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Structure and Electron Detachment Energies of AP ~— and AlsP3~

1. Introduction

Ab initio electronic structure calculations by Raghavachari
and co-workers have established that two isomers of neutral
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An attempt is made to assign several of the peaks observed in the anion photodetachment photoelectron
spectra of AP~ andAl;P;~ reported by Gmez, Taylor and Neumarkl[ Phys. Chem. 2001, 105, 6886].

For the AEP/AIsP~ system, equilibrium geometries and harmonic vibrational frequencies are computed for
several low-lying electronic states of the neutral molecule and the anion at the B3LYP, MP2, and CCSD(T)
levels of theory using the 6-33G(2df) one-particle basis set. ## has a’B, (Cy,) ground state, whereas

a near degeneracy is found betweenhe(Cs,) and*A; (Cy,) states of the AP molecule. The assignment

of the AP~ electron detachment spectrum is based on transitions fromBthéC,,) ground state of the

anion to neutral states with the safig geometry. On the other hand, the adiabatic electron affinity (AEA)

of Al3P is computed as the difference in the total energies ofBaéC,,) ground state of the anion and the

A1 (Cs,) ground state of the neutral. Its value is 1.76 eV at the CCSD(T) level. A value of 2:05020

eV reported as the AEA of AP in the photoelectron study is assigned to the energy difference between the
zero point vibrational levels of th&B, (C,,) state of the anion anth; (C,,) state of the neutral. In the case

of the AlsP;7/Al3P; system, the smallest basis set used is 6+3&() and the largest is 6-31#1G(3df). The

anion has &A;' (Dsn) ground state that is well separated from other states, wherea% th@®z,) and the

1A' (Cy states of the neutral have almost the same energy. Vertical electron detachment energies (VEDE)
computed for transitions originating from tR&;" ground state of the anion to neutral states with Ehg
geometry are in very good agreement with the experimental photoelectron data. Assdmih(da,) ground

state, the AEA of AJP; is computed to be 2.39 eV at the CCSD(T) level. FéAa(Cs) ground state, a value

of 2.46 eV is obtained at the same level of theory. The experimental AEA ¢#; Adbtained from the
photoelectron study is 2.458 0.020 eV.

process such as anion photodetachment spectroscopy. To date,
the literature is silent on the electronic structure calculations of
AlsP;.

Al3P5, one with a planars;) geometryl and the other with a Using _complete a(_:tive space self-consistt_ant fie_ld (_CASSC_F)
face-capped trigonal bipyrami©{ geometry2, compete for and multireference singles and doubles conflgu_ratlon interaction
the gas-phase equilibrium geometry of the moleéwsing the (MRSDCI) met_hods, Feng _and Balasubramanian have studied
quadratic configuration interaction technique including correc- S€veral low-lying electronic states of the sRI and AlR
tions for triple excitations [QCISD(T)] and a 6-31G* basis set, Molecules’ The authors reported'd; state withCs, geometry

1 was found to lie below2 by roughly 7 kcal/mol. The as the grounc_i ele_ctronlc state of theg_,IAImoIecuIe. Due to
QCISD(T) calculations were carried out with HF and MP2 Jahn-Teller distortion of the firsBE e>_<C|ted state predicted at
optimized geometries. However, the inclusion of larger basis 1.86 €V by MRSDCI, the lowest excited state of the molecule
set effects (determined from the difference of the MP2/ Was approximated to be at 1.6 eV above the ground state.
[6,5p,2d,1f] and MP2/6-31G* results), reversed the stability Accordl_ng to the literature, geometric and electronic structure
predicted at the QCISD(T)/6-31G* level ariwas found to ~ calculations of AIP~ have not been reported.

be the ground-state geometry ofsR4.1 A subsequent study, The AlP/AlsP and AkP;~/AlsP; systems are part of the
which employed density functional theory within the local AlP, ~ (xy < 5) clusters recently studied via anion photoelec-
density approximation (DFT-LDA), also fouriito be the most tron spectroscopy in Neumark’s laboratdrincluded in the
stable isomer of the aluminum phosphide trirh&tsing large report are the vertical electron detachment energies (VEDE)
flexible one-particle basis sets and the coupled cluster approachcorresponding to transitions from the lowest states of the anions
(CQ), it is shown in the sections below thaand?2 of neutral to ground and low-lying electronic states of the neutral
Al3P; are nearly isoenergetic as previously suggested and liemolecules, adiabatic electronic affinities (AEA), vibrational
within 5 kcal/mol of each other. However, because we are frequencies, and estimates of the electron affinities for cases
interested in the electron detachment energies @PA| the where the 6-0 transition could not be determined precisely. In
structure of the anion is cardinal because it dictates the structurethe photodetachment spectrum of;&t, three bands labeled

of the neutral species accessed in a vertical Fra@dndon X, A, and B are apparent at binding energies of 2.12, 2.99 and
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Figure 1. Lowest energy isomers of 4. L 2-Dy,

3.43 eV, respectively. A vibrational progression with a
frequency of 340 cmt! is partially resolved for the X band,
and the apparent position of the origin of the progression allows
the AEA of AlzP to be estimated as 2.051 0.020 eV. Note
that X is separated from states A and B by 0.87 and 1.31 eV,
respectively. Unfortunately, these experimental results cannot
be reconciled with earlier theoretical predictiétisat place the
lowest excited electronic states ofsRl at 1.86 and 2.46 eV, o 4-C,
respectively. We note that the latter is a careful and detailed

MRSDCI study of theCs, lowest energy isomer of AP.

Nonetheless, this discrepancy between the theoretical résults °
and experimeritclearly suggests that th@s, form of Al3P is
not responsible for the main features it photodetachment 0 5-Cyy @

spectrum. In the case of th&3P;~ photoelectron spectrufh,
two bands labeled X and A are evident at binding energies of
2.63 and 3.81 eV, respectively. The X band exhibits a resolved
vibrational progression with a frequency of 630 ¢nand the
AEA is determined to be 2.45& 0.020 eV. In addition, the
narrow width of the X band in the AP;~ photodetachment
spectrum indicates that the 2.63 eV transition involves two states
with similar geometries. The question is which, if either, of the
two lowest energy isomers of &% is observed in the anion
photodetachment spectrum of 3R~.

In light of the recent anion photodetachment experiments
reported by Gmez, Taylor and Neumarkit is appropriate to
investigate the electronic structure of thes&l and AkPs;~
clusters. A reexamination of the potential energy surface ¢® Al
is necessitated by the significant difference (roughly 1 eV) in
the theoretically predicted excitation energiesd the experi-
mental spectrurfi.Low-lying isomers with energy very close
to that of the ground-state structure have been known to account
for several features observed in photodetachment spectra. In
fact, we will establish in the sections below, via computations
of the vibrational frequencies and the electron detachment
energies (EDE), that a cycliC,, isomer (labeledL in Figure
2) is responsible for the recorded photodetachment spectrum
of AlsP~. Our results also indicate that thhe-C,, form and the
3—Csg, structure of AP are very close in energy, addis in
fact the likely gas-phase equilibrium structure ogAl.

For the ABPs7/Al3P; system, given the small energy separa-
tion between théz, (A1) and theCs (1A") structures of the

neutral molecule, an attempt is made to determine the isomerp,qis sets are constructed from the McLean and Chandler

that is responsible for the observed photodetachment sPeCtrum(lZst)/[655p] basis sets, augmented with polarization and
of AlsPs™. Therefore, several stationary points on the potential jit,se” functions Equilibrium geometries and vibrational
surface of the anion are reported for the first time and the most frequencies are computed for all states using the hybrid B3LYP
stable isomers of the neutral are reexamined. Comparison Ofdensity functiond” and the MP2 approximatirffor selected
our rg_sult; with those ob_tained from experiment_ allows for the states). We then perform a series of CCSI{¥ksingle point
identification of the main features observed in theRt energy calculations using the B3LYP and MP2 geometries, that
spectrunt. is, CCSD(T)//B3LYP and CCSD(T)//MP2 calculations. In
addition, geometries of the lowest lying states ogfAVAI P
are also optimized at the CCSD(T) level. In the MP2 and
The smallest one particle basis set used for the calculationsCCSD(T) calculations, the 20 and 30 lowest molecular orbitals
on Al3Py/Al3P;™ is 6-311G¢(l), and the largest is 6-3#1G(3df). (MO) of AlsP~/AI3P and AgPs /Al 3Ps, respectively, are frozen.
For the calculations on AP/AlsP~, we use the 6-3HG(2d) All computations have been performed with the GAUSSIAN
basis. Note that for Al and P, the 6-311}(o 6-311-G(3df) 98 suite of programit

Figure 2. Geometry of A}P and AP~ isomers reported in Table 2.

Figure 3. Geometry of A{P; and AkPs- isomers reported in Table 4.

2. Computational Methods
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TABLE 1: Total Energies (a.u), Adiabatic Energy TABLE 2: Geometries (A, degrees) and Vibrational
Separations AE, eV), Adiabatic Electron Detachment Frequencies (cntt) and the Zero Point Energies (ZPE,
Energies (AEDE, eV), Vertical Electron Detachment kcal/mol) for the Low-Lying States of AlsP~ and AlzP
Energies (VEDE, eV) and the Adiabatic Electron Affinity
(AEA. eV) for Al sP—/AlsP AP~ AlP AP AlP AlP AP AP
e B3LYP 282—(1 Co) 1A1-(1) 3B,- (1) 3A1-(1) 2Ax-(D) Ar-(2) A-(3)
R1 2.337 2.2 2.415 2315 2484 2.354
method ture state totalenergy AE AEDE VEDE AEA R, 5791 5 637 5 794 5820 2793
AlgP  CCSD(T} 1-Cp, %A, —1066.824329 1.71 3.53 3.76 Rs 2.512 2.943 2.287 2502 2.727
CCSD(TY —1066.824 237 1.71 353 3.78 0 136.3 118.2 1457 1432 129.2
CCSD(T) 3.75 w1 369(@) 406 418 354 309  297()
Expt¢ 3.43 w2 222 @) 235 230 262 174 41%)
CCSD(T} 1-Cp, %A; —1066.849007 1.03 2.86 2.88 w3 144 @) 140 121 128 150 70
CCSD(Tp —1066.848435 1.03 2.88 2.87 o 68 (b1) 105 45 51 6V 20 (&)
CCSD(T) 2.88 ws 409 ;) 447 370 901 310
Expte 2.99 we 243 ;) 274 199 317 226
CCSD(T} 1-Cp, 3B, —1066.855369 0.86 2.69 2.88 ZPE 1.69 230 169 288 167 184
CCSD(Tp —1066.855216 0.85 2.69 2.84 MP2
CCSD(T) 2.88 Ry 2.338 2290 2.422 2278 2473 2345 2353
Expte 2.99 R» 2.750 2560 2.809 2.852 2.804
MP2 3Cs, 'A; —1066.827 358 0.17 1.73 Rs 2.486 2971 2.262 2489 2.671
CCSD(TY —1066.889 491-0.08 1.76 0 138.9 112.9 1472 146.7 1319 111.2
CCSD(T) —1066.889 497-0.07 1.76 w1 381@) 413 477 388 328  31®() 339 @)
B3LYP 2Dz, 'Ar’ —1068.743 099-0.23 w2 247 @) 283 242 293 194 43%() 62 (a1)
MP2 —1066.826 215 0.20 w3 127 @) 170 114 143 129 540 4156
CCSD(T} —1066.888 474-0.04 o 97 () 125 60 98 913 63 68 ()
CCSD(Ty —1066.888 510-0.06 ws 438 b)) 450 399 a 332
CCSD(T) —1066.888 510-0.04 ws 2450,) 351 133 a 222
B3LYP 1C, 'A; —1068.734704 0.00 1.85 2.04 ZPE 2.20 256 2.04 3.02 1.84 1.95
MP2 —1066.833644 0.00 1.56 1.95 CCSsD(T)
CCSD(T} —1066.887 007 0.00 1.83 2.04 R1 2.343 2.283 2.345 2.354
CCSD(Tp —1066.886 422 0.00 1.84 2.06 R> 2.716 2.620
CCSD(T) —1066.887 100 0.00 1.83 2.04 Rs 2,512 2.947
expte 2.05 212 0 135.8 117.0 111.6
AlgP~
° CCSD(TP 1-Ca, 2A, —1066.911103 1.17 a Unphysical frequencies and intensities obtained for these modes.
CCSD(Tp 1-Cp, 2B; —1066.927 509 0.72 o .
CCSDgT; 5_(3; 2A1 —1066.934 255 0.54 MP2 approximation predicts that botih; (3—C3'1,) and 1A1' .
CCSD(TP 4-Cs 2A' —1066.937 337 0.46 (2-Dg3n) states are 0.17 and 0.20 eV, respectively, higher in
CCSD(TP 1-Cz, 2A1 —1066.937537  0.45 energy than théA,(1-C,,) state. Confronted with the incon-
EA:";LZYP ig&f 252 _1822-285 ggg sistency in the B3LYP and the MP2 results, and the small energy
2v 2 . H H H
CCSD(T} 1-Coy B, —1066.954 223 separation b_etween the isomers, a more accurate relative energy
CCSD(TJ 1-C, 2B, —1066.954102 0.00 is sought using the coupled cluster approach. First, CCSD(T)
CCSD(T) 1C,, 2B, —1066.954 236 energies are computed using B3LYP and MP2 geometries. The
= Computed with B3LYP geometry.Computed with MP2 geometry. resu!ts show that the CCSD(T)//B3LYP and the CCSD(T)//MEZ
¢ Ref 4. relative energies do not differ by more than 0.5 kcal/mol, in
contrast to thelO kcal/mol difference found between B3LYP
3. Results and Discussion and MP2. Then, the geometries hf2, and3 are optimized at

the CCSD(T) level. Inspection of Table 1 shows that the
The theoretical models used in this work have been tested inCCSD(T) calculations predict a near degeneracy betviaen
previous work on the electron detachment energies of GaP  (1-C,,), 1Ay’ (2-Ds) and'A; (3—Cs,) lowest-lying states of
GaR, APy, AlP,~, and GaP, 12714 For these systems, the  Al4P. Vibrational frequency analyses indicate th&t (1—Ca,)
computed results are consistent with respect to the theoreticaland 1A; (3—Cg,) states are genuine minima whereas tA¢
models and also in very good agreement with available (2-Dg;) is a minimum on the B3LYP potential surface but a
experimental data. On the basis of previous performance, wetransition state for the inversion motion on the MP2 potential
believe these computational models are efficacious and shouldsurface. The barrier for this inversion is about 0.7 kcal/mol at

produce very reliable results in the current study. Unless the CCSD(T) level. An important inference from the results

specifically noted, the results listed in the Tables for thgPAl listed in Table 1 is thatA; (1—Cy,) andA; (3—Cs,) states are
AlsP systems are obtained with the 6-31G(2df) one-particle  very close in energy, and there are few states-of;, that are
basis set. within 1.5 eV of the'A; (3—Cs,) ground state. Those states

3.1. AlsP and AlsP~. An extensive MRSDCI calculation has  with the C,, geometry are responsible for the peaks observed
been performed on th@;, isomer of AkP2 Because, the term  in the photoelectron spectrum of &~ as discussed below.
energies computed in that work do not agree well with those  With the CCSD(T) predictions that tH&\; (1-C,,) state is
obtained from the photoelectron spectrum offAl,* we have within 2 kcal/mol of the!A; (3—Cg,) ground state of AP, we
examined other isomers of &t as possible candidates for the then sought the ground electronic state oAl Of course,
species observed in the anion photodetachment experiment. Thatrong candidates for the gas-phase equilibrium structure of the
results of our calculations are presented in Tables 1 and 2, andanion will include1—C,, and3—Cs,. A 2B, (1—Cy,) [...(4by)%
the former includes experimental values for the VEDE. The (8b,)%(14a;)%(9b,)1] state of AP~ is formed if the ®, lowest
B3LYP functional finds a!A; (2-Dap) ground state for AP unoccupied MO (LUMO) oflA; (1-Cy,) is occupied by the
with theA; (1-Cy,) state at 0.23 eV above, but it fails to locate attached electron. The vertical electron affinity (VEA) for the
the 3—Cg3, isomer. Optimization of the latter with the B3LYP  1A; (1—Cy,) — 2B, (1-Cy,) process is 1.47 eV at the CCSD(T)
functional always converged ®D3n. On the other hand, the level. In the case 08—Cs,, a?E state of the anion is expected
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to be formed but it will undergo JahiTeller distortion into TABLE 3: Total Energies (a.u) and Relative Energies (eV)
the2A’ and?A" states withCs geometry. Both B3LYP and MP2  Of the Lowest Energy Isomers of AiP; at Different Levels of
locate the?A’-Cs state but optimization of théA” geometry 1M€o

always finished with1—C,,. The 2A’-C; state of the anion is total relative
0.46 eV above the ground state at the CCSD(T)//MP2 level. energles energies
Several structures of doublet and quartet spin states have been method Dar-(*Ar) Cs-(fA)  Da G
optimized for the anion but none of them has a lower energy B3LYP/6-311G(d) —1751.545099—-1751.531 248 0.00 0.38
than1—C,,. In short, our calculations find4B, (1—C,) ground B3LYP/6-311-G(d) —1751.548 735-1751.536 570 0.00  0.33
electronic state for AP B3LYP/6-311G(2d) —1751.561 412—1751.554 264 0.00 0.19
B3LYP/6-311#G(2d)  —1751.563539—1751.557 333 0.00 0.17
3.1.1. Assignment of /&~ Photoelectron SpectruriExperi- B3LYP/6-31H-G(2df) —1751.571898—1751.566 775 0.00 0.14
mentally, the photoelectron spectrum of;R&t shows three Eﬁjgg?ﬁé%?@df) —gié-ggi gég—gié-ggg ié«; 8-88 8-%;
bands at 2.12 (X), 2.99 (A), and 3.43 (B) eV, corresponding to - - : - : : :
transitions to v(elri)(;us ele(ct)r,onic states(otzIAI T'he estirgate fo? MP2/6-311 G(d) ~1748.542248-1748.539040 0.00 0.09
: MP2/6-311G(2d) —1748.601 292—1748.608 079 0.00-0.18
the AEA is 2.0514 0.020 eV, and the data suggest that two mp2/6-311-G(2d) —1748.606 013—1748.614 153 0.00—0.22
excited states are 0.87 and 1.31 eV higher in energy than theMP2/6-311G(2df) —1748.697 133—1748.714 049 0.00-0.46
ground electronic state. Our computed VEDE and the adiabatic MP2/6-311G(3df) —1748.703 673-1748.714 178 0.00-0.29
electron detachment energies (AEDE) are included in Table 1. gggggg;ggﬁgég :gig:ggg 822:%;32:233 838 8:88 8:38

The X band in the photodetachment spectrum is assigned to CCSD(T)/6-31#G(d)  —1748.611 586—1748.605 081 0.00 0.18
the'A; (1-Cy,) + € — 2B (1—-Cy) [...(4b1)4(80)X(14a:)4(902)Y] CCSD(T)/6-31#G(dp —1748.611 593—1748.605087 0.00 0.18
transition involving electron detachment from tha M0O. Our CCSD(T)/6-314-G(dp  —1748.611 592-1748.605097 0.00 0.18

CCSD(T)/6-311G(2d) —1748.671 930—1748.672 320 0.00-0.01
calculated VEDE of 195, 204, and 2.04 eV at the MPZ, B3LYP CCSD(T)/6-3116(2d’) —1748.672 136—1748.672 143 0.00 0.00
and CCSD(T) levels, respectively, agree very well with 2.12 ccsD(T)/6-31#G(2df —1748.677 071—1748.678 812 0.00-0.05
eV obtained from experiment. The adiabatic electron detachment CCSD(T)/6-31%G(2dp —1748.677 295—1748.678 608 0.00-0.04
enerqy (AEDE) i computed to be 183 eV at e CCSD(T) CCSDMISTLLCOchy 1o 77571 1o o1 71 900 01
level. A difference of 0.2.1 eV in the calculated VEDE and CCSDET3/6-313+G§3dg _1748.784 5021748781 991 0.00 0.07
AEDE reflects the change in geometric parameters upon electronccsp(T)/6-31#G(3dfp —1748.784 502—1748.781 721 0.00 0.08
detachment to théA; (1-C,,) states of the neutral molecule.

The 9, MO from which an electron is removed consists

essentially of the Al§) orbitals and little contribution from P 4 4P~ electron detachment spectrum is consistent with 0.84 eV

(py) (the molecule is on th¥—Z plane with theZ-axis passing  aicylated at the CCSD(T) level. TRB, state results from the
through Al'and P). Using the B3LYP geometry in Table 2 (note o a4 of an electron from the 44MO which largely consists

the agreement with the CCSD(T) geometry), upon electron ¢, atomic orbitals of P and Al(2). Electron detachment from
detachment, the AtP (R;) and A=Al (Rg) bond distances are o &, MO [largely p, orbitals of P, Al(3), Al(4) atoms] gives
shortened roughly by 0.07 and 0.08 A in tihe; (1-Cz,) state the 3A; state. Because these states and?Beanion ground
compared to théBy(1-C,,) state. Consequently, the, (i) state have the same molecular symmetry, the totally symmetric
AIPAIl symmetric stretching and the; (ay) AIAIAl symmetric modes should be active upon photodetachment. This band is
stretching/AIPAl bend have their frequency increased by 37 and ¢ vibrationally resolved in the recorded spectrum, but the

13 cnrt in *A; (1-Cy,). A frequency of 340 cm* associated  computed frequencies of the three totally symmetric modes for
with the X-band in the AP~ photoelectron spectrum is assigned  gch state are included in Table 2.

to thew; (&) mode. The frequency of the latter at the BSLYP  1ne B-Band observed at 3.43 eV in thesRt photodetach-

a Computed with B3LYP geometry.Computed with MP2 geometry.

level is 406 cm*. The adiabatic electron affinity (AEA) of AP ment spectrum is assigned to fie, (1—Cy,) state which results
is computed as the difference in the total energies 0B from detaching an electron from the¢bonding MO. This MO
(1-Cz) ground state of the anion and tAa; (Cs,) ground is a delocalizedr orbital comprising of thep, (out of plane)

state of the neutral. A value of 1.76 eV is obtained at the pjtals of the four atoms. The VEDE calculated for fife
CCSD(T) level for the AEA of AlP. Noteworthy, the AEAof  (1_¢, ) 2B, (1—C,,) transition is 3.75 eV at the CCSD(T)
2.051 + 0.020 eV reported in the photoelectron sttidg  |eyel. It is worth noting that thebt = bonding MO resembles
obtained from the apparent origin of the 340°Crprogression  the 7 orbital responsible for the stability df-Cy, over3—Ca,
associated with the X'fy (1—Cz,)] band. On the basis of the iy the valence 14-electroAl;~ (X = Si, Ge, Sn, and Pb)
assignment above, the 2.054 0.020 eV value should cor-  system andAl2~.15 Because the latter systems are planar,
respond to the energy difference between the zero pointpnssess two delocalized electrons and satisfy the 1(4-2)
vibrational levels of théB, (1-Cy,) and!A; (1-Cy) states.  Hyckel rule, suggestions have been made that they might be
Note also that accurate AEA of 4 will be difficult to measure  aromaticts-18 In this study,'A; (1-Ca) of AlsP also has a
from the photoelectron experiment because the transition from pjanar geometry, possesses two delocalizedlectrons and
the 2B, (1—Cy,) ground state of the anion to thé; (3—Ca,) satisfies the (#+2) Huckel rule, and competes witih; (3—
ground state of the neutral involves a pronounced geometry cg ) for the ground electronic state of the neutral molecule. The
change. This transition is unlikely to be observed in the question of the aromatic nature ofs¥l (M = Al, Ga; X = P,

photoelectron spectrum because of the small Fra@dndon As, Sb, Bi) will be addressed in a future publication.
factors associated with the large geometry difference between 32 ALP; and AlsPs~. First, we consider the neutral
the anion and the neutral. molecule, AtPs. Energies are listed in Table 3 whereas

The A band observed at 2.99 eV can be assigned to overlapgeometries and harmonic vibrational frequencies are included
transitions to théB, (1-C,,) and the®A; (1-C,,) states since  in Table 4. Despite the additional computational demands of
identical VEDE of 2.88 eV is computed for tBB;, (1—Cy,) < our approach, which includes the study of basis set effects, the
2B, (1—Cy,) and the®A; (1-Cy,) — 2B, (1—Cy,) processes. A use of larger basis sets for geometry optimizations and the
separation of 0.87 eV between the X and the A bands in the treatment of dynamic electron correlation at the CCSD(T) level,
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TABLE 4: Geometries (A, degrees) and Vibrational Frequencies (cm?) for the Low-Lying States of AlsP; and AlsPs~ at the
B3LYP/6-311+G(3df) Level

AlsP3~ AlsP3 AlsP3 AlsP3~ AlgP3~ AlgP3~ AlsP3~
B3LYP Ay (1-Dan) IAY (1-Dan) A" (2C) A" (2C) 2B, (3-Cz) 2B, (4-Cz) A" (5-Co)
R1 2.237 2.221 2.676 2.634 2.266 2.557 2.905
R> 2.925 2.780 2.640 2.902 2.492 2.218 2.387
R3 2.584 2.535 2.778 2.489 2.339
R4 2.770 2.595 2.486 2.604 2.303
61 81.6 77.5 51.4 51.8 61.4
6> 158.3 162.5 60.5 58.9 72.8
w1 365 @) 381 @) 516 @)
w2 254 (a') 324 (&) 418 @)
w2 510 (') 507 (') 349 @)
wa 572 €) 603 ) 296 @)
ws 289 ) 327 €) 264 @)
we 142 @) 202 @) 219 @)
P 160 (") 152 @' 156 @)
we 123 @) 96 €) 82 @)
P 385 @")
@10 248 @)
w11 141 (a”)
012 83 @"

a Atomic coordinates of the isomers, at the various levels of theory reported in Tables 3 and 5, can be obtained from one of the authors at
st-amant@theory.chem.uottawa.ca.

our conclusion based on the results presented in Table 3 isTAAEBLEVa f‘l’c;]talLEnergyS(a.u.) ar]!d tge_ Relg@}}/e Ene[giesi
qualitatively similar to that reached by Raghavachari and co- (AE: €V) of the Lowest States of AP~ at Different Levels

. of Theor
workers. That is, the lowesA,'-(Dsn) and the!A'-(Cy) states y
of AlsP; are nearly degenerate. Nonetheless, the following are method state totalenergy  AE
noteworthy. With every basis set used (see Table 3), the B3LYP B3LYP/6-31H-G(2d) 52A" —1751.617 113 1.02
functional consistently predicts*&1'-(Day) ground electronic B3LYP/6-311+-G(3df) 5§A:: —1751.625 439 1.05
state for AkPs. On the other hand, the dependency of the MP2 MP2/6-311+G(3df) 5'2A,, —1748.743 006 1.27
d CcCSD(T . basi . . CCSD(T} 5-2A —1748.730 255 0.93
an @) energies on basis set size is very apparent. gaiyvp/g-311+G(2d) 428, —1751.611 682 117
Enlargement of the basis sets appears to f&vat the MP2 B3LYP/6-31HG(3df) 42B, —1751.621 680 1.16
level. Because DFT does not give a sufficient account of MP2/6-314-G(3df) 4B, —1748.763 857 0.70
dynamic electron correlation and the exaggeration of the CCSD(T} 4-252 —1748.732 980 0.85
correlation effects within the MP2 approximation is recognized, ggtﬁ;é%iiég% g’;gz _ggi-g%g ?‘7‘2 8-32
. . - 2 - . .
a more complete treatment of electron correlation is undertz_aken MP2/6-311+G(3df) 328, _1748.772 550 0.47
at th(_e C_CSD(T) level using the B3LYP and_ MP2 geometries.  ccsp(Ty 328, —1748.740 265 0.65
Qualitatively, the trend in the relative energies at the MP2 and B3LYP/6-31HG(2d) 227" —1751.600 805 1.46
CCSD(T) levels are similar. However, with the more flexible  B3LYP/6-31H-G(3df) 2§A' —1751.611 708 1.43
basis sets [6-3HG(2d) to 6-31#G(3df)], CCSD(T) appears MP2/6-311G(3df) 27A —1748.749666  1.09
CCSD(T} 22N —1748.718 079 1.26
to favor2 less than MP2 does, and eventually, both CCSD(T)// on B
B3LYP/6-31H-G(2d) 12A4 1751.654 548 0.00
B3LYP and CCSD(T)//MP2 models plagebelow?2 by rpughly B3LYP/6-311G(3df) 127, —1751.664 157 0.00
2 kcal/mol ¢-0.08 eV) when the 6-3HG(3df) basis is used. MP2/6-311G(3df) 127, —1748.789 747 0.00
Although the preferred structure of the B3LYP functional is  CCSD(T} 1-2A, —1748.764 271 0.00

different from that of MP2, the relative energies computed w!th aComputed at B3LYP/6-31G(2d) geometry.

the CCSD(T)//B3LYP and CCSD(T)//MP2 models are consis-

tent and do not differ by more than 0.3 kcal/mol for any of the and the results presented in the table suggest that the two states
basis sets. In other words, the B3LYP and the MP2 geometriesare likely to be within 0.2 eV A5 kcal/mol) of each other.
are not significantly different for any given basis set. Faced Furthermore, it is important to note that both ##g'-(Dap) and

with the frustration of not being able to establish the ground 1A'-(Cy) states are reasonably described by a single-reference
state of A§Ps; unequivocally from these extensive computations correlation treatment. Th€&; diagnostic values obtained from

at the CCSD(T)//B3LYP and CCSD(T)/MP2 levels, a definitive the coupled cluster calculations are not greater than 0.025.
conclusion is sought by optimizing and 2 at the CCSD(T)/ Next we consider AP;~. Ordinarily, an educated guess for
6-311+G(d) level. Though the latter computation is useful in the ground-state geometry of thezR4~ anion will either be

the sense of geometry optimization at a level that incorporates 1-Da, or 2-C,, because both are the lowest-lying quasi-
sufficient dynamic electron correlation, it does not provide any degenerate isomers of the neutral molecule. Accommodation
additional insight, because the result is similar to that obtained of one electron in the;' lowest unoccupied molecular orbital

at the CCSD(T)//B3LYP and CCSD(T)//MP2 levels using the (LUMO) of the 1A;'-(D3) state will result in @A1'-(D3p) state.
same basis set. It is tempting to optimize the geometriéA pf For this process, a positive VEA of 2.24 eV is computed at the
(Dsn) and?A'-(Cy) further at a higher level. However, the results  MP2/6-311-G(3df) level. In the case of the-C (*A") isomer,

in Table 3 clearly indicate that a meaningful result can only be thea LUMO is expected to accommodate the added electron
achieved by using a very large flexible basis set. And even with to give a2A’ state. The VEA for this process is also positive
a large scale optimization, there is no guaranty that the resultswith a value of 0.83 eV at the MP2/6-315G(3df) level.

will differ appreciably from that presented in Tables 3 and 4. Subsequent geometry optimizations D3, (?A;') and 2-Cs

We can only infer (and agree with earlier studies) that the lowest (2A") result in an energy separation of over 1.0 eV at all
1A1'-(Dan) and thetA'-(Cy) states of AjP; are nearly degenerate  theoretical levels, and in favor df The energies of some of
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TABLE 6: Electron Detachment Energies (eV) of AkPs- and the Adiabatic Electron Affinity (AEA, eV) of Al 3P3

VEDE AEDE AEA

method 1A+ e —2A/ E'+ e —2AS 1A+ e —2A7 1A'-C;
B3LYP/6-31H-G(3df) 2.55 3.55 2.44 2.61
MP2/6-31HG(3df) 2.47 4.07 2.34 2.06
CCSD(T)/6-31#G(2dfy 2.50 3.71 2.37 2.25
CCSD(T)/6-313-G(2dfp 2.50 3.71 2.37 2.25
CCSD(T)/6-31#G(3dfy 251 3.72 2.39 2.46
CCSD(T)/6-313-G(3dfp 2.48 3.73 2.39 2.46
Experiment¢ 2.63 3.81 2.450

a Computed with B3LYP geometry.Computed with MP2 geometry.Ref 4.

the low-lying isomers of AJP;~ are listed Table 5. In this study,  as the cyclidCy, structure. The VEDE computed for &~ are

the gas-phase equilibrium geometry predicted faP4l is 1-Dsp, in very good agreement with those obtained from its electron

(®A1). Its geometrical parameters and harmonic vibrational photodetachment spectrum.

frequencies, along with those of its neutral counterparts are A shortcoming of this study is that we are not able to pinpoint

included in Table 4. the ground state of AlP; despite extensive computational efforts.
3.2.1. Assignment of &3~ Photoelectron SpectrunThe On the other hand, the goal of establishin®3, as the species

electron photodetachment spectrum offAf shows two peaks  responsible for the AP;~ photoelectron spectrum is achieved.

at binding energies of 2.63(X) and 3.81(A) eV and an AEA of The two peaks observed in the photodetachment spectrum of

2.4504 0.020 eV is reported for AP;. Assignment of the peaks ~ AlzP;™ have been assigned to th&,'-(D3,) and the3E”-(Day)

is presented in Table 6. The X band is assigned to'#e& states of AlPs.

(Dan) state of the neutral molecule. As discussed abAig;~

has &A1'-(Ds,) ground electronic state and electron detachment ~ Acknowledgment. We wish to thank the Natural Sciences

from the highest occupied,’ MO yields the!A,-(D3,) state. and Engineering Research Council of Canada and the University

With the 6-313G(3df) basis, the VEDE computed for tha'- of Ottawa for financial support. Partial support of this work by

(D3n) — 2A7'-(Dgy) transition are 2.55, 2.47, 2.51, and 2.48 eV grant Y-0743 from the Welch Foundation to DSM is gratefully
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levels, respectively. These computed VEDE are consistent with

2.63 eV obtained from the photoelectron experinfeithe

results in Table 6 also show that the computed AEDE for this gg(lgé\l-Lasham. M. A, Trucks, G. W.; Raghavachari, K.Chem. Phys.

transition range from 2.34 eV (MP2) to 2.44 eV (B3LYP). The ! (22) 'i'(;Lr:er;JIo, A.; Ramakrishna, M. Chem. PhysL996 105, 10 449.

A band, on the other hand, is assigned to ¢ state which (3) Feng, P. Y.; Balasubramanian, Khem. Phys. Lett1999 301,

results from detaching an electron from #'eHOMO-1 of the 458,

anion. The methods used in this work cannot adequately describeloa(‘é)%%imez, H.; Taylor, T. R.; Neumark, D. M. Phys. Chem. 2001,

the 3E" state because of its multireference character. Nonethe- (5) () McLean, A. D.; Chandler, G. . Chem. Phys198Q 72, 5639.

less, at the CCSD(T)/6-3#1G(3df) level, the’E"-(Dap) — 2A1'- (b) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.

(Dan) transition has a computed VEDE of 3.73 eV, which may 1980 72 650. (c) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer,

be suspect, that is in good agreement with the recorded peak agi'n‘{('le?‘yl %(.’Jr‘.“%“htéghgmgfgsi820?‘;2%15). Frisch, M. J.; Pople, J. A;

3.81 eV. In the case of the AEA, our computed value is 2.39 (6) Becke, A. D.J. Chem. Phys1993 98, 5648.

eV, assuming &A'-(Dan) ground state for APs. Alternatively, (7) Lee, C; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785.

in the footsteps of earlier calculations in whighCs (*A") Molé%)ulg'regrr%it\g-ghé E?%ﬁfg‘émﬁg;‘:'emgﬁ‘& E-iggg'ev JABInitio

appears to be the lowest energy isomer, then our computed AEA™™ g)"pvis, G. D.; Bartlett, R. JI. Phys. Cheml982 76, 1910.

is 2.46 eV. Both the 2.39 eV [fo¥A;'-(Dsn)] and the 2.46 eV (10) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.

[for 2A’-(C9)] values bracket that obtained from experiment, that Chem. Phys. Let1989 157, 479. _ _ _

s, 2.450+ 0020 eV. It should be noted, however, thatigpy —, G G0 Te® 2 T Sagedph B Seet o e

indeed has &A’-(Cs) ground state, then the transition to this  Stratmann, R. E.: Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

state from thé@A1'-(D3n) ground state of the anion would involve  D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

2 huge geometry change, accormpated by very small Franck ;A £ Mennueer, B Romcll, € dane, © Gifery, 0

Condon factors. Such transition would not be observed in the p 'k - Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.: Cioslowski, J.:

photoelectron spectrum, and in that case, the AEA of 2450  Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

0.020 eV measured in the photoelectron study would not E;hzﬁqmﬁﬂf OK“; F')-é fogpersN;g'\’;iﬁg‘ré RAL_-(JB';;’%E-ZJ& Kgirtg”;goAm"be

correspond to the true AEA of APs. On the other hand, fora v G B Vi W Johmson. B, & - Chen. V. Wong, M. W.. Andres.

1A,-(Dsn) ground state of AlP;, the 2.450+ 0.020 eV value L.; Head-Gordon, M.; E. S. Replogle, E. S.; Pople, J. Bgussian 98
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