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Complete active-space self-consistent field (CASSCF) method followed by multireference sirdpesbles
configuration interaction (MRSDCI) calculations that included up to 4 million configurations were carried
out on the electronic states of &, Al,P; and their anions and cations. Our computed results explain the
recently reported anion photoelectron spectra oPAl and AkP,~ by Neumark and co-workefsWe find

that both the AlP;~ and ALP; species hav®s, undistorted trigonal bipyramidal structures consistent with

the sharp and intense ground-state peak in the observed spectra. But the neBsreluater was found to

be Jahna-Teller distorted in contrast to the &%~ anion, which has @3, undistorted trigonal bipyramidal
structure, consistent with the observed extended vibrational progression of the X state of the spectra. Our
computed electron affinities agree well with the onsets of the observed X peaks in both spectra. We assign
the partially resolved vibrational structure in the observed spectra to the totally symmetric stretch mode than
to symmetry lowering of AlPs, which is found to be in 8A;" (Dsn) state and cannot undergo Jahreller
distortion. Seven electronic states o&Rl are computed, among which th&;(C,,) state is the ground state

with a distorted trigonal bipyramid structure. The distoffedand?B; (C,,) states are identified as Jahn

Teller components of the undistortéil and?E"" (D3) states, respectively. Properties of four electronic states

of Al,P;, AlsP>™, and ALPs;™ are also reported. The ground states of botiPAl and ALP;™ are undistorted

3A, and!A/, respectively D3, symmetry). The atomization energy, adiabatic ionization potentials, dipole
moments, and other properties for the electronic states g%, Alnd ALP; are calculated and discussed.
Comparisons are made with the Ga and In analogues of these species.

I. Introduction different suggesting geometry differences and excited states with
) ) ) different energies for the two clusters.

The present theoretical study on the low-lying electronic states 1, group 13-15 clusters have been the topic of many
of the AlsP> and ALP; clusters and their anions was motivated  gy,4ie@-38 in recent years not only due to their intrinsic merit
by a recent and the first experimental work by Gomez €t al. 4 ai50 due to their technological importance, as group 13
on the anion photoelectron spectroscopy of aluminum phosphide; 5 materials find applications in high speed and high luminosity
clusters including mixed pentamers. A striking contrast between gamiconductor devices and light-emitting diodes. Smaller
the observed spectra of A~ and AP, is that the former  ¢jysters are intriguing in that they do not evolve smoothly as a
exhibits a sharp single band corresponding to the neutral groundfynction of their sizes to the bulk, as they exhibit dramatic
state of AbPs, whereas the latter exhibits an extended progres- yariations in their properties, spectra and relative abundance.
sion in the ground state followed bly a few other .peaks There have been many experimental stidiéon group 13-
attributable to thg gxcned stqtes ofsR4L. In fact, an excited 15 clusters after an inspiring experimental work by Smalley
state of AkP, exhibits a more intense peak compared to the X 4,4 co-worker® on GaAs,. This was the first work that
ground state. The APs~ spectrum exhibits partially resolved  gemonstrated that smaller clusters of /&g are substantially
vibrational structure (separation of 465 ¢y and itis notclear gitterent from larger ones in that smaller clusters exhibit
if this is due to symmetry lowering of the ground state offA| remarkable deviation from the anticipated binomial distribution
or due to FranckCondon activity from the lower frequency \ypiie Jarger ones followed the binomial distribution. It was also
Al—Al stretch. Gomez et al. have reported the adiabatic electron predicted by one of the authéfshat clusters of Gas, would
affinities of these species on the basis of the observed onsets,yhibit isomers. Spectroscopy of 435 clusters has been made
for the X peaks. Itis interesting that bothsR and ALP; have possible with the advent of the supersonic beam method in
similar electron affinities although the observed spectra are \ynich a source material of the group-185 compound is laser-
evaporated and passed through a supersonic nozzle, which
*To whom correspondence should be addressed. E-mail: kbala@ results in cooling and copious amounts of clusters of different

ucdavis.edu. it ; ; ;
T University of California Davis, Lawrence Livermore National Labora- pomp05|t|on§.A variety of SpeCtrOS?Oplc te.ChmqueS hav.e been
tory, and Lawrence Berkeley National Laboratory. mvokgd to study Fhese clusters with the intent of probing the
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Neumark and co-worke¥s”13-15 have obtained the anion  high-level relativistic ab initio CASSCF and MRSDCI tech-
photoelectron spectra and zero-electron kinetic energy (ZEKE) niques that included up to 4 million configurations. We consider
photodetachment spectra of -1B5 anions such as 3, full geometry optimization for both ground and excited states,
IndP,~, and GgAs,~, Al,P,~ clusters. In this method, they obtain  including the possibility of JahnTeller distortions.
the photoelectron spectra starting with the size-selected anions
by photoexciting the anion to probe the ground and excited states| \ethod of Computations
of the neutral species. The technique yields both electronic and
vibrational information on the neutral species, while the ZEKE =~ We have employed state-of-the-art computational techniques
spectra have considerably higher resolution. Experimental to study the electronic states of Rk, AlsP,, and their ions (both
studies of other 1315 clusters such as s, etc., are in cations and anions). The theoretical techniques included a
progress. These experiments have yielded not only electron complete active space self-consistent field (CASSCF) technique
affinities but also the term values for the low-lying electronic followed by multireference singles$ doubles CI (MRSDCI)
states of neutral clusters through the measured vertical detachcomputations. All of the computations were made using
ment energies of various peaks. In addition, for certain clusters, relativistic effective core potentials (RECPs) that retained the
the vibrational frequencies of the neutral and anionic clusters outer 383p'and 333p? shells of Al and P, respectively, in the
have been reported if the spectra had sufficient resolution.  valence space replacing rest of the electrons by RECPs. The

The aluminum phosphide clusters are particularly attractive, RECPs, together with valence Gaussian basis sets, were taken
as they have higher vibrational frequencies (due to lower massesfrom the work of Pacios et & These basis sets were augmented
and, thus, as noted by Gomez et!atquld result in vibrational with a set of 3d polarization functions with exponent of 0.3084
progressions in the spectra compared to heavier clusters. Tofor Al and two sets of 3d functionsyf =1.20,a, = 0.3) for P.
the best of our knowledge, Gomez et alere the first to report In the CASSCF technique, energetically low-lying 3s orbitals
the spectra of aluminum phosphide clusters including?Aénd of the Al and P atoms were kept inactive in the sense that
Al3P,. Taylor et al'®> have recently reported high-resolution excitations were not allowed, but they were allowed to relax as
vibrationally resolved anion photoelectron spectra of @aX  a function of geometry. All of the remaining orbitals were
GaX~, GaX,, and GaX;~ anions for X= P and As. included in the active space, and all possible excitations among

Weltner and co-worketé12have employed matrix-isolation  these orbitals were allowed to generate a full Cl space for the
techniques in combination with the ESR or far-IR spectroscopic CASSCF. This choice yielded an active space comprising three
methods to study a few 1315 clusters. These techniques have &, two b, three h, and two a orbitals for AP, AlzPs, and
yielded the ground-state geometries and spin multiplicities of their ions. Nine active electrons for %, (or eight electrons
some of these species from the observed hyperfine patternsfor AlsP," and 10 electrons for AP,”) and 11 active electrons
These authot$ have obtained the far-infrared spectra of Ga/P, for AloPs(or 10 electrons for APs™ and 12 for ApP;~) were
Ga/As, and Ga/Sb clusters in rare-gas matrixes at 4 K. Van Zeedistributed among all possible orbitals at the CASSCF stage.
et al12 have obtained the hyperfine interaction and structure of Subsequently, multireference singksdoubles configuration
GapAs; using the matrix-isolated ESR spectra of these species. interaction (MRSDCI) calculations that included all configura-
The hyperfine pattern exhibited a doublet ground state with a tions in the CASSCF with absolute values of coefficien&07
trigonal bipyramid structure (tbp) in a probable ground state of were carried out. This generated a large configuration space
2N, that included up to 4 million configurations. After the MRSDCI,

Duncan and co-worket&22 have employed photoionization ~ Multireference Davidson correction to the MRSDCI energy was
and photodissociation technigues to extract important informa- invoked, and the resulting computed energy separations were
tion on the photofragmentation patterns and spectroscopiclabeled as MRSDCH Q.
properties on the excited states of the cations of such clusters. Analogous to the previous stuttyon GaP, and GaPs;, we
At present, these techniques have been used to study mixedstarted with geometry optimization for the low-lying electronic
heavier cations such as,8b,". states of AdP, and ALP;, using a quasi-NewtenRaphson

Theoretical studies on the electronic states of larger18  Procedure within the CASSCF level of theory. For this purpose,
clusters have often been restricted to the ground states, althougfihe GAMESS? package of molecular computational codes was
smaller ones up to five atoms have been investigated for the®mployed to generate the optimized geometry in @i
excited state®® 41 As demonstrated by our past woik32.39-41 symmetry. Two electronic states, namei§; and?B; of Al3P,
investigation of the excited states of these species is quite (OF A2 and?A, for Al;P;), are found to be formed frorfE'
challenging. We have utilized ab initio CASSCF and MRSDCI and ?E" (Da). Since the’E’ and *E" states are in doubly
techniques to compute the properties of the excited electronic degenerate irreducible representations, they underge-Jatier
states. Although we and others have studied other five-atom distortions through &e coupling. The geometries of all possible
clusters such as Gas,, the current theoretical study is the first [0w-lying doublet and quartet electronic states fogFland
of its kind to focus on the ground state and several low-lying the low-lying doublet states of AP in the Dz, symmetry were
excited electronic states of the mixed pentamers containing Al Searched and optimized.

and P. We have studied before other smallePptlusters® The knowledge of the electronic states of theRf and
both in the ground and excited states, and Raghavachari andAl,Ps;™ positive ions would be useful for experimental photo-
co-worker$® have studied the ground states of (AlR)usters ionization spectroscopic studies of the neutral species. Further-

using the MP4 and QCISD(T) methods. There have been DFT more, it is critical to obtain the ground-state information on the
studies on (AIP) clusters®® and smaller AlP, cluster$* have anions so that the anion photoelectron spectra can be interpreted.
been studied by a number of other techniques. The diatomicsFor example, Gomez et Ahave recently measured the electron

of 13—15 elements have also been studied, and potential energyaffinities of the anions of the aluminum phosphidefl(x, y
curves of many excited electronic states have been obtdiféd. = 1—4) clusters. Consequently, in the current study, we have
In the current study, we compute the low-lying electronic states pursued theoretical calculations on the electronic states of the
of Al3P, and ALP; and their positive and negative ions using AlzP,", Al,P;™, AlsP,~, and AbP;~. The atomization energies
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Figure 1. Geometries of distorted and undistorted mixed pentamers.
TABLE 1: Geometries and Energy Separations for the 0.23 eV lower than its corresponding st&f(Dan) due to Jahn
Electronic States of AkP, and Al.Ps in Cy, Structure Teller stabilization, while théBy(Cy,) state is 0.17 and 0.04
state Cz,) eV lower than théE" (D3y) state at the CASSCF and MRSDCI
state A, 2B, Ievelsdof theorfy:ogjrjespecltli\{eIy.I Th?\rl] state pr(;avlil%ilas as the
ground state o , at all levels of theory, and th#B; state
AlaP élz__A'?ll__PAb (deg) 69.5 0.9 is 0.48 and 0.60 eV above the ground state at the CASSCF and
1 1—P> (deg) 64.8 48.0 R i
P.—Al,—P, (deg) 57.3 50.7 MRSDCI levels, respectively. As mentioned before,3gand
Ali—Al; (A) 3.529 3.801 2B, states C,) could be envisaged as derivatives of #ie
Alz—AlsgA) 4.023 4.409 and?E"( Dgp) states arising from JahiTeller distortion. This
ﬁ: 1:51 (A) ggzg g'gig can be shown by their geometry parameters, which present an
Plz—le((A)) 2443 2178 interesting relationship between various states. As can be seen
dipole moment (D) —2.69 —1.34 from Table 1, there are two contractediAAl; and Ah—Al 3-
E (CASSCF) (eV) 0.00 0.48 (3.529 A) bonds together with an elongated-AAl 3 (4.023 A)
E (MRSDCI) (eV) 0.00 0.60 bond in the?A1(Cy,) state. Likewise, the PP bond lengths in
E (MRSDCI+ Q) (eV) 0.00 0.51 the 2A4(C,,) and2E'(Day) states of AP, are 2.443 and 2.516
Az Ay A, respectively. These features suggest that the Jalatier
Al,Ps P,—P;—P; (deg) 53.8 58.0 effect primarily moves the three Al atoms from their id&a},
Al,—P;—Al; (deg) 141.9 115.8 equilateral triangular locations in the #&% cluster and brings
Al1—P>—Al; (deg) 111.0 114.1 the two axial P atoms closer forming a more stable distorted
El_EZ A 2.315 2.302 structure Cy,). The P-P bond length of the diatomic#s 1.893
—Ps (A 2.093 2.232 Ain its 15+ - .
P—Al; (A) 2506 2425 in its 124" ground stat®, while the P-P bond length in the
P,—Al (A 2.874 2.448 2A4(C,,) state of AkP; is 2.44 A. On the other hand, the Al
Al;—Al; (A) 4.736 4.110 Al bond lengths in théA; ground state of Alare around 2.54
dipole moment (D) —0.99 —0.26 A47 and are much shorter compared to the-Al bond lengths
EEI\C/I';SSISDCCT)) ((g\\//)) (;),'415 12"91(? (3.62-4.03 A) in AlsP,. Evidently, the bonds among the three
E (MRSDCI+ Q) (eV) 064 1.93 Al atoms in AkP. are dramatically weakened by the AP
bonding and the interaction between the two P atoms. All the
to dissociate the AP, and ALP; clusters into aluminum?p) quartet states in the undistortelds, structure were also
and phosphorus'®) atoms were computed as supermolecular computed. These states, naméel;”, “E”, and“E', are well
calculations. above the ground state.

The CASSCF/MRSDCI calcylations were made using one B, Electronic States of AkP,™, AlsP,~, lonization Energy,
of the author& 46 modified version of ALCHEMY |l code® Electron Affinity, and Binding Energies. Four low-lying

to include relativistic ECPs (RECPs). electronic states of AP,"(Dsn) were computed, and their energy
) ) separations are shown in Table 2. We kept the geometry of the
Ill. Results and Discussions positive ion fixed at the neutr@E' geometry because we do

A. Electronic States of AtP,, Table 1 lists the optimized ~ not expect the geometry relaxation to make a significant impact
geometries and energy separations together with dipole moment$n the computed ionization energy. The excited electronic states

for the distortec?A; and?B4(C,,) states of AlP.. The equilib- of Al3P,™ can be visualized as aris_ing from the removal of an
rium geometries and energy separations for all undistorted electron from the HOMO Z2eor 2€' in the %E or 2E states of
doublet and quartet electronic states offlin the trigonal ~ the neutral AJP; cluster. This yields four states, vizA1', *A7',

bipyramid structures;) are shown in Table 2. Table 3 shows 3A2", and'A;' for the AlP,* ion. The energy needed to remove
our computed vibrational frequencies of the ground states of an electron from the open-shell’26OMO in %E'(Dan) is 6.85

the various species. The actual locations of the atoms for botheV, resulting in three possible electronic states with the same
distorted and undistorted &, are shown in Figure 1. As seen configuration: &A; state, &E' state, and dA,' state, among
from Table 2, the first two undistorted low-lying electronic states which the3A; state becomes the lowest in energy. Thus, the
of Al3P,(D3,) are?E’ and2E" and would thus undergo the Jahn  positive ion does not undergo Jafifeller distortion and retains
Teller distortion. So the distortet?\; and ?B;(C,,) states of its ideal D3, structure. At the CASSCF level, the lowest state
Al3P; in Table 1 are the JahfTeller components of théE' of AlzP;™ is TAy, while 2A;' is only 0.04 eV above'A;'.

and ?E" (Dan), respectively. TheeA;(Cy,) state is 0.33 and ~ However, this energy separation is sensitive to higher-order
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TABLE 2: Geometries and Energy Separations of AlP,, Al,P3 with thp- D3, Structures?

state CASSCF MRSDCI
system Ca Dm Al-AIA) AI-P(A) P-P@A) E(v) A-AIA) AI-P@A) P-PA) E (eV)
AlP,  ?A; 7B, °F 3.619 2.439 2516  0.33 3.608 2.430 2.503 0.23 (0.20)
By 2A; " 4.032 2.585 2.248  0.65 4.007 2.568 2.229 0.64 (0.54)
4B, Ay 2.963 2.483 3509 247 2.907 2.451 3.572 2.11 (1.94)
A, Ay 3.961 2.549 2252 297 3.929 2.532 2.250 2.44 (2.47)
AL *B, ' 3.412 2.499 3.075  2.73 3.398 2.489 3.064 2.58 (2.38)
Als(?A;) + 2PES) 6.32 6.77 (7.04)
3AI(%P) + 2P€S) 9.02 10.09 (10.62)
AlP,t 3B, A 3.608 2.430 2503  6.58 3.608 2.430 2.503 6.85 (6.86)
A N 3.608 2.430 2503  6.54 3.608 2.430 2.503 7.07 (7.26)
3B, A 3.608 2.430 2503  8.43 3.608 2.430 2.503 8.37 (8.33)
1B, A 3.608 2.430 2503  9.01 3.608 2.430 2.503 8.91 (8.85)
AP, 1A, N 3.737 2.474 2420 214 3.707 2.454 2.400 —2.33 (-2.42)
P-P(A) P-Al(A) Al—AlI(A) E(eV) P—P (&) P-AI(A) Al-AI(A) E(eVy
AP, 2B A" 2.300 2.434 4.080 0.00 2.304 2431  4.070 0.00 (0.00)
2A,, 2B, 2" 2.218 2.700 4.754 0.65 2.209  2.672  4.697 0.76 (0.95)
A, Ay 2.274 2.447 4.130 2.09 2272 2431  4.093 1.94 (1.91)
2Ay, 2B, E 2.274 2.653 4.610 2.11 2257 2632 4573 2.18 (2.25)
Ps(%A;) + 2AI(2P) 7.74 7.90 (7.38)
3P(S) + 2AI(?P) 14.01 14.17 (13.85)
AlPst 1A, Ay 2.304 2.431 4.070 6.16 2304 2431  4.070 6.79 (6.96)
3B, A 2.304 2.431 4.070 6.86 2.304 2431  4.070 7.67 (7.98)
3B, E 2.304 2.431 4.070 8.01 2.304 2431  4.070 8.24 (8.25)
1B, A 2.304 2.431 4.070 8.87 2.304 2431  4.070 9.15 (9.19)
AP 1A, Ay 2.263 2.523 4317  -2.10 2.250 2518 4313 —2.30(-2.03)

aThe values in the parentheses are the Davidson corrected energies.

TABLE 3: Vibrational Frequencies and IR Intensities of the
Ground States of AbPs, AlsP,, and Their lons

vibrational mode, frequency, and
IR intensity in parentheses

Ay 481.5(0), E 378.8 (1.05), A 338.5 (0),
AZ': 308.6 (15.3), E: 303.1(0), E 175.2 (5.6)
AlgPy Ar: 446.8 (5.0), A: 345.2 (15.9), B 338.4 (4.4),
: 257.6 (1.0), B: 212.5(13.2), A 192.2 (0),
B 159.1(0.42), A' 93.8 (0.4), B: 66.2 (22.1)
AlPs+a Ay: 478.0 (0), E 367.9 (3.7), A": 352.6 (4.0),
E': 345.8 (0), A" 328.5(0), & 195.4 (11.4)
AlgP,+a Az 397.2 (0), E 319.5 (5.5), A" 295.7 (24.4),
Ay 262.8(0), E: 237.0 (0), E 26.7(3.6)
Ay 504.1 (0), E 393.8 (0.1), A”: 366.8 (83.5),
Ay 303.6 (0), E: 245.0 (0), E 146.0 (0.8)
AlP, 2 Ay 410.8 (0), E 367.8 (0.1), A': 268.4 (0),
A2": 240.9 (7.2), E: 217.1(0), E 115.6 (2.0)

a Zero-point corrections for AP; = 5.3, AP, = 3.0, AlP," = 3.0,
Al 2P3+ = 4.2, ALP;- = 3.9, and AP, = 3.3 kcal/mol.

species
Al P2

Al,P;~2

electron correlation effects which stabilize the' state, and it
prevails as the ground state ofsRb* at the highest level with
theA, state 0.22 eV above tHa,' state at the MRSDCI level.
It would need more energy>(.94 eV) to remove an le
electron from?E' forming 3A," and!A," states, but these are
well above the’A,’ state.

As seen in Table 2, a closed-sh&ll;' is the ground state of
AlsP,~ with a regular trigonal bipyramidz,) geometry, and
the electron affinity of AdP, is 2.33 eV at the MRSDCI level.

orbital, the Mulliken populations fotA;" of AlsP;~ are Al
(7411057, P (81193699 hoth P (p) and Al (s) populations
are larger than Al (55259919 and P (48992569 in the?E’ state
of Al 3Ps.

The atomization energy was computed in two steps. The
dissociation energy for

AlLP,— Al,(°A)) + 2 P(S)

is computed as 6.77 eV at the MRSDCI level. We also computed
the atomization energy needed to separatgidto three Al
atoms {P) as 3.32 eV at the same level. By combining the two
values, the atomization energy of 3R is computed as 10.09
eV at the MRSDCI level. These values support our conclusion
that the AP bonds play a more decisive role than the-Al
bonds for the energy and geometry of the electronic states of
Al 3P,.

C. Comparison with the Observed Spectra of A{P,~. The
only available spectra of AP, are due to the work of Gomez
et al! The authors have obtained the photoelectron spectra of
Al3zP,~ at 266 nm. In contrast to APs, the AbLP; spectra exhibit
a less intense and extended progression in the ground state and
followed by some activity and a more intense peak around an
eV above the ground state. The authors have located the onset
of the X peak from which the adiabatic electron affinity ogRd
is measured as 2.58 eV. As seen from Table 2, our computed
adiabatic EA for AfP, is 2.42 eV at the highest level. We

The comparison of geometries of the neutral and anion revealsconsider this as a very good agreement considering the compu-

that both A-AI(3.707 A) and AFP(2.454 A) bonds in théA ;'
state of AkP,~ become longer, whereas the-P(2.400 A) bond
length is contracted compared to the correspondingAdl
(3.608 A), A-P(2.430 A), and PP(2.503 A) bond lengths in

the 2E’ state of AjP,. This suggests that the attached electron

is mainly shared by the P atoms resulting in strongeP®onds

in the TA' state of AbP,~. The attached electron occupies the

2¢€ orbital, which becomes fully occupied in &,~. Since the

P(p), P(p), and Al(s) are influential components for the' 2e

tational difficulties in computing the EAs of such clusters.

As seen from Table 2, whereas the ground state ¢PAlis
a A, closed-shellDa, state with a trigonal bipyramidal
geometry, the ground state of the neutrafAlis a Jahr-Teller
distorted?A state arising from thée’ state of the neutral cluster,
which undergoes JahiTeller distortion. Thus, the geometries
of the neutral and anionic species differ: the latter exhibits a
more symmetric structure, while the former undergoes Jahn
Teller distortion to a less symmetric structure. The geometry
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differences between the two ground states cause a slightlyin 2B; is stronger than that iBA;. This is consistent with the

extended vibrational progression in the X peak oAl A

P—P bond length in théB; state of 2.178 A, caused by a doubly

comparison of the actual bond distances of the anion with neutraloccupied 5aorbital in 2B;.

distorted geometry2A; state) reveals that the axial—+P
distances are nearly the same. The contrast is in theAAl
equatorial distances and thus the-/Al distances: the At-Al,
distance becomes shorter than the anion, while the-Al;

The main distinction between tRE' and?E" states of A}P,
(with D3, symmetry) is in the electron occupations for aed
1€'. As described earlier, the 1€2b; and 1ain Cy,) orbital is
composed of A+P bonding, while the 2eorbital contains

distance becomes longer. Thus the progression in the X stateantibonding interactions among the three Al atoms and-& P
of the observed spectra is due to an equatorial stretch than arbonding. The 1¢orbital is fully occupied byE' (four electrons),

axial stretch.
Gomez et al. find ca ouple of short peaks within-80675

resulting in a contracted AIP bond length (2.430 A) and a
longer P-P bond length (2.503 A), while the 2erbital is fully

eV of the X state followed by a prominent peak that is even occupied in’E" (four electrons), leading to a shortP bond
more intense than the X peak at about 1.3 eV higher than thelength (2.229 A) and longer AIP bond length (2.568 A) at
ground state. As seen from Table 1, we computeéhelahn- the MRSDCI level. The 24 orbital is perpendicular to the Al
Teller component of théE" state at 0.50.6 eV above the  plane with the p orbitals of the P atoms overlapping with
ground state, depending on the level of theory. This explains opposite lobes along theaxis. Thus, there exists a repulsive
why the observed peaks in this region and the similarly of the interaction with respect to the P atoms. T and’E" states
intensity of this peak to the ground-state X peak is consistent do not have an occupied 2aorbital. The*A;" state has a
with our finding in that both the %\; and 4B, states are Jahn doubly occupied 24 orbital, while“E’ has a half-filled 2g'
Teller distorted and thus have similar features in the spectra. Inorbital, thus resulting in noticeably longerP bond lengths
contrast, the next peak is sharp and more intense than the ground3.572 and 3.064 A) in théA," and“E’ states, respectively, at

state. As seem from Table 2, we compute4h¢ excited state

the MRSDCI level. These features explain the higher energies

of Al3P, at 1.94 eV above the ground state. This state cannot Of all quartet statesz,)of AlsP..

undergo JahnTeller distortion and could thus explain the

The total Mulliken populations of Al are substantially smaller

intensity of the observed peak as this state has the samethan 3.0, whereas the total P populations are uniformly larger

symmetry as the anion’s ground state. However, th® Rxial

than 5.0 for all of the electronic states ofsR). The depletion

bond is considerably stretched relative to the anion, and the of the Al population compared to an isolated Al atom and
Al—Al equatorial bond distances are contracted. We, however, enhancement of the P population compared to the P atom are
do not find any other excited state in this region to assign the consequences of charger transfer from the aluminum atoms to
spectra. Our computations could also have greater errors forthe P atoms leading to ionic AP~ bonding in the A4P; cluster.

the excited states. Thus, the most probable candidate for the The lowest2A4(C,,) state of AP, is composed of Al

observed a peak near 1.3 eV above the ground state f&\the
excited state of AP».

D. Nature of Bonding. We describe the composition of the
various molecular orbitals (MOs). Theiléor 1a in Cy,) orbital
is a bonding combination ofiBs) + Py(s). The 2& (3a in Cy,)
orbital is composed of A(s) + Alx(s) + Als(s). The 3& (4a
in Cy,) orbital is a combination of #py) — P2(px) and R(s) +
P(s). The 1d' (1by in Cy,) orbital is an antibonding orbital
which is composed of &) — Px(s). The 2d' (3by in Cy,) orbital
is predominantly Rpx) + P2(px). The two degenerate compo-
nents of the 1'g2&a, and 1k in Cy,) orbital are 2A] (s) — [Al o(s)
+ Al(s)] and Ab(s) — Als(s). Likewise, the two components
of the 2é (5a and 2b in Cy,) orbital are composed of 24(k)
— [Aly(s) + Als(s)] + [Py(py) + Pa(py)] and [Al(s) — Al(s)]
— [P1i(pz) + P2(p2)]. The two parts of the Ieorbital (2 and
1g in Cp,) are R(py) — Pa(py) + Ala(py) — [Al2(py) + Als(py)]
and R(p) — Pap) + [Ala(p) — Als(py]. The principal
difference between th&A; and 2B; (Cp,) states is in the
occupancies for the 5and 2h orbitals. The 5aorbital is a
combination of two parts: the first part is 24¢) — [Al »(s) +
Al3(s)] and the second part{py) + Px(py)] is like aIl bonding
interaction between two P atoms. The, 2bital is a combina-
tion of [Py(py) — Papy)] + Alx(p) — [Al2 (p) + Ala(p))],
suggesting bonding interactions between the &id P atoms
together. The Saorbital is singly occupied irfA; but fully
occupied by’B;, while the 2h orbital is fully occupied ir?B;
but singly occupied ifA;. The2A; state has a doubly occupied
20, orbital, resulting in a shorter A+P bond length (2.279 A)
and longer P-P bond length (2.443 A) compared to the
corresponding values in t1#8; state. The P-Al;—P, and R—
Al,—P, angles in?A; are 64.8 and 57.3, respectively. These

(s+209p1228  Al, (st8110749, and P (§81%360) Mulliken
populations, where we have omitted the d populations as they
are smaller than 0.17. The corresponding populations for the
2B4(Cyp,) state are Al (st8590-639, Al, (s-84p°739, and P
(st-84p355%9. The difference between the two states in @
symmetry mostly rests with the s and p populations of the Al
atom. As discussed before, the primary difference between the
two states lies in the occupations and compositions of the 5a
and 2h orbitals. The 5aorbital, which has considerable £$)
character, is fully occupied in tH8; state, resulting in a large
Al;(s) population of 1.859. The barbital is singly occupied

in 2A, leading to a smaller A(s) population of 1.204 in the
2A; state. On the other hand, the;2trbital, which contains
Al1(py) together with RX(py) and B(py) contributions, is doubly
occupied inPA; but singly occupied ifB;. Consequently, this
increases th@ populations on Al to 1.228, whereas th&B;
state has a singly occupied 2trbital resulting in smaller Al

(p) population of 0.617. Similarly, the nature of the' 2ad

1€' orbitals and their occupation numbers lead to smaller s
(1.625) but larger p (0.919) populations on the Al atom3&n
(D3p) in comparison with the corresponding populationsgf
(Dan). As seen in Table 1, the dipole moment&f; (Cy,) is

2.69 D, which is larger in magnitude than 1.34 D f&.

A critical comparison of the Mulliken populations of the
neutral cluster and the positive ion reveals that the ionization
particularly causes depletion of the charge density on the 3s
and 3p orbitals of Al rather than the P site. It agrees with the
fact that the ionization potential of Al is lower than that of P.

The A, and!A; states have the same configuration, and
thus, their Mulliken populations are very close. T state is
composed of Al (55250919 and P ($8992569, in which both

bond angles are considerably larger than the correspondingAl (s) and Al (p) are noticeably larger than the corresponding

values of 48.0 and 50.7for 2By, implying that the P-P bonding

values in the3A, and A, states. Since the 2e@rbital is
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predominantly Al(s)+ Al(p), removal of a 2eelectron decreases  occupied 24’ orbital. The'A,' state of AbPs™ is composed of
the Al populations. P ($-839336) and Al (S-744pp~59 Mulliken populations. The

E. Electronic States of AbPs. The computed properties of ~ corresponding populations for th&," state of the neutral APs
two distorted2A, and 2A; electronic states of APs in Cy, are P (4%49%2%) and Al (s-°19°9%). Hence, both s and p
symmetry are listed in the second half of Table 1. In contrast Populations on the Al site in theA,' state are enhanced by the
to AlsP,, AloP; has?A;" (Dg) as its ground state. Though the —attached electron. This agrees with the nature of the @dital,

two distorted state®A, and?Ay(C,,) are derived from thég" which is predominantly Al (s) and Al (p) orbitals.
and?E' (Dgp) states, the Jah#Teller stabilization is smaller than The dissociation energy for the process

the energy separation betwe#ky," (or 2A,') and2E" (or 2E'). . 5 )
Thus,2A;" (Dan) prevails as the lowest state ofR%. It can be AlLP; (FAy") — P (PAy + 2A1 (P)

expected that the AlP; cluster possesses an id&g}, symmetry L )
with a trigonal bipyramid equilibrium geometry. TRa, (Cz) was computed to be 7.90 eV at MRSDCI level. Combining this

state is 0.19 eV abov®," at the CSSCF level. The electron  With the atomization energy ofsf* to yield three P1S) atoms
correlation effects make this energy separation even larger (0.4gVhich is 6.27 eV, we have obtained the atomization energy of
and 0.64 eV at the MRSDCI and MRSDGH Q levels). The ~ Al2Ps as 14.17 eV at the MRSDCI level.

2E" (Dgy) state is 0.65 eV above tHé," ground state, while Therg is significant decrease in the 3s an.d 3p Mulliken
the2A,’ and2E'(Day) states are much higher in energy, as both populations on the Al atoms caused by the ionization. The
states are about 2.0 eV above fide'" state. removed electron comes from2awhich has Al (s) and Al

The Jahr Teller effect in AbPs can be illustrated by a (px) as its principal components. Thus, charge depletion of the

X . Al site appears in théA,' state of ApP;™.
2
gl(E)'r'T(]Dpa;i(t)z:tg tﬂ: gggrﬂre;fgtg:;amfir:cjﬁiﬁ:efﬂgcziggwndds G. Assignment of Observed Spectra of APs". The anion
3h, . y _ .
(2.218 A) in?E" (D) are changed into two elongated-P, photoelectron spectra of /¥~ have been obtained at 266 nm

by Gomez et al. The observed spectra differ from %~ in
and R—Pz bonds (2.315 A) and a contractegHP; bond (2.093 - :
A) in 2A5(Cz,) by the Jahr Teller distortion. However, the having a very sharp and intense X band followed by a weaker

. . . set of peaks. As seen from Table 2, our computations are
average PP bond length in thé.AZ((,:,z”) state is 2.241 A, which consistepnt with this contrast in that both the anionps and neutral
IS very close to the EP bonds 'an. ’ T_he Al=Al bond length Al,P; haveDg, structures due to thetd;’ and X2A," ground
in the’E"(Dap) state is 4.754 A which is nearly the same as the states, both of which cannot undergo Jafeller distortion
average Al-Al distance (4.736 A) in théA,(C,,) state, implying As seén from Table 2, the geometries of the two specieé are
little contribution to the JahnTeller distortion from the two '

remarkably similar, except that the ARl axial distance is
A atoms. '!'hus, the qahnTeIIgr effect moves the.three P.atoms shortened upon removal of the electron from the anion and the
from their ideal equilateral triangular locations in the distorted

at £ ALP P—P distances are elongated. Moreover, as seen from Table 3,
states Cz,) of AloPs. we find a totally symmetric stretch vibrational mode to have a

F. Electronic States of ALPs", Al,P5™, lonization Energy, frequency of 481 cmt for the X ground state. This is in close
Electron Affinity and Binding Energies. Table 2 displays the  agreement with the observed vibrational progression with a
energy separations for four electronic states ofPAl. The  frequency of 465 cmi. Furthermore, the ground state of,R}

calculated energy to remove a,2aHOMO electron from  cannot undergo Jahreller distortion, and we thus assign this
?A"(Dan) of the neutral AP; cluster is 6.79 eV, resultingina g the totally symmetric (&) breathing mode of APs, which

lA]_' state as a reSU|t of the lonization process. Greater energyis not IR active but FranckCondon active in the anion
would be needed to remove an electron from the Geital of  getachment spectrum, as it has totally symmetriarépresenta-
the®A;" ground state of AP resulting in two excited electronic  tion, as seen from Table 3. The lowering of symmetry was
states, namelyAz" and'A;". Their ionization energies are 7.67  syggested as a possibility by Gomez et al., but we rule out this
and 9.15 eV, respectively. The calculated energy to remove angn the basis of our computations. This is because the neutral

1€’ electron from theA;" ground state of the neutral A% is cluster in the XA, ground-state cannot undergo Jatireller
8.24 eV, resulting in théE' state. Among these states, the lowest istortion.

state iS thé’Al’ State, Wh||e théAz” State iS 0.88 eV abOVe at We attribute the peaks near 9_68 eV to the JahﬁTe"er

the MRSDCI level. We thus conclude that theRy* ion would distorted?A,(C,,) state arising from the distortion of tH&"

have a closed-sheliA,’ ground state and it cannot undergo  state. We have calculated this state at about0.6 eV above

Jahn-Teller distortion. the ground state at higher levels of theory. Above this state, we
The ground state of the A3~ anion is'A;" with a regular find only the?A,' undistorted state, which is 1.9 eV higher than

trigonal bipyramidDsp structure. Table 2 shows the geometrical the ground state, and it is thus an unlikely candidate for the

parameters. As seen from the table, the electron affinity gPAl  spectra observed by Gomez et al.

is 2.30 eV at the MRSDCI level. The-fP (2.250 A) bond Our computed adiabatic EA is 2.3 eV in reasonable agreement

length in the'A;' state of AbP;~ is contracted, while the Al with the experimental value of 2.739 eV deduced by Gomez et

Al (4.313 A), AI-P (2.518 A) bond lengths are elongated al. from the observed onset. Again, considering the difficulties

compared to the corresponding bond lengths of Al (4.070 in computing EAs, we believe that this is a reasonable

A), Al—P (2.431 A), and PP (2.304 A) in the neutral ground  agreement.

state?A,". It can be concluded that the attached electron in the  H. Nature of Bonding in Al,Ps and lons. The 1a’ orbital

anion is shared among three P atom&An' of Al,P;~. This is (1a in Cy,) is made of R(s) + Py(s) + P5(s). The 2& (3a in

consistent with the fact that P has greater EA than Al. However, C,,) orbital is [P(p) — Ps(py)] + [ Al1(s) + Alx(s)]. The 3@

it should be noted that the calculated EA of;d is smaller (5a in Cy,) orbital is predominantly [Al(S) + Alx(s)] mixed

than that of AP, which is 2.33 eV. Thus, the theoretical value  with [P1(s) + Pa(s) + Ps(s)] + Pi(py) — [P2 (py) + Pa(py)]- The

is underestimated. It is estimated that the actual EA oPAI 1&" (1b; in Cy,) orbital is Ali(s) — Aly(s). The 2d' (3by in

should be more than 2.4 eV, and our result is a lower bound. Cy,) orbital is a mixture of Al(s) — Alx(s) and Al(py) + Al-

The attached electron in the anion of,Pd~ leads to a doubly (px), which is an antibonding orbital because the two Al atoms
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not only have s orbitals but also p orbitals overlapping with
opposite lobes along theaxis. The 1eorbital (2a and 1b in
C,,) possesses two parts: 28) — [P2(s) + Ps(s)] and [R(s)

— P3(s)]. The 2¢orbital (4aand 2h in Cp,) is a combination
of [P(py) + Ps(py)] + [Pa(p) — Ps(p2)] and [P(py) — Pa(py)]

+ [4Pi(p) + Po(py) +Ps(p)]. The 1¢' (2by and 1a in Cy)
orbital, which is made of 2#py) — [P2(px) + Ps(px)] together
with [Pa(p) — Ps(p] and the [Ak(p) — Al(py)], is non-
negligible.

The difference between for the first two low-lyifg.," and
2E" (Dan) states is in the occupancies of they2and 1¢
orbitals. The 1€ orbital is bonding between the Al and P atoms,
and it is fully occupied (four electron) in tH&," state, resulting
in shorter AP bonds (2.431 A). The 2aorbital consists of
a repulsive interaction between two the two Al atoms in which
not only s orbitals but also p orbitals of the Al atoms overlap
with opposite lobes along theaxis. This explains the higher
energy of2E”, which has a doubly occupied 2a Hence, the
2E" state has a more elongated—-4l (4.697 A) bond than
that (4.070 A) of?A,", which has only one electron in 2a

Likewise, the difference in the properties for the distorted
2A, and?A; states in theC,, symmetry arises as a consequence
of the occupancies of the pand 1a orbitals. The 5aorbital
is bonding not only between the three P atoms but also two Al
atoms. However, the 3aorbital contains arm antibonding
between the Pand R atoms. Thus, the aorbital exhibits
enhanced bonding, and it is fully occupied in #4e (Cy,) state,
resulting in lower energy thaPA; (Cy,), which has only an
electron in 5a On the contrary, the Yarbital is fully occupied
by 2A; (Cp,) leading to a longer £ —P; bond (2.232 A)
compared to the £-P; (2.093 A) bonds in théA; (Cy,) state.

The Mulliken populations suggest AP~ polarity of bonds
for all the electronic states of APs. It is notable that the P (p)
populations are smaller than the corresponding values b Al
This is consistent with the fact that the charge transferred from
the two Al atoms to P is shared by three P atoms igPAl
while the charge transferred from the three Al atoms is shared
by two P atoms in the case of &L. The Mulliken population
differences between the first two undistorfégd’” and2E''(Dsp)
states of AJP; depend on the Al site, consistent with the nature
of the 2a@'"" and 1€ orbitals. The 1% orbital has a nonnegligible
Al (p) participation and is fully occupied iPA,". This would
result in enhanced 3p population on Al (0.964FAy", which
is larger than that (0.672) 8E". But the 2a" orbital has Al(s)
as its main component, and it is fully occupied3®/, leading
to a higher 3s population on Al (1.854) %&" than that (1.510)
of 2A,".

Among the distorted states of A&k (C,, symmetry), the
populations of Al(s), |s) and B(s) for the?A; state are 1.859,
1.848, and 1.873, respectively. They are larger than the
corresponding values in t state (1.314, 1.837, and 1.834).
Since the 5aorbital is composed of Al(s), #s), and B(s), it
includes the contributions from thes 8rbitals of the Al and P
atoms, and it is doubly occupied in tRA, state but singly
occupied irtA;. It introduces larger s Mulliken populations on
the Al and P atoms in th&\, state. The lgorbital is composed
of 3p of the Al atoms, and it is fully occupied in tR&; state,
resulting in a larger Al(p) population (1.140) %A1 than in2A,
(0.660).

I. Comparison of M3P, (M = Al, Ga, and In). The isovalent
GaP, and IrgP, clusters were previously investigated by the
authors?'32 and thus, comparison of the electronic states for
the MgP, (M = Al, Ga and In) clusters is warranted. Table 4

J. Phys. Chem. A, Vol. 105, No. 50, 20011301

TABLE 4: Comparison of Geometries and Energy
Separations for the Electronic States of MP, in C,,
Structure (M = Al, Ga, In)

system AP, GaP, N3P,
state 2A1 281 2A1 281 281 2A1

MsP, Mo—Mi—Mg3(deg) 69.5 709 67.8 728 736 67.2
Pi—M1—P,(deg) 64.8 48.0 682 49.1 452 64.0
Pi—M>—P, (deg) 57.3 50.7 59.3 514 472 56.7
M1—Mz (A) 3.529 3.801 3.576 3.812 4.081 3.872
Mo—Ms3 (A) 4.023 4.409 3.991 4.527 4.890 4.285
M1—P; (A) 2279 2.680 2.296 2.713 2.867 2.467
M2—P; (A) 2547 2.543 2.603 2599 2.753 2.753
Pi—P, (A) 2443 2.178 2575 2.256 2.204 2.613
E (CASSCF) (ev) 0.00 048 0.07 0.00 0.00 0.64
E(MRSDCI) (evV) 0.00 060 0.00 0.15 0.00 0.21

0.02 0.10 0.00 0.16

E(MRSDCI+ Q) 0.00 051
(eV)

(Cz,), while Table 5 shows the corresponding values for the
undistorted electronic stateB4,). There are many similarities
among the three clusters. For example, all the three species have
two closely spaced low-lying electronic staté&, and?E", in

the D3, symmetry, and all the quartet states are well above the
lowest state. It is expected th and?E" (D) would undergo

the Jaha-Teller distortion. Consequently, tBa; and?B; states

in Cp, symmetry shown in Table 4 are the Jaleller
components of théE' and?E"" states. Analogous to 4P,, the
GaP, and InP, clusters undergo the Jahiieller effect, as
demonstrated by comparing the geometries of the distorted and
undistorted states. As shown in the tables, the averageM
bond lengths of the ground stat&€%{) for GagP, and IrgP, are
3.714 and 4.351 A, respectively. These are comparable to the
bond lengths between the three metal atoms that form an
equilateral triangular base in the corresponding undistorted states
of MaP, (M = Ga, In): 3.665 and 4.450 A respectively.
However, the actual MM bonds differ. The P-P distances in

the ground statesCg,) of M3P, (M = Ga, In) are 2.575 and
2.204 A, respectively. These values are close to the Bond
lengths in the undistorted stateBsf): 2.587 and 2.226 A,
respectively, at the same level. The metal bond lengths in the
ground states of Mare 2.521, 2.51, and 2.97*&4% for M =

Al, Ga, and In, respectively. They are clearly much shorter than
the M—M bonds in MiP, shown in Tables 4 and 5. It is
concluded that the MM bonds in MyP, are dramatically
weakened by the interaction between M and P.

On the other hand, there exist differences among the three
clusters. As seen from Table 2A; (Cy,) is relatively stable
ground state of AP,, while 2B; is definitely the lowest state
for IngP, at all levels of theory. For G&,, the lowest state is
2B, at the CASSCF level. However, it is noticed that the energy
separation between tH8; and?A; states is only 0.07 eV at
the CASSCEF level and it is sensitive to the electron correlation
effects, which influence the ordering of these two states. Finally
the2A state becomes the ground state offat the MRSDCI
and MRSDCI+ Q levels.

The P-P bond lengths of th#A; (Cy,) ground states in AP,
and GaP; are 2.443 and 2.575 A, respectively, and both of
them are longer than the-fP bond length (2.204 A) in théB;

(Cy,) state of InP,, implying a stronger PP bonding in 1aP..
This can be understood as indium is more metallic than gallium
and aluminum. Since the-HP bond is shorter in 4., the R—
Ini—P, and R—In,—P, angles in the ground state of;® are
45.2 and 47.2 respectively, compared to the corresponding
angles of 64.8and 57.3 of InzP, and 68.2 and 59.3 of GaP»,
respectively.

All 2A; states of MP, have enhanced M(p) populations,

lists the energy separations and geometries of the distorted statewhile all ?B; states exhibit larger M(s) populations. This is a
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TABLE 5: Comparison of Geometries and Energy Separations for the Electronic States of P, in the D3, Trigonal
Bipyramid Structure (M = Al, Ga, in)

state CASSCF MRSDCI
system Ca D M-M@A) M-P@A) PP@A E@V) M-M@A) M-P@A) P-P@R) E(V)
AP, A28, 2E 3.619 2.439 2.516 0.33 3.608 2.430 2.503 0.23
By, 2A,  2E" 4.032 2.585 2.248 0.65 4.007 2.568 2.229 0.64
4B, Py 2.963 2.483 3.599 2.47 2.907 2.451 3.572 2.11
P, NG 3.961 2.549 2.252 2.97 3.929 2.532 2.250 2.44
PNy 9B,  4E 3.412 3.075 3.075 2.73 3.398 2.489 3.064 2.58
GaP,  2Bi?A, E" 4.150 2.650 2.264 0.12 4.097 2.620 2.253 0.12
A, 2B,  E 3.665 2.480 2.587 0.45 3.661 2.472 2.564 0.28
P, NG 3.183 2.450 3.241 1.63 3.188 2.450 3.234 1.05
B, Py 2.758 2.425 3.658 1.75 2.754 2.416 3.638 1.08
P g 3.575 2.620 3.228 2.57 3.511 2.577 3.182 2.18
B, = 3.069 2.578 3.745 2.72 3.009 2.527 3.670 2.22
InsP, By, 2A,  2E" 4.450 2.800 2.226 0.15 4.354 2.760 2.279 0.00
A, 2B, E 4.000 2.650 2.599 0.93 4.000 2.650 2.599 0.40
P, Py 3.500 2.650 3.429 2.00 3.468 2.624 3.392 1.24
4B, Py 3.089 2.631 3.869 2.17 3.050 2.600 3.826 1.58
P, “gr 3.901 2.817 3.384 2.76 3.839 2.775 3.339 2.04
B, g 3.414 2.795 3.963 3.15 3.334 2.728 3.866 2.37

TABLE 6: Comparison of Geometries and Energy Separations for the Electronic States of MP3 in the D3, Trigonal
Bipyramid Structure (M = Al, Ga, In)

state CASSCF MRSDCI
system Ca Dm P-PA M-PA M-MA) E@vV) PPA M-PA M-MA) E(V)
Al ;P B, 2A," 2.300 2.434 4.080 0.00 2.304 2.431 4.070 0.00
2B1.%A; 2E" 2.218 2.700 4.754 0.65 2.209 2.672 4.697 0.76
°A; Ay 2.274 2.447 4.130 2.09 2.272 2.431 4.093 1.94
2A1.%B; E 2.274 2.653 4.610 211 2.257 2.632 4573 2.18
GaP; B, 20, 2.373 2.479 4.132 0.15 2.315 2.464 4.140 0.05
2B1.%A; 2E" 2.257 2.760 4.866 0.00 2.215 2.725 4.813 0.11
A, 2B, F 2.310 2.716 4.732 1.80 2.269 2.685 4.687 1.64
In2Ps 2B;1.%A; 2E" 2.229 2.921 5.244 0.35 2.218 2.898 5.199 0.25
B, A, 2.350 2.652 4,557 0.99 2.323 2.639 4.546 0.65
2A,, 2B, E 2.290 2.885 5.128 1.99 2.272 2.861 5.085 1.97
consequence of different occupancies for thedbal 2h orbitals undistorted?A," (Dan) is nearly-degenerate with the distorted
in these two states. The 2brbital, which contains M (p) asits  2B; (Cy,) because the energy separation betwirand?A;"
main component, is doubly occupied B, but singly by?B;, is only 0.05 eV at the MRSDCI level. In the case of theFn

resulting in M (p) populations in théA; states of the three  cluster, the?E”" (D) state is 0.64 and 0.40 eV above fi#e"
clusters. On the contrary, the j5arbital is predominantly M state at the CASSCF and MRSDCI levels, respectively. It is

(s), and it is fully occupied ifB; but singly occupied irfA;, expected that théE" (D3,) state would undergo the Jahteller
leading to enhanced M (s) populations in fiy states of the distortion; thus, the distorte®B; (Cy,) state is naturally the
M3P, species. ground state of IsPs.

The Mulliken populations indicate other differences among  As can be seen from Tables 5 and 6, the M bond lengths
the three clusters. The gross P populations in the ground statesn the ground statelds,) of M,P; are even longer compared to
of Al3P, and IngP, are 5.574 and 5.624, respectively, implying the M—M bonds in the ground stat®§,) of M3P,, implying
that there is more charge transfer from the In to P atoms in that the M—=M bonds in MP; are further weakened in the
InsP,. This is consistent with the fact that the indium atom is clusters MPs. It can be concluded that thed#P and P-M bonds
more electropositive than Al. play a more important role in piP; compared to MP-.

J. Comparison of MyP3 (M = Al, Ga, and In). There are Following the periodic trend, the tin bond length in 16P;
some striking differences among the three clusters gPsM is longer than the corresponding-AAl and Ga-Ga bonds in
compared to MP,. Table 6 displays the geometries and energy Al,P; and GaPs. The P-P bond length (2.229 A) in the ground
separations for the electronic states offylin the Dy, trigonal state of InP; is the shortest among the three clusters considered
bipyramid structure. As seen from the table, #e" and?E" here. The reason can be easily understood by the fact that the
(Dsn) states are the first two low-lying electronic states in all In atom is located below the Al and Ga atoms within the same
three MyPs clusters, and they are comparatively close in energy column in the periodic table, and thus In is more metallic than
while the other doublet state$;' and?E’) are well above the  the Al and Ga atoms. With shorter#® but longer Ir-In bonds
ground state¥1.64 eV). In the case of AlPs, 2A," (Dsp) is the in InyP;, the In—P—In, angle in the ground state of JR; is
ground state. But for GRs, the 2E"" (Dap) State is the lowest 127.7, and it is more open compared to 113fér Al,P; and
state in at the CASSCF level and would undergo the dJahn 112.9 for GaPs.

Teller distortion. However, th&\," state is 0.15 eV immediately We note that the gross In (s) 2 is 1.901, which is
above theE" state at the same level and this energy separation significantly larger than the corresponding value for Al (1.510)
is sensitive to the electron correlation effects and thus the energyin 2A," (Dsn) and Ga (1.624), respectively. This should be
order of these two states changes. The Jdrteiler distortion mainly due to the relativistic mass-velocity stabilizafi®of
energy is 0.11 eV at the MRSDCI level, and finally, the distorted the 5& shell of the indium atom in comparison to the? 2sd
2B, (Cy,) state turns out to be the ground state obaThe 42 shells of aluminum and gallium atoms, respectively. This
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is also the primary factor for the weakening of the metaktal
bond in the electronic states of,3 in comparison to that of
Al-,P; and GaPs.

The matrix-isolated ESR spectra of a3 in Ar and Kr
matrixes were observed by Van Zee et%aComparing their
results with those for the isovalent M is of interest. The
matrix ESR of GgAs; reveals that it is in a doublet spin state.

The hyperfine structure consistent with three equivalent As
atoms arranged in a regular trigonal bipyramidal structure. As

seen from Table 6, the regul@h,”’ (Day) state prevails as the
ground state of AP;, and it would not undergo the Jahifieller
distortion. Although the distorteéB; state is the lowest state
for the GaP;s cluster at the MRSDCI level, the undistort&h”’
(Dsn) state is nearly degenerate with th#, state. Therefore,

either state can be favored in the matrix, but high-order

correlation effects seem to favor thiy, structure. The I5Ps
cluster definitely has a distortetB; ground state. Thus, we
expect some similarity among s, Al,P; and GaPs, but
In,P; differs from the lighter analogues
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