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New Nonsymmetric P(OH)} Species. Comparison with theCs; Isomer and Themochemistry
at the DFT, MP2, and CCSD(T) Levels of Theory
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Two new less-symmetric P(OKl)jsomers that are more stable than @estructure are found at the density
functional theory (B3PW91, B3LYP), MP2, and CCSD(T) levels with the large aug-cc-pvdz/pvtz basis sets.
The C; andC; structures are qualitatively different from those found for the As({ht)lecule. An additional

lower lying P(OH} structure withCs symmetry has been obtained. With the largest basis setdmer

is predicted to be the most stable. However, the inclusion of zero-point-energy corrections induces an inversion
between th&Cs andC, isomers, with the latter becoming the lowest energy structure at the highest correlated
level. Increasing inclusion of electronic correlation effects reduces the energy difference betw€earide

C; structures while the€C;—C; energy difference an@€;—C; interconversion barrier become larger. In all
cases, energy differences and barrier heights are around 1 kcal/mol.

I. Introduction statically? using the same quantum chemical methodology that
allowed us to firmly characterize the greater stability of Gye
structure of As(OHy, and dynamically through atom-centered
basis Borr-Oppenheimer ab initio molecular dynamics (AIMD)
imulations at room temperature. These AIMD studies led to

In a recent study we have shoWthe existence of a
nonsymmetricC; As(OH); species in the gas phase that is
slightly more stable than the previously knov@ one. We

reported there the new bare optimized structure and its associate - . 8
. . he discovery of a new even more sta@Bigsomer of N(OH).
energy barrier to the symmetri@; structure, obtained through : ;
In this article we shall focus on the second member of the

HF, DFT (B3LYP), MP2, MP4, and CCSD(T) calculations using ) "' — N p, As, Sh, Bi) family. We study the structural
increasingly large Gaussian basis sets. We showed that the ' .. . .
i N stability of several isomers of the P(OHholecule, which plays
quantum zero-point-energy (ZPE) vibrational effects are es- very important roles in manv biochemical systeéhssing the
sential to provide accurate thermochemical values. The infrared y 1mp y y g

same accurate quantum chemical methodology that allowed us
spectra were calculated at the MP2/aug ce PVTZ (AVTZ) level to firmly characterize the greater stability of tl® and Cs
to characterize the glob&; and localCz minima, as well as
" structures for As(OH)and N(OH}.
the transition state.

As(OH) is thought to be the main species that is biologically |, nethod: Quantum Chemical Calculations
active and responsible for many of the toxic and carcinogenic '

reactions caused by arsenic-polluted watérAlthough the Ab initio MP2, MP4(SDQ), CCSD(T), and density functional
structural features of As(OHl)in solution are relevant to  theory (DFT) based calculations were done for the (closed-shell
characterize the species that gets imported into cells, we havesinglet)Cs and for the newC, P(OH); structures; the latter was
stressed that no implications of the existence of this iw  derived from the recently foun@; isomer of N(OH).® We
isomer are envisaged in relation to the-A3 coordination stress that two possiblg; structures exist: one equivalent to
environment in solution, mainly because the interaction energiesthe As(OH} Cs “cuplike” form (see Figure 1a of ref 1) and
with the solvating environment are much larger than the minute another, “spiderlike” structure where the OH bonds point
energy differences found between these two isomers and, also, Upward”, in the opposite direction of the-fO bonds (see
due to the larger conformational changes of As(@id}uced Figure 1c of ref 6), equivalent to the stalle form of N(OH)s.
by solvation than those involved in t&—Cs interconversiort:> All geometry optimizations are fully unconstrained and used
Since nitrogen, phosphorus, antimony, and bismuth belong the large optimized augmented correlation-consistent polarized
to the same group as arsenic in the periodic table, it is reasonable/alence doublé: and tripled (aug-cc-pvVDZ or AVDZ, aug-
to expect that N(OH) P(OH);, Sb(OH}, and Bi(OH} also have ~ CC-PVTZ or AVTZ) basis sets of Dunning. For the DFT
C, isomers that are slightly more stable than the corresponding calculations two hybrid but different (B3PW91 and B3LYP)
Cs known structures. As a first step in the elucidation of this €xchange-correlation functionals were used as programmed in

hypothesiS, we have very recent|y studied the N(ﬁ}a};e' both the Gaussian 98 codéThe transition states (TS) III’lkIng either
the C; and C; geometries or thé&s and C3 geometries were

* Corresponding author. E-mail: alex@servm.fc.uaem.mx. found using the reactants-to-products quasi-synchronous transit
lUn!versit’ePauI Sabatier. (QST2) algorithm as programmed in Gaussian 98; the TS were
University of California at Santa Barbara. further characterized by vibrational analysis showing a single

§0n sabbatical leave from Depto. désiea, Facultad de Ciencias, . . . .
Universidad Autooma del Estado de Morelos, Av. Universidad 1001, Imaginary frequency at the DFT (with both functionals) and
Cuernavaca, Morelos. 62209 Meo. MP2 levels with both basis sets. The connection between the
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TABLE 1: B3LYP/AVDZ and MP2/AVDZ Optimized
Geometries; Main Parameters for the MP2 Optimized
Structures with AVTZ Basis Set$P

MP2/AVTZ
P(OH) C: TSc,cc Cs  TScoc, Cs
distances
P-01 1.665 1.653 1.640 1.653 1.647
P-02 1.637 1.645 1.640 1.650 1.637
P—-03 1.635 1.642 1.640 1.654 1.647
O1-H1 0.964 0.964 0.965 0.967 0.964
02—-H2 0.968 0.969 0.965 0.967 0.969
O3—H3 0.968 0.965 0.965 0.967 0.964
bond angles
01-P-02 93.9 99.9 97.3 99.8 101.8
02-P-03 101.5 96.7 97.3 99.5 91.7
03-P-01 103.1 100.5 97.3 100.4 101.8
P—01-H1 111.4 110.2 110.6 110.8 110.2
P—02—-H2 111.7 111.2 110.6 1111 111.8
P—03-H3 1115 111.7 110.6 111.2 110.2
dihedral angles
O1-P-02-H2 -166.5 —114.6 —97.8 —99.7 -925
01-P-03-H3 89.3 143.4 163.7 2.7 165.1
02-P-01-H1 -109 -—239 1634 103 —47.1
02-P-03-H3 91.8 74.8 —98.2 —91.3 471
0O3—-P-01-H1 49.2 1135 -97.8 —97.6 —165.1
0O3-P-02-H2 —-47.7 12.1 163.8 4.3 92.5

a Distances are in angstroms and angles in degfeBse optimized
geometries are available upon requesEZimatrix format.
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Figure 1. MP2/AVTZ optimized structures for all stationary points
in the PES.

The optimized MP2/AVTZ structures for all optimized station-
ary points in the P(OR)PES are depicted in Figure 1. It should
be noted that, for th€; isomer, the P-O distances show three
slightly different P-O bonds at 1.665, 1.637, and 1.635 A, with
two shorter P-O bonds. Note that, at this level of theory, the
optimizedC; isomer is very close to & structure. However,
we stress that the tru@s isomer has two longer-PO bonds at
1.647 A and a single short bond at 1.637 A. Given the very
small energy differences between t8g and Cs isomers, we
point out that basis set quality becomes a crucial issue; this is
shown by the inversion in relative stability found when going
from the AVTZ to the AVTZ basis at the MP2 level. Note that

obtained TS and the related minima has been verified using anat the CCSD(T)/AVTZ level the energies of ti@& and Cs

intrinsic reaction coordinate (IRC) calculation available in
Gaussian 98.

For the highest correlated ab initio method used here, CCSD-

(T), single-point calculations were done using the MP2 opti-

isomers are very close to each other, only 0.03 kcal/mol apart,
and theC; isomer remains the lowest lying structure.

Since we are dealing with the same transition states as in
previous studies on N(OR)and As(OHj), the corresponding

mized geometries for the largest basis set; the zero-point-energytransition states for P(Oklfurned out to be also very unsym-

(ZPE) contributions were obtained using the MP2/AVTZ

metrical (see Figure 1), as in the N(Qttase® We recall that

harmonic vibrational frequencies and these were applied to for the As(OH} molecule the interconversion TS between the
correct the CCSD(T) electronic energies, as previously done C; andCs structures is much closer to ti& symmetric stable

for the As(OH)! and N(OH}88 cases.

I1l. Results and Discussion

A. Optimization and Starting Geometries. As mentioned
in the previous section, in order to obtain the sta®iesomer
it seemed natural to start with either the equivalent “cuplike”
structure of the As(OH)molecule or the “spiderlike” structure
of the N(OH)} molecule. As in the previously reported results
on N(OH),8 the “cuplike” geometry of P(OH)was found to
be an unstabl€; structure showing two imaginary frequencies,
whereas the “spiderlikeCs structure led to true minima at all
levels of theory. Moreover, &s structure similar to the one
found by AIMD simulations for N(OH¥ has been found on
the potential energy surface (PES) of P(@H)his means, of
course, that the passage from @gstructure to the either @;
or a Cs one has to proceed through TS of similar geometries
compared with those obtained for the N(QHfolecule. The
C; andC; structures were found in the N(Of#nolecule to be

isomer! and following Hammond'’s principle, this fact has
energetic implications that are verified quantitatively in Table
2 of that reference.

A quite large 250 cm! MP2/AVTZ imaginary frequency was
obtained at the TS geometry associated with the interconversion
mode between th€; and Cs structures; for comparison, the
C,—C;sinterconversion frequency for the As(Oftholecule is
3 times smallet. On the other hand, this value is close to the
one found for theC;—Cs interconversion in N(OH)8 A similar
result is obtained for the transition structure linking Geand
Cs structures; the associated MP2/AVTZ imaginary frequency
is found to be 154 cmt for this transition state.

In Figure 2 we show the MP2/AVTZ infrared spectra (with
Lorentzian convolution) for th€,; (a), theCs (b), and theCs
(c) isomers, respectively, which can perhaps be used as reference
data to compare with experimental IR results obtained in the
gas phase in the near future. At this point we note that, although
not readily visible at the scale shown in Figure 2, the expected

the lowest in energy, and only the interconversion between the number of degenerate frequencies for each symmetry type (with

Cs andC; structures had been studig@he conversion between
the C; and C; isomers for P(OH) has now also been investi-
gated.

B. Geometries and Vibrational Spectra.Table 1 shows the
P—O distances, ©P—0 angles, and ©6P—0—0 dihedral
angles for the optimized geometries of the néwandC, the
Cs species, and the correspondingcks, and TS ¢, at the
MP2 level using the largest (AVTZ) basis sets. It has been
shown for As(OH)! and N(OH)? that the optimized geometries

were actually not very dependent on the level of theory used.

axis of order 1, 2, and 3 for th&€,;, C;, and C; cases,
respectively) isomer is in agreement with the computed IR
spectra; the IR MP2/AVTZ frequencies are available upon
request for all isomers and for the corresponding interconversion
TS.

C. C;—CsEnergy Difference: Influence of the Correlation
Effects, Basis Set, and ZPEAs mentioned earlier, an ab initio
guantum molecular dynamics study on N(QHas shown that
a C; stable structure exists and, moreover, that this structure
was the global minimum at the B3PW91/6-31G** level of
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Figure 2. IR spectra calculated at the MP2/AVTZ level (a) for the
species, (b) for th€s species, and (c) for thés structure. Frequencies

in wavenumbers; intensities in arbitrary units. IR tables are available
from the authors upon request.

theory. The greater stability of th& isomer was later confirmed

at the MP2/AVTZ and CCSD(T)/AVTZ levelsThis Cs stable
structure was also found for P(O41and the energy difference
with the C; structure has been computed (see Table 2) with
different levels of electronic correlation. As can be seen, the
increase of the electronic correlation from DFT (B3PW91) to
MP2 has very little effect on the energy difference for a given
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TABLE 2: Energy Differences at Different Levels of Theory
Using the AVDZ and AVTZ Basis Sets with and without
ZPE Corrections in kcal/mol?

P(OHY) structure B3PW91 B3LYP MP2 CCSD(T)
transition state&C; — Cs

AVDZ 1.78 1.82 1.85

with ZPE 1.58 154 1.61

AVTZ 1.73 1.75 1.79 1.81

with ZPE 1.48 1.50 1.49 1.51

AVDZ 0.07 0.20 0.07

With ZPE 0.38 0.46 0.29

AVTZ —0.15 0.01 —-0.18 —-0.03

with ZPE 0.14 0.29 —-0.02 0.13
transition state&Cs — Cs

AVDZ 2.36 2.42 2.78

with ZPE 1.99 2.04 2.32

AVTZ 2.81 2.54 2.83 2.64

with ZPE 1.93 1.67 1.93 1.74
Cs

AVDZ 2.31 2.51 2.63

with ZPE 2.45 2.55 2.64

AVTZ 1.82 2.06 1.97 2.13

with ZPE 1.96 2.21 1.74 1.90

aEnergies are given with respect to t8e isomer except for both
TSs, whose energies are given with respect to the lowest of the two
minima that are connected by each TS structti&ingle-point calcula-
tions using the MP2 optimized geometries; ZPE corrections from the
MP2 vibrational frequencies used for the CCSD(T) corrected energies.
¢ Note the disappearance of the interconversion barrier with the inclusion
of the ZPE correction.

two structures are very close in energy and are almost degener-
ate, but still a slightly more stabl€; structure is obtained.
Increasing the size of the basis set to AVTZ leads to an inversion
of the global minimum. Th€; structure is then predicted to be
more stable than th€; at the DFT (B3PW91), MP2, and
CCSD(T) levels with the considerably larger AVTZ basis set.
The B3LYP results are, again, qualitatively different, and the
C; structure is still predicted to be slightly more stable than the
Cs one (but almost degenerate). The increase of the size of the
basis set, and therefore its quality, had a larger stabilizing effect
on theC; structure than on th€; structure.

Given the rather small energy differences, the inclusion of
ZPE effects is mandatory and again changes the situation. The
inclusion of the ZPE increases the energy difference between
the C; andCs structures, favoring the former. However, we note
that the ZPE effects for MP2 are about half those obtained with
DFT-based descriptions. Thus, using the AVDZ basis set, the
C, structure is predicted by all methods to be the global
minimum, whereas using the AVTZ basis set thestructure
is still found to be the minimum at the MP2 level but no longer
at the DFT (B3PW91) and at CCSD(T) levels. Note that, after
inclusion of the ZPE effects, the B3PW91 and CCSD(T) results
are in good agreement. This good agreement between the highly
correlated ab initio method with the much cheaper semiempirical
hybrid exchange-correlation functional was already observed
for N(OH)3.6

Overall, the PES appears to be rather flat aroundhand
Cs minima so that changes in electronic correlation treatment,
basis set quality, or inclusion of ZPE effects qualitatively change
the relative stability of these isomers. However, it should be

basis set. It should be noticed that the B3LYP results are kept in mind that the ZPE has been calculated using the
somewhat different from the other two, even though the energy harmonic approximation (and at the MP2 level for each basis

range is very narrow (a few tenths of a kilocalorie per mole).
The effect of the basis set quality is much more important.

Indeed, using an AVDZ basis, th@ structure is predicted to

be more stable than th&s one. It should be noticed that the

set), which has been shown to possibly lead to inaccurate results
when extremely flat PES are investigated. A solution to
overcome this problem was proposed by Raynaud eirelhe
framework of ab initio molecular dynamics to properly include
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the thermal effects. Therefore, this harmonic ZPE vs nonhar- involved. Note that since our “best” ZPE-uncorrected energy
monic approximation issue is currently being studied using ab barrier is only 1.15 kcal/mol at the CCSD(T)/AVTZ level, even
initio molecular dynamics simulations and will be the subject thermal fluctuations at temperatures as low as 600 K allow very
of a future repof€ on P(OH}. rapid interconversion processes through vibrational excitation

D. Energy Barrier for the C;—Cs Conversion: Role of between these isomers. Also, it should be noted that, at all levels
ZPE Effects. As can be seen from Table 2, the energy barrier of theory used here, the flatness of the potential energy surface
varies depending on the correlation method in a range of 0.1 around the critical points (th€;, Cs, and C3 minima and the
kcal/mol, using either the AVDZ or AVTZ basis sets. In that transition states) poses problems for a truly accurate description,
context, and as already shown in the previous section, thesince nonnegligible contributions from the anharmonic terms
inclusion of ZPE effects plays a crucial role. This was also found may actually lead to vibronic couplings that link the “separate”
to be the case for N(OH)and As(OH). As expected, the  Wwells of theC; and the more symmetriCs and Cs structures.
inclusion of ZPE effects decreases the energy barrier betweenFurther work is thus needed to obtain a deeper understanding
the C; andCs structures. This is in agreement with the fact that of the role of these higher order vibrational contributions to
the inclusion of the ZPE changes the nature of the global the corresponding enthalpies. A detailed ab initio quantum
minimum. The two structures are found to be very close in molecular dynamics study has been started to address this issue
energy, and the interconversion is expected to proceed via ain greater depth.
low-lying transition state, which involves the change of one IV. Conclusions
short-to-long P-O bond. ] o

The situation is similar to that found for As(O¥l)but We have characterized as three minima ®eCs, andCs
different from the N(OHj case. Increasing the basis set size, (Iocal_)_lsomers Of. P(_OH,)and determined the geometry of the
the energy barrier slightly decreases. The inclusion of ZPE transition states linking the_se structures through very accurate
effects also decreases the barrier, at all levels of theory. We guantum chemical calculations, mcIut_:hng electronic correlation
point out here that, unlike the dramatic ZPE effects found at €ffécts up to the CCSD(T) level with the large augmented

the MP2, MP4(SDQ), and CCSD(T) levels for As(QHyhere correlation-consistent polarized valence double- and tdple-

the ZPE-corrected barriers disappeared with both basis' sets, 22SiS sets of Dunning. In all cases the single-reference wave
for P(OH); the C1—Cs barriers are found to remain around 4.5 function was found to be adequate for later correlated descrip-
1.8 kcal/mol, showing smaller changes. tions. The geometry of th€z species is qualitatively different

E. C, Isomer. Before the ZPE effects are considered, note from that found for the As(OH)molecule. Both the barriers

. . - : - and theC;—C;3 energy differences are in the 2 kcal/mol
that increasing the quality of electronic correlation treatment range, almost twice as large as those found for the As{OH)
(i.e., —hybrid xc functional— MP2 — CCSD(T) order), the ge, 9

; Lo : case.
Ci—Cs energy difference becomes significantly larger using t_he The zero-point-energy corrections are found to play essential
AVTZ basis set. However, when the B3LYP functional is o

; o - .~ roles, and their importance has been assessed through the use
applied, this difference increases to the value already obtained

at the CCSD(T) level. The situation is almost the same as the of dlfferlent baS|§ sets and increasing sophistication in the
. electronic correlation treatments. At the CCSD(T) level, the MP2
one observed for th€;—C; difference.

. . . optimized geometries and vibrational spectra were used to

The effect of the basis set is also found to be important. jnqjyde the ZPE corrections: although this leads to barrier
Indeed, the increase of the basis set size leads to a decreasmgonapse at the CCSD(T) level with the largest basis setCthe
of the C;—C;3 energy difference, as mentioned before for the ;o4 ar remains more stable than Beone.
C,—C;s case. T_hus, the increase of the basis set size favors the \yithin the DET framework, it was found that the B3PW91
most symmetric structure. _ N _ and B3LYP exchange-correlation functionals lead to a different

The ZPE effects increase the relative stability of@a@ésomer  pehavior of the energy barriers when increasing the basis set
as compared with the; one, at all levels of theory using the  guality, with only the former being in agreement with the highly
AVDZ basis set. On the other hand, using the AVTZ basis set, correlated CCSD(T) method. Therefore, we conclude that the
the ZPE effects increase tt&—Cs energy difference at the  yagyts obtained from DFT calculations on these X(€decies,
DFT level, but lead to a smaller difference at the MP2 and particularly the energetic ones, should carefully be analyzed and
CCSD(T) levels. We note that the decrease at the CCSD(T)/ critically compared with high-quality ab initio results when large
AVTZ level might be somewhat biased, since the ZPE correction pasis sets are used.
was taken from the MP2/AVTZ calculation. Thus, a full The very small enthalpy difference and energy barriers for
geometry optimization at the CCSD(T) level, not affordable so interconversion between ti@, theCs, and the neve; structures
far with the large basis sets used here for@ésomer, would  ndoubtedly make the experimental detection of these distinct
have perhaps led to a slightly different result. species a very difficult task. Using our best ZPE-corrected ab

The energy barrier between tieandCs structures becomes  initio value (CCSD(T)/AVTZ), we estimate that ti@; to Cs
smaller with increasingly accurate electronic correlation effects. interconversion barrier can be surmounted at temperatures
This is in agreement with a greater stabilization of@gsomer roughly above 600 K. However, even below that threshold the
with respect to theCs. On the other hand, the increase of the small purely enthalpic difference between eandCs; species
basis set size was shown to preferentially stabilize @e  will lead to almost equivalent populations of both isomers in
structure (becoming the global minimum), leading to an increase the gas phase at very low dilution (neglecting the entropic
of the energy barrier. As expected, the inclusion of the ZPE contribution from eventual clustering/aggregation processes). We
effects decreases the energy barrier, at all levels of theory.  provide theoretical infrared spectra for these species in the hope

It is clear that such small energy differences make the that some experimental evidence of the existence of the
experimental observation of two structurally distinct isomers a nonsymmetric species can be found in low-temperature gas-
very difficult task and a refined cryogenic experimental phase experiments in the near future.
vibrational study in the gas phase is required. The inclusion of  Finally, it is clear that the existence of the less-symmetric
ZPE effects is essential given the minute energy differences structures for As(OH) N(OH)s, and P(OHj) allows the pos-
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sibility that similar less-symmetric structures could exist also
for the isovalent Sb(OH)and Bi(OH)} molecules; work is under
way to study the relative stability of these spediés.
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