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Multiconfiguration pair-density functional theory 

Multiconfiguration pair-density functional theory (MC-PDFT)1,2 combines the 

advantages of wave function theory and density functional theory to provide a method for 

efficient simulation of the electronic structure of strongly correlated systems. Strongly 

correlated systems are systems for which a single configuration state function does not 

provide a good zero-order approximation to the electronic wave function; strongly 

correlated systems are sometimes called inherently multiconfigurational systems, 

multireference systems, or systems with high static correlation. Prominent examples of 

inherently multiconfigurational systems are molecules with highly stretched bonds, most 

excited states, many transition metal complexes, and some main-group molecules like 

ozone, carbonyl oxides, and many others.  

In MC-PDFT the first step is to calculate a multiconfiguration wave function, and 

in OpenMolcas, this wave function may be calculated by CASSCF,3 RASSCF,4 

GASSCF,5 CAS-CI,6 RAS-CI,6 GAS-CI,7 stochastic-CASSCF,8 and DMRG.9,10,11,12,13 

CASSCF, RASSCF, and GASSCF are special cases of the multiconfiguration self-

consistent-field (MCSCF) method, and one can use either state-specific14 SCF or state-

averaged15,16 SCF. The total MC-PDFT energy is expressed as 
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  E = 𝑉!! +  𝛹!" 𝑇 𝛹!" +𝑉!" +𝑉! +𝐸!"[ρ,Π]  (1) 

where the first term corresponds to the nuclear-nuclear interaction; the second, the third, 

and the fourth terms, respectively, correspond to the kinetic energy, the nuclear-electron 

attraction, the classical Coulomb interaction of the electronic charge cloud with itself; and 

the final term is the on-top energy; in Eq. 1 the kinetic energy and the classical 

electrostatic energy (nuclear-nuclear repulsion energy, nuclear-electron attraction energy 

and classical electron-electron Coulomb energy) are directly obtained from the 

multiconfigurational wave function, Ψ, while the rest of the electronic energy is 

calculated from an on-top density functional that is a functional of the electron density ρ 

and on-top pair density Π (which represents the probability of finding two electrons on 

top of each other) of that wave function.  

Computationally, eq 1 reduces to 

 (2) 

where D is the one-electron density matrix, h and g contain respectively the one- and two-

electron integrals, i and j are orbitals that are doubly occupied in all configurations 

(inactive orbitals), and v, w, x, and y are active orbitals. An MC-PDFT calculation 

involves two steps: (1) calculation of the multiconfiguration wave function and (2) 

calculation of the on-top density functional energy. Because the post-self-consistent-field 

step is a calculation based on a density functional, the computational effort for step 2 is 

generally negligible compared to the cost of step 1, which makes MC-PDFT 

computationally more affordable than other multireference methods such as those based 

on perturbation theory or multireference configuration interaction. 

MC-PDFT always uses multiconfiguration wave functions that are spin 

eigenfunctions.  MC-PDFT is free from delocalization error,17 which is sometimes 

considered to be the most fundamental source of error in KS-DFT with approximate 

exchange-correlation functionals. MC-PDFT is also less prone than KS-DFT18 to self-

interaction error. 

E =Vnn + 2 hii +
i
∑ 2 giijj +

ij
∑ hvwDvw +

vw
∑ 2 giivwDvw +

ivw
∑ 1

2
gvwxyDvw

vwxy
∑ Dxy + Eot[ρ,Π]



	
	

	

	

	
	

	 	 	
Nov.	9,	2018	 	 3	

The decomposition of the MC-PDFT energy expression of eq 1 into its individual 

components is sometimes important for understanding chemical and physical phenomena 

in molecular systems.19,20 This decomposition is available in OpenMolcas, along with the 

tabulation of ρ and Π in Cartesian coordinates for plotting and visualization. 

1. On-top functionals for MC-PDFT 

Due to the symmetry dilemma, the spin-polarized exchange-correlation functions of 

KS-DFT are not compatible with the spin-densities of a multiconfiguration wave function. 

To bypass the symmetry dilemma, we use translated1 and fully translated21 on-top 

functionals, which are obtained by translation of KS-DFT exchange-correlation functionals 

of the spin densities and their gradients. Translated functionals are denoted with the prefix 

“t,” and fully translated functionals are denoted with the prefix “ft.” If 

𝐸!" 𝜌! 𝒓 ,𝜌! 𝒓 ,∇𝜌! 𝒓 ,∇𝜌! 𝒓  denotes the KS-DFT exchange-correlation 

functional, in which 𝜌!  is the spin density (𝜎 = 𝛼,𝛽), and ∇𝜌!  is the gradient of the 

density, the translated functional is given by: 

 𝐸!"!!" 𝜌 𝒓 , ∇𝜌 𝒓 ,𝛱 𝒓 =  𝐸!" 𝜌!! 𝒓 ,𝜌!! 𝒓 ,∇𝜌!! 𝒓 ,∇𝜌!! 𝒓 ,  (3) 
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in which ∇𝜌 is the gradient of the density. For a single-determinant wave function, !!
!!
≤

1 in all space. However, for a multiconfiguration wave function, this ratio can be greater 

than one. Notice that the translated functionals depend on Π but not on its gradient and 

that they have a discontinuous derivative where !!
!!
= 1. 

Fully translated functionals also depend on ∇Π, and the first and the second 

derivatives of the functional are continuous. Both kinds of functionals have been found to 

give reasonably good results for multireference systems. 

OpenMolcas supports the use of several different on-top functionals, including a 

translated local spin-density approximation (LDA), various translated generalized gradient 

approximations, and various fully-translated generalized gradient approximations. The 

following is a list of currently supported functionals: tLSDA,1,22,23 ftLSDA,22,23 tPBE,1,24  

ftPBE,21,24 trevPBE,25,26 ftrevPBE, 25,26 tBLYP1,27,28 ftBLYP,21,,27,28 tOPBE,29,24,30 and 

ftOPBE.29,24,30  

OpenMolcas also supports functionals obtained by scaling the exchange and/or 

correlation components of the exchange-correlation functionals prior to translation. The 

scaling factors may be input by a user. This allows the functionals to be modified into an 

HLE-type functional,31,32 where the standard scaling factors are 1.25 for exchange and 0.5 

for correlation, but the user may also choose other scaling factors.  

 

2. Performance of MC-PDFT 

MC-PDFT generally produces results that are comparable in accuracy to complete 

active space second-order perturbation theory (CASPT2) but at significantly lower 

computational cost33 on bond energies,21,34,35,36,37 spin-multiplet splittings,38,39,40,41 and 

other excitation energies.42,43,44,45 These results are summarized in Table 1. A review 
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containing references for tests and validations on electronically excited states up to mid-

2018 is available.46 

 

Table 1: Mean unsigned error (MUE) of MC-PDFT using tPBE functional and CASPT2 

Reference System Property 
MUE (eV) 

PT2 tPBE 

1 6 covalent or ionic diatomic dissociation energy 0.3 0.3 

34 10 transition metals with 
ligand average bond energy 0.24 0.19 

38 11 n-acene (from naphthalene 
to dodecacene) singlet-triplet gap 0.06a 0.13a 

39 13 main group atoms or 
compounds singlet-triplet gap 0.12b 0.24b 

40 8 organic rings singlet-triplet gap 0.01b 0.10b 

43 19 main group atoms first excitation energy 0.22 0.42 

45  10 doublet radicals first 5 vertical excitation 
energy 0.14 0.19 

aThe reference wave function is optimized from a generalized active space (GAS) self-
consistent calculation.5,47 
bThe active space for the reference wave function uses correlated-participation-orbital 
(CPO) scheme.48 

 

3. Analytic gradients for SS-CAS-PDFT 

OpenMolcas includes analytic gradients for MC-PDFT when a state-specific 

CASSCF (SS-CASSCF) wave function is used as a reference (SS-CAS-PDFT), and these 

gradients enable the fast and efficient determination of equilibrium and transition state 

structures.49 Because MC-PDFT is a non-variational method, the computation of the 

gradient requires the construction of a Lagrangian. In general, the computation of analytic 

gradients can be performed at least an order of magnitude faster than the corresponding 

gradient calculation using a numerical finite-difference method. SS-CAS-PDFT shows 

good accuracy compared to experimental data for both equilibrium and transition-state 

structures. Some illustrative single-processor timings for MC-PDFT calculations 
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employing the tPBE on-top functional are shown in Table 2. 

 

Table 2: Illustrative timings (in seconds) for a single gradient computation using a single 

processor.  

 
cc-pVDZ cc-pVTZ 

 Active Space Symmetry CASPT2 tPBE  CASPT2 tPBE  
NH3 (6,6) Cs 16 7  32 14  
HCN (8,8) C2v 9 4  17 10  
CH2O (12,9) C2v 29 9  29 15  
HCCH (10,10) D2h 20 6  20 11  
oxirane (10,10) C2v 55 27  136 45  
pyrrole (6,5) C2v 87 39  1082 212  
acrolein (4,4) Cs 558 117  3390 160  
butadiene (4,4) C2h 85 29  933 137  
pyridine (6,6) C2v 183 32  2256 156  
maleic anhydride (8,7) C2v 123 36  1148 218  

 

4. State-interaction pair-density functional theory 

The accurate description of ground- and excited-state potential energy surfaces, in 

cases were two electronic states are strongly interacting (such as near conical intersections 

or locally avoided crossings) is a challenge for many electronic structure methods. We 

have introduced a new framework, called state-interaction PDFT (SI-PDFT),50 to handle 

these situations, and this has been recently implemented in OpenMolcas. SI-PDFT is an 

extension of MC-PDFT that involves the diagonalization of an N × N effective 

Hamiltonian to generate a new set of N electronic states with proper potential energy 

surface topology in regions of strong state interaction. This method is similar in spirit and 

application to the “perturb-then-diagonalize” approaches in multireference perturbation 

theories such as MS-CASPT251,52 or MC-QDPT.53,54 An illustrative example is shown in 

Figure 1. The tPBE functional was used for both a standard MC-PDFT calculation and a 

SI-PDFT calculation. While unphysical curve crossings are present in the standard MC-

PDFT treatment, these vanish when the SI-PDFT methodology is used because the final 
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step in the SI-PDFT method is a diagonalization. 

 

 
 

Figure 1. Dissociation of LiF calculated with a (6e,6o) active space. 

 

5. Density matrix renormalization group pair density functional theory (DMRG-PDFT) 

The density matrix renormalization group (DMRG) is a powerful method to treat 

static correlation, especially in molecular systems requiring large active-spaces. MC-PDFT 

can be used in conjunction with DMRG to add additional dynamic correlation in an 

inexpensive way.55 The DMRG-PDFT implementation is based on an interface between 

the existing MC-PDFT code in OpenMolcas and the DMRG code in the QC-

MAQUIS56,57,58 program. An illustrative example of singlet-triplet gaps in polyacenes is 

shown in Fig 2. The tPBE/6-31G+(d,p) level of theory was used. 
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Figure 2. Singlet-triplet gaps in polyacenes. 

 

6. Property integrals of individual orbitals 

OpenMolcas supports the computation of property integrals including the multipole 

moments, Cartesian moments, electric potential, electric field, electric field gradients, 

diamagnetic shielding, and one-electron Darwin contact term of molecular orbitals in the 

SEWARD module. It supports any orbital calculated in the SCF, RASSCF, or CASPT2 

module. The sum of the occupation-number-weighted orbital property integral is the total 

electronic part of a property integral, so the occupation-number-weighted orbital property 

represents how much each orbital contributes to a property integral of an electronic state. 

One option is to print, for each molecular orbital, these property integrals weighted by the 

occupation number of each orbital, and the other option is to print these property integrals 

for each orbital without being weighted by the occupation numbers. If the property integral 

of an unoccupied orbital needs to be analyzed, the latter option is needed. The latter option 

can be useful when analyzing Rydberg states to determine which orbitals are Rydberg 

orbitals. This capability can also be useful when deciding which orbitals should be 

included in the active space. For these examples, to determine how diffuse each orbital is, 
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the second Cartesian moment <r2> and its components (<x2>, <y2>, <z2>, <xy>, <xz>, 

<yz>) of each orbital should be calculated using the latter option. An example input file 

can be found in the Supporting Information. 

 

ORCID 

Jie J. Bao: 0000-0003-0197-3405; 
Rebecca Carlson: 0000-0002-1710-5816 

Sijia S. Dong: 0000-0001-8182-6522; 
Laura Gagliardi: 0000-0001-5227-1396; 

Chad E. Hoyer: 0000-0003-2597-9502 
Giovanni Li Manni: 0000-0002-3666-3880 

Andrew M. Sand: 0000-0002-7166-2066; 
Prachi Sharma: 0000-0002-1819-542X 

Donald G. Truhlar: 0000-0002-7742-7294 
 

ACKNOWLEDGMENTS 

The work at the University of Minnesota was supported by the Air Force Office of Scientific 

Research under grant no. FA9550-16-1-0134 and by the National Science Foundation under 

grant no. CHE–1464536. 

 
References  
																																																													
1 Li Manni, G.; Carlson, R. K.; Luo, S.; Ma, D.; Olsen, J.; Truhlar, D. G.; Gagliardi, L. 

Multiconfiguration pair-density functional theory. J. Chem. Theory Comput. 2014, 10, 3669–
3680. DOI: 10.1021/ct500483t 

2 Gagliardi, L.; Truhlar, D. G.; Li Manni, G.; Carlson, R. K.; Hoyer, C. E.; Bao, J. L. 
Multiconfiguration pair-density functional theory: A new way to treat strongly correlated 
systems. Acc. Chem. Res. 2017, 50, 66–73. DOI: 10.1021/acs.accounts.6b00471 

3 Roos, B. O.; Taylor, P. R.; Si, P. E., A complete active space SCF method (CASSCF) using a 
density matrix formulated super-CI approach. Chem. Phys. 1980, 48, 157-173. DOI: 
10.1016/0301-0104(80)80045-0 

4 Malmqvist, P. Å.; Rendell, A.; Roos, B. O., The restricted active space self-consistent-field 
method, implemented with a split graph unitary group approach. J. Phys. Chem. 1990, 94, 
5477-5482. DOI: 10.1021/j100377a011 

5 Ma, D.; Li Manni, G.; Gagliardi, L., The generalized active space concept in 
multiconfigurational self-consistent field methods. J. Chem. Phys. 2011, 135, 044128. DOI: 
10.1063/1.3611401 



	
	

	

	

	
	

	 	 	
Nov.	9,	2018	 	 10	

																																																																																																																																																																																																				
6 Olsen, J.; Roos, B. O.; Jørgensen, P.; Jensen, H. J. A., Determinant based configuration 

interaction algorithms for complete and restricted configuration interaction spaces. J. Chem. 
Phys. 1988, 89, 2185-2192. DOI: 10.1063/1.455063 

7 Fleig, T.; Olsen, J.; Marian, C. M., The generalized active space concept for the relativistic 
treatment of electron correlation. I. Kramers-restricted two-component configuration 
interaction. J. Chem. Phys. 2001, 114, 4775-4790. DOI: 10.1063/1.1349076 

8 Li Manni, G.; Smart, S. D.; Alavi, A. Combining the complete active space self-consistent field 
method and the full configuration interaction quantum Monte Carlo within a super-CI 
framework, with application to challenging metal-porphyrins. J. Chem. Theory Comput. 2016, 
12, 1245−1258. 

9 White, S. R. Density matrix formulation for quantum renormalization groups. Phys. Rev. Lett. 
1992, 69, 2863-2866. DOI: 10.1103/PhysRevLett.69.2863 

10 White, S. R. Density-matrix algorithms for quantum renormalization groups. Phys. Rev. B 
1993, 48, 10345-10356. DOI: 10.1103/PhysRevB.48.10345 

11 Schollwöck, U. The density-matrix renormalization group. Rev. Mod. Phys. 2005, 77, 259-
315. DOI: 10.1103/RevModPhys.77.259 

12 Schollwöck, U. The density-matrix renormalization group in the age of matrix product states. 
Ann. Phys. (NY) 2011, 326, 96-192. DOI: 10.1016/j.aop.2010.09.012 

13 Marti, K. H.; Ondík, I. M.; Moritz, G.; Reiher, M. Density matrix renormalization group 
calculations on relative energies of transition metal complexes and clusters. J. Chem. Phys. 
2008, 128, 014104. 

14 Roos, B. O. Multiconfigurational quantum chemistry. In Theory and Applications of Quantum 
Chemistry: The First Forty Years; Dykstra, C. E., Frenking, G., Kim, K. S., Scuseria, G. E., 
Eds.; Elsevier:  Amsterdam, 2005; pp. 725-764. 

15 Ruedenberg, K.; Cheung, L. M.; Elbert, S. T. MCSCF Optimization through combined use of 
natural orbitals and the Brillouin-Levy-Berthier theorem. Int. J. Quantum Chem. 1979, 16, 
1069-1101. 

16 Werner, H.-J.; Meyer, W. A quadratically convergent MCSCF method for the simultaneous 
optimization of several states. J. Chem. Phys. 1981, 74, 5794-5801. 

17 Bao, J. L.; Wang, Y.; He, X.; Gagliardi, L.; Truhlar, D. G., Multiconfiguration pair-density 
functional theory is free from delocalization error. J. Phys. Chem. Lett. 2017, 8, 5616-5620. 
DOI: 10.1021/acs.jpclett.7b0270 

18 Bao, J. L.; Gagliardi, L.; Truhlar, D. G. Self-interaction error in density functional theory: An 
appraisal. J. Phys. Chem. Lett. 2018, 9, 2353-2358. DOI: 10.1021/acs.jpclett.8b00242 

19 Sharma, P.; Truhlar, D. G.; Gagliardi, L. Active space dependence in multiconfiguration pair-
density functional theory. J. Chem. Theory Comput. 2018, 14, 660-669. DOI: 
10.1021/acs.jctc.7b01052 

20 Sharma, P.; Bernales, V.; Truhlar, D. G.; Gagliardi, L. Valence ππ* excitations in benzene: A 
MC-PDFT study, in preparation. 

21 Carlson, R. K.; Truhlar, D. G.; Gagliardi, L. Multiconfiguration pair-density functional 
theory: A fully translated gradient approximation and its performance for transition metal 
dimers and the spectroscopy of Re2Cl8

2–. J. Chem. Theory Comput. 2015, 11, 4077–4085. 
DOI: 10.1021/acs.jctc.5b00609 

22 Gáspár, R. Über eine approximation des Hartree-Fockschen potentials durch eine universelle 



	
	

	

	

	
	

	 	 	
Nov.	9,	2018	 	 11	

																																																																																																																																																																																																				
potentialfunktion. Acta. Phys. Hung. 1954, 3, 263-286. DOI: 10.1007/BF03156228 

23 Vosko, S. H., Wilk, L., Nusair, M. Accurate spin-dependent electron liquid correlation 
energies for local spin density calculations: a critical analysis. Can. J. Phys. 1980, 58, 1200-
1211. DOI: 10.1139/p80-159 

24 Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. 
Phys. Rev. Lett. 1996, 77, 3865-3868. DOI: 10.1103/PhysRevLett.77.3865 

25 Zhang, Y.; Yang, W. Comment on “Generalized gradient approximation made simple”. Phys. 
Rev. Lett. 1998, 80, 890. DOI: 10.1103/PhysRevLett.80.890 

26 Hoyer, C. E.; Ghosh, S.; Truhlar, D. G.; Gagliardi, L. Multiconfiguration pair-density 
functional theory is as accurate as CASPT2 for electronic excitation. J. Phys. Chem. Lett. 
2016, 7, 586–591. DOI: 10.1021/acs.jpclett.5b02773 

27 Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic 
behavior. Phys. Rev. A 1988, 38, 3098-3100. DOI: 10.1103/PhysRevA.38.3098 

28 Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti correlation-energy formula 
into a functional of the electron density. Phys. Rev. B 1988, 37, 785-789. DOI: 
10.1103/PhysRevB.37.785 

29 Bao, J. J.; Gagliardi, L.; Truhlar, D. G. Weak interactions in alkaline earth metal dimers by 
MC-PDFT, manuscript in preparation. 

30 Handy, N. C.; Cohen, A. J. Left-right correlation energy. Mol. Phys. 2001, 99, 403-412. 
DOI:10.1080/00268970010018431 

31 Verma, P.; Truhlar, D. G. HLE16: A Local Kohn-Sham gradient approximation with good 
performance for semiconductor band gaps and molecular excitation energies, J. Phys. Chem. 
Lett. 2017, 8, 380-387. DOI: 10.1021/acs.jpclett.6b02757 

32 Verma, P.; Truhlar, D. G. HLE17: An improved local exchange-correlation functional for 
computing semiconductor band gaps and molecular excitation energies, J. Phys. Chem. C 
2017, 121, 7144-7154. DOI: 10.1021/acs.jpcc.7b01066 

33 Sand, A. M.; Truhlar, D. G.; Gagliardi, L. Efficient algorithm for multiconfiguration pair-
density functional theory with application to the heterolytic dissociation energy of ferrocene. 
J. Chem. Phys. 2017, 146, 034101. DOI: 10.1063/1.4973709 

34 Carlson, R. K.; Li Manni, G.; Sonnenberger, A. L.; Truhlar, D. G.; Gagliardi, L. 
Multiconfiguration pair-density functional theory: Barrier heights and main group and 
transition metal energetics. J. Chem. Theory. Comput. 2015, 11, 82-90. 
DOI: 10.1021/ct5008235 

35 Odoh, S. O.; Manni, G. L.; Carlson, R. K.; Truhlar, D. G.; Gagliardi, L. Separated-pair 
approximation and separated-pair pair-density functional theory. Chem. Sci. 2016, 7, 2399–
2413. DOI: 10.1039/C5SC03321G 

36 Bao, J. L.; Odoh, S. O.; Gagliardi, L.; Truhlar, D. G. Predicting bond dissociation energies of 
transition-metal compounds by multiconfiguration pair-density functional theory and second-
order perturbation theory based on correlated participating orbitals and separated pairs. J. 
Chem. Theory. Comput. 2017, 13, 616-626. DOI: 10.1021/acs.jctc.6b01102 

37 Bao, J. J.; Gagliardi, L.; Truhlar, D. G. Multiconfiguration pair-density functional theory for 
doublet excitation energies and excited state geometries: the excited states of CN. Phys. 
Chem. Chem. Phys. 2017, 19, 30089-30096. DOI: 10.1039/C7CP05156E 

38 Ghosh, S.; Cramer, C. J.; Truhlar, D. G.; Gagliardi, L. Generalized-active-space pair-density 



	
	

	

	

	
	

	 	 	
Nov.	9,	2018	 	 12	

																																																																																																																																																																																																				
functional theory: an efficient method to study large, strongly correlated, conjugated systems. 
Chem. Sci. 2017, 8, 2741–2750. DOI: 10.1039/C6SC05036K 

39 Bao, J. L.; Sand, A.; Gagliardi, L.; Truhlar, D. G. Correlated-participating-orbitals pair-
density functional method and application to multiplet energy splittings of main-group 
divalent radicals. J. Chem. Theory. Comput. 2016, 12, 4274-4283. 
DOI: 10.1021/acs.jctc.6b00569 

40 Stoneburner, S. J.; Truhlar, D. G.; Gagliardi, L. MC-PDFT can calculate singlet-triplet 
splittings of organic diradicals. J. Chem. Phys. 2018, 148, 064108. DOI: 10.1063/1.5017132 

41 Wilbraham, L.; Verma, P.; Truhlar, D. G.; Gagliardi, L.; Ciofini, I. Multiconfiguration pair-
density functional theory predicts spin-state ordering in iron complexes with the same 
accuracy as complete active space second-order perturbation theory at a significantly reduced 
computational cost. J. Phys. Chem. Lett. 2017, 8, 2026–2030. 
DOI: 10.1021/acs.jpclett.7b00570 

42 Ghosh, S.; Sonnenberger, A. L.; Hoyer, C. E.; Truhlar, D. G.; Gagliardi, L. 
Multiconfiguration pair-density functional theory outperforms Kohn-Sham density functional 
theory and multireference perturbation theory for ground-state and excited-state charge 
transfer. J. Chem. Theory Comput. 2015, 11, 3643–3649. DOI: 10.1021/acs.jctc.5b00456 

43 Hoyer, C. E.; Gagliardi, L.; Truhlar, D. G. Multiconfiguration pair-density functional theory 
spectral calculations are stable to adding diffuse basis functions. J. Phys. Chem. Lett. 2015, 6, 
4184–4188. DOI: 10.1021/acs.jpclett.5b01888 

44 Dong, S. S.; Gagliardi, L.; Truhlar, D. G., Excitation spectra of retinal by multiconfiguration 
pair-density functional theory. Phys. Chem. Chem. Phys. 2018, 20, 7265-7276. 
DOI: 10.1039/C7CP07275A  

45 Bao, J. J.; Dong, S. S.; Gagliardi, L.; Truhlar, D. G. Automatic Selection of an Active Space 
for Calculating Electronic Excitation Spectra by MS-CASPT2 or MC-PDFT. J. Chem. 
Theory. Comput. 2018, 14, 2017-2025. DOI: 10.1021/acs.jctc.8b00032 

46 Ghosh, S.; Verma, P.; Cramer, C. J.; Gagliardi, L.; Truhlar, D. G. Combining wave function 
methods with density functional theory for excited states. Chem. Rev. 2018, 118, 7249-7292. 
DOI: 10.1021/acs.chemrev.8b00193. 

47 Fleig, T.; Olsen, J.; Visscher, L. The generalized active space concept for the relativistic 
treatment of electron correlation. II. Large-scale configuration interaction implementation 
based on relativistic 2- and 4-spinors and its application. J. Chem. Phys. 2003, 119, 2963-
2971. DOI: 10.1063/1.1590636 

48 Tishchenko, O.; Zheng, J.; Truhlar, D. G. Multireference model chemistries for 
thermochemical kinetics. J. Chem. Theory. Comput. 2008, 4, 1208-1219. DOI: 
10.1021/ct800077r 

49 Sand, A. M.; Hoyer, C. E.; Sharkas, K.; Kidder, K. M.; Lindh, R.; Truhlar, D. G.; Gagliardi, 
L. Analytic Gradients for complete active space pair-density functional theory. J. Chem. 
Theory Comput. 2018, 14, 126–138. DOI: 10.1021/acs.jctc.7b00967 

50 Sand, A. M.; Hoyer, C. E.; Truhlar, D. G.; Gagliardi, L. State-interaction pair-density 
functional theory. J. Chem. Phys. 2018, 149, 024106. DOI: 10.1063/1.5036727 

51 Finley, J.; Malmqvist, P.-Å.; Roos, B. O.; Serrano-Andrés, L. The multi-state CASPT2 
method. Chem. Phys. Lett. 1998, 288, 299–306. DOI: 10.1016/S0009-2614(98)00252-8 

52 Granovsky, A. A. Extended multi-configuration quasi-degenerate perturbation theory: The 



	
	

	

	

	
	

	 	 	
Nov.	9,	2018	 	 13	

																																																																																																																																																																																																				
new approach to multi-state multi-reference perturbation theory. J. Chem. Phys. 2011, 134, 
214113. DOI: 10.1063/1.3596699 

53 Nakano, H. MCSCF reference quasidegenerate perturbation theory with Epstein-Nesbet 
partitioning. Chem. Phys. Lett. 1993, 207, 372–378. DOI: 10.1016/0009-2614(93)89016-B 

54 Nakano, H. Quasidegenerate perturbation theory with multiconfiguration self- consistent-field 
reference functions. J. Chem. Phys. 1993, 99, 7983–7992. DOI: 10.1063/1.465674 

55 Sharma, P.; Bernales, V.; Knecht, S.; Truhlar, D. G.; Gagliardi, L. Density matrix 
renormalization group pair-density functional theory (DMRG-PDFT): Singlet-triplet gaps in 
polyacenes and polyacetylene. 2018 arXiv preprint arXiv:1808.06273. 

56 Keller, S., Dolfi, M., Troyer, M., & Reiher, M. An efficient matrix product operator 
representation of the quantum chemical Hamiltonian. J. Chem. Phys. 2015, 143, 244118. DOI: 
10.1063/1.4939000 

57 Freitag, L.; Keller, S.; Knecht, S.; Ma, Y.; Stein, C.; Reiher, M. (2018). A quick user guide to 
the QCMaquis software suite for OpenMolcas. 

58 Knecht, S.; Hedegård, E. D.; Keller, S.; Kovyrshin, A.; Ma, Y.; Muolo, A.; Stein, C. J.; 
Reiher, M. New approaches for ab initio calculations of molecules with strong electron 
correlation. Chimia 2016, 70, 244-251. DOI: 10.2533/chimia.2016.244 


