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Abstract Density functional theory (DFT) with relativistic
corrections of zero-order regular approximation (ZORA) has
been applied to explore the reaction mechanisms of ethane
dehydrogenation by Zr atom with triplet and singlet spin-
states. Among the complicated minimum energy reaction
path, the available states involves three transition states
(TS), and four stationary states (1) to (4) and one intersystem
crossing with spin-flip (marked by =): *Zr + C,Hg — *Zr-
CH;-CH; (*1) — TS, — 3ZrH-CH,-CH; (°2) — TS5
= '7rH,-CH, = CH, (*3) — '"TS;,4 — 'ZrH;-CH = CH,
(*4). The minimum energy crossing point is determined with
the help of the DFT fractional-occupation-number (FON)
approach. The spin inversion leads the reaction pathway
transferring from the triplet potential energy surface (PES)
to the singlet’s accompanying with the activation of the
second C-H bond. The overall reaction is calculated to be
exothermic by about 231 kJ mol'. Frequency and NBO
analysis are also applied to confirm with the experimental
observed data.

Keywords DFT fractional occupation number approach -
Minimal energy crossing point - Potential energy surface -
Spin-flip transitions - Zirconium and ethane reaction
mechanism

Introduction

Owing to high potential economic and environmental signif-
icance, gas-phase reactions of transition metal (TM) atoms
and their clusters with small alkanes and halomethanes are
attractive to extensively investigate both experimentally and
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theoretically [1-9]. The activation of C-H (X) and C-C bonds
of the hydrocarbons aroused by transition metals, with H-
migration from C to the TM atoms forming the C-H insertion
products were usually explained as the mechanisms of TM
catalyst [10-36]. This type of reaction partially exists
intersystem crossings under “spin-forbidden” transitions, in-
volving several potential energy surfaces (PES) [37, 38] with
different spins. In the two-state reactivity (TSR) [39] or
multiple-state reactivity (MSR) [40—43], spin inversions
may accelerate the reaction in the vicinity of a crossing
region of different spin-symmetric states [44]. Because of
the complexity of two-electron correlation and one-electron
relativistic effects (spin-orbit coupling - SOC) [45, 46] in the
TM atoms, how to locate the minimum energy crossing point
(MECP) is a challenge for theoretical researchers.

At the nonrelativistic approximation level, two adiabatic
PESs with different spin-symmetries of N-atom molecular
system intersect at a 3 N—7 dimensional subspace shaping the
crossing seam that guides the reaction wave-packet to cross
in a low energy crossing region (LECR) around the MECP,
which represents a transition structure for a spin inversion
under 3 N—8 dimensions. The critical point of procedure is to
determine the transition position, i.e., the crossing point
between multiple-electronic states of spin multiplicities. A
LECR of two different spin symmetry PESs may easily be
achieved by the reacting wave packet through thermal acti-
vation, and that may outbalance a low nonadiabatic transi-
tion probability. Under the Born-Oppenheimer approxima-
tion processes, the spin inversion occurs by nonadiabatic
coupling because of the inclusion of SOC. The MECP lies
energetically somewhat below the LECR.

To determine the MECP in low energy crossing region is a
challenge. There are some methods to overcome this
dificullty [47-56]. Wave function multiple-configuration
(e.g., MCSCF or CASSCF) and density functional theory
(DFT) based procedures have been operated. A generic
process is counting the energies and gradients of the two
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different spin multiplicities simultaneously for a series of
structures of the reaction complex. Then these data are treat-
ed by an interfaced subroutine, which will approach the
crossing point step by step. In this work, we will adopt the
fractional orbital occupation number (FON) DFT approach
[57] suggested by us which is a simple validated approach
for searching the MECP in the LECR [57-59].

To activate the C-H and C-C bonds has drawn much
attention on experimental and theoretical works [10-36]
due to their large bond energy. The energy to active these
bonds can be substantially reduced by catalysts in which the
TM complexes have a higher potential than others. Very
meaningfully, Andrews and co-workers initiated novel in-
sights into the reactions of TM atoms with electron-rich
alkane-species [3, 5, 15-35]. An interested example of the
fourth-row metal atoms + ethane reaction has been experi-
mentally measured in the argon matrix by Andrews and co-
workers [26]. They have suggested that the reaction pathway
may exist intersystem crossing somewhere and assigned the
products by using infrared spectroscopy and theoretical vi-
bration frequency calculations. But there are still some open
questions unsolved in this reaction. In this work, we want to
investigate the reaction mechanism in detail, especially to
demonstrate the interstate crossing mechanism. We will fol-
low the reaction chain of (1),

Zr + CH3~CH;—Zr—CH;~CH;(1)—ZrH-CH,~CH; (2)—
ZrH,~ CH, = CH, (3) — ZrH; — CH = CH, (4)

(1)

where the energies and structures of the various intermediates
and transition points in both of triplet and singlet spin states
will be determined, and then the MECP will be determined by
FON-DFT [57] approach. Frequency and NBO analysis will
also be calculated for all intermediate and product species.

Methodology

Most calculations were performed by relativistic DFT pro-
gram of Amsterdam, ADF2010, which was initially devel-
oped by Baerends et al. [60-62] in this work. The localized
spin density (LSD) with correlated potential of Vosko-Wilk-
Nusair (VWN) [63] and the generalized gradient corrections
for exchange correlation of Perdew and Wang (PW91) [64]
were used in this work. The so-called all electron frozen core
method was adopted in which the core electrons were calcu-
lated by the relativistic Dirac-Slater method [65] and then
unchanged transferred into the molecules. All the valence
electrons (out of the core shells of C(1s%) and Zr(1s*-3d'%))
were described by the standard triple-( Slater-Type-Orbital
(STO) plus two sets of polarization functions (TZ2P) basis
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sets [66]. Due to relativistic effects of Zr, the zero-order
regular approximation (ZORA) [67] scalar relativistic method
were employed.

Harmonic vibrational frequencies and zero point energy
corrections (ZPE) were analyzed by numerical differentia-
tion of the energy gradients for all important products and
intermediates and transition structures. In order to prove the
reaction path correctness, the intrinsic reaction coordinate
(IRC) [68, 69] procedure was used following in both di-
rections (forward and backward) along the minimum energy
path from the transition states to the most stable equilibrium
structures.

For further interpretation, the natural bond orbital (NBO)
[70] and Wiberg bond order (WBO) [71] analysis were
performed by applying SDD [72] (with the relativistic effec-
tive core potential) basis set for Zr and 6-31G* [73] basis sets
for the other atoms respectively at the B3PW91-DFT level
with the help of the Gaussian03 [74] program.

Results and discussion

The reaction route simply obeys the principle of lowest
energy. Table 1 presents the ZPE-corrected energies (relative
to the ground state of *Zr and ethane) of each stationary and
transition states both of the triplet and singlet spin states. The
NBO, WBO and frequency analyses about the two major
products ZrH,-CH, = CH, and ZrH;-CH = CH, of the rate-
determining step with different spin multiplicities are
presented in Table 2, where the experimental frequency from
IR spectrum (in parenthesis) are well in agreement with ours.

Table 1 ZPE-corrected energies ® (in kJ mol ') of intermediates,
transition states and products relative to the ground state reactants
Zr(*F) + C,Hg in triplet and singlet spin states, respectively

Species Triplet Singlet

Zr: Zr + CoHg d%?3F 0 s> D +78.3

1 -20.8

TS, -17.7

2 -167.3 (~— 105") -125.4

TS,3 -131.1 -114.0

3 -167.3 —265.9 (~—201")
TS;4 —61.6 -135.9

4 -101.3 -230.7 (~ — 184")
5 -57.4

TS5/ 415

6 -58.5

Zr + C,H,+ Hy 131.6

3 7ZPE-corrected, from SO averaged ZORA-VPW91-TZ2P DFT

 The computational values at 6-311++G(3df,3pd)/SDD-B3LYP level
by Andrews and cooperators>® in bracket



J Mol Model (2013) 19:4003-4012

4005

Table 2 NBO, WBO and frequency (v) data of the major products ZrH,CH,=CH, (3) and ZrH;CHCH, (4) in the two spin states

Property ZrH,-CH, = CH, ZrH;-CH = CH,

33 13 34 14
qcnH*® -0.67 -0.88 -0.61 -0.62
q(H2/H5/H6) * 0.26%3 0.25%3 0.25,0.25,0.19 0.25,025,0.22
q(H1/H3/H4) * -0.38,0.26,-0.38 -0.37,0.25,-0.37 -0.001,-0.001,-0.37 -0.29,-0.31,-0.29
q(C2)® -0.67 -0.88 -0.48 -0.43
q(Zn)® 1.07 1.48 0.77 1.21
C1b 96109 2p3.56 ogl14 2p3.73 2g!17 2p3.41 2gl 17 2p3.44
7r b 4d2.14580.65 4dl.92 550.45 4d2.47 550.60 4d1.93 580'62
V(H,Zt/H,Zr) © H,Zr:1582.9 H,Zr:1597.8 (1562.8°), (1566.1%) H3Zr:1563.0 HsZr: 1608 (1646.0°), (1591.25)
WCsZr) © 326.5 520.4(519.7°) (519.5 557 597.9
W(C-C) © 1226.3 960.8(993.2°) (958.8")
v(H-H) © H-H:2984.8
WBO,,.c; ¢ 0.44 0.83 0.84 0.86
WBO,,.c» ¢ 0.44 0.83 0.20 0.19
WBOz113/4% H4:0.85 H4:0.86 H4:0.85 H3:0.88
WBOzm1¢ 0.85 0.86 H1:0.25 H1:0.91
WBOc.c»* 1.52 1.07 1.90 1.90
WBOy.11 H1-H3::0.74 H1-H4:0.001

Weinhold charge, ® Weinhold electron configuration, ¢ Frequency in cm ™'

values by IR spectrum

The reaction path energies with two different spin states are
plotted in Fig. 1. The most major geometric parameters for
each stationary and transition points are shown in Fig. 2. The
reactant Zr atom has the high-spin triplet *F (4d*5s?) as the
ground state and the intermediates 1 (Zr-CH3-CHj3) and 2
(ZrH-CH,-CHs;) also display the triplet ground states. How-
ever, the major products 3 (ZrH,-CH, = CH,) and 4 (ZrH3-
CH = CH,) in a low-spin singlet state were found on An-
drews and co-workers’ experimental observations and from
their B3LYP computations. They proposed a mechanism for
the Zr + ethane reaction and suggested that the intersystem
crossing should occur along the lowest energy path [26].

10090 'Zr+C;H,
—

~
~

N
’ZrHC;H(, \\
0 - e

-1007

AE(kJ/mol)

-2004

-300 4

Reaction Coordinate

Fig.1 Energy level along the reaction pathway Zr + C,Hg — ZrH3-CH =
CH, in triplet and singlet spin states (AE in kJ mol ")

, ¢ Wiberg bond order. © calculated values by Andrews [26], fexperimental

Here, we suppose two reaction paths with different spin
states (i.e., averaged out SOC), and regenerate the whole
reaction path which is supplemented with many additional
details, as shown in Figs. 1 and 2.

How to get correct atomic energy with different states of
transition metal is still a challenge in DFT due to the multi-
configuration effects. Zr with d’s* configuration may have
two lower states of °F and 'D. Fortunately, “sum method”
[75] of DFT may solve such problem. By using “sum meth-
od” these two states can be obtained reasonably. The energy
difference of *F and 'D is 78.3 kJ mol™' which differs little
from experimental value [76] 67.4 kJ mol™' (not too much
for open d-shell on DFT).

Triplet state of spin-conserved mechanism for Zr(’F)
with ethane reaction

The ground state of Zr atom is a triplet state of *F(4d*5s?).
Firstly, Zr atom moves to C,H¢ forming a complex Zr-CHj-
CHj; (*1) with energy reduced of 29 kJ mol . Crossing over
the transition state *TS;,, with a small energy barrier of 3 kJ
mol ™" due to the Pauli repulsion of electronic cloud, Zr
inserts into the H-C bond of C,Hg. Meanwhile, the first
hydrogen breaks away from C1 and migrates toward Zr
forming the stationary ZrH-CH,-CHj (®2). In this step, the
atomic distance between Zr and C1 decreases from 2.78 (°1)
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Fig.2 Equilibrium geometries of intermediates, transition states and products in the Zr + C,Hg reaction with triplet and singlet states (bond length in
A, bond angle in ©). The 2, 3, 4 structures in both spin states with C1, C2v, Cs symmetry, respectively, *1 with symmetry Cs
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to 2.20 (33) A same as standard bond length of Zr-C. This
reaction step of *1 — 32 is largely exothermic by 166 kJ mol .

From the intermediate *2, Zr needs to attract the second
hydrogen which moves from the other carbon (C2). The
reaction proceeds to go through the transition state *TS,;
with activation energy of 35 kJ mol™'. Remarkably, the C2-H
bond elongates to 1.85 A from 1.16 A in 3TS, /3, while the
bond distance of Zr-H4 becomes 1.86 A. It shows that the
C2-H4 bond is broken and Zr-H4 bond is forming. Mean-
ingfully, as compared to that in 32, the bond length of C1-C2
reduces by 0.1 A which implies the tendency of the double
bonds of C = C to be soon created. Then the H4 continues to
move away from the C2 anticlockwise around Zr to form the
C2v symmetry in *3 (ZrH,-CH, = CH,) (see Fig. 2). Our
IRC calculation on the PES from 2 — *3 demonstrates the
transition state >TS,,3 connect the two ends of ZrH-CH,-CH;
(®2) and ZrH,-CH, = CH, (*3) in the forward and backward
directions, respectively.

Then, the third hydrogen (H3) moves toward top and
interacts with H1 forming a 2H group, meanwhile H4 turns
to the backside of Zr with a Cs symmetry at the transition
state >TS34. The notable activation barrier is about 106 kJ
mol ™' due to the H3-C1 bond broken. The *3 proceeding to
product *4 needs about 66 kJ mol ' energy. It is interesting
that in product >4, the two hydrogen atoms are not directly
bonded with Zr but have a tendency to form a H, group (the
H-H distance being only 0.83 A) and weakly interact with Zr
(the distance between H-H and Zr being 2.09 A). Totally, the
triplet reaction from *Zr + C,Hg to final species 4 is exo-
thermic by about 101 kJ mol .

Singlet state of spin-conserved mechanism for Zr('G)
with ethane reaction

Now, turn to the singlet reaction process. Different from that
of triplet trajectory, we searched for the first corresponding
complex 1 and the first transition state in singlet PES, but
were unable to discover them. Thus, the first reaction step is
a straight inserting the C-H bond by Zr with excited singlet
state to form the intermediate ZrH-CH,-CHj (12). Such
situation also appeared in Re + CH4 reaction [58]. The
high-energy low-spin singlet 'D term of Zr lies above its
3F ground state by 78 kJ mol . As compared to the tiny
active barrier of 3 kJ mol ™' in triplet reaction path, the
excited Zr (*D) with high-potential could be supposed to
overcome their negligible energy barrier directly arriving at
the stationary '2. So this process is regarded as a barrierless
reaction pathway. There is a large energy difference of
237 kJ mol ! between the excited reactants 'Zr + C,Hg and
the stationary 17rH-CH,-CHs.

After the complex '2, the singlet reaction pathway is
similar to that of triplet state. The '2 continues to go through
the potential barrier of 'TS,;5 by 11 kJ mol ' to the

intermediate '3. At the 'TS,; state, the C2-H4 bond
distance is 1.56 A much larger than the standard C-H
bond which means when H4 leaves C2 moves to Zr.
This step '2 — '3 is largely exothermic by 140.5 kJ
mol™'. There is an obvious distinguishment of C1-C2
bond distance between 3 and '3 of 1.40 A and 1.53 A,
respectively. The three-body ring geometric structure of
13 makes it more stable than that in 33, about —99 kJ
mol ™! lower than the triplet educt.

On the last step, the third hydrogen, H3, moves from
Cl to Zr via transition state 'TS3, (see Figs. 1 and 2).
The H3 migrates toward Zr constructing a ZrH; group
which quite differs from the triplet process. IRC investi-
gation confirms the rearrangement process. From '3 to '4
step, it is endothermic by about 35 kJ mol ™' and with a
transition barrier of 130 kJ mol '. The high activation
barrier of TSz, indicates the difficulty to take off H
from the C-H bond. The '4 is also expected as kineti-
cally stable regardless of the presence of C = C double
bonding. The high barrier of TS;,4 which could be
deemed to be the rate-determining step on the whole
reaction path is much greater than that of ]TSm (6 kJ
mol'). However, the whole reaction on singlet pathway
is largely exothermic by about 309 kJ mol .

Possible further reaction mechanism on singlet state
to ethene

Although in Andrews’s report [26] the ground state *Zr did
not react with ethane due to the unobserved Zr(C,H,) which
would be logical for H, elimination product in their experi-
ment. After searching along the forward process of the reac-
tion, the triplet Zr(C,H,) is found while the singlet reaction
process is still stopped on '4. The further reaction pathway
and intermediates structures are shown in Figs. 3 and 4. As
mentioned above, in *4, Zr is very weakly interacted with
H1-H3 group. When the 2H group escapes from Zr creating

3Zr+H,
1504 +C,H,

—

(=3

S
L

AE(kJ/mol)

0 -
-50 +
34 ZrH-CH=CH, 3Zr(CH;=CH,)
-1004 +H, +H,
-150

Reaction Coordinate

Fig.3 Energy level along the further reaction pathway of H3Zr(C,H3) —
Zr + H, + CH2 = CH, in triplet spin-state (AE in kJ mol ")
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Fig. 4 Equilibrium geometries of
intermediates, transition states and
products in forth reaction of ZrHs-
CH=CH, — Zr+H, + CH2 =
CH,; in triplet spin-state (bond
length in A, bond angle in °)

37rH-CH = CH, + H, (°5), there will be no activation barrier
and it is endothermic by about 44 kJ mol '. The H4 transfers
from Zr to C1 crossing the transition state 3TS5/6 with a barrier
of 99 kJ mol ™" to form *Zr(CH, = CH,) + H, (*6). If the
reaction still has onward process, Zr can leave ethene and the
whole dehydrogenation reaction from ethane to ethene cata-
lyzed by transition metal Zr may be finished. But the last step
needs energy of 190 kJ mol ' which hardly occurred.

Intersystem crossing and the conceivable overall reaction
pathway

From above spin conserving (triplet or singlet state) reaction
mechanism, one can see that the lowest energy of Zr atom
and complex 1 and 2 are all in the triplet ground states,
however the final products 3 and 4 are both in singlet states.
So the low energy reaction path should not be fastened on
one adiabatic PES, intersystem crossing might occur some-
where on the two PESs. The 3d-, 4d- and 5d-TM included
reactions may refer to more than one adiabatic PES as
indicated by some experimental and theoretical investi-
gations [14, 15, 77-80]. From Fig. 1, it should be

suggested that the reaction jump from triplet to singlet
PES may be near the projected crossing point (PCP)
between 3TS,/3 and '3.

As a result, the reaction of laser ablated Zr with ethane
starts from the formation of complex *1 and continues to go
to complex 32 via a slender transition barrier >TS;/, on the
triplet PES. The interested step is from 2 to 3 via transition
state TS,,3. Although the second hydrogen H4 moves from
C2 to Zr may form ZrH,-CH, = CH, (33), complex 32 and 33
are equal in energy (by accident). But if ZrH,-CH, = CH, (3)
changes to singlet state '3, it will become more stable with
99 kJ mol " lower than in triplet state. Thermodynamically,
the singlet complex 3 is much more favored than that in
triplet. Thus, the triplet reaction may cross somewhere
near the PCP region reaching the singlet trajectory be-
tween >TS,; and '3. However, the structures of the
triplet and singlet are different geometrically except the
reaction coordinate at PCP point. This will need some
energy for the spin-flip process. Finally, the reaction
path will get to '4 via 'TS3,. Overall, a conceivable
lowest-energy reaction pathway of Zr atom + ethane
with spin crossing is as follows:

Zr (°F) + CHg—’ Zr—CH;~CH; (*1) -’ TS, ), —° ZrtH—-CH, ~CH;3 (*2)
—3TS,;/3—~PCP—'ZrH,~CH, = CH,('3)—>'TS; s—'ZrH;~CH = CH,('4)

In this instance, the symmetries of the structures of 1, 2, 3
and 4 belong to Cs, C1, C2v, Cs, respectively (see Fig. 2). The
overall reaction which starts from the triplet PES and ends in
the singlet PES at '4 would be exothermic by ~231 kJ mol .

Crossing points between the PESs of different spin
multiplicities

As is well known, density functional theory does well in
many equilibrium configurations by a single determinant
wavefunction in most chemical systems. Always, the elec-
tronic configuration satisfies the “Aufbau principle”, that
means the occupied orbitals are lowest in energy than the
unoccupied orbitals at DFT ground state which is proved by
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Janak [81]. However, in some near-degenerate configuration
states, the empty orbital below the occupied orbital in energy
always happens. Non-dynamic correlation effects become
crucial. In such cases, multiple-configuration wave functional
methods like MCSCF or CASSCF [48-56] based procedures
should be adopted for the orientation of the transition region.
Alternatively, we have suggested a simple DFT fractional
orbital occupation number (FON) approach [57] to simulate
the non-dynamical correlation effects for searching for the
MECP in the LECR.

To better analyze the electronic configuration of spin
crossing process, an energy level digram for frontier orbitals
is plotted in Fig. 5. Among the six-pair frontier orbitals, four
« and two [ spin-orbitals and three « and three 8 spin
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Fig. 5 The energy level diagram —16A(B) ]
for frontier spin orbitals with the 21 1A —— A AB) -2 16A(@) — 16A()
six HOMOs and six LUMOs in 15A () ] 15A(a) 15A(B)
3TS,,3 and 'TS, 3, respectively 3 = 13A() 3 14A(a) —  14A®)

eineV 14A

( ) E N 14ac) 5_4 BA@ —— — 1a@)

CE -5 CJ -5
64 12a@ -6 12A(0) —4— + 12A(B)

11A
1A AT =/ 1AB HA@ —A— —£ 11AG)
3 1
TSZ/3 TSZ/3

orbitals are occupied in *TS,3 and in "TS,3, respectively.
The highest occupied molecular orbital (HOMO) is the
14Ax and the lowest unoccupied molecular orbital
(LUMO) is 13A3 in TS,;. However, the HOMO in
ITS,,5 is 13A (a + ), the LUMO is 14Ax. Clearly, from
triplet to singlet states, it needs one electron from « transfer-
ring to [ spin. Along with the spin-flip process, the 14Ax
orbital energy increases and the 13A[ orbital energy de-
creases until the two orbital energies become equal. At this
moment, the “Aufbau principle” is obeyed in both electronic
configurations of different spin-symmetry.

When spin inversion is carried out by nonadiabatic coupling
over the LECR with a transition structure, two conditions
should be fulfilled: one is the transition structure ought to be
the lowest point energetically on the crossing seam where the
classical trajectory may crosses with lowest energy; the second
is the Franck-Condon principle, i.e., the energy of the two
different spin symmetry should be the same, ECA) =
E('A), for the identically transition structure.

As shown in Fig. 1, at the so called “projected crossing
point” (PCP), ECA) = E("A), only the reaction coordinate
Lya-zr-c2 (= 54.91°) is the same but with different partial
geometric structures in a 3N-7 dimension (N=9-atomic sys-
tem). However, the orientation of the PCP is only the first
step, Franck-Condon principle is not fulfilled at the PCP.

Now, we start to apply FON-DFT method to determine the
MECP. To optimize the fractional occupation number n of
orbitals 14A()” and 13A(6)'™ and simultaneously all of
structure parameters except for £4.7.c» taken as the constant
value of 54.91° are optimized ensuring to locate at the lowest
energy area. Changing with the n-variation (see Fig. 6b and c),
orbital 14A(x)" drops and 13A(B)'™ rises up. At n=0.425
point, the two orbital energies get equal. This optimized
geometry is close to the MECP (see Fig. 6 left-bottom).

Then we need to check whether the transition structure is
satisfied for Franck-Condon principle, that with the same
structure should be ECA) = E("A). Occasionally it is needed
to search once again (however it is a small probability event).
There is only 0.69 kJ mol ' energy difference which is
within our convergent limitation between triplet and singlet
states with the MECP structure.

Molecular structure and bonding

The major intermediates in the reaction of ethane dehydroge-
nation by Zr atom are 2, 3 and 4. Why in the later steps, the
singlet spin state of 3 and 4 will become more stable than the
triplet state? Now, we want to make more detailed analysis on
the molecular structures on 3 and 4 with singlet and triplet spin
states.

The optimized structures of 3 and 4 in both spin states are
shown in Fig. 2. The harmonic vibrational frequencies (in-
cludes the experimental IR values), the values of Weinhold
charge and Wiber bond order (WBO) are listed in Table 2.
Compared with the experimental IR data, the DFT predicted
vibrational frequencies of 3 and 4 in singlet spin states are
matched much better than the triplet ones. For example, let’s
see V(C-C) in '3 and 3, the present DFT calculated values
are 961 and 1226 cm™ ', respectively, and the experimental
observable IR value is 959 cm ™' which is closer to the singlet
'3 than the triplet *3.

For ZrH,-CH, = CH, (3), the Zr-C1 (same as Zr-C2 in
C2v symmetry) bond distance is 2.43 A and 2.15 A and of C-
Cis 1.40 A and 1.53 A in the triplet and singlet states,
respectively. The shorter the Zr-C bond length, the stronger
the bond. And the elongation of C-C bond also contributes to
the more stable three-ring structure in '3. From the natural
bond orbital (NBO) analysis, the WBO of Zr-C for singlet
(0.83) is nearly double of the triplet (0.44). The Weinhold
charges of Zr and C in the two different spin states are 1.07
(Z1/*3), 1.48 (Zr/'3) and —0.67 (C/*3), —0.88 (C/'3), respec-
tively, which tells us there is stronger ionic bonding between
Zr-C in singlet than in triplet states.

For the ZrH;-CH = CH, (4), there is about 129 kJ mol '
energy difference between the two spin states although with
nearly the same bond lengths of Zr-C and C-C. However, in
34, the Zr is connected to H1-H3 group in very weak attrac-
tion with 2.08 A distance. The Weinhold charges of H1 and
H3 are only —0.001 which means H1-H3 group is similar to a
hydrogen molecule. In '4, Zr is bonded to 3H with ~1.87 A
bond lengths which is same as standard bonds. The three H-
atoms (with charge of —0.3) are well-proportioned around Zr
(with charge of 1.2) forming the more stabilized complex.
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Fig. 6 a The optimized energy
curve E along the reaction -2801
coordinate 2 H4-Zr-C2 between -1207 —
the transition state TS;/3 to ZrH,- o =
(CH,); (3) in the pure triplet and = E
) ; . ~ -320+
singlet spin states, respectively; =] -
(b) and (¢): Under the DFT-FON = 140 &
procedure, the 14A(a)” and -2 w
13A(3)"™" orbital energy curves E’ -3601
versus FON # for mixed
ensemble n(CA) + (1-n)(*A) and -1604
the ensemble FON energy E; (d): )
Structural parameters of the 5491 st . . . . .
MECP. E and eiAin kJ mol ™", 40 45 50 55 60 65 70 00 02 04 06 08 10
bond lengths in A, bond angles in Angle-H .ZrC.° I
degrees g 4 2
164 |
= : ¢)
124 }
= :
I
< 84 |
=4 |
I
1 |
|
I
0 . . 0.425 . . \

So, ZrH3-CH = CH, (4) in singlet state is more stable than in
triplet.

Conclusions

In this paper we have theoretically investigated in detail
ethane dehydrogenation in gas-phase by metal atom zirconi-
um. At the relativistic DFT level, this reaction pathway has

0.0 0.2 0.4 0.6 0.8 1.0

been studied on PESs both on triplet and singlet states. Some
conclusions may be drawn as follows:

1. Along with the minimum energy reaction pathway of
laser ablated Zr with ethane, two adiabatic PESs are
included and spin inversion would occur somewhere.
The available process contains four stationary states
(1 to 4), three transition states (TSy,; to TS3/4) and one
spin inversion process. The integrated minimum energy
reaction pathway may be described as follows:

Zr (*°F) + CoHg—’ Zr—CH;—CH; (*1) -3 TS, ), —° ZtH-CH, —CH; (*2)
—3TS,3—~PCP—'ZrH,~CH, = CH,('3)—>'TS;4—'ZrH;~CH = CH, ("4) -

Starting from the Zr atom moves to C,Hg forming a
complex of Zr-CHs;-CHz (*1). Then the first dehydro-
genation takes place following the H1 leaving from Cl
to Zr forming the stationary ZrH-CH,-CH; (*2). Next,
the second H4 goes away from C2 attracted by Zr
which leads to the products ZrH,-CH, = CH, (3). After
the transition states of TS,/;, the singlet PES becomes
lower than the triplet’s. Between 2 and 3 there should
be a region where the reaction crosses over the two
PESs. Finally, the third H is migrated toward Zr from

@ Springer

C1 forming the product of ZrH;-CH = CH, ('4).

2. The spin inversion occurs between the transition state
TS, and the product 'ZrH,-CH, = CH, (*3) near the
saddle-points of two spin states with Zr inserting the sec-
ond C-H bond. The spin crossing process brings to the
product '3 99 kJ mol ' lower energy than the correspond-
ing triplet *3. The overall reaction starts from the triplet
potential energy surface then passes through the MECP
into the singlet potential energy surface and finally ends in
the product '4. It would be exothermic by 231 kJ mol .
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