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Abstract The activation mechanism of the nitrous oxide

(N2O) with the Ta(NH2)3 complex on the singlet and triplet

potential energy surfaces has been investigated using the

hybrid exchange correlation functional B3LYP. The min-

imum energy crossing point (MECP) is located by using

the methods of Harvey et al. The rate-determining step of

the N–O activation reaction is the intersystem crossing

from 12 to 32. The reacting system will change its spin

multiplicities from the singlet state to the triplet state near

MECP-1, which takes place with a spin crossing barrier of

32.5 kcal mol-1, and then move on the triplet potential

energy surface as the reaction proceeds. Analysis of spin–

orbit coupling (SOC) using localized orbitals shows that

MECP-1 will produce the significant SOC matrix element,

the value of SOC is 272.46 cm-1, due to the electron shift

between two perpendicular p orbitals with the same rota-

tion direction and the contribution from heavy atom Ta.

The rate coefficients are calculated using Non-adiabatic

Rice-Ramsperger-Kassel-Marcus (RRKM). Results indi-

cate that the coefficients, k(E), are exceedingly high,

k(E) [ 1012 s-1, for energies above the intersystem

crossing barrier (32.5 kcal mol-1); however, in the lower

temperature range of 200–600 K, the intersystem crossing

is very slow, k(T) \ 10-6 s-1.

Keywords Ta(NH2)3 and N2O � Spin–orbit coupling �
Non-adiabatic RRKM

1 Introduction

Recently, there has been considerable concern about

environmental issues associated with the growth of the

N2O concentration in atmosphere as a result of human

activity [1], and in this global context, considerable efforts

have been devoted to find ways of reducing anthropogenic

emission of greenhouse nitrous oxide gas. Thus, the acti-

vation and cleavage of N2O is one of the challenging

subjects of academic research because they can provide

fundamental information about catalytic bond activation.

A large number of recent studies, both experimental and

theoretical, have been devoted to the reactions of gas-phase

transition metal atoms or ions with N2O [2–14], which is

well understood and studied.

However, the subject of small molecules activated pro-

cesses via the three-coordinate ML3 complex is still of

considerable current interest since Laplaza and Cummins

[15, 16] initially described the experimental cleavage of

dinitrogen by a sterically hindered three-coordinate Mo(III)

complex, Mo[N(R)Ar]3(R = C(CD3)2CH3, Ar = 3,5-

C6H3Me2) in 1995, resulting in the formation of a terminal

nitride Mo(VI) product. More recent studies have shown

that the class of sterically hindered three-coordinate metal

complexes are extraordinarily versatile, capable of binding

and activating a variety of small molecules, including N2

[17, 18], SO2 [19], CO [20], CN [21], CS2 [22], NCO- [23]

and N2O [24, 25]. The mechanistic details of the N2O

activation brought about by Mo[N(R)Ar]3(R = C(CD3)2

CH3, Ar = 3,5-C6H3Me2) have been computationally

investigated using density functional theory (B3LYP) by

Musaev and Morokuma [24]. The results show that the N–

O bond activation is kinetically and thermodynamically

more favorable. To predict which metals are most suitable

for activating and cleaving small molecules such as N2, NO
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and CO, the M–L bond energies in the L–M(NH2)3(l = O,

N, C) model complexes were calculated for a wide range of

metals by Yates and coworkers [26]. Calculated results

indicate that the thermodynamic driving force (M–L bond

energies) for the activation of the small molecule is very

strong in the L–Ta(NH2)3 (L = N and O) products. In other

words, the N2O activation by Ta(NH2)3 is thermodynami-

cally more favorable.

But the chemistry of transition metals and their com-

pounds is strongly influenced by the availability of multiple

low-lying electronic states in these species [27–29]. This

phenomenon particularly often occurs when the formal d-

electron count on the metal is 2–8. This means that the

reactions involve several electronic states that may also

have different spins, should involve spin-conserving and

spin-inversion processes [30]. The activation reaction of

small molecules by M(NH2)3 could also occur intersystem

crossing (ISC), such as activations of N2 [17, 18] and N2O

[24, 25] by Mo(NH2)3, therefore, spin–orbit coupling

(SOC) and intersystem crossing (ISC) rate play a key role

in the activated processes. To our knowledge, these have

been neglected during research processes. This is the

motivation to investigate the title reaction. Therefore, a

deep theoretical study for spin–orbit coupling (SOC) and

intersystem crossing (ISC) rate is important in order to

better understand the mechanism of the N2O and Ta(NH2)3

reaction.

In the present article, we report a hybrid density func-

tional theory (B3LYP) study of the reaction of the N2O

with Ta(NH2)3, as shown in Scheme 1. The minimum

energy crossing point (MECP) between triplet and singlet

PESs is identified by using the procedure of Harvey et al.

[31], and possible spin-inversion processes and spin–orbit

coupling (SOC) importance are deeply discussed in this

intriguing chemical reaction. In addition, microcanonical

rate coefficients k(E) and canonical rate coefficients k(T)

for the spin-forbidden step from 12 to 32 are calculated

using Non-adiabatic Rice-Ramsperger-Kassel-Marcus

(RRKM) [32–34], which is compared to predicated rate

coefficients for spin-forbidden dissociation of N2O.

2 Computational details

2.1 Geometrical optimization

Computations were carried out using the Gaussian 03

ab initio program package [35] Energies and geometries of

the reaction intermediates and the transition states were

calculated with density functional theory (DFT) using the

B3LYP level. The triple-zeta 6–311 ? G(d) basis set of

Pople and coworkers [36] was used for N, H and O, and the

(8s7p6d) Stuttgart ECP [37] resulting in a

(311111|31111|411)[6s5p3d] contraction was used for Ta.

To further examine the relativistic effect of the choice of

basis sets for Ta, the dissociation energies of the N–

Ta(NH2)3 and O–Ta(NH2)3 bonds are calculated, they are

171.7 and 200.9 kcal/mol, respectively, by SDD basis set

for Ta, which agree fairly well with the Yates’ calculated

values of 175.7 and 206.1 kcal/mol. Our calculation for

Ta–N and Ta–O gave the bond distances of 1.831 and

1.750 Å, respectively, which are in good agreement with

the Yates’ calculated values of 1.804 and 1.737 Å. Previ-

ous investigations of transition metal compounds employ-

ing the B3LYP functional by other groups [38, 39] and us

[40, 41] indicated that this approach shows a very
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promising performance, to predict properties such as bond

dissociation energies, geometries, harmonic frequencies

and electronic details with an accuracy comparable to that

obtained from highly correlated, wave function-based

ab initio methods. Therefore, we are confident that the

chosen B3LYP approach correctly describes the qualitative

features of the PES.

All stationary points were characterized by vibrational

analysis, and the zero-point energy (ZPE) was calculated.

The transition state structures all represent saddle points,

characterized by one negative eigenvalue of the Hessian

matrix. The intrinsic reaction coordinate (IRC) was then

calculated and used to track the minimum energy path from

transition states to the corresponding minima, to probe the

reaction path and check whether the correct transition state

was located. The natural bond orbital (NBO) analyses were

also carried out using the NBO 5.0 procedure [42]. The

minimal energy crossing point (MECPs) between triplet

and singlet PESs was identified by using the procedure of

Harvey et al. [31] through a minimization procedure opti-

mizing to a 50:50 mixture of singlet and triplet density

matrices and gradients.

2.2 Spin–orbit coupling calculations

We estimated the SOC with the approximate one-electron

spin–orbit Hamiltonian [43, 44] given in Eq. 1:

HSO ¼
a2

2

X

i

X

A

Z�A
r3

iA

� �
Si � LiAð Þ ¼

X

i

hi Z�ð Þ a
2

2

¼ e2h

4pm2
ec2

ð1Þ

In which the neglect of the two-electron terms is

compensated by introducing a semiempirical parameter. a
is the fine structure constant, LiA and Si are the orbital and

spin angular momentum operators for electron i in the

framework of the nuclei indexed A, respectively, and Z�A is

the effective nuclear charge.

The root-mean-squared value of the SOC constant is

defined as Eq. 2.

SOC ¼
X

MS¼�1;0

X

k¼x;y;z

3WðMSÞ
D ��ĤSO

1W
�� �2

k

 !1=2

ð2Þ

The SOC constant is relevant to the electronic factor of

the rate of the intersystem crossing. The SOC matrix

elements in Eq. 2 were evaluated by using the singlet/

triplet state-averaged complete active space self-consistent

field [CASSCF (10, 8)] (10 electrons in 8 orbitals) wave

function with corresponding to the 6–311 ? G(d) basis set

was used for N, O and H, the SBKJC ECP basis set is used

for Ta (in order to be consistent with the Zeff parameters

were given by Koseki et al. [45, 46]). For the qualitative

interpretation of non-zero SOC interaction, we also used

Boys localized orbitals generated at the triplet ROHF level

as orbitals from which CASCI wave functions are

constructed. All SOC calculations were performed with

the GAMESS program package [47].

2.3 Non-adiabatic rate coefficient

The spin-forbidden processes have been accounted for by

means of a non-adiabatic version of the RRKM [32–34]

theory. In such cases, the microcanonical rate coefficient

k(E) of a non-adiabatic unimolecular is computed as

kðEÞ ¼ 2

hqðEÞ

ZE

0

dEhqMECPðE � EhÞpshðEhÞ ð3Þ

where h is Planck’s constant, q(E) is the reactant density of

rovibrational states at energy E, qMECP(E - Eh) is the

density of rovibrational states for the degrees of freedom

within the crossing seam at the MECP, Eh is the part of the

available energy, which is in the coordinate orthogonal to

the seam. The term psh(Eh) is the surface-hopping proba-

bility for a passage over the seam of crossing of the PESs,

at the speed corresponding to energy Eh.

The probability of hopping psh(Eh) can be calculated

from Landau-Zener theory [48, 49] as shown in Eq. (4):

pshðEhÞ ¼ ð1� PLZÞð1þ PLZÞ

where

PLZ ¼ exp
�2pH2

12

gDF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l

2ðEh � EMECPÞ

r� �
: ð4Þ

In this equation, H12 is the coupling matrix element

between the two PESs and is constant in the vicinity of the

MECP. DF is the relative slope of the two surfaces at the

crossing point. The reduced mass of the system as it moves

along the hopping coordinate is l, and EMECP is the energy

of the MECP relative to reactants. In the above formula,

psh(Eh) represents the surface-hopping probability

calculated as (1 ? PLZ) (1 - PLZ), in which (1 - PLZ)

and P(1 - PLZ) are, respectively, the probability of

hopping on first passage and the probability of not

hopping on first pass, then hopping on the second pass.

When Eh is smaller than EMECP, another expression of

the probability of hopping has been suggested that allows

for tunneling [50], as shown in Eq. (5).

ptunnel
sh ðE � EMECPÞ ¼ 4p2H2

12

2l
g2FDF

� �2=3

Ai2

� E � EMECPð Þ 2lDF2

g2F4

� �1=3
" #

ð5Þ
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In this expression, F is the average of the slopes on the

two surfaces, Ai denotes the Airy function, and H12, l and

EMECP have the same meaning as in Eq. (4).

A canonical expression for the rate coefficient is a

function of temperature, as shown in Eq. (6).

kðTÞ ¼ 1

hQRðTÞ

Z1

0

NMECPðEÞe�E=kBT dE ð6Þ

where NMECPðEÞ ¼
RE

0

dEhqMECPðE � EhÞpshðEhÞ, where

QR(T) is the partition function for the reactants. NMECP(E)

denotes the effective integrated density of states in the

crossing seam between the two surfaces. All the kinetic

calculations were carried out using the CCSD(T) electronic

energies and the B3LYP geometries and vibrational fre-

quencies, corresponding to basis set is described in Geo-

metrical optimization.

3 Results and discussion

3.1 Initial complexes

The optimized geometries and energetic data in the singlet

and triplet electronic states are depicted in Fig. 1 and

Table 1, respectively, where the superscripts denote the

spin multiplicities. The overall reaction profile, showing

the relative energies of the reactants, intermediates and

products for the reaction given in Scheme 1, is plotted in

Fig. 2.

In accordance with our studies, the singlet state of

Ta(NH2)3(11) is calculated to be more stable than the triplet

state, 31, by about 2.5 kcal mol-1. For d2 complexes, the

excited triplet state (31) has one electron in the degenerate

dxz or dyz MO and, therefore, is subject to a Jahn–Teller

distortion structures (see Fig. 1), while for 11, the double d

electron occupies the non-bonding dz2 orbital, and so the

orientation of the ligands would not be expected to affect

its energy significantly. Thus, the non-bonding dz2 level

favors a coplanar ligand orientation.

The first step of reaction is coordination of the N2O

molecule to the Ta center of Ta(NH2)3, producing

(N2O)Ta(NH2)3 four-coordinate complex. In general, the

N2O molecule can bind to Ta via either of its terminal

atoms N or O. Our calculation shows that O-approach is

energetically unfavorable and results in no local minimum.

The N2O in singlet ground state binds to Ta via terminal N

atom coordination and gives 12 with an energy drop of

47.5 kcal mol-1. 12, having a singlet state, is about

20.9 kcal mol-1 more stable than 32, having a triplet state.

The barrier height for the 11 ? N2O ? 12 reaction is

calculated to be 0.7 kcal mol-1, almost without barrier

process. As can be seen from Fig. 1, the Ta–N distance in

12 is found to be about 0.0849 Å shorter than in 32, and the

N–N bond is elongated by 0.088 Å, indicating that the

Ta–N2O bonding interaction in 12 is stronger than in 32.

The Mulliken charge distribution calculated for 12 and 32

further supports the discussion here. It follows from Fig. 3

that the electron population of N2O increases from 0.0 in

the free N2O molecule to -0.41 in 12 and -0.37 in 32,

suggesting that charge transfer plays a crucial role in the

Ta–N2O bonding interaction. The reactions of gas-phase

transition metal atoms or ions with N2O also support the

calculated results here.

3.2 Surface-crossing behavior

Since Ta[NH2]3 has a singlet spin ground state and N2O a

singlet state, the reaction begins on the singlet surface. To

reach the triplet encounter complex 32, an intersystem

crossing occurs at the minimum energy crossing point

(MECP). The MECP-1 is identified by using the methods

of Harvey et al. [31], and the GAMESS program package

[47]. The structure of MECP-1 is showed in Fig. 1 at the

B3LYP level of theory. MECP-1 has a Cs geometry, in

which the O–N, N–N and Ta–N bond distances are 1.2321,

1.2365 and 1.9299 Å, respectively. The structure is very

similar with 32, corresponding to a late crossing point. In

this MECP-1 crossing region, the reacting system should

change its spin multiplicities from the singlet state (12) to

the triplet state (32) and then moves on the triplet potential

energy surface as the reaction proceeds. Within the seam,

the MECP-1 point is a minimum, the spin hopping is easily

taken place because the Franck–Condon principle requires

that it has the same both energies and geometries. This

crossing point is the most important role in this reaction

pathway because the molecular system should change its

spin multiplicity from the singlet state to the triplet state

near this crossing region, leading to an intersystem crossing

barrier height being 20.9 kcal mol-1.

3.3 Analysis of spin–orbit coupling (SOC)

near MECP-1

A spin-forbidden transition requires an effect of spin–orbit

coupling (SOC) that provides a major mechanism for

intersystem crossing [51, 52]. SOC induces a spin-multi-

plicity mixing that allows the wave function to break spin

symmetry, and the magnitude of the spin-multiplicity

mixing increases in a small energy gap between high- and

low-spin states. Therefore, we must inspect the orbital

relationships that promote the SOC matrix elements.

Localized orbitals for the construction of the singlet and

triplet CASCI wave functions to be used in the SOC

evaluation have been generated in the MECP-1 region by

the triplet ROHF calculation followed by the Boys
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localization procedure [53]. At least four localized orbitals,

as depicted in Fig. 4, are found to be essential to reproduce

the qualitative trends of SOC in the 12 ? 32 step; these are

composed of two p type orbitals and two non-bonding

orbitals, n1 and n2 (To certain extent delocalization). These

localized orbitals form a basis for a subsequent SOCI. We

have analyzed the origin of the non-zero SOC interaction

by using the one-electron SOC operator, HSO1. In 12 ? 32

step, the triplet wave function of the MECP-1 using Boys

localization orbitals can be satisfactorily expressed in

Eq. 7, i.e. a single covalent configuration formally descri-

bed as 3p1p2.

3Wð1Þ
��

E
¼ n1�n1n2�n2p1p2j i ð7aÞ

3Wð0Þ
��

E
¼ 2�1=2ð n1�n1n2�n2�p1p2j i þ n1�n1n2�n2p1�p2j iÞ ð7bÞ

3Wð�1Þ��
E
¼ n1�n1n2�n2�p1�p2j i ð7cÞ

On the other hand, the singlet wave function is given by

the superposition of three covalent configurations and one

Zwitterionic configuration (where the two electrons occupy

the same orbitals), as shown in Eq. 8, in which i = 1p1p2,
1n2p2, 1n1p2 (see Fig. 7).

1W
�� �

¼
X3

i¼1

ki
1WcovðiÞ
�� �

þ kZW n1�n1n2�n2p1�p1j i ð8Þ

The 1p1p1 zwitterionic configuration wave function is

the dominant configuration with the weight of about 0.9 at

around the MECP-1 region. The permissible approximation

of the triplet wave function by a single configuration

enables us to analyze the SOC matrix element in a simple

formula. Non-zero elements of the k-components (k = x, y,

and z) of the SOC matrix, 3WðMSÞ
� ��ĤSO1

1W
�� �

k
, are always

proportional to the function, fk, as given in Eq 9.

fk ¼ kZW p1h jĥk p2j i � 2�1=2kn2p2
n2h jĥk p1j i

� 2�1=2kn1p2
n1h jĥk p1j i ð9Þ

ĥk ¼
a2

2

X

A

ZAÎk
A

r3
A

 !

where k is the mixing coefficient, and ZA is the nuclear

charge. The most important aspect is the first term due to

the two mutually perpendicular orbitals, and the 1p1p1

wave function is the dominant configuration with the

weight of about 0.9. Therefore, to further understand the

efficient SOC, it is very important that the SOC matrix

element p1h jĥk p2j i is discussed.

The MOs (p1 and p2) of the MECP-1 can be expressed

as follows (Eq. 10):

p1 ¼ cTadTa þ cN2OðpN � pN þ pOÞ p2

¼ c0Tad0Ta þ c0N2Oðp0N � p0N þ p0OÞ ð10Þ

Table 1 Total energies Etot (a.u.) and relative energies DErel(kcal/mol) for the optimized species are calculated at the B3LYP/6–311 ? G(d)

?SDD level

Species State The relation of molecular counts ZPE 6–311 ? G(d) ? SDD

Etot ? ZPE DErel

11 ? N2O Cs, 1A0 ? 1R 3(11) ? N2O 0.08402 -859.44337 0.0
31 ? N2O CS, 3A00 ? 1R 3(31) ? N2O 0.08416 -859.43161 7.4
1TS12 C1, 1A 1TS12 ? 2(11) 0.08545 -859.44225 0.7
12 C1, 1A 12 ? 2(11) 0.08616 -859.51912 -47.5

MECP-1 CS MECP-1 ? 2(11) 0.08616 -859.48574 -26.6
32 CS, 3A00 32 ? 2(11) 0.08615 -859.48582 -26.6
3TS26(NN) C1, 1A 3TS26(NN) ? 2(11) 0.08379 -859.43309 6.5
13 C1, 1A 13 ? 11 0.17539 -858.19581 782.7
33 CS, 3A00 33 ? 11 0.16251 -859.60033 -98.5
3TS36(NN) C1, 1A 3TS36(NN) ? 11 0.16017 -859.53765 -59.2
26 ? 27 Cs, 2A0 ? Cs, 2A0 26 ? 27 ? 11 0.16094 -859.54128 -61.4
3TS34(NO) C1, 1A 3TS34(NO) ? 11 0.16077 -859.59484 -95.1
15 ? 34 C3, 1A ? CS, 3A00 15 ? 34 ? 11 0.16068 -859.68897 -154.1
15 ? 14 C3, 1A ? Cs, 1A0 15 ? 14 ? 11 0.16159 -859.68010 -148.6
18 C2, 1A 18 ? 15 0.16052 -859.81607 -233.9

MECP-2 C1 MECP-2 ? 15 0.16030 -859.74522 -189.4
38 C1, 1A 38 ? 15 0.15915 -859.75061 -192.8
26 Cs, 2A0 2(26) ? 15 0.07835 -859.65975 -135.8
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-0.38
-0.38

-0.38

-0.05
+0.04

-0.36

+1.64

-0.41
-0.41
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12               32 

Fig. 3 Mulliken charges for species involved in the initial coordi-

nation of Ta(NH2)3 to N2O

n1 n2 π1 π2

1ZW

1π1π2

1n2π2

1n1π2

Fig. 4 Boys localized orbitals in the vicinity of the MECP crossing

seam for the N–O bond activation step at the ROHF level and the

orbital diagram of singlet covalent and Zwitterionic configurations
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where the coefficients of the p1 and p2 orbitals are cTaðc
0
TaÞ

and cN2Oðc0N2OÞ, respectively. Substituting Eq. 10 into

Eq. 11, the x component of the SOC matrix element is

given as

SOCh i ¼ 0:5
X

I;J

CICJ

X

k

p1h jĥk p2j i ð11Þ

where we have already considered the non-vanishing spin

factor (0.5), in the present case, the triplet configuration has

one dominant coefficient, i.e. CI & 1.

thus
X

J

CICJ � kZW :

The final SOC expression becomes Eq. 12. Here, the md

parameter is the coefficient of the angular momentum

expectation values, while the cc0 factors are products of the

MO coefficients Eq. 10 for a given atom. The atomic

constant terms, f, depend on the effective nuclear charge

Z�A exerted on the valence electrons.

SOCh i¼ 0:5kZW mdðcTac0TaÞfTaþðcN2Oc0N2OÞfN2O

h i
ðmd¼ 1Þ

ð12Þ

Equation 12 provides a basis for understanding the SOC

matrix element. Obviously, N2O term contribute to the

SOC matrix element, but to a lesser extent than the Ta

because fTa is far larger than fN2O. Thus, to a rough

approximation, the SOC matrix element will be determined

by the variation of two main factors: the delocalization of

the MOs as accounted for by the cTac0Ta MO coefficient

term and the ROHF configuration coefficient, CJ, of the

singlet state. One can see from Fig. 7. From the p1 orbital

to the p2 orbital, the MO coefficient, c0Ta gets the bigger,

and the singlet state dominated by a primary configuration

(CJ = 0.9), such as MECP-1 possesses significant SOC

matrix element, the value of SOC is 272.46 cm-1, which is

three times bigger than that of N2O with the N–O

dissociation crossing point (ca. 80 cm-1). This can also

be recognized from the UB3LYP spin density distribution

at MECP-1, spin density mainly emerges on Ta, N (middle)

and O atoms, the values of 0.79, 0.73 and 0.58, respectively

(see Fig. 5). To confirm whether or not the qualitative

trends obtained with the (6, 4) active space using Boys

localized orbitals are valid, we have also evaluated SOC

matrix elements by using MECP-1 state-averaged CASSCF

(10, 8). The SOC value at MECP-1 of is calculated to be

267.3 cm-1. The (6, 4) model based on localized orbitals

will be adequate enough to analyze qualitatively the SOC

patterns.

In addition, a non-zero angular momentum requires an

electron to shift between two perpendicular AOs [43, 54,

55]. This shift creates an angular momentum along an axis

that is perpendicular to the plane spanned by the AOs. An

illustration is given in Fig. 7, where the two MOs are p1

and p2, and the electron shift from p1 to p2 creates an

angular momentum in the x-direction. By the choice of the

centers to be matched by the orbital rotation, here it is seen

that the rotations are both in the same direction, as such

MECP-1 will produce a significant one-center SOC

interaction.

3.4 Kinetics of the spin-forbidden 12 ? 32 step

We have characterized the minimum energy crossing point

(MECP-1) connecting the singlet 12 and triplet 32, whose

optimized geometry is depicted Fig. 1. Microcanonical rate

coefficients k(E) and canonical rate coefficients k(T) for the

spin-forbidden 12 ? 32 step are calculated using non-adi-

abatic RRKM (see Fig. 6). To compute these reaction rates,

the B3LYP/6–311 ? G(d) ? SDD harmonic frequencies

and rotational constants were used, together with zero-

point energy corrected relative energies from the

CCSD(T)/6–311 ? G(d) ? SDD calculations. The slopes

of the potential energy surfaces at MECP-1, required to

compute psh(E), are obtained directly from the B3LYP

calculations. The assumption considers that the motion in

the ‘‘hopping’’ direction, orthogonal to the seam, takes

place independently of the ‘‘harmonic bath’’ motions,

which are parallel to the seam. Thus, the reduced mass is

calculated to be 10.3 amu.

As can clearly be seen in Fig. 6a, a trend is that the rate

coefficients, k(E), are exceedingly high for energies above

the intersystem crossing barrier (32.5 kcal mol-1 at the

CCSD(T) level, which provides an upper limit to the true

barrier.). Below the barrier, the rates computed using the

Landau-Zener expression (Eq. 4) is unable to account for

the tunneling behavior, so that the rate coefficient is zero,

but those given by Eq. 5 get more smaller down to low

0.58

0.73

0.79

-0.10

1.00

0.160.48

-0.22

0.62

32              33 

Fig. 5 Spin density changes during 32 ? 33
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energies. At the same time, the rate coefficient is predicted

to be much larger than that of the N2O spin-forbidden

reaction (the N–O dissociation), i.e. the former, k(E), is

about 1016 s-1 at internal energy of 60 kcal mol-1, while

the latter is about 109 s-1. From Fig. 6b, although there is

significant SOC between the singlet and triplet states (the

coupling matrix element is of 272.46 cm-1), the reaction is

still very much in the non-adiabatic regime, with a hopping

probability of only about 0.047. These two factors of the

barrier height and the spin-coupling contribute about

equally to slowing this step. The rate constants show

positive temperature dependence. At lower temperatures,

200–600 K, the spin-forbidden crossing is very slow,

k(T) \ 10-6 s-1, but changes of the k(T) values are very

fast with temperature increased.

3.5 Mechanisms of 32 ? products

After reaching the triplet state 32, as has been described

earlier (Scheme 1), the activation of the N–N bond

(mononuclear) and the formation of dinuclear intermediate

with 33 have a common intermediate, triplet state

(N2O)Ta[NH2]3, 32. The mononuclear mechanism pro-

ceeds further by a unimolecular N–N bond activation via

the transition state, 3TS26(NN), producing one of the

products, NTa[NH2]3, 26, and a molecule of nitric oxide

NO. As seen in Fig. 1, the N–N cleavage transition state,
3TS26(NN), has only one imaginary frequency (234.41i

cm-1) corresponding to the N–N stretching reaction coor-

dinate. In 3TS26(NN), the N–N bond distance is elongated

significantly from 1.2389 Å in 32 to 1.9852 Å. Meanwhile,

the Ta–N bond shortens from 1.9264 Å in 32 to 1.8419 Å.

The N–O bond distance does not change significantly. All

these geometrical differences between 3TS26(NN) and

reactant 32 clearly indicate that this transition state indeed

corresponds to formation of NTa(NH2)3, 26, and free NO

molecule. The calculated barrier height of this process is

33.1 kcal mol-1 relative to 32.

Let us now compare the results between mononuclear and

dinuclear mechanisms. The common intermediate for both

mechanisms is the complex 32. In the mononuclear mecha-

nism, 32 will react unimolecularly over the 3TS26(NN),

which has an activation free energy of 33.1 kcal mol-1. On

the other hand, in the binuclear mechanism, 32 will react

with the second Ta(NH2)3 to form a binuclear intermediate
33, which is calculated to be exothermic by 71.9 kcal mol-1

and is a barrierless process. As can be seen in Fig. 1, upon

coordinate of the second Ta(NH2)3, the N–O bond is elon-

gated by 0.116 Å, while the N–N bond do not change sig-

nificantly. The results show that dinuclear mechanism is a

favorable process.

From 33, the reaction splits into two paths, as seen in

Scheme 1. The first of them is activation of the N–O bond.

According to the results presented in Fig. 2, N–O bond

activation in 33 takes place quite easily via the transi-

tion state 3TS34(NO), with the barrier being only

4.4 kcal mol-1. Structure 3TS34(NO) is a real transition

state with one imaginary frequency of 489i cm-1 corre-

sponding to the N–O stretch (see Fig. 1). Going form 33 to
3TS34(NO), the N–O bond is elongated from 1.3479 to

1.6487 Å. Obviously, from both structural and energetical

points of view, the transition state 3TS34(NO) is quite an

early one. Overcoming this small barrier leads to formation

of the products, OTa(NH2)3, 15, and (N2)Ta(NH2)3,
34. This process is calculated to be exothermic by

-154.1 kcal mol-1 relative to the reactants, 3(11) ? N2O.

The second pathway originating at complex 33 is the

N–N activation through the transition state 3TS36(NN),

leading to NTa(NH2)3, 26, and (ON)Ta(NH2)3, 27. The

transition state 3TS36(NN) has one imaginary frequency of

206i cm-1 corresponding to the N–N stretching. As seen

from Fig. 1, the N–N bond is stretched from 1.2504 Å in 33

to 1.9419 Å in 3TS36(NN). At the same time, two different

Ta–N bonds shorten from 1.8943 and 2.2873 Å in 33 to
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1.8183 and 2.0291 Å in 3TS36(NN), respectively. The

calculated barrier height is 39.3 kcal mol-1 relative to

structure 33.

Comparing the two different pathways starting from the

complex 33, namely, N–O and N–N bond activation of the

N2O moiety, we conclude that (1) kinetically the N–O

activation process, occurring with a 4.4 kcal mol-1 barrier,

is much easier than N–N activation, which requires passing

over a 39.3 kcal mol-1 barrier, and (2) the products 15 and
34 of the N–O bond activation process are thermodynam-

ically more stable than the products 26 and 27 of N–N bond

activation. Obviously, the dinuclear mechanism discussed

earlier kinetically and thermodynamically favors N–O over

N–N bond activation. In addition, the two-electron/two-

orbital hyperconjugative interactions of electronic orbitals

in space (stereoelectronic effects) are important for

understanding molecular properties and chemical reactiv-

ity. Therefore, the more detailed information on the

hyperconjugative interactions can be obtained by applying

natural bond orbital (NBO) analysis [56]. The strengths of

these interactions are estimated by second-order perturba-

tion theory (DE(2) = -2 \ r|Ê|r* [/er*-er)). It is found

that the important interactions occur between the p(Ta–N)

orbital(electron donor) and the empty r*(N–O) orbital, and

between the r(Ta–O) orbital and the r*(N–N) orbital in 33,

as plotted in Fig. 7, corresponding to DE(2), 12.6 and

3.4 kcal mol-1, which shows that the transfer charges from

p(Ta–N) to r*(N–O) are more stronger than that of both

r(Ta–O) and r*(N–N) orbitals, leading to the N–O bond

cleaved easily. On the other hand, from Fig. 5, we also

noted that the spin density of the O and N atoms is

decreased, respectively, from 0.58 in 32 to 0.16 in 33, and

from 0.73 in 32 to 0.48 in 33, while that of Ta (the second

Ta(NH2)3) is increased from 0.0 in 11 to 1.0 in 33, indi-

cating that the spin density of N2O has been shifted to the

second Ta(NH2)3 through the O atom. In other words, the

spin density on O is deplete due to the Ta–O bond for-

mation while spin develops on the OTa(NH2)3 fragment

that now possesses a singly occupied orbital to conserve

the triplet character. These results discussed earlier indicate

that the activation of the N–O bond in 33 favors.

The next step of the reaction is expected to be coordi-

nation of the third fragment 11 to 34 (or 14). As can been

seen from Fig. 2, once the cleavage process of the N–O

bond has completed, the reaction further proceeds via

coordination of [NH2]3TaNN to a third Ta[NH2]3 complex,
11. The triplet complex 38 is expected to be the product of

the coordination reaction because the ground states for

[NH2]3TaNN and Ta[NH2]3 are triplet and singlet,

respectively. The overall reaction Ta[NH2]3 ? 34 ? 38 is

predicted to be strongly exothermic by 38.7 kcal mol-1

and has no barrier. Under C2h and C2 symmetry constrain

conditions, the 38 optimized appears imaginary frequen-

cies. A spin crossover is required to form the singlet

intermediate 18, which is 41.1 kcal mol-1 more stable than

its triplet analog. To estimate the activation energy for the

spin crossing process, the MECP-2 was identified by using

the method of Harvey et al. [31] as mentioned previously

(Fig. 1). The calculations show that the spin crossover

occurs with a barrier of 3.4 kcal mol-1 at the B3LYP level

of theory, and the value of spin–orbit coupling is

330.79 cm-1. The result suggests that the formation of 18

is a feasible process. Finally, we wish to point out that the

conversion of 18 to 26 is thermodynamically unfavorable

because it is a highly endothermic process.

4 Conclusions

The activation mechanism of the nitrous oxide(N2O) with

the Ta(NH2)3 complex on the singlet and triplet potential

energy surfaces has been investigated at the density func-

tional level of theory using the hybrid exchange correlation

functional B3LYP. The minimum energy crossing point

(MECP) is located by using the methods of Harvey et al.

The first step of the reaction is the coordination of N2O to

the Ta center of Ta(NH2)3, leading to the formation of 12,

(N2O) Ta(NH2)3. The 12 will change its spin multiplicities

to the triplet state (32) via the minimum energy crossing

point, MECP-1, and then moves on the triplet potential

energy surface as the reaction proceeds. From 32, The

mononuclear mechanism takes place via an N–N bond

cleavage transition state and leads to the formation of

NTa(NH2)3 and free nitric oxide NO. The dinuclear

mechanism starts by the coordination of another Ta (NH2)3

to (N2O)Ta (NH2)3, leading to the formation of (NH2) 3Ta

(N2O) Ta (NH2)3, and splits further into two different

paths, leading to N–O and N–N cleavage processes, among

which the N–O activation is kinetically and thermody-

namically more favorable. The rate-determining step of the

N–O activation reaction is the intersystem crossing from 12

to 32, which takes place with a spin crossing barrier of

Ta N
N

O

N N

O

Ta

π(Τa−Ν)→ σ∗(Ν−Ο) σ(Τa−Ο)→ σ∗(Ν−Ν)

ΔΕ (2) = 12.6 kcal mol-1

Fij = 0.103

ΔΕ (2) = 3.39 kcal mol-1

Fij = 0.083

Fig. 7 Plots of two-dimension NBO interactions in the 33 from

B3LYP/6–311 ? G(d) ?SDD
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32.51 kcal mol-1. Analysis of spin–orbit coupling (SOC)

indicates that there is the significant SOC matrix element

(272.46 cm-1) at MECP-1 due to the contribution of the

heavy atom Ta. The rate coefficients are calculated using

Non-adiabatic Rice-Ramsperger-Kassel-Marcus (RRKM).

Results indicate that the coefficients, k(E), are exceedingly

high, k(E) [ 1012 s-1, for energies above the intersystem

crossing barrier (32.5 kcal mol-1); however, in the lower

temperature range of 200–600 K, the intersystem crossing

is very slow, k(T) \ 10-6 s-1.
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