditional PIE, and
has been successfully applied in complex chemical sys-
tems, e.g. flow tube reactor, pyrolysis and combustion,
when combining with the VUV synchrotron radiation.

Recently, the MS-TPES was used for detection of cat-
alytic intermediates at the VUV beamline of SLS [70,
71]. A temperature-controlled products-type (TAP)
[72] pyrolysis reactor was combined to the imaging
PEPICO spectrometer (iPEPICO). In the catalytic
pyrolysis of guaiacol within a temperature range of
400—500 °C [70]. The MS-TPES of the most relevant
species at m/z=66, 78, 80, and 92, were recorded, re-
spectively. According to Franck-Condon simulations,
the m/z=66 peak (CsHg) was readily identified as
cyclopentadiene (¢-CsHg). The onset in MS-TPES
of the m/z=178, CgHg, was lower than IE; of ben-
zene (9.244 eV) [73], indicating the existence of an-
other isomer. The fulvene (c-C;Hy=CHy) was pro-
posed to be the dominant contributor. For the m/z=80
ion, the observed vibrational structure indicated that
it should belong to three methyl-cyclopentadiene (c-
CsH;—CHs) isomers instead of antiaromatic cyclopen-
tadienone (c-CsHy=0, m/2z=80) suggested in previous
study [74].

However, it is worth noting that the TPEPICO imag-
ing also has a couple of limitations. As mentioned
above, the signal-to-noise ratio may be too worse to
record the satisfying images of fragment ions when the
photoionization cross section to yield threshold photo-
electrons is small. The case occurs occasionally for the
molecular ion in a highly excited electronic state. More
importantly, there is a hypothesis without taking into
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account the direct three-body dissociative photoioniza-
tion to produce an electron, A™ and B fragments, due to
the lack of a satisfying theoretical method to deal with
the photoionization dynamics of polyatomic molecules.
Actually, all the dissociative photoionization processes
in the examples mentioned above are artificially thought
to occur indirectly as the ionization followed by dissoci-
ation of the energy- or state-selected ions. Fortunately,
it is consistent with the experimental data because the
overall process is far slower than the direct three-body
mechanism, based on the moderate anisotropy param-
eters.

In summary, the multiplex advantages of double
imaging detection of electrons and ions in PEPICO
measurement make it attract more and more attention.
We believe, with the further improvement of false co-
incidence suppression, TPEPICO VMI approach will
become a truly universal and powerful tool to analyze
intermediates and isomers in the near future.
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