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Structures and stabilities of HPO, isomers
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Abstract The potential energy surface of HPO, system including eight isomers and twelve transi-
tion states is predicated at MP2/6-311++G(d, p) and QCISD(t)/6-311++G(3df,2p)(single-point) lev-
els of theory. On the potential energy surface, cis-HOPO(E1) is found to be thermodynamically and
kinetically most stable isomer followed by trans-HOPO(E2) and HPO(O)(C,,, E3) at 10.99 and
48.36 kJ/mol higher, respectively. Based on the potential energy surface, only E1 and E3 are
thermodynamically stable isomers, and should be experimentally observable. The products
cis-HPOO(ES5) and trans-HPOO(ESG) in the first-step reaction of HP with O, can isomerize into
isomer E1 that has higher stability. The reaction of OH with PO will directly lead to the formation of
isomer E1. The computed results are well consistent with the previous experimental studies.
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The study on phosphorus and phosphorus-containing compounds is considerably interesting
because they are very important in the area of combustion and material synthesis, and there are
many experimental and theoretical studies of thiohydrides and oxyhydrides of phosphorus, and
their many systems with hydrogen inclusion™ 3. Some oxyhydrides of phosphorus and hydro-
gen-containing system have been characterized by means of microwave spectrum method, such as
PO, PO,, HPO, and H,PO ™. For homologous thiohydrides of phosphorus, the existent evi-
dences and IR spectra were given for PS, P.S, and PS; formed in electric discharge experiment of
P, and Ss mixtures by Mielke et al.!¥l. Schenk and his coworkers™ identified the existence of
H,PSH molecule in the electric discharge system of PH3z and H,S. In 1993, Mielke and his co-
workers' firstly identified HPS, species by discharging the mixtures of PH3 and Sg/Ar, and af-
firmed the structure to be cis-HPSS. But in our current theoretical study, we found that besides a
small quantity of cis-HPSS, the products in the experiment were mostly a solid HP(SS) structure
with PSS three-member ring. The HNS; and HPO,, the analogs of HPS,, have been experimen-
tally and theoretically studied!™ *®. Because of very important role in the atmospheric chemistry,
the HONO molecule has been carefully studied by Kleiner and his coworkers™® by
high-resolution spectroscopy. But there is no more available experimental and theoretical studies
about HOPO radical, which is the analogy of HONO. Davies and his coworkers™ identified the
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reaction step of OH with PO in the system of O and PH3;, and the product was predicated as
HOPO radical. An experiment by Withnall et al.™? showed that the product in the reaction of PH
with O, was cis-HOPO rather than HPOO, indicating that there were isomerizations in the process.
In 2000, the radical cissHOPO has been detected in the gas phase for the first time using high
resolution infrared laser absorption spectroscopy, and the experimental results were compared
with the theoretical spectrum[l‘”. For exploring the isomer structures of HPO,, isomerization, and
the final products of reaction of PH with O, and OH with PO, we performed an ab initio MO
computational study on the HPO, system. The computed results consist well with the experimen-
tal results, and show the reaction mechanism of PH with O, and OH with PO.

1 Computational methods

The equilibrium geometries, transition state, and molecular fragments were optimized using
analytical gradient methods with second-order Moller-Plesset perturbation theory (MP2) and the
split valence 6-311G basis set. In the paper, the structural parameters and zero-point vibrational
energy were obtained at MP2/6-311++G(d, p) level of theory. The single-point energy of al sta-
tionary points was gained at QCISD(t)/6-311++G(3df,2p)//MP2/6-311++G(d, p) level of theory.
QCISD(t) method is one of configuration interaction calculations and includes single and double
substitutions with a triple contribution to the energy added. The energy at QCISD(t)/6-
311++G(3df,2p)//MP2/6-311++G(d, p) level of theory was used on the potential energy surface
and in all discussions of the paper. In order to confirm whether the obtained transition states con-
nect the right reactants and products, the intrinsic reaction coordinate (IRC) calculations were car-
ried out at the MP2/6-311++G(d, p) level of theory. All calculations have been carried out using
the GAUSSIAN98 package running on the LEGEND/PII11800EB computer.

2 Resultsand discussion

2.1 Structures of isomers

The structures and geometry parameters of eight HPO, isomers computed at MP2/6-
311++G(d, p) level of theory are shown in fig. 1, and their energy, zero-point energy, and relative
energy are listed in table 1. The energy of isomer E1 cissHOPO is the lowest at different levels of
theory, and E1 is thermodynamically the most stable isomer followed by transsHOPO(E2) at
10.99 kJ/mol higher. But for HPS, system, trans-HSPS is higher in energy than cissHSPS, and the
energy of cisHNSS is the lowest in HNS, system. For isomers E1 and E2, the corresponding va
lues of bond distances and bond angles are very near. The bond length between hydrogen-site
oxygen atom and phosphorus atom is 0.163 nm, and the bond is a typical single bond. The bond
length between the termina oxygen atom and phosphorus atom is 0.148 nm, and the bond has a
typical character of double bond. This result is similar to that found in the HPS, system. The next
isomer is HPO(O) (E3), which has C,, symmetry and 'A; electronic state. It is higher in energy
than E1 by 48.36 kJ/mol, and the energy value shows that the isomer is possibly thermodynami-
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caly stable isomer. Similar structures also exist in HPS, and HNS, systems. But for HPS(S), the
computed results show that it is thermodynamically and kinetically unstable isomer. Isomer E4
with Cq symmetry is a stereo structure involving POO three-member ring, and it is higher in en-
ergy than E1 by 426.53 kJ/mol. Succedent discussion shows that it is unstable, but similar struc-
tural isomer in HPS, was found to be higher thermodynamically and kinetically stable isomer.
higher than E1 by 582.32 and

Isomers E5 and E6 are cis- and trans-HPOO, and their energy is
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Isomer structures of HPO, at MP2/6-311++G(d, p) level of theory. Bond distances are in nanometers, and bond angles

Table1 Total energy (kJ » mol™), zero-point vibrational energy (kJ « mol™), and relative energy (kJ « mol™) of equilibrium
geometries and transition states of HPO, system

MP2/

MP4SDQ/

QCISD(T)/

Zero-point vibra-

Stationary points ¢ 31114G(dp)  6-311++G(3df,2p)  6-311++G(3df,2p) tional energy Relative energy
E1 ~1290193.75 ~1290570.85 ~1290640.91 45.97 0.00
E2 ~1290180.02 ~1290550.48 ~1200629.65 4571 10.99
E3 ~1290129.65 ~1290516.65 ~1290589.40 4285 48.36
E4 ~1289738.45 ~1289947.65 ~1200206.99 38.79 42653
E5 ~1289635.98 -1090128.90 ~1290053.65 4131 582,32
E6 ~1289635.65 ~1280946.48 ~1290053.56 4155 582.65
E7 ~1289517.00 ~1289907.15 ~1289984.21 4585 656.26
E8 ~1289347.53 128974392 -1289838.95 4450 800.09
TS1/2 ~1290154.10 ~1290531.68 ~1200602.02 4157 34.39
TS2/3 ~1289938.36 ~1290305.15 ~1200388.92 30,62 236,55
TSUOH ~1289750.46 ~1290060.29 ~1200189.10 34.86 440.49
TS2/4 ~1289688.89 ~1290100.67 ~1290145.62 38.57 487.68
TS3/4 ~1289620.49 ~1290004.98 ~1290087.68 34.01 541.90
TSH/6 ~1289530.73 ~1289899.49 ~1200016.65 34.78 612.79
TS4/5 ~1289540.51 ~1289901.82 ~1290003.71 37.67 62859
TS5/0H 128948574 ~1289857.02 ~1289957.62 30.35 667.34
TSH/6 ~1289511.90 ~1289860.87 ~1280956,24 3551 673.90
TS/7 ~1280491.46 ~1289881.08 128996177 4154 674.40
TS7/8 ~1289316.69 ~1289717.17 ~1289804.80 4217 831.90
TS6/8 ~1289050.23 ~1289630.30 ~1289748.96 2003 87458
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582.65 kJ/mol respectively. Subsequent computed results show that they are thermodynamically
and Kinetically unstable isomers. Other two isomers, E7 and E8, are too high in energy to exist
stably. For HPS,, there is an isomer of HSSP linked manner, but no HOOP isomers were found in
HPO, system.

2.2 Stability and isomerization of isomers

The structures of computed twelve transition states of HPO, system are shown in fig. 2, and
their total energy, zero-point energy, and relative energy are listed in table 1. The potential energy
surface of HPO; is shown in fig. 3. Based on the potential energy surface shown in fig. 3, isomer
E2 can isomerize into E1 via TS1/2 by areaction barrier of 23.50 kJ/mol. Because E1 is the global
point on the potential energy surface, it is thermodynamically the most stable isomer. Isomer E2 is
unstable, and cannot be observed in experiments. There are two isomerizations for E3. One is
from E3 to E2 viatransition state TS2/3 by abarrier of 188.19 kJ/mol. Another processis from E3
to E4 via TS3/4 by a barrier of 495.54 kJ/mol. Because the two barriers are too high at thermo-
chemical conditions to make the two isomerizations happen, E3 is stable isomer, and can be ob-
served in experiments. The previous computed results showed that the similar structura radicals
exist in HPS(S), HNO(O) and HNS(S), and they are stable isomers. Isomers E5 and E6 can iso-
merize into E4 via TSA4/5 and TS4/6 by reaction barriers heights of 46.27 and 20.14 kJ/mol, re-
spectively. And the isomerization from E4 to E2 can happen via areaction barrier of 61.15 kJ/mol,
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Fig. 2. Structures of transition state of HPO, system at MP2/6-311++G(d, p). Bond lengths are in nanometer, and bond angles
inangle.
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Fig. 3. Potentia energy surface of HPO, system at QCISD(t)/6-311++G(3df,2p)//MP2/6-311++G(d,p) level of theory with
zero-point vibrational energy inclusion.

and subsequent process is from E2 to E1. Therefore, isomers E4, E5 and E6 are unstable, and
cannot be observed in experiments. The isomerization from E4 to E3 via TS3/4 needs a barrier of
115.37 kJ/mol, and the process will compete with another channel, from E4 to E2 via TS2/4. But
TS2/4 is lower in energy than TS3/4 by 54.21 kJ/mol. Therefore the primary isomerization chan-
nel for E4 is from E4 to E2 via TS2/4, and subsequently, E2 changes to E1. The process that E8
changes to E7 by a 31.81 kJ/mol barrier height is followed by another process that E7 isomerizes
into E2 via TS2/7 by areaction barrier of 18.14 kJ/mol. Finally, E2 isomerizesinto E1. Therefore,
E7 and E8 are unstable. Based on the above discussion, for eight isomers of HPO, system, only
cis-HOPO (E1) and HPO(O) (E3) are stable isomers, and should be observed in experiments.

2.3 Comparison with experiments

In all isomers of HPO, system, only E1 and E3 are stable isomers. There are many species
that are similar in structure with E3, such as HPS(S), HBO(O), HNO(O), HNS(S), HASO(O), and
HSO(0). Heretofore, E3 has not been observed in experiments. Based on the above discussion, E3
is stable isomer. |f appropriate reaction routes or precursors were selected, E3 should be observed
in experimental spectrum. Davies and his coworkers gave the experimental evidences of existence
of HOPO radical in 1968. They testified that the product of reaction of OH with OP is HOPO
radical in the system of O and PH3. On the potential energy surface shown in fig. 3, cissHOPO can
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form in the reaction system of OH and PO via transition state TS1/OH. But it is surprising that
transition state TS1/OH is lower in energy than PO and OH by 17.60 kJ/mol at QCISD(t)/6-
311++G(3df,2p)//MP2/6-311++G(d,p) level of theory with zero-point vibrational energy inclusion.
This instance also appears in the computational study of HPS, and HSO,™*”, and it shows that the
reaction barrier of OH with OP closesto zero, or is a no-barrier reaction. In 1988, Withnall and his
coworkers also observed the HOPO in the same reaction system to Davies, and investigated de-
tailedly the IR spectrum of HOPO. Mielke deemed that the HOPO radical would form from PH in
excess oxygen. Based on the potential energy surface shown in fig. 3, if cisHPOO and
trans-HPOO firstly form in the reaction of HP with O,, they will isomerize into E4 via TS4/5 and
TSA/6, which need reaction barrier of 46.27 and 23.50 kJ/mol, respectively. And next step, E4 will
change to E2 by overshooting a 61.15 kJ/mol barrier height. Lastly, E2 isomerizes into E1 by a
reaction barrier of 23.50 kJ/mol (Path I). In the all steps of Path I, the reaction barrier is so low
that the isomerizations easily happen in the system of thermochemistry and electric discharge.
Therefore, the formation of HOPO in the reaction of PH with O, is very easy, but there are several
transition states and intermediates. In another path, ciss-HPOO and trans-HPOO firstly form in the
reaction of HP with O, followed by the isomerization from trans-HPOO to cis-HPOO, which
needs 91.25 kJmol reaction barrier. The next step is the dissociation of cissHPOO via TS5/0OH
that will lead to the formation of PO and OH, and lastly, the products of cissHOPO forms from the
reaction of PO with OH (Path II). Path Il is lower in competitive ability than Path I. The first
cause is that the reaction barrier heights are close to 84 kJmol in the isomerization from
cis-HPOO to trans-HPOO and the dissociation of cissHPOO viatransition state TS5/0OH. Another
cause is that the secondary reaction of produced PO and OH need effective collision of two mole-
cules, and if the concentration of reactants and collision probability are low, there is little possibi-
lity of reaction. Therefore, the primary channel of reaction of HP with O, in Mielke's experiment
is Path 1. In 2000, Bell identified the existence of cissHOPO in the system including H,, O,, and
P, by IR technology. There are two possible reaction mechanisms based on the potential energy
surface (fig. 3). Because there are no available experimental data of the concentrations of OH and
PH, we believe that if the concentrations of OH and PO are very high, the products will directly
form. If the concentration of PH is higher, both Path 1| and Path | are possible reaction channels,
because in the condition of photodecomposition, fragments can carry plentiful excess energy,
which are higher than reaction barrier in Path 11, and make reaction happen along Path 11. But the
reaction odd along Path | is higher than along Path 11.

3 Conclusions

(i) Based on the potentia energy surface of HPO, system, only cissHOPO (E1) and HPO(O)
which has C,, symmetry and A, electronic state are stable isomers, and should be observed in
experiment.

(ii) The isomers produced from the reaction of PH with O, will directly isomerize into E1
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that is thermodynamically the most stable isomer.
(iii) The reaction of OH and PO will directly lead to the formation of cissHOPQO, and the bar-
rier of reaction of OH with OPis close to zero.
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