THE JOURNAL OF 945
CAL A

CHEMISTRY

LETTERS

2009, 113, 945-948
Published on Web 11/14/2008

Photoelectron Angular Distribution and Molecular Structure in Multiply Charged Anions

Xiao-Peng Xing, Xue-Bin Wang, and Lai-Sheng Wang*

Department of Physics, Washington State University, 2710 University Drive, Richland, Washington 99354, and
Chemical & Materials Sciences Division, Pacific Northwest National Laboratory, MS K8-88, Richland,

Washington 99352
Received: August 16, 2008

Photoelectrons emitted from multiply charged anions (MCAs) carry information of the intramolecular Coulomb
repulsion (ICR), which is dependent on molecular structures. Using photoelectron imaging, we observed the
effects of ICR on photoelectron angular distributions (PAD) of the three isomers of benzene dicarboxylate
dianions C¢H4(CO,),>~ (0-, m- and p-BDC?"). Photoelectrons were observed to peak along the laser polarization
due to the ICR, but the anisotropy was the largest for p-BDC?", followed by the m- and o-isomer. The observed
anisotropy is related to the direction of the ICR or the detailed molecular structures, suggesting that
photoelectron imaging may allow structural information to be obtained for complex multiply charged anions.

Introduction

Photoelectron spectroscopy (PES) is a powerful technique
to probe the electronic structure and chemical bonding of
molecules and clusters. Angle-resolved PES provides additional
information about the photoionization dynamics and the nature
of the bound molecular orbitals, from which electrons are
emitted. Within the dipole approximation, the angular distribu-
tion of photoelectrons for nonoriented molecules with linearly
polarized light is described by the Cooper—Zare formula,' 1(0)
= c[1 + BPy(cos )], where 0 is the angle between the laser
polarization and the velocity vector of the photoelectron, P,(cos
0) is the second-order Legendre polynomial, 3 is the anisotropy
parameter, and c is a constant proportional to the total
detachment cross section. The anisotropy parameter (3), which
ranges from —1 for pure perpendicular transitions to +2 for
pure parallel transitions, contains all the dynamical information
for the photoemission event. Using photoelectron imaging,
however, we have shown very recently that for multiply charged
anions (MCAs) the Cooper—Zare formula is no longer ap-
propriate because the photoelectron angular distributions are
governed by the intramolecular Coulomb repulsion (ICR).2 Here
we show that photoelectron imaging can provide structural
information for complex MCAs because the ICR is highly
sensitive to molecular structures.

MCAs are ubiquitous in the condensed phase, but they have
only become accessible for detailed spectroscopic characterization®®
since the invention of the electrospray ionization technique.’
The stability of isolated MCAs is governed by the ICR due to
the excess charges,* !! which make MCAs rather fragile and
difficult to study in the gas phase.'>'> We have developed an
electrospray-PES apparatus,'* which has allowed a wide range
of MCAs to be investigated in the gas phase. The repulsive
Coulomb barrier that exists universally in MCAs was directly
observed by PES,** as well as metastable MCAs with negative
electron binding energies.'> '8 The strong intramolecular Cou-
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lomb repulsion was expected to have major effects on the
electron emission dynamics and photoelectron angular distribu-
tion (PAD) of MCAs, which was observed in a very recent study
on a series of linear dicarboxylate dianions [~O,C(CH,),CO;",
DC(n)>~, n = 3—10].2 It was shown that the PAD of these
dianions was strongly affected by the ICR, which forces the
photoelectrons to emit along the molecular axis parallel to the
laser polarization.

Experiment

The imaging method was originally developed to record
spatial distributions of photodissociation products'® and has been
extended to PES.? Over the past decade, photoelectron imaging
has become a highly valuable technique for anions because of
its high sensitivity and capability to yield angular distributions.?'~%’
The present study was carried out on our electrospray PES
apparatus'* by replacing the original magnetic-bottle photoelec-
tron analyzer with a velocity map imaging system.?® The anions
of interest were produced via electrospray of their respective
salt solutions at ~1 mM concentration in a mixed water/
methanol solvent (1/3 in volume), as described previously.?’
Each anion of interest was mass selected and directed into the
center of the photoelectron imaging lens system, where they
were detached by a linearly polarized laser beam [355 nm (3.496
eV) or 266 nm (4.661 e¢V)] from a Nd:YAG laser. The laser
polarization was always parallel to the imaging plane. The
nascent electron cloud was accelerated by a high voltage pulse
applied to the imaging electrodes and was projected onto a
phosphor screen behind a set of microchannel plates. The
positions of the photoelectrons on the phosphor screen were
recorded by a CCD camera and accumulated as a photoelectron
image. The electron kinetic energy (KE) resolution (AKE/KE)
ranges from 3.7% for low energy electrons to 2.5% for electrons
above 1 eV, as calibrated from the 355 nm spectrum of Br~
and the 266 nm spectrum of ™.
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Figure 1. Photoelectron images of (a) 0-CsHy(CO,),%~, (b)
m-CgHy(CO,),%", (c) p-CsHu(CO,),2 at 355 nm (3.496 eV), and (d)
CgHsCO,™ at 266 nm (4.661 eV). The scale bar is given on the right
bottom corner. The double arrow in the top indicates the directions of
the laser polarization.

Results

Figure 1 shows the photoelectron images of o-, m- and
p-BDC?™ at 355 nm compared to that of C¢HsCO,™ at 266 nm.
The single outer ring in Figure la—c implies that only one
detachment band is accessed at this photon energy, consistent
with the previous PES study using a magnetic-bottle photo-
electron analyzer.? Interestingly, the photoelectron signals of
o0-, m- and p-BDC?~ exhibit strong anisotropies, peaking along
the direction of the laser polarization. The anisotropy clearly
increases from the o- — m- — p-isomer. Figure 1d displays the
photoelectron image of the singly charged monocarboxylate
CeHsCO,™ at 266 nm as a control experiment. Several fairly
isotropic rings were revealed with a strong threshold band (the
central spot). Figure 2a,b displays the PES spectra in binding
energies obtained from the images in Figure 1 after inverse Abel
transformations and integrations of electron signals at all
angles.*® The spectra of the three dianions look identical to those
measured previously using the magnetic-bottle apparatus.?” The
electron binding energy increases from the o- to m- to p-isomer,
reflecting the different magnitudes of the ICR in the three
isomers (0- > m- > p-isomer). The spectral cutoff in the high
binding energy range in Figure 2a was due to the repulsive
Coulomb barrier that exists universally in MCAs.>~> The strong
threshold feature for C¢HsCO,~ was shown also very clearly in
Figure 2b, which was likely due to a resonant enhancement
because the 266 nm photon occurs right at the second detach-
ment band.?!

Figure 2c shows the PAD by integrating the main body of
the first photodetachment band in each case after inverse Abel
transformation of the photoelectron images in Figure 1. The
maximum intensity for each plot is normalized to one. The PAD
plots are essentially numerical representations of the anisotropies
revealed by the images in Figure 1. Because of symmetry, only
half of the ring from 0° to 180° (defined to be along the laser
polarization direction) is plotted in each case. The maxima along
the laser polarization at € = 0° and 180° and the minimum
perpendicular to the laser polarization at & = 90° are clearly
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Figure 2. Photoelectron spectra of (a) o-, m-, p-CsH4(CO,),>", and
(b) C¢HsCO,™ obtained from the images in Figure 1. Photoelectron
kinetic energies (KE) were obtained from the radius (R) of the images,
KE [ R?, calibrated by the photoelectron images of Br~ and I~. The
electron binding energies (BE) were determined by BE = hv — KE.
The photoelectron intensities were obtained by integrating all angles
after inverse Abel transformation. (c) Photoelectron angular distributions
1(0) (integrated for signals within ~0.8 eV starting from the threshold)
normalized to one for the maximum intensity in each frame. The vertical
scale is 0.1 per tick. Because of symmetry, only half of the image from
Figure 1 is plotted from 6 = 0° to 180°. The double arrow represents
the directions of the laser polarization. The numbers in (c) show the
relative intensities of the minimum point for each plot.

shown in all three dianions. However, the opposite was observed
for CcHsCO, ™, which was shown to be a perpendicular transition
with maximum intensity at @ = 90°.% The relative magnitude
of the minimum for the three dianions is given in Figure 2c,
consistent with the increasing anisotropy in the direction of p-
> m- > 0-BDC*".

Discussion

As shown in our recent work,> the PAD for MCAss is strongly
influenced by the ICR, which directs the photoelectrons along
the direction of the ICR, regardless of the initial electron
emission directions. Photodetachment of the linear dicarboxy-
lates, DC(n)*, involves a perpendicular transition from the
terminal carboxylate groups if the dianions are aligned with the
laser polarization. However, the ICR forces electrons to be
emitted along the aliphatic chain, yielding an effective parallel
transition for shorter chains due to the strong ICR. A gradual
change from parallel to perpendicular transitions was observed
as the chain length increases (i.e., as the ICR decreases).? The
chromophore (—CO, ") for photodetachment in both the benzene
carboxylates and the previous aliphatic carboxylates is the same,
as also proven by the perpendicular transition observed for the
benzene monocarboxylate. The first PES band involves photo-
detachment from two oxygen lone-pair molecular orbitals, b,
and a; under the local C,, symmetry of the —CO,~ group.’!
But the cross section for photodetachment from the a, orbital
is relatively low and the first detachment band primarily contains
contributions from the b, orbital, which is similar to the b, orbital
in the C,, CS, . The latter was previously observed to yield a
perpendicular transition,* which was interpreted using symmetry
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Figure 3. Schematics illustrating how the photoelectron trajectories
are influenced by the intramolecular Coulomb repulsion for o-, m-,
p-CsH4(CO,),>". The perpendicular transition for C¢gHsCO,™ is shown
in the bottom for comparison. The laser polarization is shown at the
top with the double arrows. The lobes on the right-hand side
schematically illustrate the photoelectron distributions and the effects
of rotation around the laser polarization.

arguments and the so-called “s-p” model by neglecting the
outgoing partial electron waves with [ > 1. The similarity
between —CO, ™ and CS, ™ also implies that the detachment cross
section is the largest for —CO,~ when its C, axis is aligned
with the laser polarization. Therefore, the observed parallel
transitions for the three BDC?™ isomers are clearly due to the
ICR.

A question arises, why does the anisotropy for 0-BDC?~
appear to be the weakest whereas its ICR is the strongest?
Clearly, the molecular structure here plays a key role in
determining the details of the PAD for MCAs. The different
PADs and anisotropies observed for the three BDC?™ isomers
can be understood using the schematics shown in Figure 3. The
schematic for the benzene monocarboxylate shows the nature
of the perpendicular electron emission when the carboxylate
group is aligned with the laser polarization. In the case of
p-BDC?™, the two carboxylate groups are aligned on the same
molecular axis. Thus, electrons emitted from one of the
carboxylates would feel the strong Coulomb repulsion from the
remaining charged group, giving rise to the maximum electron
intensities along the laser polarization direction, despite the fact
that this is a perpendicular transition.

However, when one of the carboxylates is aligned with the
laser polarization for the m- or o-isomer, the other carboxylate
is off axis, as shown in Figure 3. Thus, the direction of the
ICR and the electron trajectories will also be off axis relative
to the laser polarization, as schematically illustrated in Figure
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3. Moreover, in the case of p-BDC?”, the molecular rotation
around the laser polarization would have no effects on the PAD,
but molecular rotation by the m- and o-isomer around the laser
polarization would have profound effects on the PAD because
the other charge is off axis. The rotation would essentially spread
out the PAD and give rise to the apparent reduced anisotropy.
Because the second carboxylate group of 0o-BDC?™ is more
severely off axis and it possesses the strongest ICR, it is easy
to understand that this isomer would yield the largest spread in
the PAD, as observed experimentally.

Thus, using photoelectron imaging, we have observed influ-
ences of molecular structures on photoelectron angular distribu-
tions of MCAs with localized charge carriers. The effects
originate from the strong intramolecular Coulomb repulsion
present in MCAs. These effects may be used to obtain structural
information for complex MCAs by photoelectron imaging. In
the current cases, only qualitative structural information can be
glimpsed because the MCAs are not oriented. It is conceivable
that more direct and quantitative structural information may be
obtained with oriented MCAs.
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