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Previousab initio studies have consistently predicted phosphine oxid@ (@) to be less stable than

its nearly isoenergeticis- andtrans-phosphinous acid isomers §PIOH). However, complete basis

set extrapolations employing the coupled-cluster series show that phosphine oxide is actually ca. 1.0
kcal/mol more stable than its acid forms in the gas phase. Incorporation of tighinctions via
Dunning’s core-valencécc-pCVXZ) or newly constructed “plusl” [ cc-pV(X+d)Z] basis sets is
essential for rapid convergence of core polarization effects which are evident even at the SCF level.
The precision to which the phosphorus hybridization is described in the three- and four-coordinate
environments ultimately determines the predicted gas-phase relative energy orderings. Focal-point
analyses demonstrate that this system represents a disturbing case where use of a conventional
valence quadruplé-quality basis sefcc-pVQ2—even at the CCSO) level—fails to provide the

correct relative energy ordering for simple closed-shell species which do not exhibit appreciable
multireference character. Thus, we underscore the importance of using phosphorus basis sets which
have the flexibility to describe core polarization adequately. In addition, Monte Q&HD)
free-energy perturbation simulations in solution clearly demonstrate that the small energy gap
significantly increases in favor of the oxi@®0.0 kcal/mo) upon solvation due to stronger hydrogen
bonding with the highly polar  —0°" bond. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1418440

I. INTRODUCTION ab initio energy predictions of “hypervalent” phosphorus

Although the proper view of the P—O bond within phos- compounds have not been explored to the same extent as

phine oxide (HPO) has been vigorously debated over thetheir qualitative bonding. For example, the gas-phase relative
last three decadés 8its quantitativeelectronic structure has stabilities of even the simplest phosphine oxide and its acid
not enjoyed the same level of attention. In general, accuratisomers(cis- andtrans-H,POH) remain in question.
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The rigorous examination of these prototype systems whiclkever, mostab initio computations have predicted the three-
undergo a change in phosphorus hybridization may provideoordinate phosphinous acid to be more stable than its oxide
useful guides for identifying and isolating sources of error inby 3 to 7 kcal/mo£°~2®Indeed, the formation of dative-PO
treatments of larger phosphorus-containing systdmg., (or arguably P=O) bonds is considered to be a principal
Wittig olefination and phosphorylation of protein residues driving force within phosphorus chemistry and has been used
that are currently limited to the use of very compact basido rationalize and predict a number of structures and reac-
sets. tions. For example, phosphorous acid has a four-coordinate

It is well known that phosphorus compounds often preferstructure despite being prepared by hydrolysis of three-
four-coordinate species over three-coordinate folffidow-  coordinate phosphorus halides.
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o Model chemistries such as G3 have shown great promise
P H,0 P | in the prediction of thermodynamic values such as heats of
YN N P . - .
XX vo  OoH HO' o‘ formation and proton affinities. However, energy differ-
H

ences of this magnitudéa. 1 kcal/mol are perhaps more

Similar arguments may be made for the Arbusov regceliably treated using an even more systematic complete ba-

tion with alkyl halides and the stability of phosphorus oxide S’ SEtI(CBS) anﬁ ((:jor“rfelatilon g);t,rapolieltion p:]rocedure. 'c'j:Ocri
cage molecules or phosphate esters in DNA. Therefore, thg<ampie, so calle oca-point” analyses have provide
highly accurate energy differences for several different sys-

rediction that HPO islessstable than EPOH is somewhat ) :
b H 2 tems(e.g., the torsional barrier of ethaffethe E/Z rotamer

intriguing. Although the formation of four-coordinate phos- i ¢ formi 2% and the barrier to i v of
phorus oxides from several tri-substituted organophosphine%e‘zag,;gn8 ?r:mlctr?u r,]an d the arr]rler ? mk;aarl y 0 N
is well established® the trends are not as clear for unsubsti- V&€ - ©n he ofher hand, there has aiso been recen

tuted phosphorus compounds concern of unacceptable errdca. 6 kcal/mol for CBS limit
The first optimized equilibrium and transition state struc-Predictions of diSSOCiagisz en_ergies involying second row at-
tures between KPO and HPOH were reported at the oms (e.g., SQ and SQ™* using the basis sets most com-

SCF/3-21¢ level in 1987 Thetrans andcisH,POH iso- MOnly used for extrapolationf.e., Dunning's correlation-
mers were found to be 6.8 kcal/mol and 6.5 kcal/mol moreconls\;lsteim((r:]c-pVXZ) _basollsthset]s dditi  hiah -
stable than PO, respectivel§® Single point energies using . ”ar N has examined the addition ot hig -expone N

a truncated coupled-cluster cluster appro&&BCD) and a tight” ) d and higher angular momentum functions to the

TZP+basis set indicated that the hydrogen shift isomerizaf:c'IOVXZ basis sets for sulfur and found significant improve-
tion barrier from HPO to transH,POH is very large(68 ments in the extrapolated energiésHe also demonstrated

kcal/mo).2! However, the subsequent internal rotation bar_that the principal effect of thd functions is observed at the

fier leading tocisH,POH was only 3 kcal/md! In later Hartree-Fock level and is largely a core polarization effect
studies Kwiatkowszki and Leszcogki confirm.ed these rather than a correlation effett.Furthermore, Martin and

33 : . 2134
structures and reported relative energies and thermochemic%fan’ as well as Bauschlicher and Partrid§é;’ have

properties of HPO=H,POH using configuration interaction shown that the core polarization problem may be more gen-
(CISD) and various levels of Mgller—Plesset perturbationeral and not restricted to sulfur. Prompted by these problem-

theory [MP2, MP3, MP4, MP4SDQ)] with 6-31G* and atic cases, l_)unning,_Peterson gnd Wilson have_reinvestigated
6-311G™ basis set&2 At their best level, the relative en- 1€ Correlation-consistent basis sets for aluminum through
ergetic ordering of the three isomers was argon. _Thelr new cc-pVX +d)Z family of b.aS'S sets_m—
cludes tightd functions as well as systematic expansion of

cissH,POH < transH,POH < H3PO. the higher angular momentum functions to cover the valence
(0.0 kcal/mo) (0.22 kecal/mol (2.47 kcal/mo) and core regions. Their benchmark cases show a marked
increase in the convergence of dissociation energies, as well
as other molecular propertiés.

Considering the exceedingly small energy differences

In opposition to the theoretically predicted energy order-
ings, Saitoet al. have recently suggested thatR© may be
intrinsically more stable than JFOH!’ Since they do not ;
observe the acid isomers in the microwave spectrum, Sait ncovered by the work of Chesniftwe have used high

et al. conclude that the oxide is preferentially generated in?vgl @b Initio methods mcl_udmg basis set and c_orrelatmn
their dc glow discharge of PHCO, and excess K While limit extrapolations to predict the gas-phase relative energy

insights into the mechanism of formation may be gleaned:)rdering of the prototypical phosphine oxidgfD and its

from their study, the large kinetic barrier between the iso-CiS' andtransH,POH isomers. Systematic focal-point analy-

mers (ca. 60 kcal/mgl prevents any conclusive evidence sesvl)rzcllédlzng valletpce, cor_e;va:egcez antd the ~new
concerning relative stabilities of the oxide and acid forms.c¢P (d )d tﬁorrea lon consisten t‘f"S'S ?e S \r:vetr)e per- i
The relative energies are also clouded by the observation 3?””6 » an € convergence properlies of €ach basis se

the acid isomers via photolysis of phosphine/ozone mixture ere evaluated. Using these gas-phase gtructures_, subsequent

in solid argoR*?°as well as by matrix isolation of PHn a ) onte Carlo(MC) free-energy_ perturbatl(_)fFEB s_|_mul_a-

discharge of @2 tions were performed to _quantlfy the relative s_tablhzatlon of
Recently, Chesnut reexamined the gas-phase stabilitieesach isomer upon solvation and to compare with results from

of these compounds, as well as the effects of aqueou%om'nuum solvent models.

solvation®® Density functional treatment83LYP) and vari-

ous model chemistrig®.g., G3 and G3MP2Zeduce the gas- ||. THEORETICAL METHODS

phase energy differences to less than 1 kcal/mol favoring thg Electronic structure

acids, while the oxide is slightly favored using the CBS-Q"

method. Thus, the gas-phase relative energy ordering of Electronic structure computations were carried out using

these compounds remains in some doubt. However, Chesntiitree families of one-particle basis sets. The conventional

also used reaction field polarized continuum models and exzorrelation-consistent polarized valence sets of Dunning and

plicit computations of the oxide and acids hydrogen bondedo-workers®—2° (cc-pVXZ), as well as their core-valence

to a single water molecule to estimate the effects of solvacounterpart® (cc-pCVX2), were used throughout. In addi-

tion. His results demonstrated that the oxide actually betion, the newly constructed cc-gX +d)Z basis sets of Dun-

comes the energetically favored isomer in solutin. ning, Peterson and Wilsdhwere tested for this system. The
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largest valence sdtc-pV62) includes basis functions with TABLE l. CHELPG/cc-pMQ+d)Z charges ¢~) and Lennard-Jones param-
angular momentum up toon phosphorus and oxygen and eters(o and e) for each atom in the oxide artdans-acid solutes.

on hydrogen. The.cc—pVX.Z basis_ sets range in size from 47 aiom Charge
contracted Gaussian basis functiqas-pVDZ) to 557 (cc-
pV6Z). The corresponding core-valence sets range from 60

(o €

Phosphine oxide (§PO)

) X P 0.923 3.74 0.20
functions(cc-pCVD2) to 491 functiongcc-pCV52). The va- o 0.688 206 021
lence pludd sets range from 5pcc-pV(D+d)Z] to 356 func- H ~0.078 2.46 0.03
tions [cc-pV(5+d)Z]. Spherical harmonic Gaussian func- H -0.078 2.46 0.03

H -0.078 2.46 0.03

tions were used throughout.
Reference electronic wave functions were computed us- trans-Phosphinous acid (JPOH)

ing the spin-restricted Hartree—Fo¢RHF) method*! Dy- P -0.133 3.74 0.20
namical correlation was incorporated using second-order o —0.473 2.96 0.21
Mgller—Plesset perturbation thedfy(MP2), as well as the :a 8-181 2-32 8-82
coupled-cluster series, including all single and double H 0.398 0.00 0.00

=

(CCSD*® and perturbatively estimated connected triple ex-
citations[ CCSI(T)].***° Explicit computation of the full set
of triple excitationg CCSDT)*®*’was carried out where fea-
sible. Geometry optimizations were performed using analytic
gradient techniques at the coupled cluster with single and
double excitations and perturbative triple excitations
[cCSOT)]**Clevel of theory until residual Cartesian coor-
dinate gradients were less than $@.u. Harmonic vibra-
tional frequencies were computed at the cc-pVTZ/CCBD

Eg—Ea
kgT

AG(A—>B):—kBTIn<—exr{ > . 3)
A

In Eq. (3), A andB denote the reference and perturbed states,
level via finite diff f iic first derivati q and( ), indicates sampling has been performed in the refer-
evel via finite differences of analytic first derivatives and oo gtate. The coordinates and potential functions of mol-

were used fo estimate zero-point vibrational energies. eculeA are gradually mutated into those Bfvia a series of
Reference geometries for the energy extrapolations wers steps that are coupled to a linear scaling parameter

obtained at the cc-pVQZ CCSD) level. Focal-point analy- running from 0 to 1. Gas-phase cc-pVQZ CASDequilib-

zﬁ.swgifrvgvf—]% vJZ?e c?aiﬂeezjalou?r\izcgﬁwon- diﬁ:e nAslilsrTaI Zr)]f rium structures were used as endpoints for the FEP calcula-
trapolation grid of single-point energies at the RHF, MP2 tipns. Double-wide sampling' was gmployed, yielding a _step
. . “rsize AN equal to 0.05. The simulations were performed in a
CCSD, CCSDT), and CCSDT levels using Dunning's hier- 5. 55, 50 & pox with 265 TIP4E® water molecules. Each
archical families of basis sets. RHF energies were exXtrapQyingow consisted of 18 10° configurations of equilibration

lated to the complete basis set li@BS)**>*~*"using the followed by 25<10° configurations of averaging for the

exponential form oxide—trans mutation. No internal degrees of freedom were
Ex=Ecpsta(e %), (1)  sampled for the solute or solvent. Intermolecular nonbonded
. . ) ) interactions were computed with a 10 A cutoff. All MC

which effectively assumes that the incremental lowerings ofjmulations were performed in the isothermal-isobéXET)

total energy from cc-pVXZ-cc-pMX+1)Z lie in a geomet-  ensemble at 25°C and 1 atm using #ess4.2 progranf?

ric progression. The CBS limit of the correlgtlonssenerg|es-|—he solutes were described in the OPLS-AA format with one

was estimated following the approach of Halkétral ™" The  iteraction site on each atoth Standard Lennard-Jones pa-

CBS correlation energy is estimated by rameters were used, as summarized in Table I.
EXX3_EYY3 Atomic charges derived from the molecular electrostatic
EcadX.Y)= —gz—v7— (2)  potential (CHELPG®® of each solute were computed using

6-31G", cc-pVQZ, and cc-p¥Q+d)Z basis sets, and the

whereE* andE" denote correlation energies obtained fromrelative solvation free-energy dependence on basis set was
correlation-consistent basis sets with cardinal numieaad  explicitly examined in a series of FEPs. The absolute average
Y. difference in charges computed for the oxide and acids with

First-order relativistic effects were included through thethe 6-31G and cc-pVQZ basis sets is rather small but note-
mass-velocityMV) and one-electron DarwifD) terms>®%°  worthy (0.048% 7). As the basis set size is increased from
All the electronic structure computations were carried out6-31G" to cc-pVQZ, the relative solvation free energy in
with the Acesi®* or psi3.§? program packages. going from the oxide to thérans isomer is reduced by 2
kcal/mol. However, the addition of a further set @ffunc-
tions via the cc-pVQ+d)Z charges alters the relativeG
by less than 0.2 kcal/mol. Further additions to the basis set
are not expected to significantly change the electron distri-

The free-energy change corresponding to thgP®  bution or the corresponding FEP results. The CHELPG/
—trans H,POH reaction was computed in water via cc-pVM(Q+d)Z charges were selected for all FEPs presented
Zwanzig'$® free-energy perturbation theory with Monte in this work, as listed in Table I. All CHELPG charges were
Carlo sampling* computed using theAUSSIAN 94 program packag®

B. Monte Carlo free-energy perturbation
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FIG. 1. Isomerization profile of phosphine oxide. Zero-
point corrected barrier heights are givém the forward
direction at the cc-pVTZ/CCSDT) level of theory.
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Ill. RESULTS AND DISCUSSION
A. Structures and isomerization pathway

The isomerization profile of phosphine oxidEig. 1)
proceeds through a high-energy transition state tardues

acid isomer followed by facile P—O bond rotation to the

cis-acid isomer. The barriers computed at the cc-pVTZ

CCSOT) level are in qualitative agreement with previous

studies? Additionally, the phosphorus inversion barrier be-
tween the acid isomers is found to be very lafga. 43
kcal/mo) and is not a viable alternate route to tles-
compound.

Structures of the minima at the cc-pVQZ/CC@Dlevel

values for the related JO radical’® "  The latter differences
were reasonably attributed to a combination of two primary
sources? (1) the experimental geometrical parameters were
derived from vibrationally averaged structures &agstruc-
tures were obtained via an incomplete isotopic substitution.
/While ther, andrg structures are inherently different, the
computed and experimentally derived P—-O bond lengths
which lie on the symmetric top axis are most directly com-
parable. The rotational constants provided in Table Il illus-
trate that the cc-pvVQZ CCSD) structure is consistent with
the experimentaB rotational constants for §#0O, D;PO,
and HP™0. Although only experimentaB, values were

are provided in Fig. 2. The computed P—O bond distance fofeported, we estimated th, value (corresponding to rota-

H,PO is in excellent agreemenwithin 0.003 A with that

tion about theC3, axis) based on the experimental structure.

deduced from the recent microwave analysis of Saito andhe inferred experimentah, and computed?. values for

co-workerst’ However, the remaining geometrical param-

eters which are not colinear with th@;, axis deviate sig-
nificantly (Arpy=0.04 A; A 6,p0=2.6°). The differences in

H,PO differ by approximately 10000 MHz, and further il-
lustrate the sensitivity of the off-axis geometrical parameters.
Highly accurate structures are normally expected with

the P—H bond distances are comparable to those observéite cc-pVQZ CCSDT) method. However, optimizations us-

between high levehb initio r, values and microwave,

1.4758 c¢c-pVQZ CCSD(T)
1.4763 Expt. (microwave)

116.86
114.26
1.4033
1.4406
S
H
H H
H 2’3 98.50 H 2‘% 101.14
1.4N Y\
P27 O 09563 14181 Np— L
’ 1.6494

T (HOPH) = 133.05

ing cc-pMT+d)Z and cc-pCVTZ basis sets were also per-

FIG. 2. Equilibrium structures of phosphine oxide and
ciss and transphosphinous acid at the cc-pvQZz/

CCSOT) level of theory. Comparisons are made to the
experimentat o structure where available. Bond lengths
are in A; bond angles are in degrees.

11390 g

/(:70.9571

T (HOPH) =47.14
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TABLE Il. Comparison of experimental anab initio rotational constants « Layout of a two-dimensional extrapolation grid based
(in MHz) for HsPO, DPO, and HP'O. on an assumed separability and additivity of correlation
HPO DO PO increments to the energy difference of concern.

« Inclusion of auxiliary corrections physically important

By? 17 426.6 14599.9 16 258.7 for the problem.
B." 17 419.0 14 595.9 16 247.3 ) B )
The results of this specific approach applied to the energy
Ao” 969013 48.487.9 differences between phosphine oxide ands/trans
AL 106 651.5 53366.8

phosphinous acid are outlined below.

yicrowave spectroscopy results. See Ref. 17.
e ey e o PR S 1 Valence ab inio it
The effects of valence basis set size and electron corre-
lation on the relative energies of phosphine oxide ars
formed to gauge the effect of additional tight functions onand trans-phosphinous acid are collected in Table Ill. The
geometrical parameters. The differences between the ceesults for the HPOftrans- H,POH energy difference are also
PVTZ, cc-pMT+d)Z and cc-pCVTZ bond lengths and presented graphicallfin kcal/mo)) in Fig. 3. Systematic ex-
angles at the CCSD) level were fairly small(<0.008 A  pansion of the basis set lowers the oxiteis-energy differ-
and <0.1°, respectively Thus, the cc-pvQZ CCS@) ence, eventually favoring the oxide; the most dramatic
structures were chosen as reliable reference geometries fohanges occur at the RHF and MP2 levels. The successive
the energetic focal-point analyses. corrections at the MP2 and CCSD levels largely cancel one
another, and the addition of the CCED correction fortu-
itously brings the total energy difference near that of the
original RHF value. Although the correlation limit converges
Csmza, Allen, and co-workers describe the guiding rapidly, the basis set convergence for the oxrdes
principles and assumptions of their general “focal-point” difference is quite poor. This is the opposite _of the conver-
approach®5-53toward achieving the basis set and correla-9ence trends recently observed for ffeof the disilaethynyl
tion limits as follows: radical (SiH) where significant rehybridization does not
occur’® In the present case, quintupeec-pV52) basis sets
< Use of hierarchical families of basis sets which system-are required to achieve the correct energy ordering for these

B. Relative energetics and basis set convergence

atically approach completeness. isomers—even at the CC$D) level.

« Application of relatively low correlated levels of elec- The very small change in relative energy from CG¥D
tronic structure theory with basis sets pushed to technito CCSDT (§[CCSDT]=14cm %) is an indication of the
cal limits. excellent performance of the CC8D method. However,

« Higher-order valence-only correlation treatments withthe T, diagnostic of Lee and Schaeféwas also computed
the largest feasible basis sets. for each isomer at the cc-pVQZ/CCS8D level to assess the

TABLE lIl. Effects of valence basis set size and electron correlation on the relative energies between phosphine
oxide (HP0), cis- andtrans-phosphinous acid (##OH). All energies are given in cm.2

Basis set AE4(RHF)  §[MP2]  s[CCSDl S[CCSOT)] S[CCSDT]  AE(total)
E.(HsPO)-E¢(trans H,POH)
cc-pVDZ (47) 4322 —1194 1150 —264 -17 3997
cc-pVTZ (106) 1147 —784 1240 -176 14 1441
cc-pVQZ (204 321 -925 1224 -171 [14] [463]
cc-pV5Z (351 —195 -1023 1221 -170 [14] [—153]
cc-pV6Z (557) —306 —1078 [1227] [—170] [14] [—319]
CBS limit () —337 —1156 [1227] [-170] [14] [—428]
E¢(trans H,POH)-E(cis-H,POH)

cc-pVDZ (47) 106 -161 33 -22 -2 —46

cc-pVTZ (106) 125 —140 32 =27 -2 -12

cc-pVQZ (204 89 -137 41 -26 [-2] [—35]
cc-pV5Z (351 69 —138 49 —26 [-2] [—48]
cc-pV6Z (557 62 —140 [49] [—26] [-2] [-57]
CBS limit () 60 —141 [49] [—26] [-2] [—60]

*Energies are computed at the optimized unfrozen core cc-pVQZ CDSfBometries. For each basis set the

total number of contracted Gaussian functions is given in parentheses. For correlated calculations the symbol
& denotes the increment in the relative energye() with respect to the preceding level of theory as given by

the hierarchy RHF-MP2—CCSD—CCSDOT)—CCSDT. Brackets signify assumed increments from smaller
basis set results. Complete basis €@@BS) RHF AE, values are obtained by extrapolation of the absolute
cc-pV{Q,5,8Z energies using Eq1). The CBS MP2 increments are obtained by extrapolation of c&HZ

results using Eq(2).
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Convergence of H;PO - trans-H,POH Separation using Valence cc-pVXZ Basis Sets

14 1 T 1 T I
12 | .
cc-pvDZ
= | 4
E 10
=
Q
= 8 1
=
.8
g 6r |
2
[
wn
T = © cc-pVTZ -
5 4 P
&,
o~
II 4
%]
§ 8 cc-pvVQZ
8 e — 7 T _
e < cc-pVeZ
jas) ~ CBS |
1 1 1 1 |
RHF MP2 CCSD CCSD(T) CCSDT

FIG. 3. Effects of valence basis set size and electron correlation on the relative energies between phosphine waitdephodphinous acid. See footnote
of Table | for details.

suitability of a single-reference coupled-cluster approach tdated methods with the two larger basis sets reduce the cor-
this problem. Thel', diagnostics are 0.011, 0.009, and 0.009rection by a factor of five. The corrections for thrang/cis
for the oxide,cis-, andtrans isomers, respectively. These separation are minuscule-4 cm }); there is essentially no
diminutive T, diagnostics as well as the small magnitudes ofrehybridization of the heavy atoms between these isomers.
the largest individuall, amplitudes(—0.023, —0.046, and While the core correlation correction is rather small at
—0.043, respectivelyare indications that these systems dothe cc-pCVQZ/CCSDT) level, core polarization is more evi-
not exhibit appreciable multireference character, and thelent in the comparison of SCF convergence for the cc-
CCSOT) approach should produce highly accurate energetpVXZ, cc-pCVXZ and cc-p\¥X+d)Z families of basis sets,
ics with suitable basis sets. The final extrapolated valencespecially early in the serigBig. 4). While all three basis set
limit for the oxide{ransenergy difference using the coupled- families ultimately reach essentially the same asymptotic
cluster series is-428 cm* (—1.22 kcal/mol. limit, the cc-pVXZ series converges the slowest. The new
The trangcis energy difference is smaller in magnitude cc-pV(X+d)Z basis sets appear to be on par with the cc-
and converges more rapidly in both basis set and correlatiopCVXZ basis sets at the SCF level and clearly outperform
energy. This energy separation is similar to the previousltheir cc-pVXZ predecessors. For example, the cc-pVTZ en-
studiedE/Z rotamer separation of formic acid for which con- ergy difference is 4.2 kcal/mol above the CBS limit, while
vergence is also rapi. However, due to the exceedingly the addition of a single set of tighi functions via the
small magnitude of therangcis separation(ca. 0.15 kcal/
mol), further extensions may still be required to definitively TABLE IV. Contribution of core correlation to the relative energies between

predict the more stable isomer. phosphine oxide (KPO), cis- and transphosphinous acid ($#OH). All
energies are given in cm.?

2. Core correlation and flexibility of d space Basis set MP2 CCsD CC3sD)
Core correlation effects on the oxide/acid energy separa- Eo(HsPO)-E(trans H,POH)

tion are largely the result of the rehybridization of electron cc-pCVTZ (144 +258 +69 +74

lone pairs which results in changes in core penetration and ¢¢-PCVQZ(204 +244 +47 +53

radial corrglation. The effects o_f core corrglation were as- E,(trans H,POH) E.(cis-H,POH)

sessed using core-valence basis sets designed by Dunningec-pcvTz (144 +3 +2 +3

and co-worker® (Table IV). The adjustment to the oxide/  cc-pCVQZ (204 +4 +3 +4

trans relative energy is approximately 0.75 kcal/mol at theaEach contribution is computed as the change in relative energy between the

MP2 level and plays a significant role in prediCting_ an energyfrozen core computatiofLs, 2s, 2p orbitals on phosphorus and brbital
difference so close to zero. However, the more highly corre-on oxygen and the analogous all electron computation.
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SCF Energy Convergence using cc-pVXZ, cc-pCVXZ, and cc-pV(X+d)Z Basis Sets
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FIG. 4. Convergence of SCF;AO/rans H,POH energy separation using three families of correlation consistent basis sets. The RHF separations and CBS
limit for the cc-pVXZ sets are given in Table |. The corresponding values for the cc-pCVXZ sets are 39+3%®,and—370 cm * for X=D, T, Q, and

5, respectively. The corresponding values for the c¢Xp¥d)Z basis sets are 179747, —255, and—319 cm X for X=D, T, Q, and 5, respectively. The RHF
CBS{T, Q, 5 limits for the cc-pCVXZ and cc-p\X +d)Z basis sets are-360 and—346 cri %, respectively.

cc-pV(T+d)Z set reduces the error to 0.9 kcal/mol. Thus, wethe system while the one-electron Darwidl) term corrects
underscore the importance of using second row atom bastbe Coulomb attractio®® The individual components and
sets which have the flexibility to describe core polarizationtheir summed contributions are collected in Table V. As ex-

adequately. pected, relativistic effects for theis/trans pair are quite fun-
gible and almost precisely cancel. However, the difference in
3. Relativistic effects and zero-point corrections phosphorus hybridization is apparent between the three- and

Relativistics effects on the energies were approximate(fpur-coordinate forms as the relativistic correction to the
at the cc-pvVQZ/CCSDY) level. Only the two components Oxidetrans energy separation is a notable 124 ¢n{0.35
expected to make the largest contributions were considere#ical/mo) at the cc-pVQZ/CCSIY) level. The relativistic
The mass-velocityMV) term corrects the kinetic energy of adjustments are slightly affected by basis set size, core-

TABLE V. Relativistic corrections to the oxideans-acid andtrans/cis-acid energy differences. All values are
i i la
given in cm .

RHF CcsoT)
Basis set D1 MV Sum D1 MV Sum
(H3PO)- (trans-H,POH)
cc-pVTZ (106) —284 +416 +132 —255 +370 +115
cc-pV(T+d)Z (111 —295 +439 +144 -270 +397 +127
cc-pCVTZ (144 -307 +460 +153 —282 +416 +132
cc-pVQZ (204 —288 +421 +133 —266 +390 +124
(trans-H,POH)- (cis-H,POH)
cc-pVTZ (106) -29 +37 +8 -33 +42 +9
cc-pU(T+d)Z (111 -29 +36 +7 -33 +43 +10
cc-pCVTZ (144 =31 +41 +10 —36 +47 +11
cc-pVQZ (204 —28 +34 +6 —-32 +40 +8

@0btained with all electrons correlated. D1 denotes one-electron Darwin term; MV denotes one-electron mass-
velocity term.
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Relative Solvation Free Energy in Water
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FIG. 5. Free-energy perturbation from phosphine oxide
to transphosphinous acid in water. Optimized cc-

pVQZ/CCSOT) structures were used as endpoints, and
only intermolecular degrees of freedom were sampled.

Relative Free Energy (kcal/mol)

Lambda

polarization and electron correlation as shown with the  Our focal-point prediction that the oxide is ca. 345¢m
triple-¢ basis set familysee Table Y. However, based on the (1.0 kcal/mo) morestable than th&ransisomer is in contrast
triple-{ trends, the correction is not expected to increase byo nearly every previous gas-phase predictio\&. Previ-
more than ca. 20 cit (0.06 kcal/mo) upon addition of fur-  ous G3 and G3MP2 place the oxide higher in energy than the
ther core functions via the cc-pCVQZ basis set. trans compound by 0.25 and 0.26 kcal/mol, respectivély.

The net vibrationless energy differences were further adbensity functional (B3LYP) treatments with a 6-311
justed using harmonic zero-point vibrational energy correc-+ + G(3df,2p basis set predict the oxide to be less stable by
tions (ZPVE) at the cc-pVTZ/CCSDT) level. The ZPVE  0.19 kcal/mof® Of the four model chemistries previously
correctiongvide infra) are of nearly the same magnitude andtested by Chesndf only the CBS-Q method of Petersson
oppositesign as the one-electron MVD relativistic correc- and co-workers’® predicts a value consistent with our
tions, and the two effects largely cancel. While improve-focal-point analysigoxide-trans-—1.11 kcal/ma).
ments to the zero-point energy may be made via anharmonic
for(?e flelds_, the refmem_ents are unl|l_<ely to change the eNelx oovent effects: Monte Carlo FEP in water
getic ordering of the oxide and acid isomers.

The effect of solvent on the relative energies was exam-
ined using Monte Carlo free-energy perturbations in water.
The smooth transformation of phosphine oxide ttans

The final gas-phase relative energy predictions are obPhosphinous acid is shown in Fig. 5. The computed relative
tained from the sum of the valena® initio limit, the core  solvationAG of 9.01*+0.12 kcal/mol clearly establishes the
correlation correction, estimates of relativistic effects, and £Xide as the more stable isomer in solution. The different
harmonic zero-point vibrational energy correction. The com-charge distributions in the oxide and acid provide a clear
ponents for the oxid&zans and thetrang'cis energy separa- 'ationale for the solvation free-energy difference. The oxy-
tions are gen atom in the oxide isomer has a significantly larger nega-

tive charge relative to the oxygen within the acids, and it is

(H;PO)-(rans-H,POH) capable of forming stronger hydrogen bonds with the sol-

4. Gas-phase relative energies

—428 +53 +124 vent. Strongly polar ® —0°" bonds are typical for phos-
valence limit+core correlation+ relativistic effects phine oxides and would be expected to be more effectively
o4 solvated.
—_— . .
+ZPVE=—-345 cm ! (~1.0 keal/mol) The rela_tlv_e strengths qf the hydrogen bonds to the_ ox_lde
andtrans-acid isomers are illustrated by the energy pair dis-
(trans-H,POH)-(cis-H,POH) tribution (EPD) in Fig. 6. The strong negative charge on the
60 T4 Tg oxygen of the oxide serves as a_hydrogen bond acceptor to
Talence Limit core correlation - relativistic effects three water molecules. The acid isomer also forms three hy-
drogen bonds: the oxygen atom accepts two hydrogen bonds,
2 while the acid hydrogen is a donor to the solvent. While the

+ZPVE=-51 cm ' (—0.15 kcal/mol). average number of hydrogen bonds is roughly the same, the
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hydrogen bonds in the oxide are clearly stronger as shown byolarized continuum modelSCIPCM’’ yields a AAE of

the maximum of the energy pair distribution at ea7 kcall  —3.29 kcal/mol at the B3LYP/6-31d+G(2d,p levell®

mol. The weaker hydrogen bonding of the acid isomer apApproximate accounting of differential solvation effects
pears in the EPD at a notably higher enefgg. —4.5. The  ysing B3LYP energy differences of the monohydrated oxide
steeper shoulders in the EPD of both the oxicke —3 kcall  ang  trans isomer give a similar value XAE

mol) gnd acid(ca. —2 kcal/mo) represent less oriented in- _ _ 4 g kcal/mol)*® However, when explicit hydrogen
teractions and would account for the bulk of the solvent ef'bonding between the solute and solvent is present, the polar-

fect likely to be recovered by continuum models. The ENETYY; 64 continuum models often underestimate differential sol-

associated with the oxide is also lower for these more ran- . 8
; . . . . . vation effects’® For example, SCIPCM results were recently
dom interactions and increases the differential solvation ef: . . . .
fect further. found to only yield half of the observed differential solvation

As a first approximation, the change in free energy ofeffects on the acidities of haloacetic acids upon transfer from

isomerization upon solvatiorAAG) might be taken as the the gas phase to aqueous solution, while corresponding MC
difference between the relative free energy of solvation andesults were in close accord with experiméhfThe free-

the gas-phasab initio focal-point limit for the oxidettans ~ €nergy perturbation treatments incorporating explicit water
separation. This approximat®AG of —10.0 kcal/mol is molecules, both at and beyond the first solvation spteige
more than twice the size of those predicted using continuun®), likely provide a more quantitative account of the hydro-
solvent models. For example, the self-consistent isodensitgen bonding for the different isomers.

Downloaded 16 Feb 2003 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 Phosphine oxide and phosphinous acid 121

IV. CONCLUSIONS 8M. W. Schmidt and M. S. Gordon, J. Am. Chem. S&67, 1922(1985.
9A. E. Reed and P. v. R. Schleyer, J. Am. Chem. Sd@, 1434(1990.
Three principal conclusions are drawn in this study.  °E. Magnusson, J. Am. Chem. Sdd.2, 7940(1990.
E. Magnusson, J. Am. Chem. Sdd5 1051(1993.
* Based on several complete basis set extrapolations en¥R. P. Messmer, J. Am. Chem. Sdd.3 433 (199)).
p|0y|ng correlation consistent Valen(IE{:-pVXZ), core- 133, Cioslowski and S. T. Mixon, J. Am. Chem. Sdd.3 4142(1991).

valence (cc-pCVX2) and the recently developed ..D- G- Gilheany, Chem. Re@4, 1339(1994.

cc-pV(X+d)Z basis sets, phosphine oxide is ca. 1.0 H. Dobado, H. Martinez-Garcia, J. M. Molina, and M. R. Sundberg, J.
=, _ X Am. Chem. Soc120, 8461(1998.

kcal/mol more stable in the gas phase thardes-acid  16p B, chesnut and A. Savin, J. Am. Chem. St21, 2335(1999.

isomer. Thetrans-acid is nearly isoenergetic with its 17|. K. Ahmad, H. Ozeki, and S. Saito, J. Chem. Pri0, 912 (1999.

cisisomer. Our best estimate places theans  '®D. B. Chesnut, Heteroat. Cheri, 73 (2000.

compound 0.15 kcal/mol lower than tlegs-isomer. 19D, E. C. CorbridgePhosphorous: An Outline of Its Chemistry, Biochem-
. . istry and TechnologyElsevier Science, Portland, OR, 1980
* The energy differences computed using the cc-pCVXZo; A oatz, M. W. Schmidt, and M. S. Gordon, J. Phys. Chen 1743
and new cc-pVX+d)Z basis sets converge much more (1987.
rapidly than the original cc-pVXZ series. While the en- ?'C. J. Cramer, C. E. Dykstra, and S. E. Denmark, Chem. Phys. 136f.

ergy differences between tloés- andtrans-acids main- 17 (1987).

2 . . . .22 0 i Z :
tain the proper sign even with double-zeta quality basis,,J- S+ Kwiatkowski and J. LeszczgKi, Mol. Phys.76, 475 (1992.
J. S. Kwiatkowski and J. Leszczski, J. Phys. ChenB6, 6636(1992.

sets, cc-pV5Z q.ua“ty basis sets are reql.'“red to aghlevg‘R. Withnall, M. Hawkins, and L. Andrews, J. Phys. Chedi, 575(1986.

the correct relative energy when comparing the oxide tosg " \yithnall and L. Andrews, J. Phys. CheBl, 784 (1987).

the acid isomers. While the behavior of phosphates 0OFsR. withnall and L. Andrews, J. Phys. Che82, 4610(1988.

substituted phosphine oxides might not be as proZ’L. A. Curtiss, K. Raghavachari, P. C. Redfern, and J. A. Pople, J. Chem.
nounced, extreme care should be taken when comparinnghys.ll?, 7374(2000.

phosphorus compounds having different hybridizations:”A- G. Csaza, W. D. Allen, and H. F. Schaefer, J. Chem. Ph}@g 9751
Basis sets capable of describing core polarization efs,1998:

2@, Tarczay, A. G. Csza, W. Klopper, V. Szalay, W. D. Allen, and H. F.
fects should be employed even at the SCF level. Schaefer, J. Chem. PhykL0, 11971(1999.

* Monte Carlo free-energy perturbatidREP) computa-  °E. F. Valeev, W. D. Allen, H. F. Schaefer, and A. G."€za, J. Chem.

tions of phosphine oxide trans-phosphinous acid in _ Phys.114 2875(2002.
31C. W. Bauschlicher and H. Partridge, Chem. Phys. 126, 533(1995.

water reveal that the oxide is stabilized significantly ., _
. . J. M. L. Martin, J. Chem. Phy4.08 2791(1998.
more than the acid (9.810.12 kcal/mol) and confirm  ss5" " | vartin ‘and O. Uzan, Chem. Phys. Le282, 16 (1998.
the oxide as the energetica{lj}t/ favored isomer in solutiorssc. w. Bauschlicher, J. Phys. Chem.183 11126(1999.
as first predicted by ChesntitWhile the average num- 3T. H. Dunning, K. A. Peterson, and A. K. Wilson, J. Chem. Py,
ber of hydrogen bonds is similar, the highly polar P—-O 9244(2001.
bond in phosphine oxide makes stronger solvent inter§jT- H. Dunning, J. Chem. PhyS0, 1007 (1989.
actions relative to those of teansacid isomer. Esti- .0 £ woon and T. H Duning, J. Chem. Phge, %ﬁ;’ggﬁ? 230
mates of relative solvation free energy using explicit (ygqy rson, 1. van Mourik, and 1. H. Dunning,
SO!Vatlon within the Monte Carlo approach are nearlyzor a0 Mourik and T. H. Dunning, Int. J. Quantum Cher, 205 (2000.
twice those from continuum models due to accurate ac+p, g. woon and T. H. Dunning, J. Chem. Phy€3 4572(1995.
counting of the stronganisotropi¢ hydrogen bonds. 41C. C. J. Roothaan, Rev. Mod. Phy8, 69 (1951).
42C. Mgller and M. S. Plesset, Phys. Rdé, 618(1934).
43G. D. Purvis and R. J. Bartlett, J. Chem. Phys, 1910(1982.
ACKNOWLEDGMENTS 4K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Chem.
Phys. Lett.157, 479(1989.
The authors thank Dr. Thom Dunnin@lorth Carolina SR, g Bartlett, J. D. Watts, S. A. Kucharski, and J. Noga, Chem. Phys. Lett.

; ; pp 165, 513 (1990; erratum:167, 609 (1990.
Supercomputing Centerand Dr. Kirk Peterson(Pacific 43, Noga and R. J. Bartlett, J. Chem, Ph§8, 7041 (1987 erratum:89,

Northwest National Laboratory and Washington State Uni- 3441 (1983,
versity) for insightful discussions as well as use of their de-4’G. E. Scuseria and H. F. Schaefer, Chem. Phys. 168, 382 (1988.
velopmental core-valence basis sets for phosphorus. The atiM. Rittby and R. J. Bartlett, J. Phys. Che82, 3033(1988.

: : : 4. D. Watts, J. Gauss, and R. J. Bartlett, Chem. Phys. 2@8.1 (1992.
thors also thank Professor S. Saifblagoya University, 503, D. Watts, J. Gauss, and R. J. Bartlett, J. Chem. PI8/s8718(1993.

Japgm for encour_agmg this StUdy. and Dr. W(_as'ey Alldsni- SIw. D. Allen, A. L. L. East, and A. G. Csaa, in Structures and Confor-
versity of Georgia for helpful guidance. This research was mations of Non-Rigid Moleculgsdited by J. Laane, M. Dakkouri, B. van
supported by the National Science Foundation, Grant Nos, der Veken, and H. Oberhammegfluwer, Dordrecht, 1998

. . . 52
CHE-9815397(University of Georgia and CHE-9873990 532: LD'_L\)vi‘i“itoi‘vnsﬁ‘(iww%é”;gnl;}Ze;‘fgﬁ'r::f%_lﬁ?/s Ches,

(Yale University. 13532(1994).
54D. Feller, J. Chem. Phy$6, 6104(1992.
55D. Feller, J. Chem. Phy€8, 7059(1993.
1J. Demuynck and A. \eillard, J. Chem. Soc. Chem. Commi90, 873. *®H. Partridge and D. W. Schwenke, J. Chem. PHy36, 4618(1997).

2|, H. Hillier and V. R. Saunders, J. Chem. Soc187Q 2475. 5'T. Helgaker, W. Klopper, H. Koch, and J. Noga, J. Chem. Ph§s, 9639
3H. Marsmann, L. C. D. Groenmweghe, L. J. Schaad, and J. R. VanWazer, (1997.

J. Am. Chem. Soc92, 6107(1970. 8A. Halkier, T. Helgaker, P. Jgrgensen, W. Klopper, H. Koch, J. Olsen, and
4M. F. Guest, I. H. Hillier, and V. R. Saunders, J. Chem. Soc., Faraday A. K. Wilson, Chem. Phys. Let286, 243(1998.

Trans. 268, 867 (1972. %9K. BalasubramaniarRelativistic Effects in Chemistry, Part A: Theory and
SW. Kutzelnigg, Pure Appl. Chem9, 981 (1977). TechniquegWiley, New York, 1997.
5H. Wallmeier and W. Kutzelnigg, J. Am. Chem. Sd€1, 2804 (1979. 80w, Klopper, J. Comput. Cheni8, 20 (1997).
M. W. Schmidt, S. Yabushita, and M. S. Gordon, J. Phys. Cl&8n382 61J. F. Stanton, J. Gauss, J. D. Wattsal, ACEs 11, a program product of the
(1984. Quantum Theory Project, University of Florida. Integral packages in-

Downloaded 16 Feb 2003 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



122 J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 Wesolowski et al.

cluded arevmoL (J. Almlof and P. R. Taylor, verors (P. R. Tayloy; 03, S. Wesolowski, E. M. Johnson, M. L. Leininger, T. D. Crawford, and H.
ABACUS (T. Helgaker, H. J. A. Jensen, P. Jgrgensen, J. Olsen, and P. R. F. Schaefer, J. Chem. Phyk)9 2694 (1998.

Taylon). LT, Hirao, S. Saito, and H. Ozeki, J. Chem. Phi85 3450(1996.
52T, D. Crawford, C. D. Sherrill, E. F. Valeest al, psi 3.9 PSITECH, Inc.,  7%S. Saito(private communication

Watkinsville, GA, 2000. 3C. Pak, S. S. Wesolowski, J. C. Rienstra-Kiracofe, Y. Yamaguchi, and H.
63R. W. Zwanzig, J. Chem. Phy82, 1420(1954. F. Schaefer, J. Chem. Phykl5 2157(2002).
64W. L. Jorgensen, ifEncyclopedia of Computational Chemistadited by ~ 7T. J. Lee and P. R. Taylor, Int. J. Quantum Chem., Sy2%.199(1989.

P. v. R. Schleyer, Vol. 3, p. 175Wiley, New York, 1998. 75J. A. Montgomery, J. W. Ochterski, and G. A. Petersson, J. Chem. Phys.
85W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L. 101, 5900(1994).

Klein, J. Chem. Physr9, 926 (1983. 76J. W. Ochterski, G. A. Petersson, and J. A. Montgomery, J. Chem. Phys.
SO\, L. Jorgensenposs Version 4.2; Yale University, New Haven, CT, 104, 2598(1996.

2000. 7J. B. Foresman, T. A. Keith, K. B. Wiberg, J. Snoonian, and M. J. Frisch,
STW. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, J. Am. Chem. Soc. J. Phys. Chem100, 16098(1996.

118 11225(1996. "8H. Castejon, K. B. Wiberg, S. Sklenak, and W. Hinz, J. Am. Chem. Soc.
68C. M. Breneman and K. B. Wiberg, J. Comput. Cheih, 361 (1990. 123 6092(2001).
89M. J. Frisch, G. W. Trucks, H. B. Schleget al, caussian 94 Revision ~ "°K. B. Wiberg, S. Clifford, W. L. Jorgensen, and M. J. Frisch, J. Phys.

C.3, Gaussian, Inc., Pittsburgh, PA, 1995. Chem. A104, 7625(2000.

Downloaded 16 Feb 2003 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



