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The stability, energetics, and structures of three common inorganic phosphate spge@s, H,P.0*",
H3Ps0:¢%~, and their corresponding neutral radical and monoanions, were investigated in the gas phase using
photodetachment photoelectron spectroscopy and theoretical calculations. We foundRi@f Hand
H3P;0:¢>~ are stable in the gas phase with adiabatic electron binding energies of 1.16 and 2.45 eV, respectively.
A very high adiabatic electron binding energy of 4.57 eV was measured #80H. The intramolecular
Coulomb repulsion energies in,PtO?~ (~2.7 eV) and HP;0:¢> (~2.3 eV) were estimated from photon-
energy-dependent photoelectron spectra. Density-functional theory calculations were used to search the optimal
geometries for both the doubly and singly charged species. We found only one minimum energy conformation
for H,P,O;%~ with two intramolecular H-bonds and, symmetry and three minimum energy structures for
H3P;016°". The lowest energy structure ofsPsO:¢>~ has three intramolecular H-bonds that do not share a
common oxygen atom. The calculated electron detachment energyP@,Hagrees with the experimental

value well, but the calculated detachment energies #®h*~ and HP;O:¢>~ are~0.3 and~0.7 eV smaller

than the experimental values, respectively. The observed spectral features, due to removal of electrons from
lone-pair oxygen orbitals in the phosphate groups, were assigned qualitatively on the basis of the theoretical

calculations.
1. Introduction been measured directly. The stability of isolated multiply
) ] charged phosphate species is also unknown.
The pyrophosphate linkage-®—P plays an essential role We have developed an experimental technique to study

in bioch_emistry a_nd is t_he_ mgi_n structural form thrc_)ugh_which gaseous multiply charged anions (MCAs) using photodetach-
energy is transmitted within living celfs? In the physiological  ment photoelectron spectroscopy (PES) and electrospray ioniza-
pH range pyrophosphate and adenosine triphosphate (ATP) havgjon 8 PES is ideal for probing the intrinsic properties of free
two to three negative charges. The Coulomb repulsion betweenyicAs and directly yields information about their stability,
the excess charges at least partly renders pyrophosphate anghtramolecular Coulomb repulsion, and solvation effects. We
ATP as “energy-rich” molecules. There have been several ere able to observe directly the repulsive Coulomb barrier
theoretical studies on the hydrolysis of pyrophosphate in the (RCB) present universally in MCAs and estimate its magnitude
gas phasé.® The structure of pyrophosphate and its dependence py measuring PES spectra at different photon enefgidsre
upon the excess charges were found to be crucial in understandimportantly, we found that the RCB is equal in magnitude to
ing the mechanism and thermodynamic properties of the the Coulomb repulsion between the excess charges at the
phosphoryl transfer reactions in biological systems. One central equilibrium structure of an MCA, hence providing us a unique
issue in all of these calculations is whether the multiply charged way to experimentally determine the electrostatic energy stored
pyrophosphate anions are intrinsically stable. Experimental gasin an MCA1°1 This experimental technique is ideal for the
phase study of the isolated anionic phosphate species is valuablgnvestigation of the pyrophosphate MCAs in the gas phase.

in terms of obtaining intrinsic structures and energetic informa-  We obtained previously a PES spectrum of ;P& an

tion and providing benchmarks for theoretical calculations. Yet, important intermediate involved in phosphoryl transfer reactions.
there is little experimental information of the anionic phosphates |n the current paper, we report a combined experimental and
in the gas phase. Only free energies of hydration of the anionic theoretical investigation on the dihydrogen phosphate anion
phosphates have been measur&tie electron binding energy  (H,PQ,~) and two common pyrophosphate dianionsPy®2~

of the simplest dihydrogen phosphate anionR8,~) has not and HP;0102~, as well as the corresponding neutral and singly
charged species. Specifically, we were interested in obtaining

* Corresponding author. E-mail: Is.wang@pnl.gov. their electron binding energies, their stability and structures, and
" Washington State University. _ _ the intramolecular Coulomb repulsion in the dianions.
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tory. involves a magnetic-bottle time-of-flight photoelectron analyzer
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and an electrospray ion source. Details of the apparatus have H2PO4- X
been published previousdfand only a brief description is given
here. To produce the desired anionic species, we useca 5
10~ molar solution of the corresponding sodium salts £Na
POy, NauP,0O7, and NaP504) in a water/methanol mixed solvent
(10/90 volume ratio). Each solution was sprayed through a 0.01
mm diameter syringe needle at ambient atmosphere and at a
high voltage bias of-2.2 kV, producing highly charged liquid
droplets, which were fed into a desolvation capillary. Negatively
charged molecular ions emerging from the desolvation capillary
were guided by a radio frequency-only quadrupole ion guide
into a 3-D quadrupole ion trap, where the ions were accumulated
for 0.1 s before being pushed into the extraction zone of a time-
of-flight mass spectrometer. The major anions a®,
H.P,0;2~, and HPs010?~. Anions with higher charges, such

as HPQ?, PO2~, HP,0, P,07,* HaP3010°, HPO46*, and AR A S ML AL AL AL
P;01¢°, which we were also interested, were not observed,
presumably due to their instability as a result of the strong
intramolecular Coulomb repulsion.

In the PES experiment, the anions of interest were mass
selected and decelerated before being intercepted by a laser bea
in the detachment zone of the magnetic-bottle photoelectron A H2P2072-
analyzer. Both a Nd:YAG laser (266 nm) and an excimer laser (a) 266 nm
(193 and 157 nm) were used for photodetachment. Photoelectron X
time-of-flight spectra were collected at nearly 100% efficiency
by the magnetic bottle and converted to kinetic energy spectra, B
calibrated by the known spectra of and O". The electron c
kinetic energy resolution waAE/E ~ 2%, i.e., 20 meV for 1
eV electrons. Binding energy spectra were obtained by subtract-
ing the kinetic energy spectra from the photon energy.

(a) 193 nm

(b) 157 nm

Relative Electron Intensity

Binding Energy (eV)
Figure 1. Photoelectron spectra of,AO,~ at (a) 193 nm (6.424 eV)

and (b) 157 nm (7.866 eV). The calculated ADE (arrow) and VDEs
Igr\]/ertical bars) are indicated.

(b)193 nm
3. Theoretical Method

The NWChem computational chemistry progédmvas used
to determine the geometrical and electronic structures of
H.PO,~, HoP2O72~, and HP;0;¢%". All species were optimized MI‘\AMI\‘A/\/
using density functional theory (DFFFY6and the hybrid B3LYP
exchange-correlation function&t8We used the TZVP basis
set, which was derived from the DFT-optimized TZVP basis (c)157nm
set?® by adding diffuse functions derived from an even-tempered
expansion of the outermost functions in the original basis set.
An additional diffuse s function was added to each hydrogen
atom (exponent 0.04573), and diffuse s and p functions were
added to oxygen and phosphorus atoms (exponents 0.08142 and .
0.04812 on O, 0.04026 and 0.02813 on P). Frequencies were 0 1 2 3 4 5 6 7
calculated for all species to confirm the geometries were minima Binding Energy (eV)
on the potential energy surface. Single-point MP2 energies wereFigure 2. Photoelectron spectra of P02~ at (a) 266 nm (4.661
calculated using the optimized DFT structures and the Dunning- eV), (b) 193 nm, and (c) 157 nm. The calculated ADE (arrow) and
Hay-DZP+Rydberg basis séf. The Extensible Computational ~ VDEs (vertical bars) are indicated.
Chemistry Environment (Ecc€)was used to setup, launch, and
evaluate the results from NWChem. Conformational energy
differences reported are those from the DFT-optimized calcula-
tions. We define the vertical electron detachment energy (VDE)
of a dianion as the difference in total energy between the
optimized dianion complex and the singly charged anion
calculated at the dianion geometry. We define the adiabatic
electron detachment energy (ADE) of a dianion as the difference
in energy between the optimized geometries of the dianion and
singly charged anion complexes. The VDE and ADE of a singly
charged anion are defined in a similar way between the anion
and the corresponding neutral.

Relative Electron Intensity

and 5.8 eV (B) were resolved in the 193-nm spectrum. The
onset of a third peak (C) was observed as a tail at 6.3 eV. At
157 nm (Figure 1b), the C peak and a new feature D at 7.25 eV
appeared dominantly. One small feature (A) was resolved
between the X and B peaks in the 157 nm spectrum. Close
examination of the 193 nm spectrum indicates that the feature
A was superimposed as a shoulder on the much stronger X peak.
The intensity of the X band was observed to decrease signifi-
cantly at 157 nm.

Figure 2 shows the PES spectra of%D-2~ at three photon
energies. Five broad features (X andB) were discernible in
the 193 nm spectrum (Figure 1b), whereas no new features were
observed at 157 nm (Figure 1c). At 266 nm (Figure 1a), only
the X and A bands showed up as dominant features, and the

The PES spectra of #0O,~ are shown in Figure 1 at 193 intensities of the B and C bands greatly decreased. The peak D
and 157 nm. Two relatively broad features centered at 5.0 (X) completely disappeared at 266 nm, due to the RCB, as will be

4. Experimental Results
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TABLE 1: Experimental and Theoretical Adiabatic (ADE)

X H3P30102 and Vertical (VDE) Detachment Energies for the Ground
(a) 266 nm State Transitions of HPQ,~, H,P,072-, and H3P:0:%~ (V)2
ADEP VDE
exp theo exp theo
A H.PO: 4.57(10) 4.16 5.06(5) 4.92
(\/\ﬂ i H,P,0:2~ 1.16(10) 0.72 1.59(10) 1.26
S H3PsO12 2.45(10) 1.73 3.06(10) 2.32

2 The numbers in the parentheses represent the uncertainties in the
last digit. The VDE was measured from the peak maxim@iAudiabatic
electron affinities of the corresponding species with one less charge.

(b)193 nm B

Relative Electron Intensity

(c) 157 nm

(a) HaPO4~ (Ca, 0.0) (b) HzPOy" (C5, 0.85 kealimal)

0 1 2 3 4 5 6 7
Binding Energy (eV)

Figure 3. Photoelectron spectra ofsPk0;¢?~ at (a) 266 nm, (b) 193

nm, and (c) 157 nm. The calculated ADE (arrow) and VDEs (vertical
bars) are indicated. Figure 4. Optimized structures for the global minmium (a) and a low-

lying isomer (b) of HPO,~ and the global minimum (c) of the RO,
discussed later. The intensity of the D feature also decreased'®U"a"
from the 157 to 193 nm spectra, again due to the RCB. From TABLE 2: Experimental Vertical Detachment Energies,
the photon-energy-dependent PES spectra, we will estimate lateiCompared to Theoretical Orbital lonization Potentials (IPs)

the RCB height and hence the intramolecular Coulomb repul- (€V) for the Valence Orbitals of H,PO,~, H,P,0#", and
H3P;0102~ at the Combined B3LYP/TZVP+ and SCF/

(c) HaPOg (Cav}

sion.

The spectra of kEP;010?>~ are shown in Figure 3 at three DzP~+Rydberg Levels of Theory
photon energies. These spectra are very broad and congested HPOy” HaP2072" HsP301¢*
due to the large size of 4#30:¢>~. The 193 nm spectrum of exp theo exp theo exp theo
H3P:010*~ (Figure 3b) showed three overlapping features (X, jp1 506 (X) 4.92 159 (X) 1.26 3.06(X) 2.32
A, and B). At 266 nm, the A and B bands were completely cut 1P2 542 (A) 5.34 1.42 2.66
off, and the detachment cross section of the X band was greatly IP3 ~ 5.82(B) 5.58 1.90(A) 168 3.04
reduced. The X band also shifted to lower binding energy P4  6.37(C) 6.18 180 356(A) 325
compared to that at 193 nm. At 157 nm, more congested features :Eg 7.27(D) 87 2321 2.56 (B) 225159 335%8
were observed. The photon energy dependence of fRgit?~ IP7 ' ~3.1(C) 272 3.69
spectra was also due to the RCB and will be discussed later. |pg 299 46(B) 3.94

The PES features of 420, (Figure 1) were relatively sharp ~ IP9 ~3.8(D)  3.52 4.28
compared to that of #P,072~ and HP;010>~. The ADEs for :Eﬁ ggg j-‘?‘g
each species were measured by drawing a straight line at the 575 1.96 501
leading edge of the respective X bands and then adding a |p13 5.35 5.25
constant to the intercept with the binding energy axis to take P14 5.51 5.35
into account both the instrumental resolution and a finite thermal 1P15 6.19 5.78
effect. The VDEs were obtained from the PES band maxima :Ei? g-gg

for all observed transitions. Due to the broad nature of the
spectra, only estimates of the ADEs and VDEs could be . )
obtained. Table 1 lists the measured ADEs and VDESs for the [0rSion angle with a nonprotonated oxygen atom of about 18.6
ground-state transitions ofAQ,~, H,P,072~, and HP:01¢>". degrees, as shown in Figure 4a. Tesymmetry conformation

The ADEs for the ground-state transitions also represent the With thé O—H bonds lining up with the same nonprotonated
adiabatic electron affinities for the corresponding neutrat (H ~©XY9en atom (torsion angle of 1t)5was higher in energy by
PQy) and monoanions (#P,0;~ and HPs015°). The VDES of 0.85 kcal/mol (Figure 4b). These conformations are different

all the observed PES features for each species are given in Tabld'o™ the Cz, symmetry (similar to Figure 4c) obtained previ-
2 and compared with the theoretical results. ously using the 6-31G* basis set at the Hartréeck level of

theory?? The C,, structure was found not to be a minimum in
the current study.

To estimate the theoretical ADEs, the minimized structures
5.1. HbPO4 /H,PO4. Two minimum energy conformations  for the corresponding neutrabFIO, must be found. The ground
were found for HPO,~. The global minimum ha€, symmetry state of this radical is open shell with an unpaired electron.
with the O—H bonds pointing away from each other forming a Starting from the minimum energy conformations, we removed

5. Computational Results
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has lengthened to 1.536 A. The latter also contains less electron
density (according to Mulliken population analysis) and most
of the spin density.

5.3. H3P301¢2 /H3P3010-. Three minimum energy structures
were found for HP;O1¢*~, as shown in Figure 6a-c. Structure
(a) is the global energy minimum having three intramolecular
H-bonds (1.447, 1.711, and 1.829 A) that do not share a common
oxygen atom. The two local minima both have H-bonds that
share a common oxygen atom from the center phosphate.
Structure (b) is 7.8 kcal/mol higher in energy and has features
similar to HbP,O72~ on one end. It has three H-bonds (1.651,

(a) HoP2072" (C2) (b) H2P207" (C1) 1.930, and 2.032 A), two of which share a common oxygen
Figure 5. Optimized structures for (a) #.,0,#~ and (b) HP,O7 . atom from the center phosphate. Structure (c) is 11.9 kcal/mol
higher in energy than structure (a). It also has three intramo-
one electron from the highest occupied molecular orbital lecular H-bonds: one of the central phosphate oxygen atoms
(HOMO) of H,PO,~ and performed a geometry optimization forms a bifurcated H-bond with two hydrogen atoms on one
using unrestricted DFT calculations on the doublet species. Only terminal phosphate group (1.823, 2.031 A), while another central
one minimum energy conformation (with,, symmetry) was phosphate oxygen atom forms a single H-bond with a hydrogen
found for the neutral dihydrogen phosphate as shown in Figure atom on the other terminal phosphate group (1.875 A).
4c. Two minimum energy conformations were found for the

5.2. H,P,O-2 /H,P,0O7 . Exploration of the potential energy ~ H3PsO15- monoanion, as shown in Figure 6d,e. Three intramo-
surface for HP,0-2~ revealed only one minimum energy lecular H-bonds are present in both conformations, 1.573, 1.768,
conformation having two intramolecular H-bonds (1.785 A) and and 1.952 A for (d) and 1.533, 1.966, and 2.169 A for (e). The
C, symmetry. The structure is shown in Figure 5a and is similar global minimum (d) is similar to structure (a) while structure
to previous calculations at other levels of theory and basis (€) is similar to structure (c). The energy difference between
sets® 6 Figure 5b shows the structure of theR40;~ monoan- the two monoanions is only 0.89 kcal/mol. Again the® bond
ion. One of the terminal hydrogen atoms rotates away, breakingwhose oxygen atom contains most of the spin density is the
a H-bond and the symmetry, while the other H-bond becomes one that lengthens, from 1.495 A in structure (a) to 1.534 A in
much stronger (1.446 A). This is consistent with removal of an structure (d). This also corresponds to the region of the molecule
electron from the symmetric HOMO of the dianion followed where the HOMO is located (see below) from whence the
by rearrangement of the electron density giving the oxygen atom electron was removed.
with the H-bond the greatest negative charge (section 5.5). Note 5.4. Electron Binding Energies. There are significant
also the difference in bond length between the P and O atomsstructural changes betweenO,~ and HPO, and between
in the two structures. For the symmetric dianion, a bond length the dianions and the monoanions for the di- and triphosphate,
of 1.503 A is observed for the two terminal bonds. For the consistent with the broad bands observed in the PES spectra.
monoanion, one bond has shortened to 1.487 A while the otherCalculated ADEs and VDEs for the ground-state transitions are

(a) H3P30102" (C1, 0.0) -

1.952

(d) H3P301¢" (C4, 0.0) (e) H3P301¢" (C1, 0.89 kcal/mol)

Figure 6. Optimized structures for the global minimum (a) and two local minima (b) and (ck@f®1>~, and the global minimum (d) and a local
minimum (e) of HP;040™.
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TABLE 3: Calculated Adiabatic and Vertical Detachment
Energies for the Ground State Transitions for the
Low-Lying Isomers of H,PO4~, HoP,04%~, and HaP3O12~

(B3LYP/TZVP +)
ADE (eV) VDE (eV)
H,PO,~ Co 4.16 4.92
H:PO™ Cs 4.13 4.94
H2oP,072~ 0.72 1.26
HsPs0:6*™ (a) 1.73 2.32
HaP;01¢%~ (b) 1.43 2.32 4.92 ey
HsP5016*™ (C) 1.25 2.15
TABLE 4: Molecular Orbital Energies (Hartrees and eV) s : ;
for the LUMO and the First Seventeen Highest Energy
Occupied Orbitals at the SCF/DZP+Rydberg Level of
Theory
HoPOs™ H2P,072~ H3P3010>
Hartree ev Hartree eV Hartree ev
LUMO 0.0816 2220 0.1366 3.717 0.1299 3.535 534 eV 5.58 eV
HOMO —0.2447 —6.658 —0.1304 —3.548 —0.1752 —4.767

HOMO-1 -0.2601 —7.077 —0.1363 —3.709 —0.1877 —5.107
HOMO—-2 —0.2691 —7.322 —0.1460 —3.973 —0.2017 —5.488
HOMO—-3 —0.2911 —7.921 —0.1504 —4.092 —0.2094 —5.698
HOMO—-4 —0.3329 —9.058 —0.1645 —4.476 —0.2143 —5.831
HOMO—-5 —0.3591 —9.771 —0.1779 —4.841 —0.2194 —5.970
HOMO—-6 —0.3659 —9.956 —0.1840 —5.007 —0.2257 —6.141
HOMO—-7 —0.4242 —11.54 —0.1939 —5.276 —0.2348 —6.389
HOMO—-8 —0.4476 —12.18 —0.2136 —5.812 —0.2472 —6.726
HOMO—-9 —0.4645 —12.64 —0.2148 —5.845 —0.2544 —6.922

g3 X

HOMO—-10 —0.5393 —14.67 —0.2247 —6.114 —0.2645 —7.197 6.18 eV 731 eV

HOMO—-11 —0.6101 -16.60 —0.2664 —7.249 —0.2742 —7.461

HOMO-12 —1.0723 —29.18 -0.2806 —7.635 —0.2773 —7.545 Figure 7. Molecular orbitals (0.069 iso-surface) and calculated
HOMO-13 —1.1027 —30.00 —0.2867 —7.801 —0.2863 —7.790 ionization potentials of the five highest occupied orbitals foP@;"
HOMO-14 —1.2262 -33.36 —0.3116 —8.479 —0.2899 —7.888 from DZP+Rydberg SCF calculations.

HOMO—-15 —5.3105 —144.5 —0.3364 —9.153 —0.3059 —8.324
HOMO—-16 —5.3113 —1445 —0.3393 —9.232 —0.3121 —8.492

given in Table 1, and Table 3 for different isomers. Since
structures (b) and (c) are much higher in energy than structure
(a) for the triphosphate dianion, very little is expected to be
present under the conditions of the current experiment.
Molecular orbital energies for the global minima of
H,PO,~, HoP,O72-, and HPs0,¢%>~ calculated using the SCF/
DZP+Rydberg level of theory (B3LYP/TZVP optimized
structures) are given in Table 4. All anions have occupied (a) HOMO for HaP2072- (b) HOMO for H3P30102-
orbitals with negative energies, consistent with their being stable ) ) ) .
in the gas phase. Also note their relative energies are consisten ggﬂep% Highest occupied molecular orbitals for (2)R40* and
with the observed experimental detachment energies. Using the ) HaPsOso”
VDEs calculated from the B3LYP/TZVWP energies in Table 1~ charged particles and their long-range interaction is primarily
for the ground-state transitions, one can estimate the VDEs bythe Coulomb repulsion. We can estimate the RCB from PES
removing electrons from deeper MOs using the relative energy spectra of an MCA through photon-energy-dependent studies,
differences given in Table 4. These relative orbital ionization as qualitatively illustrated in Figure 9. For example, if the photon
potentials (IPs) for removing electrons from different MOs, are €nergyhv; is below the RCB, there will be either no PES signal
shown in Table 2 and compared with the experimental results. or reduced PES signal (due to electron tunneling). In the
5.5. Molecular Orbitals. The first five occupied MOs for ~ tunneling regime, the normal FraneiCondon envelopes are
HZPCM* are shown in Flgure 7. All of these MOs are dominated modified by the tunne“ng pI’ObabI|Ity fOI’ different vibrational
by lone pairs on the oxygen atoms. The HOMOs for the global levels, often resulting in PES bands shifted to lower electron
minimum conformations of 072~ and HP;0.02~ are shown binding energies (EB At this photon energy, the RCB can
in Figure 8. Removal of an electron from the HOMO of the be estimated to be greater thdm{— EB). On the other hand,
three anions is consistent with the structural changes seen inthe photon energyws is above the RCB, and in this case the
the resulting doublet species: reduced electron density weakendtCB would be estimated to be less thams(— EB). Hence,

internal hydrogen bonds, causing torsional changes. we can bracket the RCB:h¢; — EB) < RCB < (hwz — EB).
If we find a photon energyhi,) to be near the top of the RCB,

we obtain RCB~ (hv, — EB).

The significantly decreased intensity of the D feature (EB
6.1. Repulsive Coulomb Barrier and Intramolecular 3.8 eV) of HP,O7# in the 193 nm spectrum (Figure 2b) is
Coulomb Repulsion in the Doubly-Charged Anions.As due to the RCB, indicating that the 193 nm photon is lower

shown beforé;23there exists a RCB against electron detachment than the RCB of this detachment channel, i.e., RER.6 eV
in MCAs because the final products consist of two negatively (6.4—3.8). On the other hand, the strong electron signal of the

6. Discussion
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found. The calculated VDEs are also in good agreement with a
previous calculatio”® The calculated ADE (listed in Table 1
and shown in Figure 1 as an arrow), however, was smaller than
the experimental value by 0.4 eV. The calculated ADE and
VDE for the Cs symmetry isomer are almost the same as for
theC; structure (Table 3). Because t@estructure is only 0.85
kcal/mol higher in total energy, it is likely that both tik and
Csisomers were present in our experiment at room temperature.
The valence MOs of bP,0,2~ are also constructed mostly
from the oxygen lone-pair p orbitals. The HOMO is shown in
Figure 8a. The calculated ADE and VDE for the ground-state
transition (Table 1) are-0.3 eV less than the corresponding
experimental values. The calculated VDEs or the orbital IPs
for the valence electrons are listed in Table 2 and compared
with the PES spectra in Figure 2. Qualitatively, the agreement
between theory and experiment is quite good. The high density
of valence states of #,0,%2~ explains the congested PES
spectra observed. Clearly, it was not feasible to have a one-to-
one correspondence between the observed PES transitions and
the valence MOs. The calculated orbital IPs are simply grouped
according to the five spectral features in Table 2. The calculated
IPs for the four deep valence MOs (225) are in the range of
4.96-6.19 eV, which were not observed even at 157 nm due

r

Energy

hvz—p]

hvy—p|
hvi—p

RCB

A1)y e

}iB
Rywie

Figure 9. Schematic potential energy curve showing the asymptotic
binding energy (EB) and the repulsive Coulomb barrier (RCB) for a

multiply charged anion, &, and how photon-energy-dependent
detachment spectra can be used to estimate the RCB.

U

An-

A feature (EB~ 1.8 eV) at the 266 nm spectrum suggests that
RCB < 2.8 eV (4.6-1.8). Therefore, we estimated the RCB in
HoP,07* to be~2.7 eV. _ _ to the cutoff by the RCB.

For HsP;01¢>~, the very weak signal and the shift to lower The valence MOs of pP:0;0>~ are also constructed from
binding energy of the 266 nm spectrum (Figure 3a) suggestednq oxygen lone-pair p orbitals. The calculated ADE and VDE
that the 266 nm is below the RCB for the ground-state transition ¢, the ground-state transition of the global minimum of
(ADE = 2.45 eV). Thus the RCB i5 2.2 eV. From the cutoff 5.5, 2= (Figure 6a) is~0.7 eV smaller than the experimental
at 193 and 157 nm spectra, we estimated the RCE;f®hg values (Table 1 and Figure 3). The ADEs calculated from the
to be ~2.3 eV. Hence we d.ete.rmlned}apprommatelzyi the gther two local minima (Figure 6b,c) are even smaller, and
intramolecular Coulomb repulsion in,R07*~ and HP3O10 the VDEs are also smaller than the corresponding values from
tobe 2.7 and 2.3 eV, re;pectl\llzely. ) , the global minimum structure. Because the two low-lying

We have shown previously'? that the RCB is equal in  jsomers are 7.8 and 11.9 kcal/mol higher in energy, they were

magnitude to the intramolecular Coulomb repulsion among the
excess charges in a MCA. For a dianion, the intramolecular
Coulomb repulsion can be estimated simply according to
Coulomb’s law,e?/4meor, or 14.4f in electronvolts, where is

probably not present in our experiment, consistent with the lack
of any low binding energy features in the PES spectra (Figure
3). The calculated IPs are listed in Table 2 and shown in Figure
3. The calculated detachment energies, resulting from removing

the effective distance between the two excess charges in A. Thegjectrons from the first 17 occupied MOs are in qualitative

two excess charges inF,O7”~ and HPs04¢*~ are distributed agreement with the PES spectra, as indicated in Figure 3 and

among the oxygen atoms of the phosphate groups, making itg 5, ped in Table 2. The high density of valence states revealed
difficult to pin down their locations. From Mulliken population i, the calculation agrees well with the observed broad spectral
analyses, we noted that the two terminal, non-H-bonded oxygenteaqres. Here again, detachment from the three deep MGs (15
atoms in the ground-state structures of each dianion carry the17) was cut off by the RCB even at 157 nm (Figure 3c).

most negative charge. If we make a simple assumption and use

the distances between these oxygen atoms, 5.18 Ades02
(Figure 5a) and 6.79 A for #P;01¢?~ (Figure 6a), we obtained
Coulomb repulsion energies of 2.78 and 2.12 eV felPiD;>~ We report a combined photoelectron spectroscopic and
and HP;0.¢*~, respectively. These estimates are consistent with computational study of H#PO,~, H,P,072~, and HPsO016%".
the experimentally determined RCB values~a2.7 and~2.3 Global minima and low-lying isomers for the three anionic
eV for HoP,072~ and HP;01¢>, respectively. species were obtained. Detachment energies were also computed
6.2. Comparison of Experimental and Theoretical Results. and compared to the experimental PES results. Five distinctive
The PES features shown in Figures3 represent transitions  detachment features fromy,PlO,~ were revealed and assigned
from the ground state of the anion (dianions) to the ground and to the top five occupied MOs, which are primarily oxygen lone-
excited states of the corresponding neutral (singly charged pair orbitals. The ADE and VDE of #PO,~ were measured to
anions). Within the single-particle approximation (Koopmans’ be 4.57 and 5.06 eV, respectively. We found that batP,8,2~
theorem), these PES features can be viewed as removingand HP;0:¢° are stable in the gas phase with lower electron
electrons from the occupied molecular orbitals of the ground binding energies compared toPO,~ due to their strong
states of the anions. intramolecular Coulomb repulsion, which were estimated to be
Our calculations indicated that the first five occupied MOs ~2.7 and~2.3 eV, respectively. Only one structure was found
of H,PO,~ consist purely of the oxygen lone-pair orbitals (Figure for H,P,O72~, whereas three stable conformations were identi-
7). Removal of an electron from each of these MOs gives rise fied for H3P;010°~. All of the structures and isomers of the
to the five features (X and AD) in Figure 1. The calculated dianions contain intramolecular H-bonds. All of the valences
VDEs are compared with the experimental values in Table 2 MOs for the di- and triphosphate dianions also consist of oxygen
and are shown in Figure 1 as vertical bars. Excellent agreementione pairs. The calculated detachment energies ft®h?~
between the calculated VDEs and the experimental values wasand HPs010°~ revealed a very high density of valence states

7. Conclusions
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in both cases, consistent with the congested PES spectra
observed. We also showed that higher multiply charged anions
corresponding to the three phosphates with fewer protons than
H.PO,~, HoP,072, and HP:;0,¢%~ are likely to be unstable in

Wang et al.
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