
S1 

 

 

Supplementary Information for  Acta Phys. -Chim. Sin. 2015, 31 (7), 1283-1301 

doi: 10.3866/PKU.WHXB201504291 

 

 

采用 12 种密度泛函理论方法表征三种三价铀复合物 

 

丁万见 1,*
    方维海 1

    柴之芳 2,3
    王东琪 2,*

 

(1北京师范大学化学学院, 理论及计算光化学教育部重点实验室, 北京 100875;  2中国科学院高能物理研

究所, 中国科学院核辐射与核能技术重点实验室, 北京 100049;  3苏州大学核药物与交叉科学学院, 江苏

苏州 215123) 

 

 

Performance of Twelve Density Functional Theory Methods in the 
Characterization of Three Trivalent Uranium Complexes 

 

DING Wan-Jian
1,*

    FANG Wei-Hai
1
    CHAI Zhi-Fang

2,3
    WANG Dong-Qi

2,*
 

(1Key Laboratory of Theoretical and Computational Photochemistry, Ministry of Education, College of Chemistry, 

Beijing Normal University, Beijing 100875, P. R. China;  2CAS Key Laboratory of Nuclear Radiation and 

Nuclear Energy Techniques, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, P. R. 

China;  3School of Radiation Medicine and Interdisciplinary Sciences (RAD-X), Soochow University, Suzhou 

215123, Jiangsu Province, P. R. China) 

 

 

 
∗Corresponding authors. DINGWan-Jian, Email: dingwanjian@bnu.edu.cn; Tel: +86-10-58804232. 

WANG Dong-Qi, Email: dwang@ihep.ac.cn; Tel: +86-10-88236606. 

 

 



S2 

 

 

1  Full citation of Gaussian 09 

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 

Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. 

Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. 

Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, 

K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. 

Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. 

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. 

Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. 

Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, 

J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09, Gaussian, Inc., 
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2 Relative energies between the quartet and the doublet 

Table S1  Relative energies between the quartet and the doublet
a
 

Functional 
Cpd2 Cpd3 Cpd4 

ΔEd/q ΔGd/q ΔHd/q ΔSd/q ΔEd/q ΔGd/q ΔHd/q ΔSd/q ΔEd/q ΔGd/q ΔHd/q ΔSd/q 

BS1: SC-6-31G(d) 

BP86 -13.1 -12.7 -13.1 -1.3 -13.3 -14.0 -13.3 2.4 -10.6 -11.7 -10.7 3.3 

PBE -12.3 -12.5 -12.4 0.3 -13.6 -13.8 -13.5 0.9 -10.8 -11.1 -11.0 0.3 

B3LYP -16.4 -16.6 -16.4 0.7 -16.4 -17.2 -16.4 2.6 -16.2 -16.7 -16.2 1.8 

B3PW91 -16.4 -16.5 -16.4 0.2 -16.6 -16.3 -16.7 -1.2 -16.0 -16.8 -16.0 2.9 

BHandHLYP -19.6 -19.6 -19.7 -0.6 -18.6 -19.3 -18.5 2.8 -19.4 -20.2 -19.4 3.0 

PBE0 -17.6 -18.1 -17.5 1.7 -16.8 -17.1 -16.8 1.0 -16.5 -16.6 -16.5 0.3 

X3LYP -16.7 -18.0 -16.6 4.7 -16.3 -17.7 -16.1 5.5 -16.4 -17.1 -16.4 2.3 

CAM-B3LYP -17.6 -17.1 -17.7 -1.9 -17.0 -17.8 -16.9 2.9 -16.8 -17.0 -16.8 0.8 

TPSS -15.9 -15.6 -16.0 -1.2 -16.2 -15.4 -16.3 -3.1 -13.4 -14.3 -13.4 3.2 

M06L -20.9 -27.9 -20.9 0.8 -21.0 -21.0 -21.1 -0.5 -19.5 -21.0 -19.4 5.6 

M06 -16.5 -16.8 -16.5 1.0 -17.0 -18.5 -16.8 5.5 -16.2 -16.2 -16.2 -0.3 

M06-2X -21.1 -21.4 -21.0 1.3 -19.1 -18.6 -19.1 -1.4 -18.3 -19.8 -18.2 5.3 

BS2: SC-Def2-SVP 

BP86 -12.5 -12.3 -12.6 -1.0 -13.2 -13.7 -13.2 1.5 -10.6 -11.7 -10.5 4.0 

PBE -13.0 -13.7 -13.0 2.3 -13.7 -14.4 -13.6 2.6 -12.6 -12.1 -12.7 -2.0 

B3LYP -16.4 -16.1 -16.5 -1.5 -16.4 -16.9 -16.4 1.6 -16.1 -17.3 -15.9 4.9 

B3PW91 -17.1 -16.5 -17.3 -2.7 -16.4 -16.9 -16.4 1.8 -16.1 -17.7 -15.9 6.1 

BHandHLYP -19.7 -20.1 -19.8 0.9 -21.4 -21.3 -21.5 -0.5 -19.4 -18.8 -19.5 -2.4 

PBE0 -17.9 -18.7 -17.9 2.7 -17.0 -18.1 -16.9 4.1 -16.4 -16.7 -16.4 1.2 

X3LYP -17.4 -18.0 -17.3 2.2 -17.9 -17.7 -18.0 -1.0 -17.5 -19.0 -17.2 5.8 

CAM-B3LYP -16.8 -18.0 -16.7 4.4 -17.8 -18.7 -17.8 3.2 -15.5 -16.4 -15.3 3.7 

TPSS -15.9 -16.0 -16.0 0.2 -16.3 -16.4 -16.3 0.4 -12.7 -13.1 -12.8 1.0 

M06L -21.1 -22.4 -20.9 5.0 -22.4 -22.3 -22.4 -0.4 -19.4 -20.5 -19.3 4.2 

M06 -16.7 -17.3 -16.6 2.3 -16.9 -16.8 -16.9 -0.5 -16.3 -17.1 -16.3 2.5 
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M06-2X -18.9 -18.4 -19.0 -1.9 -20.2 -23.4 -19.6 12.5 -18.9 -21.0 -18.5 8.4 
a ΔAd→q =Aq-Ad, where A is the total electronic energy E (kcal·mol-1), Gibbs free energy G 

(kcal·mol-1), enthalpy H (kcal·mol-1), or entropy S (J·mol-1·K-1). 

 

 

3 Deviation of key geometric parameters 

Table S2  Deviation of key geometric parameters (distance d in _A, angle A in degree) 

in quartet state from calculations with small-core (BS1 & BS2) and large-core (BS3 & 

BS4) treatments of U
a 

Functional 

BS1 BS2 

Cpd2 Cpd3 Cpd4 Cpd2 Cpd3 Cpd4 

d d A d A d d A d A 

BP86 0.03 0.03 1.54 0.05 2.18 0.03 0.03 1.11 0.05 1.87 

PBE 0.03 0.03 1.67 0.05 1.88 0.03 0.03 1.24 0.05 1.86 

B3LYP 0.08 0.05 1.02 0.05 0.72 0.08 0.05 0.67 0.05 0.64 

B3PW91 0.05 0.04 1.24 0.03 0.57 0.05 0.04 0.79 0.03 0.30 

BHandHLYP 0.07 0.05 0.95 0.06 1.13 0.07 0.05 0.75 0.06 1.34 

PBE0 0.04 0.03 1.44 0.04 0.73 0.04 0.04 0.99 0.04 0.74 

X3LYP 0.07 0.06 1.09 0.05 0.59 0.07 0.05 0.71 0.05 0.63 

CAM-B3LYP 0.06 0.05 1.07 0.04 0.69 0.06 0.04 0.78 0.04 0.82 

TPSS 0.03 0.03 1.65 0.05 1.65 0.03 0.03 1.21 0.04 1.62 

M06L 0.06 0.03 1.93 0.04 2.14 0.05 0.03 1.47 0.03 1.57 

M06 0.05 0.03 1.70 0.04 1.11 0.04 0.02 1.32 0.04 1.18 

M06-2X 0.06 0.03 2.06 0.05 1.84 0.05 0.02 1.60 0.05 1.97 

 BS3     BS4     

BP86 0.14 0.09 1.24 0.10 1.37 0.13 0.09 1.00 0.09 1.16 

PBE 0.13 0.09 1.33 0.09 1.39 0.13 0.09 1.10 0.09 1.26 

B3LYP 0.15 0.10 0.98 0.11 1.81 0.15 0.10 0.99 0.11 1.65 

B3PW91 0.13 0.09 1.04 0.09 1.52 0.13 0.09 0.96 0.09 1.39 

BHandHLYP 0.13 0.09 1.04 0.10 2.02 0.13 0.09 1.12 0.10 1.87 

PBE0 0.12 0.08 1.24 0.08 1.55 0.12 0.08 1.06 0.08 1.45 

TPSS 0.13 0.09 1.18 0.09 1.31 0.13 0.09 0.96 0.09 1.23 

M06 0.12 0.08 1.57 0.08 1.69 0.11 0.07 1.44 0.08 1.81 
a The standard deviation of the M geometrical parameters from their corresponding 

experimental value. 
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4 Reaction energies at quartet and doublet states 

Table S3  Reaction energies (in kcal/mol) at the quartet state 

Functional 

Cpd2 + CO2 → 

Cpd3 

Cpd2 + CS2 → 

Cpd4 

Cpd2 + CO2 → 

Cpd3 

Cpd2 + CS2 → 

Cpd4 

ΔE ΔG ΔH ΔE ΔG ΔH ΔE ΔG ΔH ΔE ΔG ΔH 

BS1 BS2 

BP86 
-52.

6 

-42.

2 

-53.

5 

-45.

4 

-33.

3 

-46.

1 

-50.

3 

-40.

8 

-51.

1 

-46.

8 

-36.

0 

-47.

2 

PBE 
-55.

4 

-46.

0 

-56.

0 

-49.

6 

-37.

5 

-50.

3 

-52.

4 

-43.

1 

-53.

1 

-50.

4 

-39.

0 

-50.

9 

B3LYP 
-57.

5 

-48.

7 

-58.

1 

-44.

6 

-33.

2 

-45.

0 

-55.

1 

-45.

9 

-55.

7 

-45.

4 

-34.

8 

-45.

7 

B3PW91 
-55.

7 

-47.

1 

-56.

4 

-48.

2 

-37.

0 

-48.

7 

-53.

4 

-43.

8 

-54.

2 

-49.

8 

-39.

2 

-50.

2 

BHandHLY

P 

-62.

7 

-53.

4 

-63.

4 

-52.

1 

-40.

9 

-52.

6 

-60.

7 

-51.

4 

-61.

3 

-53.

7 

-41.

8 

-54.

2 

PBE0 
-59.

0 

-49.

3 

-59.

7 

-54.

0 

-42.

7 

-54.

4 

-56.

9 

-47.

5 

-57.

6 

-55.

2 

-43.

1 

-55.

9 

X3LYP 
-58.

7 

-48.

8 

-59.

4 

-46.

4 

-34.

8 

-46.

9 

-56.

6 

-47.

2 

-57.

2 

-47.

2 

-36.

8 

-47.

5 

CAM-B3LY

P 

-64.

4 

-55.

2 

-65.

0 

-52.

2 

-41.

8 

-52.

7 

-61.

9 

-52.

4 

-62.

6 

-49.

7 

-38.

2 

-50.

4 

TPSS 
-53.

8 

-44.

1 

-54.

5 

-46.

9 

-36.

3 

-47.

1 

-51.

5 

-42.

0 

-52.

1 

-48.

9 

-37.

2 

-49.

4 

M06L 
-47.

1 

-35.

5 

-47.

9 

-48.

3 

-36.

6 

-48.

8 

-48.

1 

-36.

9 

-48.

8 

-50.

2 

-38.

3 

-50.

6 

M06 
-55.

1 

-44.

7 

-55.

5 

-54.

7 

-43.

5 

-54.

5 

-52.

1 

-40.

7 

-52.

9 

-53.

4 

-42.

2 

-53.

6 

M06-2X 
-56.

0 

-44.

5 

-57.

0 

-54.

4 

-43.

9 

-54.

9 

-56.

3 

-47.

5 

-57.

0 

-59.

9 

-48.

7 

-60.

5 

 BS3 BS4 

BP86 
-52.

8 

-43.

4 

-53.

6 

-44.

7 

-32.

2 

-45.

3 

-50.

8 

-41.

4 

-51.

5 

-46.

7 

-37.

1 

-47.

0 

PBE 
-55.

0 

-46.

2 

-55.

5 

-47.

9 

-36.

3 

-48.

3 

-52.

9 

-43.

9 

-53.

5 

-49.

9 

-38.

3 

-50.

4 

B3LYP 
-57.

3 

-47.

9 

-57.

9 

-45.

2 

-33.

7 

-45.

6 

-55.

3 

-45.

9 

-56.

0 

-47.

0 

-35.

8 

-47.

4 

B3PW91 
-55.

5 

-46.

0 

-56.

2 

-48.

4 

-36.

1 

-49.

0 

-53.

8 

-44.

9 

-54.

4 

-51.

1 

-40.

0 

-51.

6 

BHandHLY

P 

-62.

9 

-53.

7 

-63.

5 

-52.

9 

-41.

5 

-53.

3 

-61.

0 

-51.

9 

-61.

7 

-55.

1 

-43.

5 

-55.

6 

PBE0 
-59.

1 

-49.

5 

-59.

7 

-53.

9 

-42.

0 

-54.

4 

-57.

2 

-48.

2 

-57.

8 

-56.

4 

-44.

6 

-57.

0 
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TPSS 
-53.

7 

-44.

3 

-54.

3 

-45.

7 

-33.

3 

-46.

3 

-51.

6 

-43.

0 

-52.

2 

-49.

1 

-38.

7 

-49.

5 

M06 
-55.

1 

-46.

0 

-55.

5 

-54.

3 

-42.

4 

-54.

7 

-51.

7 

-39.

8 

-52.

6 

-54.

1 

-40.

4 

-54.

9 

 

Table S4  Reaction energies (in kcal·mol
-1

) at the doublet state
a
 

 Cpd2 + CO2 → Cpd3 Cpd2 + CS2 → Cpd4 Cpd2 + CO2 → Cpd3 Cpd2 + CS2 → Cpd4 

functional ΔE ΔG ΔH ΔE ΔG ΔH ΔE ΔG ΔH ΔE ΔG ΔH 

 BS1      BS2      

BP86      -52.4 -40.9 -53.3 -47.8 -34.3 -48.5 -49.6 -39.4 -50.4 -48.7 -36.6 -49.3 

PBE       -54.1 -44.7 -54.9 -51.1 -38.9 -51.7 -51.8 -42.4 -52.5 -50.9 -40.6 -51.3 

B3LYP     -57.4 -48.2 -58.1 -44.7 -33.1 -45.2 -55.1 -45.1 -55.8 -45.6 -33.5 -46.3 

B3PW91    -55.5 -47.3 -56.1 -48.6 -36.6 -49.2 -54.1 -43.3 -55.0 -50.8 -37.9 -51.6 

BHandHLYP -63.8 -53.7 -64.6 -52.3 -40.2 -52.9 -59.0 -50.1 -59.6 -54.0 -43.1 -54.5 

PBE0      -59.7 -50.3 -60.4 -55.0 -44.1 -55.5 -57.8 -48.1 -58.6 -56.8 -45.0 -57.3 

X3LYP     -59.1 -49.0 -59.9 -46.6 -35.7 -47.0 -56.0 -47.5 -56.6 -47.1 -35.8 -47.6 

CAM-B3LYP -65.0 -54.5 -65.8 -53.1 -41.9 -53.5 -60.9 -51.6 -61.5 -51.1 -39.8 -51.8 

TPSS      -53.5 -44.4 -54.2 -49.4 -37.6 -49.8 -51.1 -41.6 -51.8 -52.2 -40.1 -52.6 

M06L      -46.9 -35.7 -47.7 -49.6 -36.7 -50.4 -46.8 -37.0 -47.3 -51.8 -40.2 -52.2 

M06       -54.5 -43.1 -55.2 -55.0 -44.1 -54.8 -51.9 -41.2 -52.6 -53.8 -42.5 -53.9 

M06-2X    -58.0 -47.3 -59.0 -57.1 -45.5 -57.8 -55.1 -42.6 -56.3 -59.9 -46.2 -61.0 

a ΔAd
Cpd3 = Ad

Cpd3 – (Ad
Cpd2 + ACO2 ), ΔA d

Cpd4 = Ad
Cpd4 – (Ad

Cpd2 + ACS2 ). 
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5 QTAIM topological analysis of selected bonds 

Table S5 QTAIM topological analysis of U-X (X=C, O, S) and E-C
9
 (E=O, S) bonds in 

Cpd2, Cpd3 and Cpd4 

 

The unit of ρBCP is e·bohr-3, and that of 2ρBCP is e·bohr-5. HBCP represents the total electron 

energy density at a bond critical point (BCP), and DI(A;B) the delocalization index between 

 two atoms A and B. 
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6  Electrostatic potential and electron density 

 

Fig.S1  The ESP difference between CAM-B3LYP and other methods on the 

CAM-B3LYP optimized geometries of Cpd2 

The isovalue for the surfaces is 0.006. 

 

 

Fig.2  ESP difference between CAM-B3LYP and other methods on the CAM-B3LYP 

optimized geometries of Cpd3 

The isovalue for the surfaces is 0.006. 
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Fig.S3  ESP difference between CAM-B3LYP and other methods on the CAM-B3LYP 

optimized geometries of Cpd4 

The isovalue for the surfaces is 0.01. 

 

 

Fig.S4  The electron density di_erence between CAM-B3LYP and other methods on the 

CAM-B3LYP optimized geometries of Cpd2 

The isovalue for the surfaces is 0.003. 
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Fig.S5  The electron density di_erence between CAM-B3LYP and other methods on the 

CAM-B3LYP optimized geometries of Cpd3 

The isovalue for the surfaces is 0.003. 

 

 

Fig.S6  The electron density di_erence between CAM-B3LYP and other methods on the 

CAM-B3LYP optimized geometries of Cpd4 

The isovalue for the surfaces is 0.006. 

 


