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Abstract The theoretical study of reaction between PH2 and NO on the ground state potential
energy surface is reported by using molecular orbital ab initio calculation and density function the-
ory (DFT). Equilibrium structural parameters, harmonic vibrational frequencies, total energies and
zero point energies of all species during reaction are computed by HF, MP2 (full) and B3LYP the-
ory levels with the medium basis set 6-31G*. Theoretical results indicate that intermediate
IM1(H2PNO) is firstly formed by overcoming a small energy barrier TS1, and then two four-mem-
bered ring transient states TS2 and TS5, with energy barriers 103.3 and 102.6 kJ/mol respectively,
then H-migration and isomerization are completed and the products PN and H2O are formed. The
reaction is exothermic one with −189.6 kJ/mol released.
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PHx plays an important role in biochemistry, photochemistry of interstellar atmosphere,

combustion and environmental chemistry[1�6]. PH3 is the key component in the atmosphere of

Jupiter and Saturn[7�9]. It also participates in chemical vapor deposition processes for the manu-

facturing of semi-conductors[10,11]. In the research of their properties, Pierini and Duca[12] reported

the proton affinities of phosphinidene by AM1 and PM3 methods. Jursic[13] calculated ionization

potentials (IP) and electron affinities of PHx, PHF, PFx with CBS, MP2 and DFT theory. Three

low-lying electronic states have been investigated systematically by Woodcock[14] using ab initio

electronic structure theory. And Goto and Saito[15] observed the lowest rational spectral lines of

PH radical in its ground vibronic state by submillimeter-wave spectra. With respect to the reaction,

Mercier et al.[16] have studied the reaction mechanism of alkene addition of complex

(R-P-W(CO)5) and found their electrophilic carbene-like nature. Nahas and Hirao[17] performed

theoretical study on complexation of Li+ and Cu+ with PH2, and concluded that the reaction was

dominated by charge transfer (CT) from the H atoms to metal center through P atom.

NOx has been recognized as pollutants in atmosphere and exerts great influence on reduction

and depletion of ozone in the stratosphere[18,19]. But the reaction, PH2+NO, thitherto, has been less

studied. For PH2, the data available in literature concern essentially the photophysical processes

undergone by the excited A
~ 2A1 and ground 2X% B1 electronic states in collision with other
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molecules. Limited results were obtained in experiment[20]. Only two experiments have been re-

ported dealing with the recombination reaction PH2+PH2, and the reactions with NO and O2
[3,20].

Very recently Xuan et al.[1] determined the rate constants of the reactions PH2 ( 2X% B1;v″ =

0,1)+NO, which were (5.47 ± 0.54)�10−14 (v″ = 0) and (6.68 ±1.57)�10−12 cm−3
�mol−1

�s−1 (v″ =

1) respectively by LIF experiment at room temperature, however the reaction channel was esti-

mated. To our best knowledge, accurate investigation of reaction channels and products of

PH2+NO has not been reported both experimentally and theoretically.

In the present paper, the reaction PH2+NO is studied theoretically by using ab initio molecu-

lar orbital (MO) and density function theory (DFT) on a double potential energy surface. The re-

action channel is worked out, and equilibrium geometries, harmonic frequencies and total energies

of each stationary point species through reaction channel are listed. The computation result was in

agreement with Xuan’s[1] estimation for reaction mechanism and has potential meaning to envi-

ronmental protection and nitrogen cycle[21] in atmosphere.

1 Methodology

ab initio molecular orbital (MO) and density function theory (DFT) calculations have been

performed with Gaussian98 program package[22]. The optimized geometries and harmonic fre-

quencies of all species were obtained at the HF, MP2 (full) and B3LYP with the same basis set

6-31G*, and the frequencies for all required structures were evaluated at B3LYP/6-31G* level to

ascertain the nature of stationary points, meanwhile the zero point energies (ZPE) were obtained

based on frequency computation. Total energies of all species were calculated at MP2(full)/6-

31G*, G3 and B3LYP/6-31G*[23], however that of transition states was got at MP2(full)/6-31G*

and B3LYP/6-31G* level. Moreover, the intrinsic reaction coordinate (IRC) method at the

B3LYP/6-31G* level was also used to further analyze the characteristics of the channels.

2 Results and discussion

2.1 Optimized geometry

Fig. 1 shows the schematic diagrams of all species with the optimized geometry parameters,

which were obtained at B3LYP/6-31G* level and listed in table 1. Let’s take PH2 as an example.

Its experimental equilibrium bond length re equals 1.418 Angstrom and the bond angle is�HPH =

91.7�[3], where MP2 result (1.4186 Å) is close to re; on the other hand, the bond angle from

B3LYP (91.6�� is much better than at two other levels. For NO, the bond length 1.1587 Angstrom

of B3LYP is closest to the experimental value 1.1508 Angstrom[24] in the three methods. Further-

more, the experimental results of H2O and PN molecules support the result with B3LYP theory.

Table 2 lists optimized geometry parameters of all transition states. From the data shown in fig.1

and tables 1 and 2, the reaction occurred when N atom in NO collided with P atom of PH2 along

the direction of molecular axis to form the addition product IM1. The intermediate species
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Fig. 1. Schematic diagrams of the reactants, intermediate species, TSs and products, and the optimized geometries at

B3LYP/6-31G*.

Table 1 Optimized geometries of reactants, products and intermediate species

Species Bond length/Å HF MP2 (full) B3LYP Bond angle(°) HF MP2 (full) B3LYP

PH2(C2v) PH 1.4071 1.4186 1.4304 HaPHb 93.5 92.6 91.6

NO(C∞v) NO 1.1270 1.1427 1.1587

P1N2 1.8096 1.8366 1.9074 P1N2O3 114.9 113.5 114.99IM1(C1)
[H2PNO] N2O3 1.1768 1.2347 1.1985 HaP1N2 98.2 97.5 96.6

HaP1 1.3996 1.4143 1.4219 HbP1N2 94.5 93.6 91.95

HbP1 1.3979 1.4123 1.4200 D(Ha—O3) −38.5 −41.1 −40.5
D(Hb—O3) −136.4 −138.5 −136.4

IM2(Cs) P1N2 1.5826 1.6427 1.6333 P1N2O3 119.7 116.4 117.8

N2O3 1.3373 1.3768 1.3591 HaP1N2 95.9 93.3 93.8

HaP1 1.4004 1.4145 1.4248 N2O3Hb 111.4 110.2 110.9

O3Hb 0.9557 0.9881 0.9864 D(Ha—O3) 180 180 180

D(Hb—P1) 0 0 0

IM3(Cs) P1N2 1.5700 1.6244 1.6145 P1N2O3 125.4 122.3 123.8

N2O3 1.3308 1.3670 1.3503 HaP1N2 100.3 99.3 99.0

HaP1 1.4291 1.4481 1.4615 N2O3Hb 110.3 108.7 109.3

O3Hb 0.9559 0.9898 0.9877 D(Ha—O3) 0 0 0

D(Hb—P1) 0 0 0

IM4(Cs) P1N2 1.5706 1.6291 1.6162 P1N2O3 119.0 115.2 117.5

N2O3 1.3485 1.3939 1.3767 HaP1N2 101.2 99.9 100.4

HaP1 1.4155 1.4319 1.4447 N2O3Hb 104.9 102.4 103.3

O3Hb 0.9489 0.9769 0.9742 D(Ha—O3) 0 0 0

D(Hb—P1) 180 180 180

PN(C∞v) PN 1.4552 1.5358 1.4946

H2O(C2v) HO 0.9473 0.9686 0.9686 HaOHb 105.5 104.0 103.6
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are plane structure except IM1, and TS1 is the only plane structure in the five transition states. The

changes in some bond lengths or angles of the five transition states represent the trend of reaction.

Table 2 Optimized geometries of transition states

Species Bond length/Å HF MP2 (full) B3LYP Bond angle ( °) HF MP2 (full) B3LYP

TS1(C1) P1N2 1.7129 1.7189 1.8132 P1N2O3 118.96 125.5 128.9

N2O3 1.1832 1.2348 1.1848 HaP1N2 124.3 140.3 153.9

HaP1 1.3793 1.4128 1.4398 HbP1N2 113.8 106.3 98.7

HbP1 1.3716 1.3876 1.3896 D(Ha—O3) 0 0 0

D(Hb—O3) 180 180 180

TS2(C1) P1N2 1.7620 1.6763 1.7077 P1N2O3 103.6 102.6 102.9

N2O3 1.2170 1.3071 1.2745 HaP1N2 61.4 70.8 68.5

HaP1 1.7746 1.6669 1.7137 HbP1N2 97.8 104.8 103.5

HbP1 1.4025 1.4201 1.4283 D(Ha—O3) 6.0 7.2 7.4

D(Hb—O3) 126.8 139.1 136.8

TS3(C1) P1N2 1.5722 1.6360 1.6183 P1N2O3 114.1 109.8 110.9

N2O3 1.3903 1.4481 1.4370 HaP1N2 96.0 93.1 93.8

HaP1 1.4038 1.4202 1.4317 N2O3Hb 107.9 104.8 105.5

O3Hb 0.9503 0.9771 0.9738 D(Ha—O3) 178.6 179.1 178.7

D(Hb—P1) 71.4 74.4 78.8

TS4(C1) P1N2 1.5635 1.6240 1.6063 P1N2O3 120.1 116.5 118.3

N2O3 1.3829 1.4384 1.4249 HaP1N2 102.3 101.2 101.6

HaP1 1.4198 1.4353 1.4488 N2O3Hb 107.2 104.3 105.1

O3Hb 0.9509 0.9773 0.9740 D(Ha—O3) −3.4 −3.1 −3.5
D(Hb—P1) 75.5 77.96 81.7

TS5(C1) P1N2 1.5813 1.5885 1.5998 P1N2O3 101.1 99.7 99.4

N2O3 1.5218 1.6960 1.6680 HaP1N2 68.3 71.0 70.9

HaP1 1.7737 1.7597 1.7464 N2O3Hb 108.2 102.6 105.1

HaO3 1.2308 1.3042 1.3029 D(Ha—O3) −2.6 −2.4 −2.99
O3Hb 0.9583 0.9899 0.9826 D(Hb—P1) 121.4 111.6 115.9

2.2 Harmonic frequency

In table 3 the harmonic vibrational frequencies of all stationary points were worked out at

B3LYP/6-31G* theoretical level, and corrected by scaling a factor 0.9613[25]. Each TS has only

one imaginary frequency and is proved to be the first order saddle point on the potential surface,

and to be real transition state. From analyzing the vibrational character of imaginary vibration of

each transition state, the total effect of vibration of all bonds showed a strong trend of reaction.

For example, for TS2 and TS5, the total imaginary vibrational effect of the former responded to

Hb atom in PH2 which departed from P atom, with the bond angle ∠ HPN decreased, the joint of

Hb with O occurred eventually. While that of the latter responded to the extension of bond NO,

and Ha atom escaped from PH2 to O, so H2O was formed. Furthermore, the theoretical frequencies

were in good agreement with the experimental ones available[26] for both the reactants and prod-

ucts.

2.3 Total energy and relative energy

Total energies of all species were calculated at HF, MP2 and B3LYP with the moderate basis
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set 6-31G*. G3 method was applied to all except for transition states. In this paper, total energies,

relative energies and ZPEs of all species were applied to analyze the reaction character (table 4).

The change trends of relative energies of all species were in excellent agreement.

Table 3 Harmonic frequency (unit: cm−1)

Species Harmonic frequencya) Experimental valueb)

PH2 1109.6, 2279.1, 2290. 7 1101.91 (1103), 2310 ± 2

NO 1914.0 1904.040 (1904.024)

IM1 168.9, 307.0, 444.6, 690.0, 814.0, 1080.8, 1601.2, 2316.5, 2344.4

IM2 391.8, 511.2, 612.2, 852.1, 929.7, 1082.6, 1389.9, 2303.7, 3322.8

IM3 416.7, 584.9, 630.4, 803.7, 944.3, 1128.2, 1389.9, 2075.0, 3308.5

IM4 383.1, 495.6, 612.5, 808.1, 940.1, 1045.8, 1396.6, 2180.8, 3545.9

TS1 514.2i, 267.9, 425.5, 534.2, 645.5, 1027.8, 1639.4, 2171.8, 2483.7

TS2 1679.7i, 420.5, 609.6, 680.8, 836.1, 968.6, 1241.6, 1589.1, 2287.3

TS3 535.8i, 358.1, 608.9, 802.4, 965.2, 1006.0, 1259.4, 2268.0, 3553.3

TS4 573.0i, 380.3, 590.9, 778.9, 926.1, 1028.7, 1260.6, 2154.8, 3552.8

TS5 1759.9i, 441.0, 487.9, 538.0, 908.8, 985.7, 1140.4, 1413.5, 3473.7

PN 1328.6 1337.24

H2O 1646.7, 3585.6, 3702.7 1594.59, 3656.65, 3755.79

a) At B3LYP/6-31G* and scaled by 0.9613; b) from ref. [24]

Table 4 Total energy and relative energy (the same 6-31G* basis set)

Species E/Hf a) E/MP2 a) E/G3 a) E/B3LYPb) ZPE b)
∆Erel

c)

PH2+NO −471.0974824 −471.5102529 −472.178435 −472.3747275 0.017995 0

IM1 −471.0798917 −471.5165467 −472.207594 −472.4002859 0.023148 −67.10
IM2 −471.0736179 −471.5512198 −472.219550 −472.4007780 0.026934 −68.40
IM3 −471.0746167 −471.5514301 −472.220857 −472.4024686 0.026736 −72.83
IM4 −471.0820759 −471.5577262 −472.225677 −472.4069317 0.027036 −84.55
TS1 −471.0257466 −471.5023730 −472.3723387 0.021793 6.27

TS2 −470.9768695 −471.4720356 −472.3353841 0.020461 103.30

TS3 −471.0661508 −471.5423293 −472.3901968 0.025645 −40.61
TS4 −471.0650710 −471.5395188 −472.3891148 0.025294 −37.77
TS5 −470.9792871 −471.4605303 −472.3357014 0.022251 102.46

PN+H2O −471.1364964 −471.6294550 −472.287989 −472.4469416 0.024324 −189.60

a) Unit: (×2.6255E3) kJ/mol; b) ZPE corrected by 0.9804, unit: (×2.6255E3) kJ/mol; c) by B3LYP method, unit: kJ/mol.

2.4 Reaction mechanism

Fig. 2 displays the potential energy surface profile for the most favorable reaction channel

PH2+NO�PN+H2O. (1)

As the channel is the strongly exothermic reaction, the formation of PN and H2O
[27] can presuma-

bly take place among all possible channels. Similar to the reaction NH2+NO, the channel of the

largest exothermic reaction is to form N2+H2O and give heat of 523 kJ/mol out. But there is no

activation energy barrier in the first addition process of the reaction NH2+NO[27,28], while from the

theoretical result for the reaction PH2+NO, the first addition reaction must overcome a low activa-

tion energy barrier (6.27 kJ/mol) due to the centrifugal barrier resulting from the relative motion

of the reactants[29].

Atomic spin density of P in PH2 is 1.0702 and N in NO is 0.6993, while Mulliken electronic
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population of P and N is –0.0059 and 0.1119 (a. u.), respectively. So the addition reaction is an

electrophilic reaction due to the strong interaction between P and N atoms. IM1 (H2PNO) is

formed firstly during reaction through a low energy barrier. Successively IM1 rich in energy en-

counters the first high energy barrier TS2 (four-membered ring structure, 103.3 kJ/mol), the main

barrier to the reaction. When it is overcome, 1,3 H-shifting in IM1 occurs to form trans-cis isomer

IM2 (HPNOH). When the high excited vibrational state PH2 participates in the reaction, the ex-

cited state intermediate will overcome TS2 effectively to facilitate occurrence of the reaction.

Xuan and Baugh[1,3] have demonstrated that rate constant of removing PH2 (v″ =1) was 100 plus

times higher than that of removing ground state PH2. It is reasonable to believe this phenomenon

results from the existence of TS2.

Fig. 2. Schematic diagram of the relative energies of all species.

Isomerization reaction goes on after the formation of IM2. Two paths occur. One is to pass

through TS3, a lower energy barrier to form cis-trans IM4 by two H atoms rotating around the

atom group PNO. The other way is to form IM3, but now we do not know if there is energy barrier

existing in this procedure. IM3 will still be isomerized along the favorable direction of reaction till

to turn TS4 over. The rotation of H atoms is perpendicular to the molecular plane. The stable iso-

mer IM4 is formed eventually.

Without sudden change on the potential surface during the above procedure, dissociation of

intermediate IM4 into products of PN and H2O encounters an ever higher energy barrier TS5

(102.6 kJ/mol), analogy to TS2, which has the same four-element-ring structure and lies only 0.7

kJ/mol lower than TS2. Based on the structure of IM4, gradually Ha atom (centered on P atom)

shifts to O atom and the bond extends till the formation of products, by overcoming the TS5. The
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reaction exhausts 189.6 kJ/mol heat.

3 Conclusions

The quantum chemistry computation was performed to the reaction system of PH2+NO by

using molecular orbital ab initio and density function theory. The theoretical results indicated that

the addition reaction occurred through a low energy barrier TS1 firstly to form IM1, then IM1 was

going to isomerize and H atom shifted by rotation to form trans-cis IM2. Then the highest barrier

TS2, four-element-ring structure with 103.3 kJ/mol, would be turned over, IM2 kept on isomeriz-

ing into the forward direction of the reaction. Two H atoms at the edge of IM2 rotated around the

molecular plane (PNO) till the formation of cis-trans IM4 by two reaction paths. TS5, the sub-

high energy barrier 102.6 kJ/mol, was a bridge linking the products and IM4. Also optimized

structures and harmonic frequencies of all stationary points were obtained during the theoretical

calculation, and the total exothermic was 189.6 kJ/mol.

The formation of PN and H2O is the most possible reaction channel, and the products are

harmless matter. This research may provide us with a potential way for efficient reduction of NOx

pollutants in atmosphere[28].
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