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Direct Dynamics Study on the Hydrogen Abstraction Reaction PH + H — PH, + H»
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The hydrogen abstraction reaction £#HH — PH, + H; has been studied using an ab initio direct dynamic
method. The optimized geometries and frequencies were calculated at the UQCISB/6*31dvel for the

reactant, products, and transition state, as well as 12 points along the minimum energy path. In order to
obtain more reliable energies, the single-point calculations were carried out at the G2//QCISD level. The
potential barriers obtained for the forward and reverse reactions are 3.24 and 25.99 kcal/mol, respectively.
Reaction rate constants and activation energies were calculated for the temperature rarfitg0Q00 by

the canonical variational transition state theory incorporating a small-curvature tunneling correction, and they
are in satisfactory agreement with the available experimental values over the measured temperature ranges.

Introduction transition state) were calculated at the UQCISD/6-BGT*
level. At the same level, the minimum energy path (MEP) was
obtained by the intrinsic reaction coordinate theory (IRC) with
PH,+H—PH,+H, a gradient step size of 0.05 (arff@)oohr. Furthermore, at 12
selected points (6 points in the reactant channel, 6 points in the
has been the subject of many experimental studies. It plays anPreduct channel) along the MEP, the force constant matrices
important role in the gas-phase chemistry of the metagjanic as well as the harmonic vibrational frequencies were obtained.

chemical vapor deposition processes used in the manufacturé3ecause the shape of the MEP is important for the calculation
of Ill—V semiconductor materidisand P-doped Si and Ge ©Of rate constants, the energies of the MEP were refined by the

films.2 It is also thought to be involved in forming the trace G2//QCISD method, which applies the G2 methédat the
amounts of Pkifound in the atmospheres of Jupiter and Saturn. YQCISD stationary point geometries and along the UQCISD
Lee et aB made the first determination of the absolute rate "€action path. Note that the G2 calculation in this paper is made
constants for this reaction over the temperature range-209 With UQCISD/6-311G** geometries and frequencies rather
495 K, and they predicted that the hydrogen abstraction reactionthan the prescribed UMP2/6-31G* geometries and UHF/6-31G*
might occur in the atmospheres of Jupiter and Saturn. Alex- frequencies. Flnally, the POL.YRATE 7.4 programas us.ed.
sandrov et af. measured a room temperature rate constant. for the calculation of theoretical rate constant and activation
Recently, Arthur and Coopealso measured rate constants in €nerdy. For the purpose of comparison, the conventional
the temperature range 29372 K, and combined their results ~ transition state theory (TST) and the canonical variational
with those of Lee et alto give a best value for the rate constants ransition state theory (CVT) as well as the CVT incorporating
over the temperature range 26800 K of k = (7.21 + 0.41) a small-curvature tunneling correction method (CVT/SCT)
% 10711 exp[(—887 + 19)T] cm® sL. However, to our  Proposed by Truhlar and co-work&td! were performed to

knowledge, little theoretical attention has been paid to this determine the reaction rate constants and activation energies.
reaction. The rate constants were calculated at 23 temperatures and the
In this paper, an attempt is made to investigate theoretically activation energies are computed for seven temperature pairs
the dynamic properties of the hydrogen abstraction reaction. USing mass-_scaled Car_teS|an coordinate. The Euler single-step
Ab initio calculations have been performed to obtain electronic 'ntégrator with a step size of 0.0001 (arHéipohr was used to
structure information, including geometries, energies, gradients, follow the MEP, and the generalized normal mode analysis was
and force constants at the selected points along the minimumPerformed every 0.01 (amé)bohr. The curvature components
energy path. In addition, the variational transition state theory Were¢ calpulateg using a quadratic fit to obtain the denvqtl\{e of
incorporating a small-curvature tunneling correction method the gradient with respect to the reaction coordinate. This is an
(CVT/SCT) has been employed to obtain the reaction rate example_ of the_ dlrect_d_ynam|c metHéds_lnce rate constants
constants and activation energies in the temperature range 200 &€ optalned wlthout fitting the electronic structure data to an
1600 K. They are in satisfactory agreement with the available @nalytic potential energy surface.
experimental results. Also, the calculated result shows that the . .
forward reaction is favored over the reverse reaction. Results and Discussion

The hydrogen abstraction reaction of H with phosphine

A. Stationary Points. The optimized geometric parameters
of the reactant (P§), products (PHand H), and transition state

By means of theGaussian 94rogram® high level ab initio at the UQCISD/6-31:G** level are shown in Figure 1. The
calculations were carried out. First, equilibrium geometries and optimized geometric parameters of the reactant and products
frequencies of the stationary points (reactant, products, andare in good agreement with the experimental datd.From
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TABLE 1: Harmonic Vibrational Frequencies (cm~1) and Zero-Point Energies (ZPE) (kcal/mol) at the UQCISD/6-313+G**
Level

PHs Ha PH, TS
7r1(A1)? 2465(2329) o (34) 4419(4403) 7p2(B2) 2438(2310) 71(A") 2460
yi2(E) 2460(2328) voa(A1) 2432(2310) yo(A") 2455
io(E) 1154(1121) vpa(A1) 1156(1101) y3(A') 1458
ra(A1) 1051(990) v4(A") 1137
y5(A”) 1117
76(A’) 1016
y7(A") 381
v8(A"") 376
vo(A') 1182
ZPE 15.37 6.32 8.62 14.87

23y, the vibrational frequency of reactan; the vibrational frequency of produgt;the vibrational frequency of TS.The values in parentheses
are experimental values (ref 15 for RHef 16 for PH, and ref 17 for H).

TABLE 2: Reaction Enthalpy (AHS%), Forward (AE") and

Reactant Reverse AE") Potential Barriers (kcal/mol)
G2//QCISDH UQCISD (ZPE} Expt.
AHC,, ~23.06 ~21.61 ~23.09
AE 3.24 4.18
AE' 25.99 27.83

aTotal energies (in hartrees) at UQCISD (ZPE): sPH342.615710;
H, —0.499810; Pk —341.994942; bl —1.158274; TS;-343.108866.
At G2//QCISD: PH, —342.677948; H,—0.50; PH, —342.048462;
H,, —1.165751; TS~343.172791.

TS

enthalpy at the G2//QCISD level is much closer to the
experimental value-23.09 kcal/mol, which is obtained by the
experimental standard heats of formation §PH32 kcal/moF?8
H, 51.90 kcal/mok® PH,, 30.13 kcal/mol® H,, 0.0 kcal/mol).
Table 2 also shows that, for the forward reaction, the potential
barriers obtained by G2//QCISD and UQCISD with ZPE
correction methods take the values 3.24 and 4.18 kcal/mol,
P respectively. The reverse reaction potential barrier is calculated
\/wm H——H at the G2//QCISD level to give 25.99 kcal/mol. Since the
91.92 0.7436 forward barrier is far smaller than the reverse barrier, we expect
(0.7412) that the forward reaction is favored over the reverse reaction.
ZAl(sz) lz+(D - B. Reaction Path Properties.The minimum energy path
g (MEP) is calculated at the UQCISD/6-31G** level by the
Figure 1. Geometric parameters (in angstroms and degrees) of the intrinsic reaction coordinate theory from the transition state to
stationary points at the UQCISD/6-3tG** level. The numbers in the reactants and products, respectively. The energies of MEP
parentheses are experimental valties. are refined by G2//QCISD method, and the maximum value
for the Viyep(s) at G2//QCISD level corresponds to the saddle
these results, we might infer that the same accuracy can bepoint structure at QCISD/6-3#G** level. The changes of
expected for calculated transition state geometries. In the generalized normal mode vibrational frequencies along the MEP
transition state structure, the length of bori@-PH® which at UQCISD/6-313G** level as functions of the intrinsic
will be broken increases by 5% with respect to the equilibrium reaction coordinateare shown in Figure 2. It should be pointed
bond length of PRl The length of the H—H®) bond that will out that, in the negative limit of, the frequencies are associated
form hydrogen molecule is 1.7 times as large as the equilibrium with the reactant (Pg), and in the positive limit ofs, the
bond length of the hydrogen molecule. Therefore, the transition frequencies are associated with the products, @td H,). Now
state structure is reactantlike, and the hydrogen abstractionlet us limit our discussion to the frequencies in the vicinity of
reaction will proceed via an early transition state. the transition state. Near the transition state=(0), there are
Table 1 gives the harmonic vibrational frequencies and zero- eight vibrational frequencies, of which three frequencies keep
point energies (ZPE) of the reactant, products, and transition unchanged during the whole reaction process. Note that two of
state at the UQCISD/6-3#G** level, as well as the corre-  the three vibrational modes (modes 1 and 2) correspond to the
sponding experimental resufs:!” It is shown that the calcu-  degenerate stretching vibrations ¢%PH® and F)—H®, and
lated frequencies of the reactant and products are slightly largerthe remaining one (mode 4) is of the bending vibration of
than those of the experimental values, and the maximum error H®—-P(I—H®), In the whole process, the invariable character
between them is about 6%. The transition state has only oneof the three vibrational modes indicates that tH# &bstraction
imaginary frequency. has almost no influence on the vibrations associated with the
The reaction enthalpy and potential barrier are listed in Table bending of H)—PW—H® and the stretching of P—H®) and
2. The calculated reaction enthalpies at temperature 298 K with PD—H®), In the process of the reaction, the frequency of mode
respect to G2//QCISD and UQCISD with ZPE correction 3 has a significant change in the region from ab®sat —0.5
methods are-23.06 and—21.61 kcal/mol, respectively, there- to 0.8 (amu}?2 bohr, because it connects the frequency of the
fore, the forward reaction is exothermic. The calculated reaction P0—H@®) stretching vibration of Pklwith the frequency of the

Products
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Figure 2. Changes of the generalized normal-mode vibrational
frequencies as functions e{famu)? bohr at the UQCISD/6-3HG**
level.

Figure 4. Forward reaction rate constants k (cm3 not™?) as
functions of the reciprocal of the temperature {Kover the temperature
range 206-1600 K.

TABLE 3: Bottleneck Properties of Reaction (Based on
CVT Method)

20 A T (K) s(amup2bohr  Vyep (kcal/mol) V.8 (kcal/mol)
] .

5 S.P. 0.0000 3.62 18.48
g 0.00 0.0044 3.62 18.49
£ 104 200.00 0.0073 3.61 18.48
3 ] v 298.00 0.0169 3.61 18.48
< MEP 400.00 0.0308 3.60 18.47
g o 500.00 0.0501 3.57 18.43
= 600.00 0.0718 3.52 18.37
s 800.00 0.1067 3.40 18.22
- 1000.00 0.1284 3.31 18.10
- 1200.00 0.1445 3.23 18.00
& s 1400.00 0.1462 3.22 17.99

] 1600.00 0.1472 3.22 17.97

-2015 ' 1‘0 ' ols olo Y l

' ' S o b Rate Constant Calculation
s (amu) ° bohr

Figure 3. Classical potential energ¥ep) and ground-state adiabatic
potential energy\(.°) as functions of (amu}'2 bohr.

H@—H®) stretching vibration of ki Therefore, mode 3 can be

For the purpose of comparison, calculations by means of the
conventional transition state theory (TST), the canonical varia-
tional transition state theory (CVT), and the CVT incorporating
a small-curvature tunneling correction method (CVT/SCT) were

referred to as the “reaction mode”. Frequencies of modes 5 angPerformed for obtaining the reaction rate constants and activation

6, which are of bending vibrations with respect t&HPL—
H® and HA—PM—H®), decrease gradually accompanying the
breaking of bond #—H®. The remaining vibrational modes 7

and 8 turn into translation or rotation in both the reactant region

and product region.
The classical potential enerd¥uep(s) and the ground-state

adiabatic potential energy,S(s) along the MEP as functions
of the intrinsic reaction coordinateare depicted in Figure 3. It

energies in the temperature range 20600 K. The TST rate
constants (line 1), the CVT rate constants (line 2), the CVT/
SCT rate constants (line 3), and the experimental results (lines
4 and 5) of the forward reaction are plotted against the reciprocal
of temperature in Figure 4. It is seen that the rate constants of
TST (line 1) and CVT (line 2) are nearly the same in the whole
temperature range 26600 K. This enables us to conclude
that the variational effect for the calculation of rate constant is
small. It should be noted that the rate constants of TST and

can be seen that the positions of maximum value for the cyT geviate substantially from the experimental vakfesver

Vier(s) and V,8(s) curves are nearly the same, and it implies

the measured temperature range-2095 K, whereas the CVT/

that the variational effect for the calculation of rate constants is gcT rate constants (line 3) are in much better agreement. Table
small. For a deeper understanding of the variational effect, the 4 |ists the forward reaction rate constants for the temperature
dynamic bottleneck properties of the reaction are listed in Table range 206-1600 K. From it we can see that the values of the
3. It is shown that the positiorsof the variational transition rate constant calculated by the TST, CVT, and CVT/SCT
state at various temperatures deviate from the saddle pasnt at methods at 209 K are lower than the corresponding experimental
= 0. The deviation is largest at 1600 K, where it is 0.1472 values by a factor of 97%, 97%, and 57%, respectively. At 495
(amu}’2 bohr, and the correspondinguep and V.° are 3.22 K, the factor is 58%, 60% and 34% respectively. This indicates
kcal/mol and 17.97 kcal/mol, respectively. Since, for the that the small-curvature tunneling correction is important in the
classical transition state & 0), Vivep and V. take the values  calculation of the rate constant in the lower temperature range.
3.62 kcal/mol and 18.48 kcal/mol, respectively, the largest Furthermore, Figure 4 shows that in the temperature range 500
deviations Va® (s = 0.1472)— V,° (s = 0) = —0.51 kcal/mol 1600 K, the rate constants of TST (line 1), CVT (line 2), and
andVyep (s = 0.1472)— Vuep (s = 0) = —0.40 kcal/mol, are CVT/SCT (line 3) are nearly the same, and this means that the
not large. Thus the variational effect for the calculation of rate small-curvature tunneling (SCT) correction is very small in the
constant is small. higher temperature range. The rate constants of CVT/SCT at
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TABLE 4: Forward Reaction Rate Constants (cn® mol~?!
s7!) for the Temperature Range 200-1600 K

TST CVvT CVT/SCT Ref 3

1.88*10° 1.87*10° 3.11*101
2.63*10° 2.62*10F° 3.53*10"
4.90*10° 4.88*10° 4.57*10"!
9.03*10° 8.97*10F 6.00*10*
2.31*10' 2.29*10% 9.57*10%
2.53*10' 2.51*10" 1.01*10?
3.14*10' 3.11*10" 1.13*10°?
3.76*10' 3.72*10" 1.25*10°?
5.56*10' 5.49*10" 1.56*10%
6.02*10' 5.97*10" 1.64*10°?
8.25*10' 8.13*10" 1.97*10°?
1.08*162 1.05*102 2.33*10?
1.22*10%? 1.20*10* 2.52*102
1.69*162 1.65*102 3.11*10°
2.14*10?2 2.08*10% 3.62*10%
2.58*102 2.50*102 4.09*10?
2.68*102 2.59*10% 4.20*10?
5.21*102 4.92*10% 6.50*10?
1.32*16° 1.19*108® 1.25*10°8
2.54*16° 2.16*10° 2.04*10°
4.16*16° 3.38*10° 3.03*10°
6.20*16° 4.85*10° 4.35*10°
8.55*16° 6.56*10° 5.91*10°

Ref 5

8.25*101
1.07*10?
1.33*10
1.79*10
2.08*102
2.15%10?
2.73*10°2
3.52*102
3.57*102
4.33*10°2

4.70*102

5.53*1072

7.22%10°2
6.20*10+

800
1000
1200
1400
1600

TABLE 5: Activation Energies (kcal/mol) for PH; + H —
PH, + H;

T range (K) TST CVT CVT/SCT

200-298 3.14(4.20) 3.13(4.16) 1.42(1.97)

298-400 3.36(4.41) 3.33(4.33) 1.95(2.58)
400-500 3.64(4.70) 3.58(4.57) 2.35(3.13)
500-600 3.96(5.01) 3.82(4.87) 2.63(3.65)
600—-800 4.45(5.51) 4.19(5.41) 3.09(4.41)
800-1600 5.93(6.99) 5.45(6.81) 4.96(6.13)

aValues in parentheses are obtained at the QCISD/6-&F1 level
of theory.? To 209-495 K, the activation energy in kcal/mol is 1.47
in ref 3, 1.76 in ref 5, 2.38 at QCISD/6-3+G** level, and 1.76 at
G2//QCISD level in this work.

QCISD/6-311-G** level (line 6) are also plotted in Figure 4.
Obviously, they are not in agreement with the experimental
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(2) By analyzing the changes of generalized normal-mode
vibrational frequencies along the reaction path, we find that the
“reaction region” is approximately from abosit= —0.5 to 0.8
(amu}2 bohr, including the breaking of ®-H® and the
forming of HA—H®),

(3) The reaction rate constants and activation energies are
calculated for the temperature range 2000 K using the
variational transition state theory incorporating a small-curvature
tunneling correction. The calculated forward reaction rate
constants and activation energies are in satisfactory agreement
with the available experimental vali#ésover the measured
temperature range. The calculated results show that the varia-
tional effect on the value of the rate constant is small, and that
the tunneling correction is important in the calculation of the
rate constant in the lower temperature range.
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