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2B;, A2 A4, and B2B,, have been investigated systematically

using ab initio electronic structure theory. The SCF, CASSCF, CISD, CASSCF-SOCI, CCSD, and CCSD(T)
levels of theory have been employed to determine total energies, equilibrium structures, and physical properties,
including dipole moments, harmonic vibrational frequencies, and infrared intensities. The predicted geometries
and physical properties of the two lowest states of Bi in good agreement with available experimental
results. At the CCSD(T) level of theory with the correlation-consistent quadiupesis set (cc-pVQZ), the

A 2A; state of PH has a large bond angle of

1231.8nd is predicted to lie 52.2 kcal/mol (2.26 eV, 18 300

cm™Y) above the ground state. This is in excellent agreement with the experinigmalues of 52.26 kcal/

mol (2.266 eV, 18 276.59 cm) and 52.08 kcal
state (B?B.), not studied previously, was pre
theoreticalT, value of 71.3 kcal/mol (3.09 eV

1. Introduction

The phosphino (P radical has long been studied by
experimentalists and theoreticians alike. The work put forth over

the last 60 years is a testament to the chemical importance of

PH,. This importance is also demonstrated by the numerous
studies performed on species isovalent to, Bbch as Chi™t

and HO™ 2 as well as the Nk molecule? which has similar
ground and excited-state behavior. The chemical significance
of PH, is again presented by its role in gas-phase metejanic
chemical vapor deposition. This process, which is used in the
production of 1lI-V semiconductor materidlsand P-doped
silicon and germanium film3js carried out using the hydrogen
abstraction reaction

PH,+ H— PH, + H,

It has also been proposed by Lee et @iat this reaction plays
arole in forming the final product [f%s)] of the dehydrogenation
of phosphine (P, which is predicted to contribute to the great
red spot on Jupitet.

In 1956, Rams&ypublished the first paper characterizing the
electronic spectrum of the free radical P this work, using
flash photolysis of phosphine, Ramsay was able to determine
the absorption of Plat about 5500 A. Later experimefitdl
explored the structure and properties of different states and
concluded that there is%; — 2A; transition from the ground
state to the first excited electronic state. These absorption

/mol (2.258 eV, 18 215 chh The second excited electronic
dicted to possess an unusual acute HPH angle’® gfrigbal
, 24 900 chy relative to the ground state.

vibrational intervals and disagreed with Ramsay on the origin
of the anomaly. A theoretical study undertaken in 1977 by So
and Richards supported Dixon’s conclusion that the vibrational
interval anomaly is attributed to a barrier in the potential function
analogous to the, bending mode.

There have also been numerous experimental and theoretical
studies that investigate the energetics and/or geometrical
parameters of PH The three earliest theoretical studies are the
1977 So and Richar#sHartree-Fock study of the XB; and
A 2A; states of Pk the 1978 Ball and ThomséhHartree-
Fock paper on Sik} PH,, and their ionic analogues, and the
1979 Peric, Buenker, and PeyerimHéftudy of the?A;—2B;
transition of PH, which made use of the MRD-CI method in
conjunction with fitting to experimental data. Peric’s stifly
predicted the equilibrium PH distances of the XB; and A
2/, states to be 1.420 and 1.399 A and the HPH bond angles
of these states to be 92.4nd 122.1, respectively. More recent
theoretical studies have been performed on. RiH1988, Alberts
and Handy® made use of UMP3 gradients to obtain geometrical
parameters for the B, state. Likewise, the MCSCF study by
Pope, Hillier, and Guektexamined the ground-state geometry.

The important experimental studies performed to determine
the structures of the XB; and A2A; states are as follows: the
1966 study by Herzberlf,the 1972 study by Berthol¥;and
the 1998 work by Hirao, Hayakashi, Yamamoto, and S#ito,
in which they determined the-/H distance () and HPH bond
angle Qo) of the X 2B; state to be 1.4260 A and 91%5

experiments and emission experiments helped researcherdespectively. Berthod determined the PH distance of the

accurately determine the origin of thre band located at 1102
Cmfl_9711

Over the years, there have been many theoretical and
experimental studies performed in order to gain insight into the
X 2B; — A 2A, transition. Most of these studies have primarily
focused on the, (bending) mode by adding successive quanta
to the upper electronic state. A large amount of attention has
been paid to the unusual nature of the vibrational intervals of
thev, band in the?A; state. Ramsa&yinterpreted the anomalous
behavior of this mode to be due to the repulsive forces of the
hydrogens as bending occurs. Di%drhas also studied the

10.1021/jp0042258 CCC: $20.00

andA state to be 1.418 and 1.389 A and the HPH bond angle
to be 91.7 and 123.2, respectively.

Both Herzberd® and Bertholf reported the vibrational
frequencies of the Yaind Astates of Pkl Peric’s multireference
Cl study® predictedy; = 2330, v, = 1110, v3 = 2495 as
vibrational frequencies (in cm) for the X 2B, state andy; =
2430,v, = 973, 3 = 2660 for the A2A; state. This theoretical
work compares very nicely with the following experimental
results: v; = 231G andv, = 11032 for the X 2B; state and,
= 94P1-23for the A2A; state. The aforementioned work shows
that quantum chemical methods can not only accurately predict
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vibrational frequencies, but they can also give experimentalists gen3! and Woon and Dunning for phosphoid#she cc-pvVQZ

a good indication of where the unknowns bands lie. The most basis sets for the hydrogen and phosphorus atoms are desig-
accurate theoretical prediction @f to date was reported by nated by the contraction schemes (6s3p2d1f/4s3p2d1f) and
Peric et al>to be 18760 cmt, which was compared favorably  (16s11p3d2flg/6s5p3d2flg), respectively.

with the experimental values, 18 277 cmi® 22and 18 215 The geometries of the lowest three electronic states were
cm 123 24 optimized via standard analytic derivative methSd® at the

The objective of the present study is to systematically examine SCF and CISD levels of theory, while finite differences of
the ground and first two excited electronic states of Bking energy points were used to optimize structures at the couple

ab initio self-consistent field (SCF), configuration interaction cluster with single and double excitations (CC&Tnd CCSD
(CISD), complete active space (CASSCF and CASSCF-SOCI), with perturbative triples [CCSD(T3] levels of theory. The
and coupled cluster [CCSD and CCSD(T)] wave functions with implementations of the open-shell CCSD and CCSD(T) methods
a wide variety of basis sets. This study is analogous to work used were those of ScuseffaComplete active space (CAS)-
previously done in our laboratory on NHand PH*,2%in which SCP% 41 and CASSCF second-order configuration interaction
theoretically predicted energy separations between the ground(SOCIY? levels of theory were also utilized to assess relative
and excited states (as well as geometrical parameters) wereenergies. Harmonic vibrational frequencies and associated
found to be in excellent agreement with those of the experiment. infrared (IR) intensities were determined analytically for the
Also, the progression in levels of theory as well as in basis set lowest three states at the SCF level of theBrys Harmonic

size shown in our study provides a means for estimation of frequencies were obtained by finite differences of analytic
molecular properties and energetics within chemical accuracy gradients at the CISt5° level of theory and via five-point

(1 kecal/mol, 350 cm?) when larger basis sets and higher levels numerical differentiation of the energies for the CCSD and
of theory cannot be employed. In addition to providing highly CCSD(T) methods. Geometrical parameters (bond lengths and
accurate structures, energy separations, and harmonic vibrationabond angles) obtained by energy point optimizations are
frequencies for the ground and first excited states, the presentcomparable to analytically optimized parameters to at least 10
study also provides the first exploration of the?B, state of hartree/bohr, and vibrational frequencies are converged to within
PH,. The B2B, state is investigated to elucidate the nature of 0.1 cnT5!For all methods, the energies and Cartesian gradients
its unusual acute bond angle as well as to compare with thewere optimized to at least 1& and 10° au, respectively.

properties of the previously studiedB; state of NH.3 In the CISD, CCSD, and CCSD(T) procedures with the TZ
plus quality basis sets, the five core (P 1s, 2s, and 2p) orbitals
2. Theoretical Procedures were frozen, and one highest-lying virtual (P 1s*) orbital was

) o ) _deleted. With the three correlation-consistent basis sets, the

Eleven basis sets were used in this study. Eight of these basisyforementioned correlated procedures were performed by freez-
sets were of triples (TZ) quality, while the remaining three ing the five core orbitals only.
were correlation-consistent basis sets of doub(ee-pVDZ2), CASSCF wave functions were constructed at the CISD
triple-C (cc-pVTZ), and quadruplé-(cc-pvQZ) quality. The geometries with the corresponding basis set, and the resulting
TZ basis for the phosphorus atom was derived from McLean qrpjtals were used to determine energies at the CISD level
and Chandler's TZ contractiéh of Huzinaga's primitive  (CASSCF-SOCI). The active space used was comprised of seven
Gaussian functiori$ and is designated (12s9p/6s5p). The TZ gjectrons in eight molecular orbitals and is denoted {F&10).
basis set for the hydrogen atom was obtained from Dunning’s This active space provided 588 CSFs (configuration state
TZ contractior® of Huzinaga'’s primitive Gaussian functiciis functions) (X2B1), 616 CSFs (A%A,), and 588 CSFs (BB,)
e}nd is de§ignated (5s/3s). The orbital exponents of the polariza-fo, the CASSCF procedure. In all CASSCF-SOCI computations,
tion functions wereng(P) = 1.20 and 0.300 andy(H) = 1.50 the five core orbitals were frozen and one highest-lying virtual
and 0.375 for double polarization (TZ2P) and(P) = 2.40,  grpjtal was deleted. With the largest basis set used [TZ3P(2f,-
0.600, and 0.150 angh(H) = 3.00, 0.750, and 0.1875 for triple 541 SOCI wave functions consisted of 20 64 412 CSFaRY,
polarization (TZ3P). Five d-like and seven f-like pure angular 2567 272 CSFs (&A1), and 20 66 204 CSFs (BB,). All

momentum functions were used thrpughout. computations were performed using the PSI 2.0.8 suite of ab
The orbital exponents of the hlgher angular momentum initio quantum mechanical prograr‘?%_

functions weren;(P) = 0.450 andxy(H) = 1.00 for a single set
of higher angular momentum functions [TZ2P(f,d)] amdP) 3. Electronic Structure Considerations
= 0.900 and 0.225 andy(H) = 2.00 and 0.500 for double sets
of higher angular momentum functions [TZ3P(2f,2d)]. The
diffuse function orbital exponents were determined in an “even-
tempered sense” as a mathematical extension of the primitive
set according to the formula of Lee and Schaétevith ay(P) 5 ) ) N -5
= 0.034 63,0,5(P) = 0.031 38, andis(H) = 0.030 16 for single [core](4a,)"(2b,)"(5a,)"(2b,) X B,
diffuse functions [TZ2R-diff and TZ2P(f,d)-diff] and ay(P)

= 0.034 63 and 0.011 1&y,(P) = 0.031 38 and 0.011 61, and  where

as(H) = 0.030 16 and 0.009 247 for double diffuse functions

[TZ3P+2diff and TZ3P(2f,2d}-2diff]. The largest TZ plus basis [core] = (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2
set, TZ3P(2f,2d)-2diff, contained 119 contracted Gaussian
functions with a contraction scheme of (14s11p3d2f/8s7p3d2f)

;gme phosphorus atom and (7s3p2d/5s3p2d) for the hydrogena significantly more obtuse HP—H bond angle and can be

We also employed three correlation-consistent basis sets (Cc_represented as
pVXZ; X =D, T, or Q) in addition to the eight TZ type basis ) ) 1 5 -
sets. These basis sets were optimized by Dunning for hydro- [core](4a,)"(2b,)"(5a,) (2b,) A“A,

The X 2B, electronic state of PHmolecule is bent witlCy,
symmetry and is analogous to thesk¥ate of NH. The electron
configuration of this state may be expressed as

The first excited state, AA1, also is ofC,, symmetry, with



X 2B;, A 2A,, and B2B, States

TABLE 1: Theoretical Predictions of the Total Energy (in hartree)
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, Bond Length (in A), Bond Angle (in deg), Dipole Moment

(in debye), Harmonic Vibrational Frequencies (in cn?), Infrared Intensities (in parentheses in km/mol), and Zero-Point

Vibrational Energy (in kcal/mol) for the X 2B, State of the PH, Mo

lecule at the SCF and CISD Levels of Theory

level of theory energy le Oe Ue w1(a1) w2(a1) w3(b2) ZPVE
TZ2P SCF —341.876130 1.4083 93.57 0.724 2500(68.4) 1227(26.5) 2498(101.6) 8.90
TZ2P+diff SCF —341.876637  1.4079 93.60 0.754  2501(69.4)  1226(37.2)  2501(97.1) 8.90
TZ3P SCF —341.877996 1.4073 93.63 0.673 2526(60.3) 1229(26.3) 2526(88.5) 8.98
TZ3P+2diff SCF —341.878229  1.4072 93.67 0.686  2526(61.8)  1227(29.7)  2526(87.4) 8.98
TZ2P(f,d) SCF —341.877766 1.4088 93.61 0.713 2514(70.6) 1226(27.0) 2511(104.2) 8.94
TZ2P(f,d)+diff SCF —341.878317  1.4084 93.66 0.744  2516(71.5)  1225(38.2)  2514(98.7) 8.94
TZ3P(2f,2d) SCF —341.879130 1.4075 93.66 0.673 2517(61.5) 1226(27.2) 2517(88.9) 8.95
TZ3P(2f,2d)-2diff SCF —341.879343  1.4074 93.71 0.683  2518(62.7)  1224(30.4)  2518(87.9) 8.95
cc-pVDZ SCF —341.867608 1.4218 93.47 0.755 2510(74.4) 1216(27.4) 2512(120.1) 8.92
cc-pVTZ SCF —-341.881631  1.4115 93.63 0.699  2510(66.7)  1222(27.1)  2511(101.4)  8.92
cc-pvVQZ SCF —341.885889 1.4087 93.72 0.691 2514(63.8) 1223(28.8) 2514(92.1) 8.94
TZ2P CISD —342.018635 1.4160 91.84 0.574 2399(63.6) 1154(23.1) 2404(88.4) 8.52
TZ2P+diff CISD —342.019287 1.4156 91.81 0.598 2401(64.5) 1154(31.0) 2406(85.3) 8.52
TZ3P CISD —342.022066 1.4139 92.14 0.500 2438(55.3) 1165(21.6) 2442(74.9) 8.64
TZ3P+-2diff CISD —342.022524 1.4139 92.13 0.512 2438(56.4) 1164(24.3) 2441(73.7) 8.64
TZ2P(f,d) CISD —342.036535 1.4152 92.15 0.629 2434(56.7) 1153(22.1) 2435(80.7) 8.61
TZ2P(f,d)+diff CISD —342.037143  1.4149 92.14 0.652  2435(57.5)  1154(30.2)  2437(77.0) 8.61
TZ3P(2f,2d) CISD —342.041001 1.4136 92.17 0.562 2441(49.1) 1156(20.7) 2447(67.5) 8.64
TZ3P(2f, 2d)-2diff CISD —342.041325  1.4136 92.20 0.570  2442(50.0) 1155(23.1)  2448(66.7) 8.64
cc-pvVDZ CISD —341.999911 1.4319 92.04 0.646 2422(70.0) 1148(22.9) 2429(102.0) 8.58
cc-pVTZ CISD —342.042849  1.4177 92.24 0.620  2432(52.8)  1150(20.9)  2439(76.1) 8.61
cc-pvVQZ CISD —342.054740 1.4146 92.29 2443 1152 2448 8.64
experimentalpandf, values) 1.428 91.5%8
experimentalipandf, values) 1.418 91.7°
experimentalipandf, values) 142680  91.63°
experimental« values) 231& 11028
experimentali values) 2276 11033

The final state studied, BB,, follows theC,, symmetry trend
but has substantial geometrical differences from tH8xXand
A 2A; states. The second excited state may be expressed as

[core] (4ay)*(2by)'(5a)*(2b)* BB,

Consistent with the Walsh diagraffor AH, systems, the
singly occupied 2borbital does not contribute significantly to
the bent nature of the %8, ground state. However, the doubly
occupied 5aorbital is strongly stabilized by bending. The A
2A; state has a doubly occupied;2ibital and a singly occupied
5g orbital, which lead to a much more obtuse-A—H bond
angle. Lastly, the BB, state is characterized by an extremely
acute H-P—H bond angle, which is a result of the excitation
of an electron out of the predominantly-Pl bonding 2k orbital
into the nonbonding 2porbital.

Itis important to characterize the nature of the SCF reference
wave functions in the correlated procedurespecially for the
investigations of the excited states. In earlier work, we extended
the stability analysis of an SCF wave function to general open-
shell SCF wave function®. In that method, the number of
negative eigenvalues of the molecular orbital (MO) Hessian
matrix (the second derivative matrix of the SCF energy with
respect to the changes in the molecular orbitals at the fixed
geometry) is termed “an instability” index. According to our
stability analysis, the XB; state showed an instability index
of zero. Thus, the physical properties for the ground state
determined from correlated wave functions based on the SCF
wave function should be reliable. However, the first excited
state (A2A;) presents an instability index of one. The eigen-
vector associated with the negative eigenvalue involves (5a
— (2by) MO rotation. This implies that there is one lower-lying
state (X2B;) at the equilibrium geometry of the first excited
state. The second eigenvalue is positive, with the eigenvector
involving a (5a) — (2bz) MO rotation. Therefore, the BB,
state lies above the AA; state at this geometry. Although the
A 2A, state of the SCF wave function is unstable with respect

to MO rotation, the asymmetric stretching frequency may be
determined appropriately due to the orthogonality of the first
two states inCs symmetry (X12A" and A 12A).

The instability index of the second excited state?@®) of
PH; is also found to be 1. The eigenvector associated with the
negative eigenvalue involves a g2b> (2b;) MO rotation. This
indicates that the SCF wave function is unstable and there is
one lower-lying state (XB3) at the equilibrium geometry of
the second excited state. The MO Hessian eigenvalue with the
eigenvector involving a (2 — (5a) MO rotation is positive.
Thus, the A2A; state lies above the BB, state. Even though
the B 2B, state of the SCF wave function is unstable, the
asymmetric stretching frequency may be obtained without
variational collapse at the equilibrium geometry due to the large
geometrical differences observed between th#BXstate and
B 2B, state. Therefore, the physical properties of the three
electronic states of PHtreated in this research may be
determined correctly in the variational sense with all correlated
methods as well as the SCF method at their equilibrium
geometries.

4, Results and Discussion

The three lowest-lying electronic states of the,Phblecule
have bent equilibrium structures wity, symmetry. Tables 1
and 2 contain total energies, equilibrium geometries, dipole
moments (Table 1 only), harmonic vibrational frequencies with
their respective IR intensities (Table 1 only), and zero-point
vibrational energies (ZPVEs) for the ground state 78)
predicted at 44 levels of theory. Tables 3 and 4 provide the
corresponding quantities for the first @A\1) excited state and
Tables 5 and 6 for the second @B,) excited state. Table 7
presents the CASSCF and CASSCF-SOCI energies at the CISD-
optimized geometries for the three states. Tables 8 and 9 contain
the relative energies of the first two excited states with respect
to the ground state at the SCF, CISD, CASSCF, CASSCF-SOCI,
CCSD, and CCSD(T) levels of theory. The ZPVE corrected
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TABLE 2: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Harmonic
Vibrational Frequencies (in cm™1), and Zero-Point Vibrational Energy (in kcal/mol) for the X 2B; State of the PH, Molecule at
the CCSD and CCSD(T) Levels of Theory

level of theory energy le Oe w1(a1) w2(a1) w3(b2) ZPVE
TZ2P CCSD —342.025369 1.4190 91.67 2371 1142 2378 8.42
TZ2P+diff CCSD —342.026047 1.4186 91.63 2373 1142 2379 8.43
TZ3P CCSD —342.028971 1.4167 92.00 2412 1154 2416 8.55
TZ3P+2diff CCSD —342.029451 1.4167 91.99 2411 1153 2415 8.55
TZ2P(f,d) CCSD —342.044313 1.4182 92.00 2406 1141 2408 8.51
TZ2P(f,d+-diff CCSD —342.044944 1.4180 91.97 2408 1142 2410 8.52
TZ3P(2f,2d) CCSD —342.049085 1.4166 92.01 2414 1144 2421 8.55
TZ3P(2f,2d)-2diff CCSD —342.049419 1.4166 92.04 2415 1143 2421 8.55
cc-pvDZ CCSD —342.005704 1.4347 91.91 2397 1138 2406 8.49
cc-pVTZ CCSD —342.050817 1.4208 92.09 2404 1137 2412 8.51
cc-pvVQZ CCSD —342.063184 1.4177 92.13 2415 1139 2421 8.54
TZ2P CCSD(T) —342.029456 1.4208 91.45 2361 1140 2366 8.39
TZ2P+diff CCSD(T) —342.030166 1.4204 91.41 2363 1141 2368 8.39
TZ3P CCSD(T) —342.033399 1.4187 91.79 2400 1152 2404 8.51
TZ3P+2diff CCSD(T) —342.033908 1.4187 91.78 2399 1151 2403 8.51
TZ2P(f,d) CCSD(T) —342.049729 1.4202 91.74 2395 1139 2396 8.48
TZ2P(f,d)+diff CCSD(T) —342.050379 1.4199 91.72 2396 1140 2398 8.48
TZ3P(2f,2d) CCSD(T) —342.055074 1.4188 91.76 2401 1142 2408 8.51
TZ3P(2f,2d)-2diff CCSD(T) —342.055424 1.4188 91.79 2402 1141 2408 8.51
cc-pVDZ CCSD(T) —342.008622 1.4365 91.75 2381 1129 2392 8.44
cc-pVTZ CCSD(T) —342.056502 1.4229 91.86 2387 1125 2396 8.45
cc-pVQZ CCSD(T) —342.069714 1.4200 91.87 2396 1125 2404 8.47
experimentalip andfo values) 1.428 91.5%8
experimentalip and6o values) 1.418 91.7°
experimentalp andfovalues) 1.4268 91.65°
experimental values) 2318 11028
experimental values) 2276 11033

TABLE 3: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Dipole Moment
(in debye), Harmonic Vibrational Frequencies (in cn?), Infrared Intensities (in parentheses in km/mol), and Zero-Point
Vibrational Energy (in kcal/mol) for the A 2A; State of the PH, Molecule at the SCF and CISD Levels of Theory

level of theory energy ef Oe Ue w1(ay) wo(ag) w3(by) ZPVE
TZ2P SCF —341.789608 1.3823 122.12 0.345 2605(4.6) 1062(12.1) 2690(3.5) 9.09
TZ2P+diff SCF —341.790244 1.3821 122.21 0.382 2606(4.3) 1062(15.2) 2691(4.4) 9.09
TZ3P SCF —341.791224 1.3822 122.05 0.354 2624(3.0) 1063(12.1) 2709(3.2) 9.14
TZ3P+2diff SCF —341.791760 1.3822 122.07 0.366 2624(3.0) 1062(12.8) 2709(3.7) 9.14
TZ2P(f,d) SCF —341.792008  1.3830 12211  0.362  2615(4.6)  1060(11.1)  2699(3.3) 9.11
TZ2P(f,dy+-diff SCF —341.792595 1.3829 122.21 0.400 2615(4.3) 1060(14.1) 2699(4.3) 9.11
TZ3P(2f,2d) SCF —341.793251 1.3822 122.19 0.368 2617(3.4) 1061(11.2) 2702(4.3) 9.12
TZ3P(2f,2d)-2diff SCF —341.793723 1.3822 122.22 0.380 2617(3.5) 1060(12.1) 2702(4.9) 9.12
cc-pVDZ SCF —341.779282 1.3934 122.20 0.406 2612(5.5) 1048(11.9) 2702(1.0) 9.10
cc-pVTZ SCF —341.795392 1.3851 122.27 0.392 2610(3.6) 1056(11.1) 2697(2.7) 9.10
cc-pVQZ SCF —341.800199 1.3830 122.25 0.382 2615(3.7) 1061(11.6) 2700(4.3) 9.11
TZ2P CISD —341.932614 1.3880 121.76 0.331 2510(3.5) 1009(9.3) 2605(2.3) 8.76
TZ2P+diff CISD —341.933415 1.3879 121.75 0.364 2510(3.3) 1008(11.7) 2604(2.9) 8.75
TZ3P CISD —341.936366 1.3878 121.70 0.319 2535(2.2) 997(9.6) 2626(2.5) 8.80
TZ3P+2diff CISD —341.937060 1.3880 121.70 0.331 2534(2.3) 996(10.3) 2625(3.0) 8.80
TZ2P(f,d) CISD —341.951305 1.3892 121.74 0.370 2528(4.6) 997(7.4) 2616(3.4) 8.78
TZ2P(f,d)y+-diff CISD —341.951964 1.3893 121.73 0.403 2527(4.4) 995(9.6) 2615(4.2) 8.77
TZ3P(2f,2d) CISD —341.956307 1.3890 121.90 0.353 2529(3.5) 997(7.5) 2620(4.9) 8.79
TZ3P(2f,2d)-2diff CISD —341.956835 1.3891 121.93 0.364 2529(3.5) 997(8.2) 2619(5.5) 8.78
cc-pvDZ CISD —341.911399 1.4017 121.93 0.411 2527(3.9) 980(8.1) 2621(0.4) 8.76
cc-pVTZ CISD —341.957734 1.3914 122.07 0.402 2524(3.8) 989(7.3) 2617(3.6) 8.76
cc-pvQZz CISD —341.970722 1.3897 121.98 2531 994 2621 8.79
experimentalip andf, values) 1.399 123.18
experimentalip andf, values) 1.389 123.2°
experimentali value) 94224

energy separation3q values) were determined using respective and@, = 123.2 for the A2A; state. The most recent and most
harmonic vibrational frequencies at the same level of theory. accurate study is the microwave spectroscopic study performed
For CASSCF and CASSCF-SOCI energy separations, theby Hirao et ak°in 1998; they found amg of 1.4260 A anddo
corresponding CISD ZPVE values were utilized. of 91.65 for the X state only.

A. Geometries. There have been three major experimental  In addition to the above experimental studies, numerous
efforts designed to elucidate the structure obPHhe first study theoretical efforts have been made to predict structures fer PH
was undertaken by Herzbéfgn 1966 and yielded, = 1.428 Three of the earliest were a 1977 minimal basis set SCF study
A and 6, = 91.5 for the X 2B; state as well asp = 1.399 A by So and Richards a 1979 UHF study by Hinchcliffe and
and @y = 123.T for the A 2A; state. The next experimental Bounds®® and the 1979 work of Peric et & that used MRD-
effort was put forth by Berthdd in 1971 and resulted iy = Cl and fitting method® to arrive at bond lengths of 1.420 and
1.418 A andf, = 91.7 for the X 2B, state and, = 1.389 A 1.399 A as well a®, values of 91.1 and 122.1 for the X and
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TABLE 4: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Harmonic
Vibrational Frequencies (in cm™1), and Zero-Point Vibrational Energy (in kcal/mol) for the A 2A; State of the PH, Molecule at
the CCSD and CCSD(T) Levels of Theory

level of theory energy le Oe w1(a1) wo(a1) w3(b2) ZPVE

TZ2P CCSD —341.939559 1.3905 121.67 2485 998 2581 8.67
TZ2P+diff CCSD —341.940413 1.3904 121.64 2484 996 2580 8.66
TZ3P CCSD —341.943681 1.3903 121.59 2510 985 2602 8.72
TZ3P+2diff CCSD —341.944407 1.3905 121.59 2508 983 2600 8.71
TZ2P(f,d) CCSD —341.959290 1.3920 121.64 2500 984 2590 8.68
TZ2P(f,dy+-diff CCSD —341.959997 1.3921 121.60 2499 982 2589 8.68
TZ3P(2f,2d) CCSD —341.964808 1.3919 121.79 2501 984 2593 8.69
TZ3P(2f,2d)-2diff CCSD —341.965360 1.3920 121.82 2501 983 2593 8.69
cc-pvDZ CCSD —341.917186 1.4040 121.87 2505 969 2602 8.69
cc-pVTZ CCSD —341.966017 1.3943 121.97 2496 976 2591 8.67
cc-pvVQZ CCSD —341.979592 1.3927 121.87 2502 980 2594 8.69
TZ2P CCSD(T) —341.943832 1.3920 121.65 2475 996 2571 8.64
TZ2P+diff CCSD(T) —341.944753 1.3919 121.60 2475 995 2570 8.63
TZ3P CCSD(T) —341.948522 1.3921 121.57 2498 983 2590 8.68
TZ3P+2diff CCSD(T) —341.949298 1.3924 121.57 2496 982 2588 8.67
TZ2P(f,d) CCSD(T) —341.965106 1.3937 121.64 2489 982 2579 8.65
TZ2P(f,d)+diff CCSD(T) —341.965859 1.3938 121.58 2488 981 2578 8.64
TZ3P(2f,2d) CCSD(T) —341.971471 1.3940 121.79 2487 982 2580 8.65
TZ3P(2f,2d)-2diff CCSD(T) —341.972050 1.3941 121.82 2487 981 2579 8.65
cc-pVDZ CCSD(T) —341.920051 1.4053 121.86 2491 962 2597 8.65
cc-pVTZ CCSD(T) —341.972185 1.3961 121.98 2479 965 2576 8.61
cc-pVQZ CCSD(T) —341.986796 1.3948 121.88 2483 968 2584 8.63
experimental ¢rand6, values) 1.399 123.18

experimental (Fand6, values) 1.389 123.2°

experimental¥ value) 94224

TABLE 5: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), P+-H, Length
(in A), Dipole Moment (in debye), Harmonic Vibrational Frequencies (in cn?), Infrared Intensities (in parentheses in km/mol),
and Zero-Point Vibrational Energy (in kcal/mol) for the B 2B, State of the PH, Molecule at the SCF and CISD Levels of
Theory

level of theory energy le Fpety Oe Ue w1(ag) wa(ay) w3(b) ZPVE

TZ2P SCF —341.755607 1.9318 1.8939 22.75 1.362  4137(69.9) 335(68.9) 1036(10.3) 7.87
TZ2P+diff SCF —341.756463 1.9136 1.8751 23.03 1.400  4108(66.9) 360(67.9) 1063(10.8) 7.91
TZ3P SCF —341.756213 1.8410 1.8002 24.17 1.359 3994(39.0) 399(51.4) 1178(14.8) 7.96
TZ3P+2diff SCF —341.756892 1.8324 1.7912 24.32 1.379 3976(37.3) 417(50.0) 1192(14.2) 7.99
TZ2P(f,d) SCF —341.757627 1.8679 1.8281 23.71 1486  4043(52.8) 396(67.8) 1144(11.2) 7.98
TZ2P(f,d)+diff SCF —341.758533 1.8527 1.8123 23.97 1517  4012(49.1) 423(65.6) 1172(11.2) 8.02
TZ3P(2f,2d) SCF —341.758913 1.8147 1.7729 24.62 1.431 3941(32.9) 463(46.8) 1239(14.1) 8.07
TZ3P(2f,2d)-2diff SCF —341.759499 1.8096 1.7677 24.72 1.444  3930(32.2) 476(45.3) 1249(13.5) 8.08
cc-pvDZ SCF —341.747244 19528  1.9146 22,70 1.380  4217(53.4) 351(85.1)  1035(8.3) 8.01
cc-pVTZ SCF —341.762227 1.8570 1.8168 23.89 1.444  4026(45.4) 418(61.6) 1171(12.1) 8.03
cc-pVQZ SCF —341.766497 1.8250 1.7837 24.42 1.453 3964(37.0) 463(51.7) 1232(12.9) 8.09
TZ2P CISD —341.898646 1.7122 1.6640 27.26 1.597 3445(0.0) 713(19.7) 1328(8.5) 7.84
TZ2P+diff CISD —341.899693 1.7109 1.6625 27.31 1.604 3437(0.0) 721(19.1) 1331(7.2) 7.85
TZ3P CISD —341.902530 1.6764 1.6262 28.11 1.434  3349(0.7) 836(10.6) 1453(9.3) 8.06
TZ3P+2diff CISD —341.903544 1.6756 1.6253 28.14 1.438 3345(0.6) 843(10.0) 1451(7.9) 8.06
TZ2P(f,d) CISD —341.917993 1.6798 1.6296 28.09 1.672 3338(0.6) 821(15.7) 1448(8.2) 8.02
TZ2P(f,d)+diff CISD —341.918968 1.6787 1.6283 28.14 1.676 3330(0.7) 829(15.0) 1453(6.6) 8.02
TZ3P(2f,2d) CISD —341.923386 1.6636 1.6124  28.50 1.498 3293(0.6) 890(8.0) 1496(8.4) 8.12
TZ3P(2f,2d)+-2diff CISD ~ —341.924080 1.6632 1.6120 28.52 1.500 3290(0.6) 894(7.4) 1497(7.4) 8.12
cc-pvDZ CISD —341.877768 1.7495 1.7016 26.89 1.689 3570(0.0) 677(37.1) 1295(5.0) 7.92
cc-pVTZ CISD —341.925574 1.6832 1.6332 28.00 1.620 3357(0.2) 833(16.1) 1456(8.0) 8.07
cc-pvVQZ CISD —341.938052 1.6667 1.6157 28.43 3302 888 1507 8.14

A states, respectively. A more recent study by Alberts and At the CCSD(T)/TZ3P(2f,2d) 2diff level of theory (highest

Handy® made use of the UMP3 method and a3d3d/6s3p level of theory employeed in ref 3), the equilibrium bond length

basis set to arrive at andf, values of 1.414 A and 91°9In (re) of the X 2B; state of PH was predicted to be 1.4188 A,

1990, Pope et df performed an MCSCF study on thestate and the bond angle9f) was predicted to be 91.79This bond

and obtained., and 6, values of 1.442 A and 9229The most angle is significantly smaller (by11°) than the predicted bond

recent theoretical study (1994), by Austen, Eriksson, and Bbyd, angle (103.3% for the isovalent X2B; NH, molecule at the

used density functional theory to investigate-Ridd predicted same level of theory.This trend is also seen for the 2A;

re andfe to be 1.437 A and 90% state. The lattef. value (121.82) of PH, is much smaller (by
Regarding theoretically predicted geometries, it is important ~23°) than that for the A?A; state of NH (145.08) at the

to recognize the trends imposed by both the size of the basissame level of theory. The difference in the magnitudes of the

set and the level of correlation achieved. Larger basis setsbond angles in Nkland PH may be qualitatively explained by

generally tend to contract bond distances, while more completethe reduced hybridizing ability of the valence orbitals (3s and

treatments of electron correlation usually lengthen bSA#%. 3p) of the phosphorus atom.

Predicted geometries for the three lowest-lying states of PH The most reliable level of theory, CCSD(T)/cc-pVQZ, of the

at four levels of theory with the cc-pVQZ basis set, are depicted present study predicts the equilibrium structure for théBX

in Figures 1-3. state to bee = 1.4200 A and¥. = 91.87. These values agree
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TABLE 6: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), P+-H, Length
(in A), Harmonic Vibrational Frequencies (in cm~1), and Zero-Point Vibrational Energy (in kcal/mol) for the B 2B, State of the
PH, Molecule at the CCSD and CCSD(T) Levels of Theory

level of theory energy re [FT Oe w1(a1) wo(a4) w3(b2) ZPVE
TZ2P CCSD —341.906233 1.7153 1.6669 27.30 3409 701 1307 7.75
TZ2P+diff CCSD —341.907320 1.7139 1.6653 27.35 3401 710 1311 7.75
TZ3P CCSD —341.910494 1.6783 1.6278 28.18 3311 831 1435 7.97
TZ3P+2diff CCSD —341.911560 1.6776 1.6270 28.21 3307 837 1433 7.97
TZ2P(f,d) CCSD —341.926741 1.6819 1.6313 28.17 3296 815 1429 7.92
TZ2P(f,d)+diff CCSD —341.927746 1.6808 1.6300 28.23 3288 823 1434 7.93
TZ3P(2f,2d) CCSD —341.932636 1.6656 1.6141 28.59 3250 886 1477 8.02
TZ3P(2f,2d)+-2diff CCSD —341.933355 1.6653 1.6136 28.61 3247 891 1478 8.03
cc-pvDZ CCSD —341.884095 1.7538 1.7057 26.90 3542 658 1274 7.83
cc-pVTZ CCSD —341.934604 1.6854 1.6351 28.08 3315 827 1437 7.98
cc-pvVQZ CCSD —341.947666 1.6685 1.6170 28.53 3257 885 1489 8.05
TZ2P CCSD(T) —341.910688 1.6960 1.6459 27.92 3300 747 1376 7.75
TZ2P+diff CCSD(T) —341.911848 1.6951 1.6449 27.96 3292 753 1378 7.75
TZ3P CCSD(T) —341.915694 1.6653 1.6134 28.70 3213 864 1489 7.96
TZ3P+2diff CCSD(T) —341.916827 1.6649 1.6129 28.72 3210 869 1486 7.96
TZ2P(f,d) CCSD(T) —341.932932 1.6677 1.6156 28.74 3190 849 1488 7.90
TZ2P(f,d)+-diff CCSD(T) —341.933987 1.6671 1.6148 28.78 3182 855 1492 7.90
TZ3P(2f,2d) CCSD(T) —341.939785 1.6540 1.6009 29.11 3147 914 1530 7.99
TZ3P(2f,2d)t-2diff CCSD(T) —341.940543 1.6538 1.6007 29.13 3145 917 1530 7.99
cc-pvVDZ CCSD(T) —341.887085 1.7371 1.6877 27.39 3443 704 1302 7.79
cc-pVTZ CCSD(T) —341.941148 1.6716 1.6198 28.62 3202 883 1465 7.93
cc-pvVQZ CCSD(T) —341.955388 1.6563 1.6033 29.08 3150 913 1543 8.01

TABLE 7: Theoretical Predictions of the Total CASSCF
and CASSCF-SOCI Energies (in hartree) at the

CISD-Optimized Geometries

level of theory state CSFs energy
TZ2P CASSCF XB; 588 —341.938741
TZ3P CASSCF XB; 588 —341.940429
TZ2P(f,d) CASSCF XB, 588 —341.940378
TZ3P(2f,2d) CASSCF “XB, 588 —341.941844
TZ2P CASSCF ARAL 616 —341.852414
TZ3P CASSCF :A@Al 616 —341.854642
TZ2P(f,d) CASSCF KA, 616 —341.854523
TZ3P(2f,2d) CASSCF RA; 616 —341.856438
TZ2P CASSCF BB 588 —341.820685
TZ3P CASSCF BB 588 —341.822320
TZ2P(f,d) CASSCF BB 588 —341.824123
TZ3P(2f,2d) CASSCF BB, 588 —341.826309
TZ2P CASSCF-SOCI “XB; 407 398 —342.028082
TZ3P CASSCF-SOCI XB; 694 614 —342.031852
TZ2P(f,d) CASSCF-SOCI  ~XB; 883488 —342.047688
TZ3P(2f,2d) CASSCF-SOCI _3B; 2064412 —342.052738
TZ2P CASSCF-SOCI “BA, 408 656 —341.942163
TZ3P CASSCF-SOCI _RA, 696 316 —341.946633
TZ2P(f,d) CASSCF-SOCI  AA; 885244 —341.962572
TZ3P(2f,2d) CASSCF-SOCI _AA; 2067 272 —341.968480
TZ2P CASSCF-SOCI BB 408 158 —341.909282
TZ3P CASSCF-SOCI BB 695670 —341.914061
TZ2P(f,d) CASSCF-SOCI BB 884544 —341.930812
TZ3P(2f,2d) CASSCF-SOCI BB, 2066204 —341.937263

well with the recent microwave spectroscopic results obtained
by Hirao et aP® and suggest that the amount of electron
correlation included at this level of theory is sufficient to predict

accurate molecular structures. Our equilibrium structyre

1.3948 A andg. = 121.88 at the highest level of theory for
the Astate is also consistent with the experimental structbités

and reaffirms the reliability of this level of theory.
The second excited electronic state fB;) of PH; is

characterized by its acute bond angle of 29.88d a substan-
tially elongatedr. of 1.6563 A with the CCSD(T)/cc-pVQZ

complex, with P--H, describing the system more appropriately.

TABLE 8: Relative Energies Te (To in Parentheses) in
kcal/mol for the Three Lowest-Lying Electronic States of
PH, at the SCF, CASSCF, CISD, and CASSCF-SOCI Levels

of Theory
level of theory X2B, A2A; B 2B,

TZ2P SCF 0.0 54.29(54.48) 75.63(74.60)
TZ2P+diff SCF 0.0 54.21(54.40) 75.41(74.42)
TZ3P SCF 0.0 54.45(54.61) 76.42(75.40)
TZ3P+2diff SCF 0.0 54.26(54.42) 76.14(75.15)
TZ2P(f,d) SCF 0.0 53.81(53.98) 75.39(74.43)
TZ2P(f,dy+diff SCF 0.0 53.79(53.96) 75.17(74.25)
TZ3P(2f,2d) SCF 0.0 53.89(54.06) 75.44(74.56)
TZ3P(2f,2d)-2diff SCF 0.0 53.73(53.90) 75.20(74.33)
cc-pvDZ SCF 0.0 55.43(55.61) 75.53(74.62)
cc-pVTZ SCF 0.0 54.12(54.30) 74.93(74.04)
cc-pvQZ SCF 0.0 53.77(53.94) 74.92(74.07)
TZ2P CASSCF 0.0 54.17(54.41) 74.08(73.40)
TZ3P CASSCF 0.0 5383(53.99) 74.11(73.53)
TZ2P(f,d) CASSCF 0.0 53.87(54.04) 72.95(72.36)
TZ3P(2f,2d) CASSCF 0.0 53.59(53.74) 72.50(71.98)
TZ2P CISD 0.0 53.98(54.22) 75.29(74.61)
TZ2P+diff CISD 0.0 53.89(54.12) 75.05(74.38)
TZ3P CISD 0.0 53.78(53.94) 75.01(74.43)
TZ3P+2diff CISD 0.0 53.63(53.79) 74.66(74.08)
TZ2P(f,d) CISD 0.0 53.48(53.65) 74.39(73.80)
TZ2P(f,d)+diff CISD 0.0 53.45(53.61) 74.16(73.57)
TZ3P(2f,2d) CISD 0.0 53.15(53.30) 73.80(73.28)
TZ3P(2f,2d}-2diff CISD 0.0 53.02(53.16) 73.57(73.05)
cc-pvDZ CISD 0.0 55.54(55.72) 76.65(75.99)
cc-pVTZ CISD 0.0 53.41(53.56) 73.59(73.05)
cc-pvVQZ CISD 0.0 52.72(52.87) 73.22(72.72)
TZ2P CASSCF-SOCI 0.0 53.92(54.16) 74.55(73.87)
TZ3P CASSCF-SOCI 0.0 53.48(53.64) 73.92(73.34)
TZ2P(f,d) CASSCF-SOCI 0.0 53.41(53.58) 73.34(72.75)
TZ3P(2f,2d) CASSCF-SOCI 0.0  52.87(53.02) 72.46(71.94)

expt refs 8,22
expt refs 23,24

(52.26)
(52.08)

determineff to be 0.7414 A. Thus, the HH distance in the B
state is significantly elongated compared to the isolated H
molecule. The HH distance increases with improved treatment
method. Unfortunately, there is no experimental structure of correlation effects, whereas the M, distance decreases with
available to date. This state may be considered to be a T-shapedaorrelation effects. These features indicate a strongeHp

interaction due to the inproved dynamical correlation treatment.

The distance between P and the center of the two H atoms is B. Dipole Moments. The theoretical dipole moments of the
1.6033 A, and the distance between the two H atoms is 0.8317ground state of PHin Table 1 decrease with inclusion of
correlation effects. The addition of higher angular momentum

A. The equilibrium bond length of isolated:lis experimentally
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TABLE 9: Relative Energies Te (To in Parentheses) in
kcal/mol for the Three Lowest-Lying Electronic States of
PH; at the CCSD and CCSD(T) Levels of Theory

level of theory pG:N A2, B 2B,
TZ2P CCSD 0.0 53.85(54.10) 74.76(74.09)
TZ2P+diff CCSD 0.0 53.74(53.97) 74.50(73.82)
TZ3P CCSD 0.0 53.52(53.69) 74.35(73.77)
TZ3P+2diff CCSD 0.0 53.37(53.53) 73.98(73.40)
TZ2P(f,d) CCSD 0.0 53.35(53.52) 73.78(73.19)
TZ2P(f,d)+diff CCSD 0.0 53.31(53.47) 73.54(72.95)
TZ3P(2f,2d) CCSD 0.0 52.88(53.02) 73.07(72.54)
TZ3P(2f,2d)-2diff CCSD 0.0 52.75(52.89) 72.83(72.31)
cc-pVDZ CCSD 0.0 55.55(55.75) 76.31(75.65)
cc-pVTZ CCSD 0.0 53.21(53.37) 72.92(72.39)
cc-pvVQZ CCSD 0.0 52.45(52.60) 72.49(72.00)
TZ2P CCSD(T) 0.0 53.73(53.98) 74.53(73.89)
TZ2P+diff CCSD(T) 0.0 53.60(53.84) 74.25(73.61)
TZ3P CCSD(T) 0.0 53.26(53.43) 73.86(73.31)
TZ3P+2diff CCSD(T) 0.0 53.09(53.25) 73.47(72.92)
TZ2P(f,d) CCSD(T) 0.0 53.10(53.27) 73.29(72.71)
TZ2P(f,d)+diff CCSD(T) 0.0 53.04(53.20) 73.04(72.46)
TZ3P(2f,2d) CCSD(T) 0.0 52.46(52.60) 72.35(71.83)
TZ3P(2f 2d)-2diff CCSD(T) 0.0  52.32(52.46) 72.09(71.57)
cc-pvDZ CCSD(T) 0.0 55.58(55.79) 76.27(75.62)
cc-pVTZ CCSD(T) 0.0 52.91(53.07) 72.39(71.87)
cc-pvVQZ CCSD(T) 0.0 52.03(52.19) 71.74(71.28)

expt refs 8,22
expt refs 23,24

(52.26)
(52.08)
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CCSD{TYce-pVQZ 14200 A
CCSDVec-pVQZ 14177 A
CISD/ce-pVQZ 14146 &
SCF/ec-pVQZ 1.4087 A
Experimental (r,} 1.4260 A £ 0.0071

CCSD(T)fec-pVQZ  91.87°
CCSD/ee-pVQZ 92.13°
CISD/ec-pVQZ 92.29¢
SCFfec-pVQZ 93.72%
Experimental (8,) 01.65° = 0.98

Figure 1. Predicted geometries(and 6. values) of the X2B; state
of PH, at four levels of theory with the cc-pVQZ basis set.

experimental fundamental frequenc¥$§8:62Considering this
general tendency, the theoretical (harmonic) and experimental
(fundamental) vibrational frequencies are reasonably consistent.
The theoretical stretching harmonic frequencies &ndws)

for the first excited state &A; are predicted to be 2483 and
2584 cnrl, respectively. Theseng andws) vibrational frequen-
cies are significantly higher relative to those for the ground state,
due to the shorter (about 2%) PH bond length. This feature is
in accord with Badger's rufé® that a shorter bond length

functions to the basis set generally decreases the dipole momentprovides a larger force constant (a higher frequency). On the

whereas the augmentation of the basis set with diffuse functionsother hand, the bending frequenay,j is lower than that of

increases it. At the highest CISD level of theory, CISD/TZ3P-
(2f,2d)+2diff, the dipole moment of the ground state is predicted
to be 0.570 D. This is significantly smaller than the dipole
moment of 1.804 D for the ground-state N&t the same level
of theory® This disparity may be attributed largely to the

the ground-state, owing to the wider bond angle of th&sa
state. The bending frequency was measured to be 949 cm
(v2) by both UV spectroscopy and solid argon absorption
studies?>23The corresponding theoretical harmonic frequency,
at the CCSD(T)/cc-pVQZ level, is predicted to be 968¢m

difference in electronegativity of nitrogen (3.1) and phosphorus As mentioned in subsection A, the B, state of PH may be

(2.1) atoms. Because of the wider bond angle in tHéAstate
of PH,, the dipole moment is substantially smaller than that of

regarded as a T-shaped structure or-aH® complex. Thus,
the harmonic vibrational frequencies for this state may be

the ground state; with the same method, it is determined to beassigned as; = 3150 cnm? (&, HH stretch)w, = 913 cn't
0.364 D. Again, there is a significant difference between the (a1, PH, symmetric stretch), and; = 1543 cm? (b, PH,

dipole moments of Piand NH (0.672 D) for the A2A; states
The influences of correlation effects and addition of diffuse

asymmetric stretch), respectively. The experimental harmonic
vibrational frequencies of fand H+ are 4401 and 2322 crh,

functions to the basis set are similar to those observed in therespectively® The frequency of they; mode for the BB, state

ground state. At the CISD/TZ3P(2f,2d2diff level of theory,
the dipole moment of the BB, small angle state is predicted

of PH, is therefore smaller than that o Hut significantly larger
than that of H*.

to be 1.500 D. Contrary to the previous cases, the dipole moment D. Infrared (IR) Intensities. For the X2B; state of PH the
increases upon introduction of electron correlation. There is a asymmetric stretching modes§) shows a larger IR intensity

substantial difference between the dipole moment of tistaRe
of NH (2.619 D) and that of the Btate of PH (1.500 D). The

than the symmetric stretching mode;. In comparison to the
ground state, the three IR intensities for the’/A; state are

magnitude of the dipole moment of this small angle state is the much smaller. For the BB, state of PH, the IR intensities of

largest among the three Rtstates studied. The electrons
occupying the 5gorbital (along theC, axis) appear to enhance

the three vibrational modes show a large disparity between the
SCF level of theory and the more accurate CISD method. These

the polarity of the molecule, as evidenced by the dipole momentslarge changes in intensities were expected due to the vast

for the X 2B, state fte = 0.570 D) and the BB, state (i =
1.500 D).

C. Harmonic Vibrational Frequencies. The fundamental
vibrational frequencies for the ground statéB of PH, have
been experimentally measured tolhe= 22704 80 cnt?! by
laser photoelectron spectroscddyy, = 1102 cnr! by UV
spectroscopy® v; = 2310 cnt! by high-temperature Raman
spectroscop$! andv, = 1103 cnt! by IR methods in an argon
medium?2 The v3 mode has not been observed. The newly
predicted harmonic vibrational frequencies with the CCSD(T)/
cc-pVQZ method in the present study are 2396 &(w,), 1125
cm ! (w2), and 2404 cm?! (w3). Thus,w; andws are predicted
to be remarkably close. Theoretical harmonic vibrational
frequencies for small molecules at the CCSD(T) level with a
TZ2P(f,d) basis set provide values typically 5% above the

differences in B?B, geometrical parameters which resulted from
the additional correlation treatment in the CISD method.

E. Energetics. 1. X 2B,—A 2A; Splitting The energy
separationTp value) between the ground and first excited state
has been experimentally determined to be 52.26 kcal/mol (2.266
eV, 18276.59 cm!)822 and 52.08 kcal/mol (2.258 eV, 18215
cm1)23.24yia gas-phase and argon matrix studies. This energy
gap is reproduced well at all levels of theory as shown in Tables
8 and 9. With the largest basis set used; X splittings (To
values) are predicted to be 53.9 kcal/mol [SCF], 53.7 kcal/mol
[CASSCF], 52.9 kcal/mol [CISD], 53.0 kcal/mol [CASSCF-
SOCI], 52.6 kcal/mol [CCSD], and 52.2 kcal/mol [CCSD(T)].
Peric at alt> reported this energy splitting to be 53.8 kcal/mol
which was a significant improvement over the 65.3 kcal/mol
predicted by an early SCF studyOur bestT, value of 52.2
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CCSD(T)ec-pVQZ 139484 P 13948 A 3%
CCSD/ec-pVQZ 13027 A " /\/\H 2
CISD/cc-pVQZ 13897 A 121.88°

SCFlce-pVQZ 13830 A

Experimental (r,) 1389 A A2 Ay

P
/‘\1.6563 A

H----H
29.08°

0
CCSD(T)ce-pVQZ 121.88° 713 eamol
CCSD/ec-pVQE 121.87* 3 ke
CISD/ec-pVQZ 121.98° 52,2 kealfmol 3:09ev
SCFlec-pVQZ 122.25°
Experimental {8,) 123.2°
Figure 2. Predicted geometries(and 0. values) of the A?A; state
of PH; at four levels of theory with the cc-pVQZ basis set.
X B,
P
CCSD(T)/ee-pVQZ  1.6033 A /\/\'4200 A
CCSDiec-pVQZ L6170 A H g1g7° H
T  CISDicc-pVQZ 16157 A ’
SCFiec-pVQZ 17837 A Figure 4. State diagram showing energy separations (in kcal/mol and

eV) and geometries{ and ) of the X 2B;, A 2A;, and B2B; states

————— of PH, at the CCSD(T)/cc-pVQZ level of theory.

CCSD/ec-pVQZ 0.8224 A .

CISD/cc-pVQZ 0.8187 A 5. Concluding Remarks

SCFlecpVQZ 0.7720 A - - ~
Isolated Hy 07409 A The three lowest-lying electronic statesB;, A ?A;, and B

2B, of the PH radical have been systematically studied using
ab initio electronic structure theory. It was found that the
energetics and physical properties of the three equilibrium states

COSD(T)/ecpVQZ 16563 A investigated in the present study may be correctly obtained at

SEDrepY QS LS A all levels of theory in the variational sense. The theoretically

CISD/ec-pVQZ L6667 A . Lo . .

SCFloe pVOZ i Rss0k predicted equilibrium structures and physical properties agree
quite well with the available experimental values. The newly
predicted geometrical parameters for théd3 state of PH are

CCSD(TYee-pVQZ 29.08° fe = 1.§563 A~and9e = 29.08.

CESINeopVOZ 28087 The X 2B;—A 2A; energy separation is predicted to be 52.2

CISD/ec-pVQZ 28.43° . ..

SCFlec-pVQZ 24.42° keal/mol (2.26 eV, 18 300 cm), which is in excellent agree-
ment with the experimental values of 52.26 kcal/mol (2.266

~ 118,22

Figure 3. Predicted geometriess(andée values) of the BB, state of eV,71182322746.59 cm)***and .52'08 kcal/mol (2'258 ev, 15 215

Ph, at four levels of theory with the cc-pVQZ basis set. cm 1).2324The second excited state is determined to lie 71.3

kcal/mol (3.09 eV, 24 900 cm) above the ground state. A state

kcal/mol (2.26 eV, 18 300 cr) is further improved and is in diagram §howing energy separations and geometries of the three
excellent agreement with the experimental values of 18 277 lowest-lying states of Piat the CCSD(T)/cc-pVQZ level of
cm1822and 18 215 cmL.2324|t is clearly seen that advanced theory is presented in Figure 4. It is h_opgd that the present study
treatments of correlation effects and expansion of basis setswould help to detect the BB; state with its acute bond angle,
enhance the agreement between theoretical predictions andiithough traditional routes to its formation undoubtedly will be
experimental observation. hampered by poor FranelCondon overlap with the ground or

2. A 2B,—B 2B, Splitting The T, value for the %-B splitting first excited state. It is demonstrated that by employing highly

has not been determined experimentally. Our theoretical energycorre_la_ted wave funct|ons_ and large basis sets, the energetic
splittings (To values) show a pattern of convergence with predictions reach a chemical accuracydofl kcal/mol.
increasing level of correlation and basis set size. Our values
with the largest basis set are as follows: 74.1 kcal/mol [SCF], fo
72.0 kcal/mol [CASSCF], 72.7 kcal/mol [CISD], 71.9 kcal/mol
[CASSCF-SOCI], 72.0 kcal/mol [CCSD], and 71.3 kcal/mol
[CCSD(T)]. The most reliabld@, value for the %-B splitting
71.3 kcal/mol (3.09 eV, 24 900 cm) is expected to be within

a chemical accuracy of 1 kcal/mol. (1) Okumura, M.; Yeh, L.; Normand, D.; Vandenbiesen, J. J. H.;

o Bustamente, S. W.; Lee, Y. T; Lee, T. J.; Handy, N. C.; Schaefer, Bl F.
It should be noted that we do not observe variational collapse chem. phys1987 86, 3807. Y

owing to instability of the wave functions of the 4; and B (2) Olsen, J.; Jargensen, P.; Koch, H.; Balkova, A.; Bartletf, Rhem.
’B, excited states in asymmetrically distorted geometries, i.e., Phys1996 104 8007. - _ _

in Cs symmetry. This is because the vast geometrical changes, Pﬁ)?SYSL”:r%“CArgé;"lOH;f;r?gg' B. C.; Stephens, J. C.; Schaefer, H. F.
observed between the ground and excited states lead to only (4) Stringfellow, G. B. InOrganometalic Vapor-Phase Epitaxy: Theory

one lower-lying state (%¢B;). and Practice Academic Press: New York, 1998.
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