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Abstract

Geometries, electronic states and electron affinities gRA&nd ALP,,~ (n+m=2-5) clusters have been examined using four hybrid and
pure density functional theory (DFT) methods. Structural optimization and frequency analyses are performed with the basis of 6-311+G
(2df) one-particle basis set. The geometries are fully optimized with each DFT method independently. Three types of energy separations
reported in this work are the adiabatic electron affinity {§Athe vertical electron affinity (Efw), and the vertical detachment energy
(VDE). The calculation results show that the singlet structures have higher symmetry than that of doublet structures. The best method for
predicting molecular structures was found to be BLYP, while other methods generally underestimated bond lengths. The most reliable adiabatic
electron affinities and vertical detachment energy, obtained at the 6-311 + G (2df)/BP86 level of theory, are 2.44 and 249 eX.{3\
and 2.24 eV (AlR), 1.97 and 2.44 eV (Alf), 2.01 and 2.10eV (AP), 1.94 and 2.52 eV (AP,), 2.63 and 3.34 eV (AP, 2.10 and 2.48 eV
(Al4P), 2.49 and 2.69eV (AP;), 2.76 and 3.06 eV (AP,), respectively. Those for AP, AIP,, AlP3, Al3P, Al,P, and A}P; are in good
agreement with experiment, but the predicted VDE values fePAIlAIsP,, and AlR; are larger than the available experimental values. For
the vibrational frequencies of the A®, series, the B3LYP method produces good predictions with the average error only about Ffbem
available experimental and theoretical values. The other three methods overestimate or underestimate the vibrational frequencies, with the
worst predictions given by the BLYP method.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to electronic structure calculations. There have been some
previous theoretical studies on /#, cluster. Costales et
The chemistry and physics of the compounds formed by al. [8] have theoretically investigated the structure, stabil-
the elements in groups Il and V is extraordinarily rich and ity, and vibrational properties of the (AlfYn=1-3) using
their usefulness in the semiconductor industries has beenboth Gradient-corrected (GGA) Becke exchange functional
a motivation for the numerous experimental and theoreti- [9] and Wang and Perdeld0] correlation functional. Archi-
cal studieg1-6]. Among them, the aluminum phosphides bong et al[11,12]have reported the equilibrium geometries,
have received considerable attention, as they have higher vi-harmonic vibrational frequencies and electron detachment
brational frequencies (due to lower masses), and, thus, asnergies of the neutral and anion AJRAI>P,, AlsP, and
noted by Gomez et dl7], could result in vibrational progres-  AlP3 performed at density functional theory (DFT) (B3LYP,
sions in the spectra compared to heavier clusters. In addition,BP86, and BPW91-DFT) and ab inition methods [MP2 and
the smaller number of electrons makes them more amenableCCSD (T)]. Feng and Balasubramanig8—15] have also
studied the structures and potential energy curves of a num-
* Corresponding authors. Tel.: +86 357 205 1375; fax: +86 357 205 1375, Per Of electronic states of 4P, AlPs and its positive ions,
E-mail addressgl-guoling@163.com (L. Guo). Al2P3, Al3P; and their ions using the complete active space
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self-consistent field (CASSCF) method followed by multiref- (a) Becke’s 1988 exchange functioffl] with Lee et al.'s
erence singles and doubles configuration interaction (MRS- correlation functional26] (BLYP);
DCI), and found theCsy structure to be the global minima (b) the half and half exchange functiorjal’] with the LYP

of AlP3, which is different from Archibong et aJ12] pre- correlation functional (BHLYP);

diction. Other theoretical studies on/®, and Al,P,~ have (c) Becke’s three-parameter hybrid exchange functional
been also published 6—20] Gomez et al[7] reported the [28a] with the LYP correlation functional (B3LYP)
experimental adiabatic electron affinity (Ef\ and vertical [28b];

detachment energy of AP,. The theoretical prediction of  (d) Becke’s 1988 exchange functional with Perdew’s corre-
Al P, electron detachment energy and electron affinities is lation functional[29] (BP86).

found in the 2000—-2002 study of Archibong and co workers
[11,12,20]and Balasubramaniam and Feng efE8]. To our
knowledge, this is the first time to study the geometries and
electronic affinities of AJP and AIR using density functional
theory.

Restricted methods were used for all closed-shell systems,
while unrestricted methods were employed for the open-shell
species. All the electron affinities and molecular structures
have been determined using the Gaussiafi3@§ program

. . suites.
Density functional theory (DFTJ21,22] has evolved The basis set followed in this study was the 6-311+G

into a widely applicable computational technique, while (2df) one-particle basis s¢86,37} which was similar to

requiring less computation effort than convergent quantum : § . . -
mechanical methods such as coupled cluster theory. Thethat employed by Archibong and St-Amant in their previ

application of gradient-corrected density functionals theory ous work on small clusters of germaniy8i], aluminum

: o oxides[32—-34] and GaP/GaR~ [35]. Note that this ba-
has been shown to be effective for many species in groupSic <ot consists of McLean and Chandler (1259p)/(65p)
Il and V such as the G&y, GaAsy, AlxNy, and IkNy P P

. S basis set436] for Al and P, augmented with two sets of
systems[23-25] The theoretical prediction of electron .=~ . = oy
affinities has historically been generally difficult. The main five-membered d functiong(Al) =0.65, 0.1625¢(P) =1.1,

reasons are the significance of electron correlation and the0'275]’ a set of seven-membered f function) =0.25;
X ) 9 S : ¢(P)=0.45] and a set of diffuse sp functioggA4l) = 0.0318;

special requirements of the anionic systems with regard (P)=0.0348]

to the one-electron basis sets. Hence, in the traditional ab§ ' '

. . +n=2- [ [ i

initio systems one needs highly correlated methods and. All Al Py (m-+n =2-6) stationary point geometries were
. : . . . interrogated by the evaluation of their harmonic vibrational

large and flexible (in particular in the outer area which

. o . ) . . frequencies at the four different levels of theory. Zero-point
requires additional diffuse functions) basis sets. While . . .
. . _ vibrational energies (ZPVE) evaluated at the four levels were
for DFT employing local functionals there are principal . .
e ) - - . . presented imable 3 The ZPVE differences between 4,
difficulties with anions, from a pragmatic point of view

. ~(M+n=2- i . i
these deficiencies are not severe; and recent \jidtK 2] and AknPy™ (m+n=2-6) were quit small. These differences

has shown that the DFT methods are dependable for EA pre_gggld be used as a correction to the adiabatic electron affini-

dictions.

The objective of the present study is to systematically ap-
ply several contemporary forms of density functional theory
[21] to the determination of the electron affinities and other e the adiabatic electron affinity is determined as
properties of the AP, (m+n=2-6) series. Of specific in- EAaq = E(optimized neutral}- E(optimized anion)
terest is (a) the comparison of the electron affinities with e the vertical electron affinity by
the limited available experimental results; (b) the relation-
ship between the neutral gP, molecules and their anions
as measured by the three types of energy separations, e.g., — E(anion at optimized neutral geometry)
the adiabatic electron affinity (B4, the vertical electron
affinity (EAvert), and the vertical detachment energy of the
anion (VDE); (c) the predictions of the properties of vibra- VDE = E(neutral at optimized anion geometry)
tional frequencies; (d) the comparison of the different DFT
methods. We would like to establish reliable theoretical pre-
dictions for those aluminum phosphides in the absence of
experimental results and in some cases to challenge existing

experiments. 3. Results and discussion

The electron affinities are evaluated as the difference of
total energies in the following manner:

EAvert = E(optimized neutral)

e and the vertical detachment energy of the anion by

— E(optimized anion)

The ground state structures of &, and AlLPyn~

2. Theoretical methods (n+m=2-5) optimized by four hybrid and pure density func-

tional theory (DFT) methods are shownhig. 1 The cor-

The four different density functional or hybrid Hartree— responding geometric parameters ofR, and Al,Py,~ are
Fock/density functional forms used here were as follows: listed inTables 1 and 2respectively.
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Fig. 1. Geometric configurations of the A, and Al,P,~ (m+n=2-5) clusters.

3.1. m+n=2 eral trend for bond lengths for the aluminum phosphide is
BLYP >BP86 >B3LYP >BHLYP.
3.1.1. AlIP and AIP For the? = *ground stat§l 7a] of the diatomic anion AIP,

The geometries of the ground state of AIP and its an- the predicted bond agree with each other to O,E)m’nong
ion are given inFig. 1(1n and 1a). The neutral AIP has the different DFT methods, with thg values being roughly
a X 3¥~ ground state and an experimental bond length 0.1A shorter than those of the neutral species. The 6-311+G
of 2.40A [17b]. Costales et al[8] reported a theoret-  (2df) BLYP bond length, deemed to be the most reliable, is
ical bond length of 2.468 at the GGA level of the- 2.162A.
ory in conjunction with a double numerical basis set sup-  Our theoretical neutral-anion energy separations for AlP
plemented with d polarization functions. Theoretical bond are given inTable 4 No experimental or other theoretical
length of 2.43R for AIP was also given by AL-Laham data available. The adiabatic electron affinity fJgAs pre-
et al. [16] with the HF methods, using the 6-31(ha- dicted to be 1.78eV (BHLYP), 2.03eV (B3LYP), 2.22eV
sis set. The source of the discrepancy between the calcu{BP86), and 1.95eV (BLYP). Among them, B3LYP method
lated and experimental bond lengths is unclear. One possibleis similar to the experimental result of 2.043.020eV.
source of error lies in the fact that the experimentally de- The zero-point vibrational energy correction is very small,
termined value was spectroscopic and that the identity of around +0.01 eV Table 3. The range for the theoretical
the ground state is in question. Alternatively, the compu- vertical electron affinity Efent is 1.73-2.19eV, and the
tational results may have some systematic error. However,range of VDE (AlP") is 1.82-2.26 eV. The general trend
the present 6-311+G (2df) BLYP bond length (2.2542 for EAag, EAver, and VDE for aluminum phosphides is
provides the most favorable comparison with experiment BP86 >B3LYP >BLYP >BHLYP. The values of them are
and previous theory, while the other DFT methods predict close to each other due to the small difference in geometry
shorter bond lengths by up to 0.0ﬁaBHLYP). The gen- between the neutral and its anion.
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Table 1
Geometric parameters and symmetry of neutralAl(m+n=2-5)
Structure State Symmetry TypeA (A-1) BHLYP B3LYP BP86 BLYP
1(n) 3y~ Coov 1-2 2214 2224 2226 2242
2(n) 2B, Coy 1-2 2579 2609 2610 2643
2-3 1951 1973 1988 1995
2-1-3 444 444 448 449
3(n) 2B, Cov 1-3 2230 2238 2241 2253
1-3-2 912 942 927 998
4(n) lAg Don 1-2 2507 2529 2532 2555
2-3 2044 2066 2079 2091
2-1-3 481 482 485 483
5(n) a; Coy 1-2 2074 2093 2102 2117
1-3 2433 2452 2450 2481
2-3 2267 2295 2309 2325
2-1-4 1195 1200 12Q7 1203
2-3-4 1045 1044 1047 1043
6(n) A1 Cav 1-2 2340 2354 2357 2372
1-4-2 1199 1199 1199 1199
7(n) 2p Dan 1-2 2420 2439 2443 2462
2-3 2273 2300 2305 2330
8(n) 2N Cs 1-2 2505 2375 2376 2394
1-3 2280 2374 2375 2395
1-4 2506 2570 2555 2594
1-5 2442 2474 2484 2511
9(n) A, Cov 1-2 2343 2373 2380 2406
2-3 2240 2265 2272 2293
3-5 2149 2173 2182 2200
10(n) 2A; Coy 1-2 2390 2408 2420 2430
1-3 2445 2462 2464 2487
2-3 2840 2817 2765 2830
3-5 2625 2626 2609 2646
3.2.m+n=3 The anion AIR~ also hasC,, symmetry, with the AHP

3.2.1. AIB and AIR™

The equilibrium geometries of th&B, ground state of
neutral Al and thelA; ground state of Alp~ are dis-
played inFig. 1(2n and 2a). For th€,, AlP, structure, the
theoretical AP and P-P bond lengths are in the ranges of
2.579-2.64% and 1.951-1.998, respectively. As was case
for AIP, the BLYP method gives the longest and most re-
liable bond length. PAI-P bond angles of 44.3—44.@re
predicted by four different functions. No experimental ge-
ometries are available for either Alfor AIP,~. Feng and
Balasubramaniat[l14l reported a theoretical bond lengths
of 2.599 and 1.988 for AlI-P and PP bonds and a
bond angle of 45:0at the MRSDCI+Q level of theory
with relativistic effective core potentials (RECPS) and 3s3p
valence basis sets. Archibong et fl1] have optimized
the geometry witha—p = 2.603A, r,—,=1.9854, 6 =44.8
at the BPw91l level, andA|_p=2.580,&, Rp_p=1.990,&,
0=45.4# at the CCSD (T) level with the same basis as

ours. Our BLYP results are the closest to the earlier MRS-

DCI+Q and CCSD (T) results. The other three DFT meth-

and P-P bond distances predicted to be 2.404-2 Aehd
2.038-2.08%\, respectively. The AHP bond distances are
about 0.2 shorter than their neutral counterparts, while the
P—P bond distances are about OZOSDonger and the bond
angles are about3arger.

The theoretical EAg, EAvert, and VDE, as well as the
experimental electron affinity data, are listedlable 4 The
range of EAgis from 1.72 to 2.03 eV from the four different
functionals. The B3LYP resultis the closestto the experiment
(1.933+0.007 eV) given by Gomez et dl7] in the 2001
from their anion photoelectron spectroscopy study. BHLYP
and BLYP method are smaller and BP86 method are larger
than the experimental result. The range of E4s from 1.53
to 1.84eV and the range of VDE is from 1.94 to 2.45eV.
For the VDE, the BP86 result (2.24 eV) is very close to the
experiment (2.21 0.05eV) given by Gomez et di7]. The
values for EAyg, EAvert, and VDE are fairly similar due to
the small differences in geometry between neutral and anion.

3.2.2. AbP and AP~
The geometries of théB, ground state of AIP and its

ods predict shorter bond distances and smaller bond an-'A; ground state anion are givenfig. 1(3n and 3a). For the

gles.

Cyy AloP structure, the theoretical AP bond lengths are in
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Table 2
Geometric parameters and symmetry of anionig\ (m+n=2-5)
Structure State Symmetry TypeA (A-1) BHLYP B3LYP BP86 BLYP
1(a) o Coov 1-2 2130 2143 2150 2162
2(a) A1 Coy 1-2 2404 2432 2442 2461
2-3 2038 2060 2074 2085
2-1-3 502 501 502 501
3(a) A1 Coy 1-2 2235 2253 2263 2274
2-1-3 1040 1073 1080 1118
4(a) 2By Cay 1-2 2413 2434 2440 2460
2-3 2200 2223 2228 2250
2-1-3 542 543 543 544
5(a) 2N Cs 1-2 2144 2165 2173 2191
2-3 2443 2463 2463 2486
2-4 2287 2321 2332 2357
2-1-4 644 648 649 651
2-3-4 558 562 565 566
6(a) 2B, Cov 1-2 2747 2720 2678 2726
1-3 2463 2511 2544 2561
2-3 2318 2337 2349 2358
7(a) ay Dan 1-2 2506 2531 2533 2560
2-3 2220 2242 2247 2268
8(a) 1Ay Dsp 1-2 2439 2455 2452 2477
1-5 2344 2372 2385 2404
9(a) a; Cay 1-2 2141 2168 2180 2197
1-5 2644 2668 2662 2700
10(a) A1 Cay 1-5 2373 2392 2404 2413
1-5-2 770 765 743 771

the range from 2.230 to 2.238and A-P—Al bond angles

of 91.2-99.8 are predicted by the four different functions.

Feng and Balqsubramaniﬁtﬂ] reported a theoretical bond
length of 2.25( at the MRSDCI + Q level of theory with the

Table 3
Zero-point vibrational energies within the harmonic approximation for
AlmPa/Al Py~ (m+n=2-5) in eV (kcal/mol in parenthesés)

Molecular  BHLYP B3LYP BPS6 BLYP

AlP 0.028 (0.66) 0.028 (0.65) 0.029 (0.66)  0.027 (0.64)
AlP— 0.034(0.77) 0.033(0.76) 0.032(0.75) 0.032(0.73)
AP, 0.075(1.72) 0.070(1.62) 0.069 (1.58) 0.066 (1.52)
AlP,~ 0.082(1.88) 0.077 (1.77) 0.076(1.74) 0.072 (1.67)
AlP 0.047 (1.10)  0.046 (1.06) 0.049 (1.14) 0.048 (1.12)
AP~ 0.065(1.49) 0.062 (1.43) 0.060 (1.39) 0.059 (1.36)
AlP, 0.112(2.58) 0.107 (2.47) 0.107 (2.47) 0.102 (2.34)
AloP,~ 0.109 (2.52)  0.104 (2.41)  0.105(2.42)  0.099 (2.28)
AlP3 0.149 (3.44) 0.142(3.27) 0.140(3.22) 0.134(3.09)
AlP3~ 0.129(2.98) 0.124(2.84) 0.125(2.88) 0.118(2.71)
AlsP 0.081(1.88) 0.080(1.84) 0.079(1.82) 0.078(1.79)
AlsP~ 0.092(2.13) 0.090 (2.08) 0.093 (2.14)  0.087 (2.00)
AloPg 0.183 (4.23) 0.179(4.13) 0.181(4.18) 0.171(3.95)
AloPs- 0.180 (4.14) 0.172(3.96) 0.174(4.00) 0.163 (3.75)
Al3P, 0.146 (3.36) 0.127(2.92) 0.134(3.08) 0.128 (2.95)
AlsP,~ 0.149 (3.43) 0.144(3.33) 0.146(3.38) 0.138(3.19)
AP, 0.205(4.72) 0.191(4.41) 0.187(4.31) 0.134(3.09)
AlP4~ 0.203 (4.68) 0.190 (4.39) 0.187(4.32) 0.178 (4.11)
Al,P 0.115(2.65) 0.113(2.61) 0.116(2.68) 0.108 (2.50)
Al 0.124 (2.86) 0.120 (2.77) 0.125(2.87) 0.113(2.61)

a All results obtained with the 6-311 + G (2df) basis set.

RECPS +3s3p basis set. Theoretical bond length and bond
angle of 2.243 and 95.0, respectively were also given by
Gomez et al[7] using DFT (B3LYP) with the aug-cc-pvtz
basis set. Our BLYP results are the closet to the earlier MRS-
DCI+Q and B3LYP result. The other DFT methods predict
shorter bond distances and smaller bond angles.

With attachment of an extra electron to the neutrgiPAl
to form the AbP~ anion, the symmetry does not change, but
the A-P—Al bond angle changes by 12-°1@nd the A-P
bond lengths are longer than those of the neutra#byos,&.

Our theoretical neutral-anion energy separations fgiPAl
as well as experimental data, are giveTable 4 The adia-
batic electron affinity EAqpredicted to be 2.35 eV (BHLYP),
2.40eV (B3LYP), 2.44 eV (BP86), and 2.19eV (BLYP). The
theoretical values are all lower than the experimental value
(2.513+0.02 eV) reported by Gomez et §f] and the BP86
result (2.44eV) provides the most favorable comparison with
experiment. The range for the theoretical vertical electron
affinity EAyert is from 2.16 to 2.38 eV, among which the
BP86 method again predicts the largest and most reliable
value (2.38 eV). The range of VDE (##~) is 2.23-2.37 eV,
and thus, the anion is quit stable with respect to electron
detachment. And the BP86 method also predicts the largest
and reasonable value according to the experimental value of
2.55+0.025¢eV. The values of Ef, EAver, and VDE are
close to each other due to the small different geometry be-
tween the neutral and its anion.
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Table 4

Adiabatic and vertical electron affinities of the neutral,R (m+n=2-5)

and vertical detachment energies of their anions in eV (kcal/mol in
parenthese’)

Molecular Method EAq EAvert VDE

AlP BHLYP 1.78 (41.02) 1.73(39.88) 1.82(42.08)
B3LYP 2.03 (46.92) 1.99 (45.91) 2.07 (47.78)
BP86 2.22 (51.32) 2.19 (50.44) 2.26 (52.17)
BLYP 1.95 (44.91) 1.91 (44.03) 1.98 (45.79)
Experimentdl  2.0434+0.020

AlP, BHLYP 1.79 (41.33) 1.55(35.68) 2.45 (56.66)
B3LYP 1.91 (44.16) 1.69 (39.07) 2.14 (49.50)
BP86 2.03 (46.92) 1.84 (42.46) 2.24(51.69)
BLYP 1.72 (39.76) 1.53(35.24) 1.94 (44.78)
Experimentdl  1.933+0.007 2.2H-0.025

Al,P BHLYP 2.35(54.14) 2.31(53.26) 2.37 (54.77)
B3LYP 2.40 (55.40) 2.36 (54.58) 2.42(55.96)
BP86 2.44 (56.22) 2.38 (55.02) 2.48(57.16)
BLYP 2.19 (50.63) 2.16 (49.93) 2.23(51.57)
Experimentdl 2.513+0.02 2.55+0.025

Al,P, BHLYP 1.83(42.27) 1.46 (33.60) 2.36 (54.46)
B3LYP 1.88 (43.40) 1.53(35.36) 2.38(54.90)
BP86 1.94 (44.78) 1.68(38.88) 2.52(58.10)
BLYP 1.66 (38.38) 1.34(30.84) 2.17 (50.06)
Experimentdl  2.15+0.1 2.33:0.025

AlP3 BHLYP 1.95 (44.91) 1.21(27.93) 2.39(55.27)
B3LYP 1.89 (43.72) 1.59 (36.62) 2.34(54.02)
BP86 1.97 (45.41) 1.64 (37.88) 2.44 (56.28)
BLYP 1.62 (37.31) 1.40 (32.28) 2.05(47.23)
Experimentdl  2.06+0.05 2.58+0.05

Al3zP BHLYP 1.43 (33.10) 0.58 (13.38) 2.01 (46.54)
B3LYP 1.62 (37.37) 0.75 (17.21) 2.04 (47.09)
BP86 2.01 (46.35) 0.90(20.72) 2.10(48.55)
BLYP 1.45 (33.42) 0.57 (13.13) 1.79(41.33)
Experimentdl  2.051+0.02 2.214-0.025

Al,P3 BHLYP 2.45 (56.55) 2.26 (52.26) 2.64(60.93)
B3LYP 2.48 (57.28) 2.29(52.82) 2.69(62.12)
BP86 2.49 (57.47) 2.29 (52.82) 2.69(62.12)
BLYP 2.26 (52.26) 2.06 (47.61) 2.48(57.16)
Experimentdl  2.739+0.02 2.92+0.025

AlzP, BHLYP 2.67 (61.68) 2.39(55.09) 3.49(80.59)
B3LYP 2.73 (63.02) 2.54 (58.60) 3.06 (70.73)
BP86 2.76 (63.82) 2.59 (59.86) 3.06 (70.73)
BLYP 2.49 (57.47) 2.31(53.26) 2.81(64.76)
Experimentdi 2.58+0.05 2.82£0.025

AlP4 BHLYP 2.41 (55.59) 1.39(31.97) 3.23(74.56)
B3LYP 2.57 (59.29) 1.52 (35.05) 3.37(77.76)
BP86 2.63(60.61) 1.55(35.74) 3.34(77.13)
BLYP 2.42 (55.78) 1.37(31.59) 3.26(75.31)
Experimentdl  2.64+0.05 2.93:0.025

Al4P BHLYP 1.77 (40.86) 1.72(39.63) 2.11 (48.68)
B3LYP 1.92 (44.32) 1.82(42.08) 2.27(52.32)
BP86 2.10 (48.43) 1.92 (44.32) 2.48 (57.35)
BLYP 1.73 (39.95) 1.64 (37.81) 2.10(48.43)
Experimentdl  1.98+0.05 2.40+0.025

@ Values are not corrected for ZPVE and were obtained with the 6-311 + G

(2df) basis set.
b Ref.[17a]
¢ Ref.[7].
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3.3. m+n=4

3.3.1. AbPo and AbP2~

The equilibrium structures of tHé\ 4 ground state of neu-
tral Al,P, and the?B; ground of AbP,~ are displayed in
Fig. 1(4n and 4a). For théy, Al,P, structure, the the-
oretical AP and P-P bond lengths are in the ranges of
2.507-2.55%\ and 2.044—2.094, respectively, and-PAI—P
bond angles of 48.4—48.%re predicted by the four differ-
ent functions. Costales et §] reported a theoretical AP
and P-P bond lengths of 2.530 and 2.08and a bond an-
gle of 48 at the GGA/DNP level of theory. Al-Laham et al.
[16] using HF/6-31G(d) theory reported 2.530, 2.@4and
48, their work seems to underestimate theéPRlistance due
to neglect of electron correlation. Our BLYP results are the
closest to the earlier GGA/DNP and HF results. The other
three DFT methods predict shorter bond distances.

The anionic ApP,~ is found to have a no planéy dis-
torted tetrahedron ground state (‘butterfly’ structure), which
is different from Feng’$19] prediction ofD,, geometry, and
in agreement with the results of Archibofigl] and Gomez
[7]. Adding an electron makes the-A bond distances are
about 0.14 shorter than their neutral counterparts, while the
P—P bond distances are about (&R)nger.

The theoretical EAy, EAvert, and VDE, as well as the ex-
perimental EAg and VDE data, are listed ifiable 4 The
range of EAgis from 1.66 to 1.94 eV from the four different
functionals, and these values are all smaller than the experi-
mental values (2.1% 0.1 eV). The BP86 method predicts the
largest EAgfor Al,P; (1.94 eV), and it should be recognized
as the most reliable value based on the experimental result.
The range of EAert is from 1.34 to 1.68 eV and the range
of VDE is from 2.17 to 2.52 eV. The BHLYP result for VDE
(2.36 eV) is the closest to the experiment (2£38.025 eV).
The other three DFT methods predict smaller or larger value.
Again, the differences between Ef EAvert, and VDE are
duetothe change inthe geometry betweeiPAbnd ALP>~.

3.3.2. AIR and AlR;~

The geometries of the ground state of AlRand its
anion are displayed ifig. 1(5n and 5a). The neutral AP
molecule, like the valence isoelectronic AKAshas Cyy
symmetry for théA1 ground state. AlRis a stable clusters,
and many experimental and theoretical studies have been
reported. Liu et al[38] have observed the A cluster in
TOF. Gomez et al[7] reported the experimental adiabatic
electron affinity (2.06:0.05eV) and vertical detachment
energy (2.58:0.05eV) for AlR;. The previous theoretical
studies of the AIR geometry include the 1999 work by Feng
and Balasubramanidh3] at the ab initio CASSCF/MRSDCI
level of theory with the RECPs + 3s3p basis sets, and the
2002 work by Archibong et a[12] with the B3LYP-DFT,
MP2, and CCSD (T) methods. Feng’s studies appeared to
have established the ground state geometry of £&dbe the
pyramidalCay (3A») structure. They reported the AP and
P—P bond distances and the&—P bond angle to be 2.780,
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2.165A and 45.8, respectively. While Archibong et al. gave
the different conclusion. They found two singlet stafes¢

Coy and!A’-Cs) were nearly degenerate and lower in energy
by at least 0.5 eV than the triplet4»-Cay) state previously
predicted by Feng et al. as the ground electronic state af, AIP
and predicted th€,, structure to be the ground state of AIP
They reported the two AIP, P-P bond distances and-RI—P,
P—P—P bond angles to be 2.297, 2.454, 2.692nd 104.2,
120.7; 2.332, 2.442 and 2.072and 102.8, 123.T, at the
B3LYP and MP2 levels of theory, respectively. Our optimized
AlP3 ground state is consistent with Archibong’s result, and
our BLYP results are close to Archibong’s results. Other
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ent theoretical methods are same (11Pp&nd larger than
Ref.[13].

TheC,, symmetry of théB, ground state AP~ is given
in Fig. 1(6a). The Al—Ps bond lengths given by the four
DFT methods are shorter than those for thg-4 bonds, by
—0.2A, and the two AFP bonds are shorter than the-4l
bonds by the four DFT methods. Archibong et [20] re-
ported the Al—Al,, Al1—P3 and Ab—P3 bond distances as
2.750, 2.468, and 2.338at the MP2/6-311 + G (2df) level,
and 2.716, 2.512, and 2.3A3%t the CCSD (T) level, respec-
tively. Our B3LYP method predicts the 2.720, 2.511, and
2.337A for the Al;—Al», Al1—P3 and Ab—P3 bonds, giving

three DFT functionals predict shorter bonds. The bond anglesthe most reliable bond lengths for comparison with the MP2

from the different theoretical methods change only slightly.
The 2A’ ground state of the AW anion is pre-

and CCSD (T).
The EAug, EAvert, and VDE values are reportediable 4

dicted to have a three-dimensional distorted tetrahedronOur predicted EAq is in the range from 1.43 to 2.01eV,

structure with Cs-symmetry Fig. 1(5a)). The trend for
the theoretical bond lengths with the different theoret-
ical methods is similar to that for the neutral cluster,
i.e., BLYP>BP86>B3LYP>BHLYP. The DFT PAI-P
and P-P-P bond angles range from 55.80 56.6 and
from 64.4 to 65.T, respectively. The BLYP method pre-
dicts the geometrical parameters torifal 3—P,) = 2.486A,
r(P1—P,)=2.191A, r(P,—Ps)=2.357A, and /P-Al—P=
56.6°, /P—P—-P =65., which are close to Archibong’s re-
sults of 2.482, 2.144A, 2.319A, 55.7 and 65.5, respec-
tively. We also tried to optimized structures for By, Coy,
Csv and otherCs symmetry reported by Archibong and St-
Amant for AlAsz~ [39], but these stationary points all have

higher energies and some have one imaginary vibrational fre-

quencies.
The theoretical EAg, EAver, and VDE are listed in
Table 4 The predicted E&y for AlP3 ranges from 1.62 to

among which the BP86 method predicts the largest value,
EAa9=2.01¢eV, which is very closest to the experimental
value of 2.05H-0.02eV. The range of Efy is predicted
from 0.58 to 0.90eV. The range of VDE is from 1.79 to
2.10eV. Again, the BP86 method yields the highest and most
reasonable VDE value. The BLYP method yields the smallest
EA4qg, but this is not the case for E&+and VDE. Archibong
and St-Aman{20] also gave their calculated VDE of 1.95,
2.04, and 2.04 eV at the MP2, B3LYP and CCSD (T) levels,
respectively, agree also very well with experimental and our
calculations.

34. m+n=5
3.4.1. AbP3z and AbP3~

Both AloPs; and AbPs~ haveDgp, trigonal bipyramidal
structure, which are given iRig. 1(7n and 7a). For the neu-

1.97 eV, which are all lower than the experimental value of tral 2A’1’ ground state, the AP bond lengths given by the
2.06+0.05eV. Among them the BP86 method predicts the four DFT methods are all longer than those for thePP

largestvalue (1.97 eV) for AR and it should be regard as the
most reliable value according to the experiment. ThedgA
values are ranging from 1.21 to 1.59 eV, while the VDE value

bonds, by—O.Z,&. Balasubramanian and Fen@5] stud-
ied the AbPs structure. They roeported the AP and PP
distance to be 2.434 and 2.380respectively, using the

are large and vary from 2.05 to 2.44 eV, which are also all CASSCF/MRSDCI level of theory with the RECPs +3s3p

lower than the experimental value of 2.58.05 eV with the

basis sets. Our B3LYP and BP86 bond distance 2.439 and

BP86 method most reasonable. One readily sees that the val2.300A are all close to the Balasubramanian and Far

ues for EAg, EAvert, and VDE are different due to the dif-
ference in geometries between the neutral ;A(®istorted
rhombus) and the anion A4P (distorted tetrahedron).

3.3.3. AbP and AP~

The Cay-symmetry structure of th&A; ground state for
the neutral A}P and theCoy-symmetry structure of théB,
ground state for the anionic 4~ are shown inFig. 1(6n
and 6a). The AP bond distance and AP—AIl bond angle
obtained by Feng and Balasubramariie3j at the CASSCF
level were reported as 2.368and 111.7, respectively. Our
BLYP result of 2.37A (for AI-P bond) agrees very well
with theirs results. Our other three DFT functionals pre-
dict shorter AP bonds with the shortest being the value
2.340A given by BHLYP. The bond angles from the differ-

prediction.

For thelA/1 ground state of AlP;~, the symmetry dose
not change, but the-HP bond lengths are shorter than those
of the neutral species byO.OG,Z\, and the AP bond lengths
are longer by—O.lA. Balasubramanian and Fefitp] also
optimized the anionic APz~ structure, predicting the bond
distances to be 2.528 (AI-P) and 2.262 (P—P) at the
CASSCEF level. Their bond lengths are in good agreement
with our BLYP bond distances.

The theoretical EAq, EAvert, and VDE, as well as the ex-
perimental EAq and VDE data, are listed ifiable 4 The
range of EAgis from 2.26 to 2.49 eV, and these values are
all smaller than the experimental values (2.2309.02 eV).
Again, the BP86 method predicted the largestiar AloPs
(2.49eV) and is also closest to the experiment. The range of
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EAvyertis from 2.06 to 2.29 eV and the range of VDE is from
2.48 to 2.64 eV. The four theoretical values of VDE are all
smaller than the experimental value (2:9P.025eV), and
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able, gives the bondJengths of 2.4&(ﬁforAI —P), 2.293A
(for Po—P3) and 2.20QA (for P3—Ps). Theoother methods pre-
dict bond distances shorter by up to 8.1We also tried to

both BP86 and B3LYP method have the highest and reason-optimize structures for th€,y, Cs, and othelCyy Symmetry

able VDE (2.69 eV). The values for B4 EAvert, and VDE
are fairly similar due to the small differences in geometry
between neutral and anion, like those for Abhd ALP dis-
cussed above.

3.4.2. AP, and APy~

The Cs-symmetry structure of théA’ ground state for
the neutral A}P, and theDsp-symmetry structure of thjeﬁ\’1
ground state for the anionic &P>~ are shown irFig. 1(8n
and 8a). Feng and Balasubramari®] reported a distorted
trigonal bipyramid structure witB5,, (2A1) symmetry as the
ground state. Our optimized BHLYP result is in agreement
with their conclusion, but the other three DFT methods pre-
dict this Cyy structure a transition state with an imaginary
frequencies at 26.6, 132.9, and 141, respectively.
Further optimizations result in a geometry with low@g
symmetry, which is more stable than t@e, one by 0.10,
0.11, 0.79, and 1.05 kJ mol at the BHLYP, B3LYP, BP86,
and BLYP levels, respectively.

The AlsP>~ ion display®D3, symmetry, which is in agree-
ment with Feng and Balasubramanid®] prediction. The
BLYP method predicts the longest-Ap (2.4773) and P-P
(2.404A) bond distances compared well with Feng’s values
of 2.474 and 2.428, respectively, obtained using CASSCF
level of theory with the RECPs + 3s3p basis set.

The theoretical EAq, EAvert, and VDE, as well as the ex-
perimental data, are listed ifable 4 The range of EAy
is from 2.49 to 2.76 eV from the four different function-

als, these values are all larger than the experimental val-

ues (2.58t 0.05eV) except for the BLYP value (2.49eV).
The BHLYP result (2.67 eV) is the closest to the experi-
ment. The EAert Values are ranging from 2.31 to 2.59eV,

of GaAg, but these stationary points all have higher energies
and some have one imaginary vibrational frequency.

With attachment of an extra electron to the neutral AIP
to form the AIR,~ anion, the symmetry changes fraGay
to Cyy, the AP bond distances are longer than those of
the neutral species by about @3And the four same AP
bond distances are still longer than its four sam® Bonds
by about 0.8 in the four DFT methods.

The theoretical EAq, EAvert, and VDE, as well as the ex-
perimental data, are listed ifable 4 Unlike GaR, which
has a very large experimental EA(3.45eV)[41] value,
the predicted EAq for AlP4 ranges from 2.41 to 2.63eV,
among which the BP86 method gives the highestagEA
(2.63 eV), and the value is also closest to the experimental re-
sult (2.64+ 0.05 eV). Thus, we predict a difference between
the EAs of GalR and AlP;. The EAsert ranges from 1.37 to
1.55eV. The VDE ranges from 3.23t0 3.37 eV, indicating that
the anion is quit stable with respect to electron detachment.
The four theoretical values of VDE are all higher than the ex-
perimental value (2.9% 0.025 eV), and the BHLYP method
has the lowest and reasonable VDE (3.23eV). Again, the
differences between Ef, EAyert, and VDE are due to the
changes in geometry between Alénd AlP;~.

3.4.4. AP and AP~

The Cyy-symmetry structure of théA; ground state for
the neutral AJP and theC4,-Symmetry structure of theA
ground state for the anionic A~ are shown irFig. 1(10n
and 10a). No other theoretical data available. For the neutral
Al 4P, the R—Al, bond lengths given by the four DFT methods
are shorter than those for thg-FAl3 bonds, by—0.06,&,
which are all shorter than the AtAlz and Ab—Al5 bonds.

and the VDE values are large and vary from 2.81 to 3.49 eV The BLYP method gives the longest bond lengths of 2430

with BLYP value (2.81eV) the closest to the experiment
(2.82+£0.025 eV). One readily sees that the values fog&A
EAvert, and VDE are different due to the large difference in
structures between the neutral and anion.

3.4.3. AR, and Al

The Cy-symmetry geometry of th&A; ground state for
AlIP4 and the square pyramidal structureCafsymmetry for
the 1A1 ground state for AR~ are given inFig. 1(9n and
9a). The neutral AllPcan be seen as a tetrahedralsfruc-
ture with a two-fold Al atom bond to it, which is similar
with the valence-isoelectronic GapAeeported by Piquini et
al. [40], and this similar proves the Gomez’s predict{@h

(for P1—Aly), 2.487A (for P1—Al3), 2.830A (for Alo—Al3)
and 2.646\ (for Al 3—Al5). The other methods predict bond
distances shorter by up to 01 The BLYP bond distances
are considered to be the most reliable results based on the
calculations above.

With attachment of an extra electron to the neutrajFAl
to form the AP~ anion, the geometry changes greatly. The
Al4P~ anion display<4y symmetry, and it has shorter-ApP
bond distances than the neutral. The qualitative structural
differences show that bonding in the #/&~ anion is quit
distinct from that for the neutral species.

The theoretical EAg, EAverr, and VDE, as well as the
experimental data, are listed fable 4 The BP86 method

that small AIP clusters adopt the two- and three-dimensional gives the highest Egy (2.10 eV), EAert (1.92 eV), and VDE

characteristic of Gghsy clusters. There exists two kinds of
P—P and one AlP bonds in the neutral ground state, and
the AP bond lengths given by the four DFT methods are
all longer than those for-#° bonds, by about 0.1 and 02

respectively. The BLYP method, deemed to be the most reli-

(2.48eV), which are higher but the closest to the corre-
sponding experimental values (1.2®.05eV for EAg4and
2.40+£0.025eV for VDE). Our other three functionals pre-
dict lower results with the lowest being the value 1.73, 1.64,
and 2.10 eV given by BLYP. Again, the differences between
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Table 5
Harmonic vibrational frequencies (cth) for AlyPy, (m+n=2-5)
Symmetry BHLYP B3LYP BP86 BLYP Experimental and other theory
AP o 459 457 464 446 34fB,17a]381[14] 379[173]
AlP2 by 168 155 153 139 14[14] 157[11]
a 303 285 284 268 27Mm4] 286[11] 306([7]
a 735 692 670 654 65014] 693[11]
AlyP a 79 68 51 67 697] 76 [14]
b 254 241 304 304 23[¥] 208[14]
a 445 435 441 415 42[I7] 430[7] 435[14]
AlP3 by 206 196 190 187 196.2] 191[12]
a 309 292 288 274 29M2] 281[12]
b 373 359 359 337 35BR.2] 367[12]
a 387 367 360 348 36[12] 368[12]
a 533 504 494 474 50[L2] 521[12]
b 595 571 567 541 57M2] 653[12]
AlzP a 4 20 18 30
e 71 70 67 70
a 310 297 293 284
e 429 415 412 399
Al Py bay 91 87 84 84 8811]92[8]
boy 163 159 164 153 15[1] 164([8]
bag 281 275 276 263 27/1] 277[8]
ag 285 277 288 265 27@.1] 289([8]
b1y 357 341 339 323 34[11] 341[8]
ag 625 598 575 555 58BL1] 572[8]
Al P ¢ 183 177 178 169 1785]
ay 268 304 342 324 30M5]
e’ 312 317 313 291 30R.5]
ay 358 343 342 327 33[5]
¢ 408 386 384 364 37[5]
ay 522 492 488 463 48pL5]
Al3P2 d 96 45 91 96
a 117 115 121 121
d 190 122 152 162
a’ 207 169 191 164
d 248 263 261 252
a’ 270 281 288 267
a’ 363 296 298 284
a 368 328 330 311
d 489 425 423 405
AlP4 a 258 243 232 231
a 364 338 335 316
b 403 375 370 348
a 438 409 402 381
by 471 437 427 404
a 579 544 534 512
Al4P by 36 31 9 24
a 74 70 62 65
a 100 107 124 104
by 114 132 156 130
b 189 182 193 172
a 279 271 274 261
a 285 284 300 272
a 364 354 358 339

o
N

411 397 394 380
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EAad, EAvert, and VDE are due to the changes in geometry are reported infable 5 Available experimental fundamen-
between AIP and ALP~. tals [7] and other theoretical predictid8,11,12,14,15,17]
are included for comparison. The B3LYP method gives the
best predictions for the harmonic vibrational frequencies
4. Vibrational frequencies of the AlyP, series, compared to the limited experimen-
tal values and other theoretical resultsTable 5 For the
Harmonic vibrational frequencies have been predicted AlmPn molecules, the average error for the B3LYP method
for each neutral molecule with each functional, and these is only about 10 cm?. The other three methods underesti-

Table 6
Harmonic vibrational frequencies (crh) for anionic Ak,Py~ (m+n=2-5)
Symmetry BHLYP B3LYP BP86 BLYP Experimental and other theory
AlP~ o 542 529 525 509 55[7a]
APy~ by 305 290 290 274 28[7] 304[11]
a 384 360 354 339 35[7] 378[11]
a 627 590 574 554 58F] 578[11]
AloP~ a 88 79 75 73 787]
a 454 429 419 402 42[] 450(7]
by 503 489 481 475 49F]
AlP3~ a 154 157 173 154 15[12] 182[12]
a’ 211 215 236 215 21B.2] 29[12]
a 325 307 305 289 30[A2] 322[12]
da 405 378 370 353 37R.2] 389[12]
a’ 407 391 395 373 39M1.2] 405[12]
d 577 545 536 511 54[.2] 518[12]
AlzP~ by 67 68 68 68 6820] 97 [20]
a 135 145 173 147 14p0] 127[20]
by 231 222 219 208 2420] 245[20]
a 240 244 270 240 22p0] 247[20]
a 385 369 366 351 36R20] 381[20]
by 429 408 399 389 40R20] 438[20]
AloPy~ a 68 71 79 73
by 199 196 203 188
a 257 245 252 228
a 323 307 304 290
by 420 398 391 375
=] 494 468 464 442
AlzP~ ¢ 113 113 114 112 11@5]
e’ 215 216 235 209 21[A5]
ay 249 241 245 231 24 5]
ay 287 272 268 259 26B.5]
¢ 386 370 369 351 36R.5]
ay 438 417 415 397 4115]
AloP3~ e 153 147 151 140 14@.5]
e’ 246 241 256 230 24A5]
a) 320 305 305 289 30[L5]
ay 388 368 365 347 36[15]
¢ 423 402 402 380 39[L5]
ay 545 517 513 488 50ML5]
AlP4~ e 168 163 175 154
a 318 304 307 288
e 489 455 444 423
a 539 500 486 466
AlP~ e 85 90 117 79
a 110 106 123 95
by 109 107 110 104
by 172 160 172 142
by 238 228 225 220
a 371 357 363 339

e 415 399 390 383
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mate or overestimate the harmonic vibrational frequencies [7] H. Gomez, T.R. Taylor, D.D. Neumark, J. Phys. Chem. A 105 (2001)

in the AlnP, series, with the worst predictions given by

BLYP method. Note that this emphasizes the necessity of

being very selective in choosing DFT results for the the-
ory predictions. While the BLYP method is excellent for
the structures of this MP./Al WPy~ system, the vibrational
frequencies predicted by this method is generally unreli-
able. The harmonic vibrational frequencies for the anionic
AlmP,~ systems are listed ifable § which were also
reported by Gome%7], Archibong et al.[11,12,20] and
Balasubramanian and Ferj@5]. Our B3LYP vibrational
frequencies for A}P,~ are in good agreement with their
results.

5. Conclusions

Carefully selected DFT methods applied with the 6-

6886.
[8] A. Costales, A.K. Kandalam, R. Franco, R. Pandey, J. Phys. Chem.
B 106 (2002) 1940.
[9] A.D. Becke, Phys. Rev. A 38 (1988) 3098.

[10] Y. Wang, J.P. Perdew, Phys. Rev. A 43 (1991) 8911.

[11] E.F. Archibong, R.M. Gregorius, S.A. Alexander, Chem. Phys. Lett.
321 (2000) 253.

[12] E.F. Archibong, S.K. Goh, D.S. Marynick, Chem. Phys. Lett. 361
(2002) 214.

[13] P.Y. Feng, K. Balasubramanian, Chem. Phys. Lett. 301 (1999) 458.

[14] P.Y. Feng, K. Balasubramanian, Chem. Phys. Lett. 318 (2000) 417.

[15] K. Balasubramanian, P.Y. Feng, J. Phys. Chem. A 105 (2001) 11295.

[16] M.A. Al-Laham, G.W. Trucks, K. Raghavachari, J. Chem. Phys. 96
(1992) 1137.

[17] (@) H. Gomez, T.R. Taylor, Y. Zhao, D.M. Neumark, J. Chem. Phys.
117 (2002) 8644;
(b) A. Tomasulo, M.V. Ramakrishna, J. Chem. Phys. 105 (1996)
10449.

[18] P.J. Bruna, F. Grein, J. Phys. B: At., Mol. Opt. Phys. 22 (1989)
1913.

311+ G (de) basis set are capable of reliable predicting the [19] P.Y. Feng, K. Balasubramanian, J. Phys. Chem. A 103 (1999) 9093.

available experimental structures, EAs, and vibrational fre-

quencies for the neutral and anionic aluminum phosphides

clusters. The BLYP method is the most reliable method for
predicting the geometries, and BP86 method is reliable for

electron affinities and vertical detachment energy of these
h_[25] A. Costales, R. Pandey, J. Phys. Chem. A 107 (2003) 192.

systems. The adiabatic electron affinities and vertical detac
ment energy are predicted to be 2.44 and 2.48 eRAI
2.03 and 2.24eV (Alp, 1.97 and 2.44 eV (AlR, 2.01 and
2.10eV (AgP), 1.94 and 2.52 eV (AP,), 2.63 and 3.34eV
(AlPy), 2.10 and 2.48 eV (AP), 2.49 and 2.69¢eV (AP3),
2.79 and 3.06 eV (AlP,), respectively. Those for AP, AlP,,
AlP3, Al3P, Al4P, AloP3, and AkP; are in good agreement
with experiment, but the predicted VDE values forRd,
Al3P,, and AIR, are larger than the available experimental
values. For the vibrational frequencies of the R} series,
the B3LYP method produces good predictions with the av-
erage error only about 10 cth from available experimental

and theoretical values. The other three methods overestimate

or underestimate the vibrational frequencies, with the worst
predictions given by the BLYP method.
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