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We report photodetachment photoelectron spectroscopy (PES) of gaseous copper phthalocyanine (CuPc)
tetrasulfonate quadruply charged anions, [CuPg($®©, and its monoprotonated and -sodiumated triply
charged anions, [CuPc(3)gH]®™ and [CuPc(Sg)sNaJP~. The [CuPc(S@4* tetraanion was found to possess

a negative electron binding energy ©0.9 eV, whereas the trianions have binding energies of 1.0 and 1.2

eV for the sodiumated and protonated species, respectively. The PES spectral features of the three multiply
charged anions were observed to be similar to that of the parent CuPc neutral molecule, except that the
anions have lower binding energies due to the presence of the negative chagfes)( The data thus
suggested a stepwise tuning of the molecular electronic energy levels of the CuPc molecule through charging,
wherein the molecular orbital energies of the parent molecule were systematically pushed up by the negative
charges. We further carried out semiempirical calculations, which provided insight into the nature of the
localized charges on the peripheraBGO;~ groups and the intramolecular electrostatic interactions in the
multiply charged anions and confirmed the interpretation of the stepwise tuning of molecular energy levels
by charging. Photon energy-dependent studies revealed the effects of the repulsive Coulomb barriers on the
photodetachment PES spectra of the multiply charged anions. The barrier heights were estimated to be about
3.5 and 2.5 eV for the tetra- and trianions, respectively. We also observed excited states for the multiply

charged anions and resonant tunneling through the repulsive Coulomb barriers via the excited states.

1. Introduction gaseous multiply charged anions using photodetachment pho-
Electrostatic charging is a common phenomenon in nature toelectron spectroscopy (PES) and electrospt&PES is ideal
and electrostatic interactions are central in determining the to study the electrostatic interactions in gaseous multiply charged
structure and function of biomolecules and the chemical physical anions. In PES, one measures the binding energies of electrons,
properties of materialsUnderstanding the strength and nature which carry direct information about the Coulomb repulsions
of these interactions requires a detailed characterization of thein and electronic stability of multiply charged anions. PES also
individual molecular properties and solvation effects. Coulomb provides information about the electronic structure of the
attraction or repulsion between charged species is screened irmultiply charged anions. Performing PES at various photon
solution due to the dielectric effect of the solvent or protein energies, we have observed directly the repulsive Coulomb
matrix? Gas-phase investigations involving multiply charged barrier (RCB) that exists in multiply charged speéiesd
species, on the other hand, can yield information about the long-electron tunneling through the RCB in a number of doubly
range Coulomb interactions without complications of the charged anion¥6-1°We have also observed solvent stabiliza-
solvents. Solvation effects can then be quantitatively evaluatedtion of doubly charged anior?s.
and characterized by studying solvated multiply charged species In the present paper, we report a PES study of a quadruply
with controlled solvent numbers. Thus, investigation of gaseous charged gaseous anion, copper phthalocyanine (CuPc) tetrasul-
multiply charged ions offers a unique opportunity to obtain fonate tetraanion, [CuPc(S)3]4", and its monoprotonated and
molecular-level information about electrostatic interactions, as -sodiumated triply charged anions, [CuPcg@®]3~ and
well as solvent influence on their stability. [CuPc(SQ)sNalP, at four photon energies, 193 (6.424 eV), 266
Mass spectrometry coupled with electrospray has already been4.661 eV), 355 (3.496 eV), and 532 (2.331 eV) nm. We present
used to investigate Coulomb repulsions in multiply charged the first observation of negative electron binding in a multiply
cations in the gas phade? There have also been significant charged anion and a stepwise tuning of electronic energy levels
recent efforts focused on gas-phase multiply charged afidhs.  of the parent CuPc molecule by adding negative charge groups
We have recently developed a new technique to investigate (—S0;7) to its periphery. We show that the molecular orbital
(MO) energies of the cyclic CuPc molecule are systematically
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(—0.9 eV). The upward shift of the CuPc HOMO and the @ B
negative electron binding, observed through photodet_achment [CuPC(SOa)a]
experiments of the quadruply charged [CuPc{g[® anion,

are owing to the charge localization+#50;~ and the Coulomb
repulsion of the excess charges. The tetraanion is thus metastable
against electron detachment and stores 0.9 eV excess electro-
static energy. The trianions have similar PES spectra as that of
the tetraanion, except that they have higher binding energies
due to the fewer negative charges. Semiempirical calculations L B B B LA AL B I
were carried out for the parent CuPc, the monoprotonated
trianion, and the tetraanion. The calculations showed clearly a
rigid shifting of the MO energies for CuPc as th&0;~ groups

are attached to its periphery, consistent with the experimental
observations. The localized nature of the charge intB8&;~
groups was also shown clearly from the calculations.

A preliminary account of the observation of the negative
electron-binding energy in the tetraanion has been recently
reportect! In the current paper, we present all the experimental
results, including data on the sodiumated trianion and detailed
photon energy-dependent studies, as well as the semiempirical ()
calculations. In particular, the photon energy-dependent studies [CuPc(SO3)4HI"
revealed the effects of the RCB on the photodetachment
transitions, leading to observations of two-photon processes and
resonant tunneling through the RCB.

>

J=

(b)
[CuPc(SO3)4Na]3-

Relative Electron Intensity

2. Experimental Section
Tttt

Our experiment involved generation of gas-phase multiply -2 -1 0 1 2 3 4 5
charged negative ions using electrosptayd photodetachment Binding Energy (eV)
photoelectron spectroscopy of size- and charge-selected anionsrigure 1. Photoelectron spectra at 193 nm of (a) [CuPc{g®, (b)
Details of the experiment have been described elsewhaiee [CuPc(SQ):NaF~, and (c) [CuPc(SguH]*".
electrospray was started with a *OM CuPc-3,4,4",4"'-
tetrasulfonate sodium salt solution in a water/methanol (2:98 binding energy of [CuPc(S§xH]*~ was measured to be 1.2
ratio) mixed solvent at neutral pH. The anions produced from €V, slightly higher than the 1.0 eV value measured for that of
the electrospray were accumulated and stored in a quadrupoldCuPc(SQ)sNaf .
ion trap for 0.1 s before being analyzed by a time-of-flight (TOF) ~ 3.1. [CuPc(SQ)4*". Figure 2 displays the spectra of
mass spectrometer. The major anion signals were due to thelCuPc(SQ)4]*~ at all the four photon energies. At 266 nm,
[CuPc(SQ)4]4 tetraanion. The monoprotonated and -sodiu- feature B peaking at-2 eV completely disappeared, whereas
mated trianions were also present, but with only about 10% the feature A was only partially observed (Figure 2b). At 355 nm,
abundance of the tetraanion. The anions of interest were selectedeature A also completely disappeared, while the ground-state
by a mass gate and decelerated by a momentum deceleratofeature (X) was observed, but its higher BE side seemed to be
before being crossed by a detachment laser beam. We used fougutoff. Interestingly, a weak feature (Xat lower BE appeared
detachment photon energids/): 6.424 eV (193 nm) from an  in the 355 nm spectrum. The weak signals at the high BE side
ArF excimer laser and the fourth (266 nm, 4.661 eV), third (355 in the spectra of 355, 266, and 193 nm were shown to be due
nm, 3.496 eV), and second (532 nm, 2.331 eV) harmonics of a to detachment of the product trianion by absorption of a second
Nd:YAG laser. We measured the kinetic energies (KE) of the photon in each case ; the relative intensities of these weak signals
photoemitted electrons using a magnetic bottle TOF electron could be enhanced at higher detachment photon fluxes.
analyzer with nearly 100% collecting efficiency. The experi-  According to the trend of the PES spectra from 193 to 355
ments were done at 10 Hz repetition rate at 532 and 355 nmnm, we did not anticipate observing any signals at 532 nm.
and 20 Hz repetition rate at 193 and 266 nm with the ion beam Indeed, the X feature completely disappeared in the 532 nm
off at alternating laser shots for background subtraction. The spectrum (Figure 2d). However, a totally unexpected and sharp
TOF-to-KE spectral conversions were calibrated using the feature (X') was observed at 0.30 eV. The featureaserved
known spectra of1and O". The electron binding energies (BE)  at 355 nm also appeared in the 532 nm spectrum. To understand

were determined from Einstein’s photoelectric equatton= the nature of the Xand X' features, we further performed
BE + KE. The energy resolution of the PES apparatus was aboutphoton-flux-dependent studies, as shown in Figure 3. Surpris-
AKE/KE ~ 2%215 ingly, the width of the sharp feature (X did not depend on

the photon flux and its intensity was scaled to the photon-flux
3. Results linearly. The lower BE feature (¥, on the other hand, was

Figure 1 shows the PES spectra of [CuPc{g]®™, [CuPc- observed to be enhanced at high photon fluxes and it ap-
(SGs)4NaJ?~, and [CuPc(Sg)4H]3~ at 193 nm. The spectrum  proximately scaled quadratically with the photon flux. These
of [CuPc(SQ)4* reveals a weak feature (X) at negative binding observations suggested that thefature was due to a two-
energies with a threshold energy 0.9 eV and two broad  photon process, whereas thé feature was due to a single-
features (A and B) at positive binding energies. The spectra of photon process.

[CuPc(SQ)4Nal*~ and [CuPc(S@4H]3~ are nearly identical, 3.2. [CuPc(SQ)4Na]®~. Figure 4 shows the spectra of
each with three spectral features (X, A, and B), which are rather [CuPc(SQ)sNaJF~ at three photon energies. At 266 nm, feature
similar to those observed for [CuPc(9¢)*. The threshold B completely disappeared. The weak signah&.4 eV was
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Figure 2. Photoelectron spectra of [CuPc(8€¢ at (a) 193, (b) 266, . g 9y (eV)
(c) 355, and (d) 532 nm. Figure 3. Photon flux-dependent photoelectron spectra of [CuPg{B0O
at 532 nm.
due to detachment of the product dianion by the absorption of X”
a second photon, similar to the weak signals at the high BE
side in Figure 2 for the tetraanion. Feature A also almost 35(c) X ‘

disappeared completely in the 266 nm spectrum. At 355 nm, S
feature X was partially observed, being cutoff at the high BE ; , \\//
side. Surprisingly, a strong feature '(Xpeaking at~2.3 eV X
was observed in the 355 nm spectrum. THefXature seemed
to be similar to the X feature observed in the 532 nm spectrum
X

of the tetraanion (Figure 2d) except that it was much broader
in the trianion. A weak low-BE feature (Xwas also observed

in the 355 nm spectrum, again similar to theféature observed

in the 355 nm spectrum of the tetraanion (Figure 2c). We also
tried to take the spectrum of the monosodiumated trianion at
532 nm, but almost no photoelectron signals were observed.

3.3. [CuPc(SQ)4H]3 . Figure 5 shows the PES spectra of

[CuPc(SQ)4H]3~ at three photon energies. The photon energy

B
dependence of the monoprotonated trianion was nearly identical @) A
to that of the monosodiumated species. Again, at 266 nm, feature 193 nm
B completely disappeared and only a lower energy tail was
observed for feature A. At 355 nm, the X feature was observed
but appeared to become broadened and cutoff at the high-BE X
side. A very broad feature (X was observed at the higher-BE b

side (Figure 5c), similar to the 'Xfeature in Figure 4c, but i 1 23 4 s

much broader. Again, a weak low-energy feature) (Was Binding Energy (¢V)

observed in the 355 nm spectrum. At 532 nm, there were a}lso Figure 4. Photoelectron spectra of [CuPc($aF- at (a) 193, (b)
almost no photoelectron signals for the monoprotonated trianion. 66, and (c) 355 nm.

Relative Electron Intensity
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tetraanion is unbound against an electron loss. The photoelectron
kinetic energy corresponding to the negative binding energy
4.1. Tuning the Energy Levels of CuPc by ChargingThe feature was~7.32 eV at 193 nm, i.e., 0.9 eV higher than the
observation of the negative binding energy feature in the PES photon energy. We noted that the PES spectral features for all
spectra of [CuPc(S§u]* is remarkable, indicating that the three multiply charged anions are rather similar, as shown in

4, Discussion
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Figure 5. Photoelectron spectra of [CuPc(g61]° at (a) 193, (b)
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Figure 7. Structure of the [CuPc(S{p]* tetraanion as determined

X in bulk crystals (ref 24), showing the location of the charges and the
distances between the charge centers and between the charge centers
and the central Cu atom. Our optimization with PCSpartan 5.1 gives
similar structural parameters.

CeH5-S03"

Relative Electron Intensity

spectra of the tetraanion cannot be due to detachment fram SO
based MO’s. However, the four negative charges create a 7.2
eV (zﬁzlelens) negative potential on the central Cu atom, i.e.,
an electron localized on Cu would experience a Coulomb
repulsion of~7.2 eV. Previous density functional theory (DFT)
calculations predicted that the HOMO of CuPc is a Guibital
Figure 1. There is also a remarkable similarity between these with a single occupancy (13§ Figure 8af> An N p; orbital
spectra and that of the neutral parent CuPc molecule in the vapor(2a,, Figure 8a) is close to the HOMO. As schematically shown
phase except that the neutral CuPc has a much higher BE within Figure 8c, the HOMO of the CuPc is expected to be shifted
an ionization potential (IP) of 6.3 e%2.The similarity between up by 7.2 eV, due to the Coulomb repulsion from the four
the PES spectra of the present charged species and that of theegative charges carried by the peripher&80;~, giving rise
parent CuPc suggests that detachment occurs from MO’sto a negative binding energy 6f0.9 eV (6.3 eV— 7.2 eV).
containing largely CuPc characters in the tetra- and trianions. This estimate is in good agreement with the experimental

L B B B e B N O L e o

1] 1 2 3 4 5 6
Binding Energy (eV)

Figure 6. Photoelectron spectrum ofs85s—SO;~ at 193 nm.

This may be understood from the localized nature of%©;~

groups and the electrostatic effects within the charged molecular

anions.
Our PES spectra of benzene sulfonate aniogH(E SO;™,

observation, despite of the approximate nature of the procedure.
In the monoprotonated trianion, the most likely protona-

tion position is to the-SO;™ group at position 1 (Figure 7 and

Figure 8b). The Coulomb repulsion to the central Cu due to

Figure 6) and other singly charged sulfonate species show twothe three charges at positions 2, 3, and 4 is now reduced to 5

detachment features from theSO;~ group separated by 0.6

eV with a threshold binding energy of5 eV. In the current
multiply charged anions, the SO;~ groups are expected to be

eV (Yr_,€4Rus). The BE of the HOMO in the trianion is then
expected to be-1.3 eV (6.3 eV— 5 eV), again in excellent
agreement with the experimental observation that the mono-

localized and act simply as charge carriers. The electron binding protonated trianion has a positive binding energy of 1.2 eV. In
energy of—SO;~ is then expected to be reduced due to the the monosodiumated trianion, the Nian is also likely to bind
Coulomb repulsion from the other negative charges. Figure 7 to the —SQO;~ group at position 1 (Figure 7). Because of its
shows a schematic molecular structure of the tetraanion andlarge size, Na cannot shield the negative charge as effectively
the estimated distances between the charge centers and betweess the proton, thus yielding a slightly lower binding energy (1.0
the central Cu atom and the charge centéiihe —SO;~ group eV) for the monosodiumated trianion. Comparing the binding
at position 1 experiences the largest Coulomb repulsion, which energies and spectral features of the multiply charged anions
amounts to~3.8 eV (z;‘:ZeZ/Rln)- Therefore, electrons on this  and the neutral CuPc, we see a clear stepwise and nearly rigid
—S0;~ group are still expected to be bound by at least 1.2 eV tuning of the energy levels of CuPc due to the charging by the
(5 eV — 3.8 eV) and the negative BE feature (X) in the PES —SO;~ groups at its periphery.
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(not shown) are more tightly bound, consistent with the above

qualitative electrostatic argument. The rigid shifting of the MOs
35 from the calculations confirmed our notion that theSO;~
25 groups are simply charge carriers. They influence the electronic
oo -09 structures of the parent CuPc by purely electrostatic effects.
2 ‘ 1_2_1 - 4.3. Repulsive Coulomb Barriers and Negative Electron
& —_— —_— Binding. Unlike photoionization of a neutral species (or singly
__§’ 63 charged anion) where the outgoing electron experiences a long
£ - range attractive force (Figure 8a), photoemitted electrons from
11bgg &b multiply charged anions experience a long range Coulomb
—_— 22y, ’ repulsive force. The superposition of the short-range electron
! &6 [CuPc(SOz)a)* binding and the long-range Coulomb repulsion create the RCB
= 9big against electron loss in multiply charged aniéf$lé as
[CuPc(SOg)aHI* © schematically shown in parts b and ¢ of Figure 8. The RCB
(b) has been directly observed in photon-energy-dependent PES

CuPc¢ .
@ studies, where photoelectrons may not be observed even when
) o ] ~ photon energies are higher than the electron binding energies
Figure 8. Schematic diagrams showing the top three occupied pt |ower than the RCB42! This effect is also shown clearly

molecular orbitals of the parent CuPc molecule (a) and the rigid upward . :
shift of these orbitals due to the addition of three (b) and four (c) in the photon energy-dependent PES spectra of Figures 2, 4,

negative charges. The cartons show the cyclic neutral CuPc molecule@Nd 5. We estimated that the current triply and quadruply
and the sequential charging at its periphery. Schematic potential energycharged anions possess barrier heights of 2.5 and 3.5 eV,
curves for removing an electron from the highest occupied orbital of respectively, as given in Figure 8.

the respective species are shown, illustrating (a) the long range attraction Electrons are always bound in a ground state neutral atom

in the CuPc case, (b) the long range Coulomb repulsion and the e
repulsive Coulomb barrier in the triply charged anion, and (c) both the or molecule by the Coulomb force due to the positive core. The

repulsive Coulomb barrier and the negative electron binding in the €XCess electron in a singly charged anion is also always bound
quadruply charged anion. The experimentally determined electron at its ground state. A negative electron binding energy has never
binding energies and the repulsive Coulomb barrier heights in elec- been observed before, because it can only exist in multiply
tronvolts are indicated. The 6.3 eV ionization potential of CuPc is from charged anions owing to the unique situation of Coulomb
ref 23. repulsion among the excess negative charges and the resulting
RCB. As schematically shown in Figure 8 and confirmed in

4.2. Theoretical Calculations.To confirm the above experi- Fi 10 by the th tical calculati th tive bindi
mental observations and to further understand the nature of the” '94€ y the theoretical carculations, the negative binding

: i .
electronic structures of the charged species, we performedtehnergty obs_ertved "; [lepcgﬁll |sba d|re|cf[ cor(;seqtue?lfe ]?f
semiempirical theoretical calculations on the parent CuPc, € strong intramolecular L.oulomb repulsion due {o the tour
[CUPC(SQ).H]*", and [CUPc(SQ)]%. The calculations were ~ SXC€SS charges, whereas the triply charged anions still possess
done using the PM3 and PM3(TM) Hamiltonia#s? as positive binding energies because of the reduced intramolecular
implemented in PCSpartan FAfor the structural aspe(’:t and Coulomb repulsion compared to the quadruply charged anion.
the ZINDO/S Hamiltonian for the electronic informatié‘hT’he The tetraanion is in fact metastable relative to an electron loss
PM3 Hamiltonians have been shown to provide accurate and can be viewed to store 0.9 eV purely electrostatic energy.
descriptions of the structural properties for both organic We tried to estimate the lifetime of the metastable tetraanion

molecule® and transition metal complex&sThe electrostatic ~ With our ion-trap!® Surprisingly, we observed no measurable
potentials of the three species and their HOMO amplitude plots 10N l0ss during a period of 400 s, the longest that we can store
are Shown on the cover and in Figure 9. The electrostatic the IOﬂS The |0ng I|fet|me Of thIS metastable '[etl’aanlon |n the
potentials were evaluated at the optimal geometries and mapped@s phase is remarkable and is attributed to the large barrier
onto the three-dimensional isosurfaces defined by the 0.05 e/au height and the large size of the molecule such that the electron
electron probability. The electrostatic potentials show that the has to tunnel a high barrier and a long distance to escape. The
negative charges in the tri- and tetraanions are indeed localizedRCB can then be viewed as a massive electrostatic corral in
on the—S05~ groups. The HOMO's of the tri- and tetraanions this semiplaner molecule, trapping the electron despite its
are similar to that of the parent CuPc and contain little Negative binding energy.
contribution from the—=SO;~ groups, more clearly illustrating 4.4. Repulsive Coulomb Barriers and the Photon-Energy-
the localized nature of the SO;~ groups. Dependent Photodetachment Spectral Feature®arts a and
Figure 10 shows the MO’s of the three species near the b of Figure 8 show schematically the RCB for removing an
HOMO from the current empirical calculations. The one-electron electron from the HOMO of the multiply charged anions. For
eigenvalues for the MO'’s of the parent CuPc obtained currently removing more deeply bound electrons, similar RCB exists.
are similar to those obtained previously using D¥TThe Parts b and c of Figure 8 are essentially initial-state representa-
HOMO is indeed of Cu g character, though considerable tions of the RCB, or single-particle representations. Spectro-
contributions from the ring system are also observed, as shownscopically, photodetachment processes involve transitions from
on the cover and in Figure 9. The next orbital is an N lone pair, the ground state of the multiply charged anions to states of an
similar to that of Figure 8a. In reality, the top two orbitals are anion with one less charge. The PES features thus represent
very close in energy and the binding energy of the singly the energy levels of the lower charge anion, i.e., the final states
occupied HOMO is underestimated in the current calculation of the detachment transitions. Parts a and b of Figure 11 show
as suggested from the previous DFT calculati®&hus, these the final state representations of the potential energy curves for
energies should only be viewed qualitatively. Nevertheless, the the detachment processes of the tetra- and trianions, respectively.
rigid shift of the MO energies due to theSO;~ groups is The PES spectra of the tetra- and trianions and their photon
clearly demonstrated. The MO’s derived from th80;~ groups energy dependence can be understood from these schematic
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Figure 9. (left column) Electrostatic potentials of CuPc (top), [CuPcfa)]*~ (middle), and [CuPc(Sgu]* (bottom). The electrostatic potential

was evaluated at the optimal geometry using PCSpartan 5. 1 (ref 31) and mapped onto the three-dimensional isosurface defined by the 0.05 e/au
electron density probability. The scales for the electrostatic potentials from bright to dark colors (kcat/Bbtp 15 (top);—220 to—50 (middle);

—275 to—125 (bottom). (right column) The HOMO of CuPc (top), [CuPcga8]3~ (middle), and [CuPc(Sgk]*~ (bottom).
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Figure 10. Calculated one-electron eigenvalues (eV) for those mo-
lecular orbitals near the highest occupied level, using PCSp#irfan,
(a) CuPc, (b) [CuPc(SgxH]3, and (c) [CuPc(S€4]*", showing the
almost rigid shift due to increased charges. Note that the electron
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is also the well depth experienced by the HOMO electron
(Figure 11a). This RCB was estimated based on the observation
that the 355 nm photon was near the top of the RCB of the X
state. The RCB of the A state was estimated to be about 4.4 eV
(Figure 11a), based on the observation that the 266 nm photon
was just below the top of the RCB of the A state. The RCB of
the B state was difficult to estimate and was expected to be
similar to that of the A state. The unusual features observed in
the 532 nm spectra involved resonant photoabsorption and
resonant tunneling and will be discussed in section 4.5.

The PES spectra of the monosodiumated and -protonated
trianions (Figures 4 and 5) are nearly identical except that the
monosodiumated species has a slightly lower binding energy
due to the fact that the Naion does not shield the negative
charge as effectively as the proton. The photon-energy-depend-
ent PES spectra shown in Figures 4 and 5 can be understood
from the schematic potential energy curves of Figure 11b, which
shows the RCB for the three final states (X, A, and B) for the
monoprotonated species and the positions of the four photon
energies. Similar to the tetraanion case, the 193 nm photon was
above the RCB of all the three states, which thus were all
observed at this photon energy. The 266 nm photon was below
the RCB of the A and B states (Figure 11b); thus, the B feature

binding energies are equal to the negatives of the one-electron COMpletely disappeared in the 266 nm spectra. Since the 266

eigenvalues, according to the Koopmans’ theorem.

Energy A Energy 4
193nm 193nm,
266nm —_— 266nm T ‘Tf
1.3
355nm, 3550m i,,_ . 25
4.4
532nm 532nm A
X
03 v 2.3
1;2
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i ¥ "CuPc(S03)4H3 CuPc(SOs)H2-
-0.9 eV - - te
CuPc¢(S03)43
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(a)

(b)

Figure 11. Schematic potential energy curves corresponding to the
various detachment channels for (a) [CUPc{Q® and (b) [CuPc-
(SGs)4H]%". Energetic information and positions of the various photon
energies are indicated.

potential energy curves, which illustrate the RCB and the three
final states (X, A, and B) observed in the PES spectra. The

nm photon was close to the top of the RCB of the A state, a
tail of the A feature was still observed due to electron
tunneling!® The 355 nm photon was slightly below the RCB

of the X state, which was partially observed due to tunneling.
The X' feature at 355 nm involved resonant tunneling similar
to that observed in the 532 nm spectra of the tetraanions and
will be discussed below. The RCB of the X, A, and B states in
the trianions was estimated to be about 2.5 eV based on the
photon-energy-dependent detachment features. The 532 nm
photon was considerably below the RCB of all the three final
states in the trianions and no photoelectron signals were expected
except through electron tunnelingfsindeed, experimentally
almost no photoelectron signals were observed at 532 nm for
the two trianions.

4.5. Excited States of Multiply Charged Anions and
Resonant Tunneling.What was the nature of the'>and X'
features observed at 532 nm for the tetraanion (Figure 2d)? Since
the 532 nm photon was considerably below the RCB of any of
the three states, there were two possible mechanisms for the
observed electron signals, either due to a resonant tunneling or
a two-photon (multiphoton) process. The photon-flux depen-
dence study (Figure 3) suggested that thée4dture was due to

positions of the four photon energies used are also shown in@ tWo-photon process. The' Xeature occurred at a BE about

Figure 11.
Figure 1la shows that the ground state of the trianion
[CuPc(SQ)4)% is more stable than the tetraanion [CuPc{g®,

1.1 eV lower than the ground state feature (X), suggesting that
the detachment transition took place from an initially excited
electronic state of the tetraanionaf.1l eV above the ground

thus the negative binding energy. The photon energy at 193 State, as schematically shown in Figure 118.(Yhe two-photon

nm was higher than the RCB of all the three states, X, A, and
B; thus, they were all observed. At 266 nm, the photon energy
was below the RCB of the B state; thus, the B feature completely

nature of this detachment transition implied that tHeeXcited
state of the tetraanion was probably produced by an initial
photoabsorption of a 532 nm photon to an excited stateifY

disappeared (Figure 2b). The 266 nm photon was also belowFigure 11a) and then a relaxation fron¥ Yo Y".

the RCB of the A state. But it was close enough to the barrier
top so that the A state was still partially observed due to electron
tunneling!® At 355 nm, the photon energy was considerably

below the RCB of the A and B states; thus, they completely

The assumed excited state'(¥should then be-2.3 eV (532
nm) above the ground state of the tetraanion. A tetraanion
excited to the presumed"tate could also undergo an electron
tunneling, which would be more effective because tHestate

disappeared and only the X feature was observed. Finally theis closer to the barrier top. We attributed the sharp and surprising
532 nm photon was below the RCB of the X, A, and B states, detachment feature (X at 0.30 eV (Figure 2d) to such a

and no signals were observed even though the 532 nm photortunneling process. We call this tunneling process a “resonant
was above the asymptotic binding energies of the three statestunneling”, which is a one-proton process caused by the resonant
The RCB of the X state was estimated to be about 3.5 eV, which absorption of a detachment photon by the anion at an appropriate
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wavelength. This is similar to an autodetachment process, with other word, the Y excited state in the trianions was expected
one major difference, in that, the resonant tunneling state would to have a short tunneling lifetime because it was much closer
be expected to have much longer lifetime because of the RCB.to the top of the RCB of the A state-(.3 eV, Figure 11b). As
The photon-flux dependence of the' Xeature suggested that discussed above, the trianions and the tetraanion have similar
it was due to a one-photon process, consistent with the resonanbccupied energy-level structures. Thus, it was reasonable that
tunneling mechanism. the trianions should also have similar excited states as that of

The 0.30 eV binding energy of the'Xeature corresponded the tetraanion, giving rise to similar resonant photoabsorption
to the threshold BE of the A state, implying that the excited and resonant tunnelings.
state (Y') can only couple to the A state of the product trianion.  Finally, we should emphasize that the above interpretation
The latter, in turn, suggests that the initial resonant absorption of the appearance of the unexpected PES featurean&X")
probably involved excitation of the same electron corresponding should be viewed as tentative because the energy levels of these
to the detachment channel A. However, the sharpness of themultiply charged anions are not known in the gas phase. On
resonant tunneling feature was still rather puzzling. It was the other hand, based on the rich spectroscopy of CuPc as
probably due to the long lifetime of the excited stat& Which studied extensively in solutiof;*® existence of low-lying
was estimated to be-2.4 eV below the barrier top to the A €Xcited states in the gas phase is understandable.
state as shown in Figure 11a. At such a distance from the top 4.6. Relevance of the Current Observations to Other
of the RCB, the tunneling probability would have been Effects.The anions with negative electron binding energies can
negligible without the long-lived excited state. It is conceivable be viewed as an electrostatic energy storage medium in the gas
that because of the long lifetime of the'¥excited state the  phase or a molecular capacitor. They can also be considered as
initially populated vibrational excitations by the resonant & molecular analogue of a bulk charged metal surface, where
photoabsorption were relaxed. Thus, tunneling would only the work function combined with the electric field around the
proceed from the ground vibrational level of th& vitermediate =~ metal surface creates a potential barrier (Schottky efféct),
state, giving rise to the sharp tunneling feature. The sharpnesssimilar to that shown in Figure 8c. The RCB in multiply charged
of the X" feature would then suggest that the geometry of the anions is analogous to the Coulomb barrier experienced in the
Y" excited state of the tetraanion and that of the A state of the a-decay of radioactive nucléfalthough the distance and length
product trianion are similar. This is consistent with the assump- scales are quite different. Similar repulsive Coulomb barriers

tion that both states involved excitations of the same electron. €xist against molecular fragmentations (that result in charge

The long lifetime of the ¥ excited state also suggested that SeParation, i.e., Coulomb explosion) in multiply charged mo-
decular ions (both aniodg3® and cation¥ 4% and provide

a second photon could be absorbed from this excited state a . - . ‘ :
well. Such a two-photon process would produce a detachmentdynamic stability to the multiply charged species. Finally, the
feature about 2.3 eV (the photon energy of 532 nm) to the left CUTTeNt observation of tuning molecular energy levels by
of the X" feature. Such a two-photon feature would then overlap charging may also be relevant to the interactions of intense laser
with the X detachment feature. In fact, we suspected that at f'e'ds ‘.N'th atomic and molecular systems, Igadmg fo tunne|
high photon fluxes the Xfeature might indeed have a large ionization#1=43 In the latter, the strong electric field induced
contribution from such a two-photon process. It is important to _by a hlgh-power laser suppresses the Coulomb_ b_arrler for
point out that the latter two-photon process would lead to the ionization such that the electron can tunnel out (ionized). In

A state, whereas the two-photon process involving thetate the current tetraanion case, the four extra charges create a
would iead to the ground state (X). We noted that thie X negative potential which is effectively higher than the ionization

detachment feature was also observed at 355 nm (Figure 2C)potent|al of the parent neutral CuPc. Despite the static nature

with noticeable intensity, possibly due to a similar two-photon of the electronic interactions in multiply_ charged _anions, the
process involving the Ystate, which would be produced due analogy between thg two .phenomena 's Interesting and may
to a relaxation process following an initial absorption of a 355 deserve further considerations.
nm photon in this case. In fact, the weak features at the high
BE side (Figure 2c) could be partly due to a resonant tunneling
induced by the absorption of a 355 nm photon. As will be shown  \we report photodetachment photoelectron spectra of a
below, prominent resonant tunne_llng effec_ts were indeed quadruply charged anion, [CuPc(§€*, and its monoproto-
observed in the protonated and sodiumated trianions at 355 NMnated and -sodiumated trianions, [CuPcg&B]3~ and [CuPc-
(Figures 4c and 5c). (SOs)4Na>~ in the gas phase. A negative electron binding
The 193 and 266 nm spectra of the trianions are discussed inenergy was observed in the tetraanion, which was found to be
section 4.4 using the potential energy curves schematically a long-lived metastable species against an electron loss with a
shown in Figure 11b. The 355 nm spectra of the two trianions negative electron binding energy ef0.9 eV. The tetraanion
were also similar, both with the surprising appearance of a high can thus be viewed as a molecular capacitor storing 0.9 eV
(X' and low (X) BE feature, which were observed more clearly electrostatic energy. The lifetime of this anion was estimated
in the monosodiumated trianion (Figure 4c). Thefeature was to be>400 s. The long lifetime of this metastable anion is due
similar to that in the tetraanion (parts c and d of Figure 2) and to the large magnitude of the repulsive Coulomb barrier,
was likely due to a similar two-photon process, detachment from characteristic of multiply charged anions, that acts as a sort of
a'Y' excited state (Figure 11b) produced by a relaxation processelectrostatic corral trapping the negatively bounded electron
following an initial absorption of a 355 nm photon. The’ X  against autodetachment.
feature was likely due to a resonant tunneling from tHe Y We observed that the PES spectral features of the charged
excited state (Figure 11b) to the A state, similar to the resonant species are similar to that of the parent neutral CuPc molecules
tunneling at 532 nm in the tetraanion (Figure 2d). The resonant and thus found a stepwise tuning of the CuPc molecular energy
tunneling features in the trianions'(XFigures 4c and 5c) were  levels due to charging. Semiempirical calculations were carried
much broader than that in the tetraanion, probably due to the out for the neutral CuPc and the tri- and tetraanions and showed
fact that the tunneling was more efficient in the trianions. In a rigid upward shifting of the molecular orbitals of the CuPc

5. Conclusions
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due to the peripheral charges carried by t#&0;~ groups. The
charges are mainly localized on th&sO;~ groups, which have
little mixing with the HOMO of the parent molecule (see Figure
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