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Abstract

The structure of transition state is very significant to further understand the related reaction system auxiliary N-N bond
cleavage process. Here, in order to sort out some DFT functionals in searching the transition states in a N—N bond cleavage
reaction mediated by the diiron complexes, compare the 45 density functionals with benchmark data of MP2 and DLPNO-
CCSD(T) methods. By analyzing the structures and relative energies, we have found that four HGGA functionals (B1B95,
mPWI1PBE, HSE1PBE, HSEh1PBE) are the more consistently reliable methods. And the B1B95 functionals provide the most
reliable energetic properties within 3 kcal/mol of the data of DLPNO-CCSD(T) method.

Introduction

The aspire interest for elucidating the mechanism of the biological transformation of nitrogen to ammonia has
lasted for more than 50 years.[!! Much effort has been spent on understanding the conversion process from Ny
to NH; in which N-N bond cleavage is a key step in biological systems,?l and great progress has been made
in this framework. But the biological nitrogen fixation process is so complicated that it is hard to directly
obtain related mechanistic information in detail which is one reason that the limited experimental knowledge
and methods. A powerful approach to elucidate the mechanism of N-N bond cleavage related to nitrogen
fixation in nitrogenase or nitrogenase mimics is theoretical calculation, which is not only well-suited for the
experimental observations on the mechanisms but also useful to obtain deeper insight into the mechanisms of
this reaction. So a series of computational studies have been reported to have focused on the binding of Nj
to iron-sulfur clusters modeling FeMoco and their electronic properties.l3! As far as we aware, there are still
lack of systematic studies on the effects of DFT functionals for FeySo-based reactions. Kastner and Blochl®]
recently reported that the reduction of Ny to NHj3 at the Fe sites of FeMoco favorably use the gradient
corrected PBE[M functional. The QM and QM /MM models for the FeMoco of nitrogenasethe reported by Cao
and co-workers®! were employed generalized gradient approximation Perdew-Wang functional (PW91).[5a]
These results may suggest that using various functionals. So choosing suitable density functional is a problem.
For example, previous studies on diiron complexes,®l we have discussed the complex Cp”Fe(j -SEt)a(p -
NHNH;)FeCp” (Cp" =n ®-C5Mes,1 ) decomposed to Cp Fe(j -SEt)2(p -NH)FeCp*(2 ) and NHz (Scheme
1). Although using TPSSTPSS!”) functional has reproduced well the X-Ray structures, we could not locate
transition state for the N-N bond cleavage. In general, the N-N bond cleavage is very significant to further
understand the biological nitrogen fixation process. Therefore, gaining the transition states of N-N bond
cleavage is significantly necessary.



In view of this, a key goal of this effort is to determine which DFT functionals with a moderate-sized basis
set are able to search the transition states of the N-N bond cleavage of good quality for the larger systems
of experimental and theories interest.
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Scheme 1. The reaction (transformation from 1 to2 ) of N-N bond cleavage process.
Computational Details

All DFT and MP2[8] geometry optimizations and vibrational calculations were carried out using the Gaussian
09 program package.?) As reported previously,!%! both complexes 1 and2 were calculated to be the singlet
ground state. Therefore, only singlet state was considered for the complexes involved in this system. The
6-31G™ basis set was used for C, H, N and S atoms, and Fe atoms were treated by 6-311G" basis set.
Each optimized structure was analyzed by harmonic vibrational frequencies obtained at the same level and
characterized as a minimum (Njmag = 0) or a transition state (Njmag= 1). The transition state structures
were shown to connect the reactant and product on either side via intrinsic reaction coordinate (IRC)
following. Some relaxed potential energy scans of 18 functionals were performed with only the scanned N-N
distance from 0.500 A to 2.500 A with stepsize 0.050 A. The most reliable available levels, the domain-based
local pair natural orbital coupled cluster method with single and double excitations and perturbative triple
corrections (DLPNO-CCSD(T)[10:11 /6-311G*(Fe)/6-31G*(C, H, N, S) in conjunction with the correlation
fitting auxiliary basis set TZV/C for the single-point energy calculations were performed for the species at
the MP2 optimized geometries in ORCA Program['? as the benchmark data. Considered the calculation
of DLPNO-CCSD(T), the model compounds CpFe(u -SMe)s (i -NHNH;3)FeCp (Cp = n 5-CsHs,1m ) and
CpFe(p -SMe)z (i -NH)FeCp (2m ) (Figure 1) were adopted in this systems. The ONIOM calculations!*?l
were carried out for 1and 2 to validate the rationality of simplified model (in Supporting Information).
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Figure 1 . Optimized structure of 1m and2m at the B3LYP/6-311G"(Fe)/6-31G™(C, H, N, S) level.
Results and Discussion

Various density functionals were applied, including generalized-gradient approximation (GGA), hybrid GGA
(HGGA), and long-range-separated hybrid GGA methods (LR-HGGA) (see Table 2 for the details).

In the process of search of transition states using various DFT methods, only 27 kinds of DFT meth-
ods (B3LYP, M06-2X, B3PW91, B1B95, mPWI1PW91, mPWILYP, mPWI1PBE, B98, B971, B972,
PBE1PBE, O3LYP, BMK, M06, tHCTHhyb, HSEh1PBE, HSE1PBE, wB97XD, wB97X, CAM-B3LYP,
VSXC, HCTH93, HCTH147, HCTH(407), tHCTH, M06-L, TPSSh) got successfully the structures of tran-
sition states. However, attempts to locate a transition state for the cleavage of a N-N in 1m of the other 18
kinds of functionals were unsuccessful. A relaxed scan of the N-N distance inlm indicates that the energy
decreases monotonously as the N-N distance increases from 0.5 A to 2.5 A (Figure S1). These results suggest
that cleavage of the N-N bond in 1m is unlikely to occur. So these methods can’t be discussed as follows.

Optimized Geometries

Firstly, we examined the geometries of stationary points (including reactant, transition state and product)
along the reaction coordinate of the reaction of diiron-mediated N-N bond cleavage. The resulting selected
framework geometry parameters are collected in Table S2-S4. A wide range of DFT functionals were used
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for the benchmark study, including local, gradient-corrected, hybrid exchange-correlation, and long-range
functionals. The RMSE (root mean square error) andR 2 (the

Table 2 . Benchmarked DFT functionals.

functional type refs
BPS&6 GGA [14a, 14b]
HCTHI93 GGA [15]
HCTH147 GGA [15]
HCTH(407) GGA [15]
B97D GGA [16]
PBEPBE GGA [4]
BLYP GGA [14a,17]
mPWPW91 GGA [18]
PW91PW91  GGA [5]
VSXC GGA [19]
tHCTH GGA [20]
TPSSTPSS GGA [7]
MO6-L GGA [21]
PBE1PBE HGGA [4]
B3LYP HGGA [14a, 17, 22, 23]
B3PW91 HGGA [14c, 24]
B3P86 HGGA [14b, 14c]
mPWI1PW91 HGGA [18]
mPWI1PBE HGGA [4, 18]
mPWILYP HGGA [18, 18]
mPW3PBE HGGA [4, 18]
B98 HGGA [23]
B971 HGGA [15]
B972 HGGA [25]
B1LYP HGGA [17, 26]
O3LYP HGGA [17, 27
X3LYP HGGA [14a, 17, 24, 28]
BHandH HGGA [14a, 17]
BHandLYP HGGA [14a, 17]
HSEh1PBE HGGA [29]
HSE2PBE HGGA [30]
HSE1PBE HGGA [31]
PBEh1PBE HGGA [4, 32]
B1B95 HGGA [14a, 27]
BMK HGGA [33]
MO06 HGGA [21a, 34]
Mo06-2X HGGA [21a, 34]
MO6HF HGGA [21a, 35]
TPSSh HGGA [36]
tHCTHhyb HGGA [37]
wB97 LR-HGGA [23D, 38]
wB97X LR-HGGA [3§]
wB97XD LR-HGGA [23b, 39]
LC-wPBE LR-HGGA [40]
CAM-B3LYP LR-HGGA [41]




square of correlation coefficient) of structures were used to evaluate the performance of DFT functionals
versus the higher level MP2 results, shown in Figure 2, respectively, using the following expressions:

(similarly hereinafter).

, where , , and are the values of MP2 method , that of the related DFT method, the mean of ’s, and the
mean of ’s, respectively; N = 8 for reactant and transition state, N = 7 for product (similarly hereinafter).

It is generally known that the R 2 more close 1 illustrates the data closer to the standard value while the
RMSEvalue smaller data closer to the standard value. As shown in Figure 2a, for 1m , the values of R ? are

greater than 0.920 (except for B972 method with R ? = 0.783). The functionals perform in the following
order based on the RMSE errors:

(a) group 1 (RMSE  [0.064 A, 0.077 A]): B1B95, PBEIPBE, mPWIPBE, HSEh1PBE, HSEIPBE,
mPW1PW91, tHCTHhyb, M06, tHCTH, TPSSh;

(b) group 2 (RMSE [0.081 A, 0.098 A]): wB97XD, CAM-B3LYP, O3LYP, HCTH147, HCTH(407), B971,
B98, HCTH93, M06-L, B3LYP;

(c¢) group 3 (RMSE [0.103 A, 0.400 A]): mPWILYP, VSXC, BMK, B3PW91, M06-2X, wB97X, B972.

This indicates that several funcitonals (group 1) yield convincing structures with RMSE as small as 0.064
A in case of the B1B95 functional. It is observed that most of the conventional hybrids including 9 HGGAs
lie in this group as well as a GGA functional (tHCTH). The functionals in group 2 yield relatively good
structures and the group consists of a collection of 4 GGAs, 4 HGGAs, and two LR-HGGAs (wB97XD,
CAM-B3LYP). For group 3, which exhibits the RMSE greater than 0.100A, consists of one GGA (VSXC),
one LR-HGGA (wB97X), and 5HGGAs. From these investigations, it is apparent that all of the functionals
designated in group 1 are suitable to reproduce the MP2 results.
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Figure 2 . The RMSE in the framework bond lengths (including Fe-Fe, Fe—S, Fe-N and N-N bond length,
A) compared with the results of MP2 for 1m (a), TS (b) and 2m (c), respectively; and R 2 (d) in bond



lengths.

For transition state (TS ) of N-N bond cleavage, shown in Figure 2b, the values of R 2 are greater than
0.930. The functionals perform in the following order along the RMSE errors:

(a) group 1 (RMSE  [0.081 A, 0.089 A]): B1B95, PBEIPBE, mPWI1PBE, mPW1PW91, HSEh1PBE,
HSE1PBE;

(b) group 2 (RMSE  [0.091 A, 0.093 A]): wB97XD, CAM-B3LYP, wB97X;

(c) group 3 (RMSE  [0.100 A, 0.198 A]): M06, B3PW91, B972, B98, tHCTHhyb, B971, BMK, mPWI1LYP,
B3LYP, O3LYP, M06-L, VSXC, HCTH(407), tHCTH, HCTH147, HCTH93, M06-2X, TPSSh.

Here, the results of group 1 yield convincing structures with RMSE as small as 0.081 A in case of the BIB95
functional. It is observed that most of the conventional 5 HGGAs lie in this group as similar as B1B95.
The functionals in group 2 yield relatively good structures and the group consists of all 3 LR-HGGAs. For
group 3, which exhibits the RMSE greater than 0.100A, consists of 6 GGAs, and 12 HGGAs. From these
investigations, it is apparent that all of the 6 HGGAs functionals designated in group 1 (including B1B95,
PBE1PBE, mPWI1PBE, mPW1PW91, HSEh1PBE, HSE1PBE) well reproduce the TS structures of the
MP2 result.

Similarly, the selected geometrical parameters of the product (2m ) are presented in Figure 2c. The product
of MP2 method has an imaginary vibrational frequency (65.23¢ ) with the wiggle of the N-H group. And
many attempts to break the imaginary frequency of the product of MP2 were fruitless. But it could not
influence the comparison with DFT product. And all of R? values are greater than 0.950. The functionals
perform in the following order based on the RMSE errors:

(a) group 1 (RMSE  [0.092 A, 0.099 A]): B1B95, PBEIPBE, mPWI1PBE, mPWI1PW91, HSEIPBE,
HSEh1PBE, wB97X, B3PW91, CAM-B3LYP, wB97XD, TPSSh;

(b) group 2 (RMSE  [0.100 A, 0.109 A]): tHCTHhyb, B972, BMK, O3LYP, B98, B971;

(c) group 3 (RMSE [0.110 A, 0.192 A]): tHCTH, M06, B3LYP, M06-L, mPW1LYP, HCTH147, HCTH(407),
HCTH93, VSXC, M06-2X.

Similar with the results of 1m and TS | the case of the B1IB95 functional in group 1 has the smallest RMSE
value (0.092 A) of all functionals. It is observed that most of the conventional 8 HGGAs lie in this group
as well as B1B95 result and 3 LR-HGGAs (wB97X, wB97XD, CAM-B3LYP). The functionals in group 2
yield relatively good structures and the group consists of all 6 HGGAs. Group 3, which exhibits the RMSE
greater than 0.110A, consists of the rests functionals. From these investigations, it is apparent that all of the
functionals designated in group 1 are suitable to yield equilibrium structures in agreement with the MP2
product structure.

On the basis of the above results, in the aspect of structures, 6 HGGAs functionals (including B1B95,
PBEIPBE, mPWI1PBE, mPW1PW91, HSEh1PBE, HSE1PBE) can commendably reproduce the structures
of MP2.

Thermochemical and Activation Parameters

Secondly, to investigate the mechanism shown in Scheme 1, the relative energy including the corresponding
thermal corrections has been computed. As shown in Table 3, AE *+ AG T+ and AH *7 represent the
relative electronic energy, free energy and relative enthalpy of theTS with respect to the reactant (1m ),
viz., energy barrier, respectively, and AE ; AG and AH are the reaction electronic energy, free energy and
enthalpy of the product (2m + NHj ) with respect to the reactant (1m ), viz., reaction energy, respectively.
And the imaginary frequencies of all TS s with several methods are significantly obvious (shown in Table 3).
AFE T7(9.51 kcal/mol), AG T%(9.91 kecal/mol) and AH *F (9.58 kcal/mol) of DLPNO-CCSD(T) method
are more than 1 kcal/mol while AE (-26.11 kcal/mol), AG (-35.11 kcal/mol) and AH (-25.77 keal/mol)
are less than —10 kcal/mol. For PBE1PBE and M06-2X, AE T, AG *+ and AH T are more than 10



kcal/mol while AE ;| AG and AH are more than 0 kcal/mol, which causes the N-N bond cleave process
is not likely to occur both kinetically and energetically. So PBE1IPBE and M06-2X methods could not be
suitable to investigate the N-N bond cleave process. Actually, the N-N bond cleave process need to climb the
energy barrier in kinetics based on the reliable DLPNO-CCSD(T) results. However, there are 11 functionals
(tHCTHhyb, B3LYP, VSXC, HCTH93, wB97X, HCTH147, HCTH(407), O3LYP, M06-L, tHCTH, TPSSh)
which AE ¥+, AG ** and AH *% are less than 1 kcal/mol while AF ; AG and AH are less than —10
kcal/mol. And the reactant energy of these methods almost equals to that of transition state and the IRC
curve is flat. These results indicate that these methods can’t state well the N-N bond cleave process. While
the remaining 14 functionals (BMK, B1B95, wB97XD, mPW1PBE, CAM-B3LYP, HSE1PBE, HSEh1PBE,
mPWI1PW91, M06, B972, B3PW91, B98, mPWI1LYP, B971) can reflect the process since AE T+ AG *+
and AH *1 are more than 1 kcal/mol with AE , AG and AH are less than —10 kcal/mol.

Table 3 . Relative potential energies (kcal/mol, including the corresponding thermal corrections) for sta-
tionary points (TS and P(2m +NHj )) with respect to the reactant (1m )?.

Reaction ene

method Energy barrier Energy barrier Energy barrier Reaction energy Reaction energy
AETT AHTT AGTT AFE AH

DLPNO-CCSD(T) 9.51 9.58 9.91 -26.11 -25.77
PBE1PBE 76.67 76.76 76.09 48.24 49.02
MO06-2X 18.02 18.08 17.66 14.80 15.41
BMK 9.84 10.36 8.36 -12.38 -10.85
B1B95 6.04 5.65 7.33 —22.76 -22.04
wB97XD 6.63 6.63 7.33 -17.61 —-16.66
mPWI1PBE 4.13 3.69 5.04 —25.57 —24.77
CAM-B3LYP 5.61 5.79 4.85 -20.21 -19.38
HSE1PBE 4.04 4.13 3.49 —24.65 —23.86
HSEh1PBE 4.03 4.13 3.46 —24.66 —23.87
mPW1PW91 4.00 4.13 3.27 —25.77 —24.96
MO06 3.40 3.46 3.26 —24.59 —23.86
B972 2.43 2.54 1.86 -32.44 -31.55
B3PW91 2.13 2.18 1.82 -32.49 -31.65
B98 1.79 1.83 1.63 -30.13 -29.34
mPWI1LYP 2.06 2.14 1.54 -27.17 —26.38
B971 1.68 1.76 0.88 -30.04 -29.24
tHCTHhyb 0.44 0.42 0.42 -35.71 -34.84
B3LYP 0.81 0.83 0.37 —-34.00 -33.16
VSXC -0.06 -0.14 0.10 -32.51 -31.23
HCTH93 -0.47 -0.75 0.09 —-54.85 -53.89
TPSSh 0.02 -0.13 0.03 -37.67 -36.92
wB97X 0.00 0.00 0.00 —23.45 -22.70
HCTH147 -0.41 -0.73 —0.05 -50.43 —-49.55
HCTH(407) -0.47 —0.66 -0.09 -50.17 -49.13
O3LYP 0.18 0.25 -0.21 —43.71 —42.77
MO06-L -0.18 -0.02 -1.02 -38.84 -38.05
tHCTH -0.35 -0.10 -2.16 -48.67 —47.12

AG
-35.11
38.22
5.64
-23.97
-32.88
—-27.80
-35.67
-30.31
-34.71
-34.71
-35.94
-34.59
-42.90
-42.79
-40.41
-37.25
—-40.39
—-46.46
—44.47
—43.55
—65.39
-47.39
-33.18
—60.80
—60.84
-b4.44
-49.18
—61.53

AAG T+ and AH *T represent the relative free energy and relative enthalpy of the TS with respect to the
reactant (1m ), respectively, and AG and AH are the reaction free energy and enthalpy of the product (2m
) with respect to the reactant (1m ), respectively.
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Figure 3 . TheRAD (relative absolute deviation, kcal/mol) of energy barrier (a) and reaction energy (b)
compared with the results of DLPNO-CCSD(T) level. Since the results of PBEIPBE and M06-2X methods
are far off that of DLPNO-CCSD(T), they could not be included in this figure.

Smilarly, as the statistics of optimized geometries, the energy barrier and reaction energy are shown in Figure
3. As shown in Figure 3a, in the respect of energy barrier, according to Gibbs free energy, the functionals
RAD (relative absolute deviation, kcal/mol, represents the absolute values of difference) of energy barrier
compared with the results of DLPNO-CCSD(T) level, which is arranged from small to big, is divided into
several groups in the following order:



(a) group 1 (RAD [1.55 keal/mol, 2.58 kcal/mol]): BMK, B1B95, wB97XD;
(b) group 2 (RAD [4.87 kcal/mol, 5.06 kcal/mol]): mPW1PBE, CAM-B3LYP;

(c) group 3 (RAD  [6.42 keal/mol, 8.37 kcal/mol]): HSEIPBE, HSEh1PBE, mPWI1PW91, M06, B972,
B3PW91, B98, mPWILYP;

(d) group 4 (RMSE  [9.03 kcal/mol, 12.07 kcal/mol]): B971, tHCTHhyb, B3LYP, VSXC, HCTH93, TPSSh,
wB97X, HCTH147, HCTH(407), O3LYP, M06-L, tHCTH.

These results indicate that the energy barrier from the three functionals (BMK, B1B95 and wB97XD) are
very close to that of DLPNO-CCSD(T) method within 3 kcal/mol.

For comparison of the reaction energy, shown in Figure 3b, according to Gibbs free energy, the functionals
RAD compared with the results of DLPNO-CCSD(T) level, is divided into several groups in the following
order:

(a) group 1 (RAD [0.40 keal /mol, 2.23 kcal/mol]): HSE1PBE, HSEh1PBE, M06, mPW1PBE, mPW1PW1,
wB97X, mPWILYP, B1B95;

(b) group 2 (RAD [4.80 kcal/mol, 5.30 kcal/mol]): CAM-B3LYP, B971, B9Sg;
(c) group 3 (RAD [7.31 kcal/mol, 8.44 kcal/mol]): wB97XD, B3PW91, B972, VSXC;

(d) group 4 (RMSE [9.36 kcal/mol, 30.28 kcal/mol]): B3LYP, BMK, tHCTHhyb, TPSSh, M06-L, O3LYP,
HCTH147, HCTH(407), tHCTH, HCTHO3.

These classifications indicate that the eight functionals (HSE1PBE, HSEh1PBE, M06, mPWI1PBE,
mPWI1PW91, wB97X, mPWILYP and B1B95) of group 1 have the more satisfactory results in compar-
ison with that of DLPNO-CCSD(T) method within 3 kcal/mol.

So in the respect of thermochemical and activation parameters (including the energy barrier and reaction
energy), the three functionals (B1B95, mPWI1PBE and CAM-B3LYP) are consistent with the DLPNO-
CCSD(T) result which the differences are within 5.06 kcal/mol. Then, the differences of HSE1PBE and
HSEh1PBE functionals are within 6.45 kcal/mol followed.

Here, we summarize these results with the following remarks:

(i) In the process of search of transition states using various DFT methods for N-N bond cleave process,
eighteen DFT methods (BP86, B97D, PBEPBE, BLYP, mPWPW91, PW91PW91, TPSSTPSS, B3PS§6,
mPW3PBE, BILYP, X3LYP, BHandH, BHandLYP, HSE2PBE, PBEh1PBE, MO6HF, wB97, LC-WPBE)
can’t locate successfully transition states. This shows that these are not suitable for N-N bond fracture
system.

(ii) For the structure of diiron complexes, six HGGAs (B1B95, PBEIPBE, mPWI1PBE, mPWI1PW91,
HSEh1PBE, HSE1PBE) can reproduce the geometries of MP2 method. And the B1B95 functional is best
for structures.

(iii) For in the respect of the relative energy, the five functionals (B1B95, mPWI1PBE, CAM-B3LYP,
HSE1PBE and HSEh1PBE) are consistent with the DLPNO-CCSD(T) results which the differences are
within 6.45 kcal/mol. And the B1B95 functionals has the smallest energy difference within 3 kcal/mol of
the DLPNO-CCSD(T) data.

Conclusions

By computationally modelling the reaction of a diiron-mediated N-N bond cleavage (the decomposition reac-
tion of complex Cp Fe(p -SEt)2(p -NHNH;3)FeCp™ (Cp”=n >-C5Mes,1 ) to Cp Fe(ju -SEt)2 (i -NH)FeCp© (2
) and NHj), a wide range of DFT functionals have been performed for the benchmark study compared with
the higher level MP2 and DLPNO-CCSD(T) results. The DFT benchmarks show that the HGGA functional



of B1B95 is the best functional among all of the benchmarked DFT functionals for the structures and rel-
ative energies. The reliability of these three functionals (mPW1PBE, HSE1PBE and HSEh1PBE) follows
the B1B95. This work can help better choosing reasonable DFT functional to study the N-N bond cleavage
of dinuclear clusters.
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