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Abstract: We present the theoretical and implementation details of the DFTB method with 

analytical gradients into the Gaussian package. SCF optimization performance with DIIS 

method is compared with modified Broyden method and Anderson methods, from which DIIS 

method is to be preferred. The number of geometry optimization steps can be significantly 

decreased with the Berny algorithm compared to the conjugated gradient method. From the 

comparison of geometry parameters as well as trends in the change of HOMO and LUMO 

energies, the results show clearly that DFTB can reproduce values obtained at the 

B3LYP/6-31G(d) level well. We also investigated the DFTB method as the low level quantum 

mechanical (QM) method in an ONIOM(QM:QM’) description for an amino acid model system 

and found DFTB promising as a method to describe polarization and charge-transfer effects in 

large systems. 
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1. Introduction 

Despite the rapid development of ab initio methods and density functional theory (DFT) and 

their widespread applications,1 semiempirical methods are still used very frequently as they are 

usually 2-3 orders of magnitude faster than DFT or Hartree-Fock methods. Especially for 

quantum mechanical (QM) studies of very large systems, such as carbon nanotube molecules or 

biomolecular systems, containing hundreds to thousands of atoms, a semiempirical method is 

often the only affordable choice. With a careful parameterization, errors in semiempirical 

calculations are often within a qualitatively acceptable range. Consequently, efforts in the 

development and applications of semiempirical methods still continue more than three decades 

after their inception.2-29 Semiempirical methods are also considered to be the low-level QM 

method in hybrid ONIOM(QM:QM’) or ONIOM(QM:QM’:MM) methods.30-34 Furthermore, 

semiempirical methods can be used in QM dynamics calculations for medium sized systems35-41 

or in QM/MM dynamics for large systems.33,34,42 

In conventional semiempirical methods, i.e. those derived from the Hartree-Fock theory, the 

neglect of diatomic differential overlap (NDDO) approximation is adopted in many 

semiempirical methods, including MNDO,3 AM1,5 PM3.13 With the recent reparameterization or 

explicit inclusion of the overlap matrix, newly developed methods like OMx,9,29 PDDG/PM3,10 

and RM114 have significantly improved accuracy according to benchmark results of several 

groups.  

Inspired by the success of the density functional theory in last two decades, a semiempirical 

method called density functional based tight binding (DFTB) was introduced a decade ago.26,27 

DFTB is a second order approximation of density functional theory that neglects multicenter 

integrals and uses a valence minimal basis set,43,44 in the same spirit as many other semiempirical 

methods derived from the Hartree-Fock theory. However, all parameters in the DFTB method, 

e.g. the atomic Hubbard values, the core Hamiltonian matrix and the overlap matrix, are 

calculated with the PBE functional. In addition, the diatomic repulsion potential is determined 

from model calculations using B3LYP with a double zeta basis set.25 The introduction of explicit 
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charge interaction, self-consistent charge DFTB (SCC-DFTB), has improved the reliability with 

respect to the version without charge interaction (NCC-DFTB), particularly for polar systems. 

Hereafter, DFTB is referred to as SCC-DFTB including spin polarization effects for nonzero 

spin states. The method has accuracy comparable with AM1 or PM3, which has been 

extensively tested and used for many years.8,11,24 The success of the DFTB method in the 

prediction of geometries and energetics of organic molecules inspired us to extend the 

parameterization to the first row transition metal elements.25  

In order to fully take advantage of the efficiency and accuracy of the DFTB method in a 

standard quantum chemistry code and to allow easier internal ONIOM adoption, we have 

implemented the DFTB method in the Gaussian package.45 Due to its practical importance, we 

assessed the SCF convergence and geometry optimization performance of the DFTB method and 

compared several different algorithms. In addition, two-layer and three-layer ONIOM 

approaches have been tested for an amino acid model system, where the polarization and 

charge-transfer effects described by the DFTB method are emphasized. Theoretical background 

and implementation details will be introduced in section 2, followed by computational details in 

section 3. Results of test calculations and discussions will be presented in section 4, and the 

conclusion will be made in section 5. 

 

2. Theoretical background and implementation details 

A. DFTB method 

There are several excellent review articles available with detailed descriptions of the 

theoretical aspects of the DFTB method as well as the most recent advances in theoretical 

development and application.43,44 In this section, we present a (self-contained) summary with an 

emphasis on the aspects that are particularly relevant to our implementation. 

Total energy. With the explicit consideration of charge and spin interaction on top of the 

two-center tight-binding approximation, the total DFTB energy of a molecule in the spin 

polarized (unrestricted) representation is given by28 
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where  ψ i
σ  is the i-th occupied orbital for spin σ, H0 is the core Hamiltonian, γAB is a 

distance-dependent interaction parameter between the Mulliken charges ΔqA and ΔqB on atom A 

and B, respectively, and Wll '
A  is the one-center spin density interaction parameter on atom A 

between the Mulliken spin populations  Ql
A and   Ql '

A  on orbitals with angular momentum l and l’, 

respectively. VAB is the parameterized pair-wise interatomic repulsive potential. The molecular 

orbital  ψ i
σ  for spin σ is given as a linear combination of localized pseudoatomic valence Slater 

orbitals 
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The density matrix element Pµν
σ  for σ  spin, the Mulliken population qA and charge ΔqA on atom 

A, and the Mulliken spin population  Ql
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where ZA is the core charge of atom A, and Sµν is the overlap matrix element
 
Sµν = χµ χν .  

Alternatively, for simplicity and efficiency in practical implementation, the DFTB total 

energy can be written as  
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where the bracket represents the matrix trace, Erep is a sum of pairwise interatomic potentials 
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h, Pσ and Fσ are the one-electron Hamiltonian matrix, density matrix for σ spin, and Fock matrix 

for σ spin, respectively. The Fock matrix is the sum of the one-electron Hamiltonian matrix h 

and the two-electron matrix Gσ: 

   F
σ = h +Gσ , σ = α ,β . (6) 

The one-electron and two-electron matrix elements, hµν and Gµν, for AO µ  on atom A with angular 

momentum l and AO ν on atom B with angular momentum l’ are given by: 
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where hµν
0  is the core Hamiltonian matrix element, and  
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The initial guess density matrix can be generated from a variety of different approaches, e.g. 

Hückel method, core Hamiltonian and Harris functional.46 The density matrix is then iteratively 

updated until all density matrix elements and the total electronic energy are converged within 

predetermined threshold values. The DFTB code described here has been implemented in such a 

way that many algorithms available in the Gaussian package can be utilized naturally. We note 

that the density matrix update in Gaussian is different from the SCF algorithm in the Paderborn 

DFTB code where the atomic Mulliken charges are updated via the Broyden method until the 

electronic energy is self-consistent between two consecutive iterations. 

 Geometry optimization. Geometry optimization is accomplished by the use of analytical 
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derivatives of the energy (gradients) with respect to the nuclear coordinates. From the energy 

formalism in the above section, the analytical energy gradient Ex with respect to the general 

Cartesian coordinate x is given by 

 ( ) ( ), ,1
2

x x x x x x
repE P P h P G P G YS Eα β α α β β= + + + − +  (10) 

where hx and Gx are the one-electron and two-electron matrix derivatives, respectively, Sx is the 

overlap matrix derivative and Erep
x  is the derivative of the sum of the pair wise repulsive 

potential energy terms, all with respect to x. Y is the energy weighted density matrix 

  Y = Pα Fα Pα + PβF βPβ . (11) 

The one- and two-electron matrix derivative element is given by 
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With the equations (11), (12), and (13), the computation of the energy gradient (10) can be 

assembled into the following compact form: 
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where, in the second line, A and B in the square bracket refer to atoms to which AO µ and ν 

belong, respectively. The core Hamiltonian matrix derivative elements hµν
0,x  and Sµν

x are 

computed numerically with a central finite difference approximation. In geometry optimization, 

the structural symmetry can be fully accounted for.  

 Based on equation (1), the present implementation is general, and is applicable to the 

non-charge version (NCC-DFTB, neglecting contributions of charges and spin-densities) as well 
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as to the self-consistent charge version (SCC-DFTB) version, with spin-polarization 

(spin-unrestricted, including spin-Wll '
A  interaction) or without it (spin-restricted, neglecting 

spin-Wll '
A  interaction). The implementation was made and the test calculations below were 

performed using the Gaussian development version GDV F.02 package.45 

 

B. SCF and geometry optimization  

SCF. For SCF optimization, there are various algorithms that have been widely applied in 

the quantum chemistry community, including level-shifting,47-51 damping,52 DIIS,53,54 QC55 and 

others. In DIIS, only a limited number of previous DIIS error vectors, which scales linearly with 

the number of basis function, need to be saved. This is of great practical importance for 

calculations on large systems because every SCF iteration requires O(N3) effort (N is the number 

of basis function) for updating the Fock matrix elements and solving the SCF equations. More 

importantly, DIIS is quite robust due to its intrinsic numerical properties.56,57 Especially, when 

energies of the initial few iterations are interpolated,54 which is often called EDIIS, the 

convergence performance of DIIS is significantly improved. Consequently, the DIIS algorithm 

has been implemented in many quantum chemistry packages and is often the default choice. 

With the above consideration, Gaussian employs a combination of EDIIS at early iterations and 

then transits to conventional DIIS algorithm (CDIIS), which leads to an extremely efficient 

method in most practical calculations. In contrast, in the solid state physics community, the 

modified Broyden method and the Anderson method are employed by many groups.58 In fact, 

DIIS, modified Broyden, and Anderson methods share common and key features, i.e. they all 

can be considered as quasi-Newton methods that try to minimize the residual/gradient norm with 

an explicit/implicit update of the inverse Hessian In theory, DIIS is a quasi-Newton method that 

does not require explicit inverse Hessian information51 and it also minimizes the residual norm 

via solving a set of linear equations. Hence, although empirical weight coefficients are required 

when updating new density/density matrix, modified Broyden and Anderson methods, as 

implemented in Paderborn DFTB code,26 have comparable performance with DIIS, as is evident 
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by the results below.  

 For transition-metal compounds, near-degeneracies are often observed, which leads to 

difficulties in SCF convergence. This issue can be resolved via a Fermi temperature 

technique,59,60 in which the occupation of orbitals is determined by a Fermi-Dirac distribution 

and the Fermi energy is set to be the middle point value between the highest occupied orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO). The initially preset Fermi 

temperature is linearly decreased to 0 K or after the DIIS error is lower than a preset threshold 

value, which guarantees that the converged orbitals have integer occupancy. This technique has 

significantly improved the SCF convergence of many transition metal compound 

calculations,59,60 although it does not guarantee convergence. On the other hand, for modified 

Broyden method and Anderson method, as implemented in Paderborn DFTB code, the orbitals 

with an energy difference of less than 10-4 hartree are given the same (fractional) number of 

electrons. This is equivalent to a dynamical Fermi temperature-like technique and it often leads 

to converged SCF. However, the resultant wavefunction is not of single-determinant nature 

when the SCF converges to fractionally occupied orbitals. In fact, the wavefunction with 

fractionally occupied orbitals can be considered a multi-reference wavefunction.61 However, 

such a dynamically fractionally occupied orbital approach is undesirable as it is unknown a 

priori whether the converged wavefunction has integer or fractional occupied orbitals, while also 

its multi-reference nature is not clearly defined. 

Geometry optimization. Mathematically, the SCF procedure, i.e. wavefunction 

optimization, is a constrained optimization (due to MO orthogonality requirement) whereas 

geometry optimization is an unconstrained optimization provided no external geometry 

constraints are required. Regardless of this difference, some algorithms employed in SCF 

procedure can be directly applied to geometry optimization. For example, the DIIS algorithm is 

frequently applied in geometry optimization and is often referred to as GDIIS. One of the most 

robust optimization algorithms is the Berny algorithm as used in the Gaussian program.45 The 

Berny algorithm is a rank-m update of the Hessian matrix. The m-dimensional vector space is 
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spanned by the increments Δq, i.e. the geometry change at every step. These increment vectors 

are orthogonalized and thus result in an orthonormal vector basis. The Berny algorithm is 

numerically stable and efficient in terms of computational time and required memory size. An 

alternative is the conjugate gradient method (CG), which has been implemented in the Paderborn 

DFTB code26 and many other numerical optimization packages. CG can find a local minimal 

point along one dimension at every search step while maintaining the conjugacy between the 

current search direction and all previous ones. In addition, CG only requires two previous 

vectors to be stored. These numerically desirable properties make CG one of the most general 

and reliable optimization techniques in many areas. 57,62 

 

C. ONIOM approach: Employing the DFTB method as a polarizable buffer in multi-layer 

ONIOM 

 Polarization effects play an important role in many chemical reactions. In many modern 

QM/MM approaches, the effects of polarization of the environment by the QM part can be 

included via a polarizable MM force field. Although, the past decade has seen significant 

progress in polarizable force field development,63-67 their application is not always without 

problems or reliable.68-70 Alternatively, compared with the use of a MM force field, it is often 

simpler and more effective to describe the effects of polarization of the environment by using a 

semiempirical method (SEQM) for a selected part of the environment. 

 While semiempirical methods are attractive as a low level method in ONIOM schemes since 

polarization effects and charge-transfer effects are naturally included, their computational cost is 

about 3 orders of magnitude larger than the traditional molecular mechanics method, which 

prohibits the application of a semiempirical method at the lowest level for a very large system. A 

reasonable compromise is to apply a three-layer ONIOM method, i.e. QM:SEQM:MM, where 

QM represents an appropriately selected high-level quantum mechanical method that can 

accurately describe the targeted chemical reactions; SEQM is a chosen semiempirical method 

that naturally includes polarization and charge-transfer effects; MM represents a molecular 
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mechanics method. In such a combination, the QM and SEQM regions can cover a large region, 

and problems related to the close proximity of the active region with the MM boundary will be 

alleviated or removed. The three-layer scheme has been proposed and tested using the 

DFT:AM1:Amber combination.71 

 Apart from the inclusion of the polarization effects between the QM region and the 

environment, using an ONIOM(QM:SEQM:MM) approach also allows for a simpler geometry 

optimization scheme than either QM/MM with a polarizable force field or ONIOM(QM:MM) or 

QM/MM with electronic embedding.72,73  

 To summarize section 2, we want to stress our density matrix-based formalism for one and 

two electron matrices as well as the Fock matrix. The implementation can make use of the same 

approaches for wave function optimization as for other ab initio methods implemented in the 

Gaussian package, as well as geometry optimizations. Some important new features in more 

details are: 

 a. The current implementation allows the construct of a new two-electron matrix to update 

the Fock matrix at every SCF iteration. During the update, direct SCF and differential Fock 

builder techniques by Almlöf et al.74 can be used in the DFTB code, which is often 

computationally efficient for the optimization of large systems with hundreds or more atoms. 

 b. All wavefunction optimization techniques, e.g. EDIIS, CDIIS, damping, QC,  are 

applicable to the DFTB method, which help SCF convergence and reduce computational cost in 

practice. 

 c. The geometry scan or optimization functions are readily available for the DFTB method 

to explore potential energy surface and investigate chemical reaction mechanisms, e.g. activation 

barrier calculations.  

 d. With the combination of other methods in ONIOM scheme, the DFTB method can be 

used in a wide range of applications, e.g. enzymatic catalysis. 

 e. In the context of ab initio molecular dynamics, the DFTB method can use the ADMP 

(atomic centered density matrix propagation) model for dynamics in many large systems that is 
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computationally prohibitive for DFT methods.75-77 

 f. The wavefunction symmetry and geometric symmetries can be fully exploited.  

  

3.   Computational details 

All B3LYP/(SDD+6-31G(d)), PBEPBE/(SDD+6-31G(d))78 and CCSD(T)/(SDD+6-31G(d)) 

calculations are carried out using the Gaussian F.02 development program. (SDD+6-31G(d)) 

represents that the SDD basis set is applied to metal atoms while the 6-31G(d) basis set is 

applied to all other atoms. To test the difference in performance between the Gaussian and 

Paderborn implementation, we used both codes and optimized ten metallocene compounds 

including nickelocene, cobaltocene, ferrocene, scandocene, and titanocene molecules.26 Both 

staggered and eclipsed conformers are included. In addition, two different spin states (three for 

iron) are computed for each compound for energy comparison. For SCF and geometry 

optimization performance calculations, the SCF convergence threshold is 10-10 hartree in energy 

difference between successive iterations while the geometry was considered optimized if the 

maximal force component is less than 0.00045 a.u. A maximum number of 71 SCF cycles were 

performed at each geometry step, and geometry optimizations continued even if convergence 

had not been reached after the maximum number of SCF cycles. All ONIOM calculations were 

done using the Gaussian program with default criteria for SCF and geometry optimization.45 

 

4. Results and Discussions 

A. SCF and geometry optimization convergence 

 In Figure 1, the average number of SCF iterations at every geometry step is shown, for the 

10 metallocene compounds with two or three different spin states for each compound.b From this 

figure, it can be seen that for 14 out of a total of 22 compounds and states, the EDIIS + DIIS 

                                                        
b  The numbers presented here are for illustrative purposes only; several other factors that affect the 
performance, such as initial guess, are different between the two implementations as well. However, these 
effects are small (at most a few cycles for each optimization) compared to the differences resulting from the 
DIIS and Broyden/Anderson approaches. 
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algorithm combined with Fermi temperature and damping technique requires the fewest number 

of iterations. This is due to the interpolation nature of EDIIS, which samples a wide range of the 

energy space at initial iterations and hence leads to faster convergence at later iterations. The 

second observation is that the Andersen method leads to faster convergence than the modified 

Broyden method, but the stability and general convergence properties of these methods are 

similar.58 However, in 6 out of 22 compounds, EDIIS+DIIS in fact converges slower than the 

other two methods. The most problematic cases in DIIS are those involving iron triplet and 

quintet states. The frontier orbitals of the metallocenes in the initial staggered (D5d) and eclipsed 

(D5h) geometries increase their energies in the order: (dxy,d(x2-y2)) ~ (dz2) < (dxz,dyz). Fe2+ has a d6 

configuration and the quintet state has three electrons in the degenerate dxy and d(x2-y2) orbitals, 

while the triplet has one electron in the degenerate dxz and dyz orbitals. In the present calculations, 

the doubly degenerate electronic configuration in each case lead to difficult SCF convergence 

for some geometries during the optimization. The modified Broyden method and Anderson 

method as implemented in Paderborn DFTB code allow fractional occupancy, i.e. assigning 

same (fractional) number of electrons into orbitals with energy difference less than 10-4 hartree, 

which provide better orbitals on the fly, and results in a better convergence performance. But 

one unfavorable effect is that such wavefunction with fractional occupancy is a configuration 

average of several determinants,61 whose physical meaning is clear in ab initio theory while 

rather vague in an approximate density-functional theory context. In addition, such fractional 

occupancy is not under strict control, i.e. when it happens is not known a priori. This adds 

arbitrariness into the final result. Given the fact that all SCFs in our calculations can be 

converged, the EDIIS+DIIS algorithm is more desirable from our point of view. 

 In geometry optimization, the Berny algorithm uses less than 20 steps for geometry 

optimization for all 22 compounds shown in Figure 2, while the conventional CG method often 

converges in more than 20 steps. Figure 2 clearly indicates the superiority of the Berny 

algorithm over the CG method.  
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B. Performance of the DFTB method in geometry and spin splitting energy of ferrocene, 

cobaltocene, and nickelocene 

 In this section, PBEPBE refers to PBEPBE/(SDD+6-31G(d)), B3LYP refers to  

B3LYP/(SDD+6-31G(d)), and CCSD(T) refers to CCSD(T)/(SDD+6-31G(d)). Because the 

comparison is between high-level methods and the DFTB method, which has been 

parameterized against DFT results with double-zeta basis set, the use of a small basis sets is 

justified. The energies of ferrocene, cobaltocene, and nickelocene are taken from the eclipsed 

conformers. The energy differences between staggered and eclipsed conformers are very small 

(<0.1 kcal/mol for DFTB calculations); selecting only the eclipsed conformers for benchmark 

tests should therefore has a very small effect on the reported results. As shown in Figure 3, 

compared to experimental values,79,80 both PBEPBE and B3LYP methods give good optimized 

distances, consistent with many previous benchmark results.81-84 Although the results are not 

converged with regard to the basis set, the deviation of the metal-carbon bond length is less than 

0.05Å for both PBEPBE and B3LYP results in comparison to experimental values. In contrast, 

in the DFTB method the metal carbon length is about 0.2 Å longer than the experimental value 

for ferrocene and nickelocene although the deviation is much smaller for cobaltocene. Such 

geometry performance is also observed in our previous paper,25 and may be further improved by 

refining the currently used parameters.  

 In Figure 4, we plot the spin splitting energy for staggered conformers of ferrocene, 

cobaltocene and nickelocene. The spin splitting energy here is defined as (Ehigh_spin - Elow_spin). 

For ferrocene and nickelocene, the spin states are singlet and triplet, while for cobaltocene they 

are doublet and quartet. Experimentally, based on measured magnetic moments,79,80 ferrocene 

has a singlet ground state, cobaltocene is a doublet and nickelocene is a triplet. Results from 

CCSD(T), which is based on PBEPBE optimized geometry, give the correct spin-state 

assignment. From Figure 4, both PBEPBE and DFTB method reproduce the experimental 

energy order between low-spin and high-spin state. The stability of high-spin species increases 

in the series Fe, Co, and Ni as calculated by CCSD(T), PBEPBE and B3LYP.78 For cobaltocene, 
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B3LYP predicts the quartet state to be more stable than the doublet state by a small margin. The 

spin-state assignment may change with the use of another basis set, but the results are consistent 

with observations that the B3LYP functional favors high-spin states due to the inclusion of 20 % 

exact exchange.83,84 In contrast, the increasing trend of high spin state in Fe, Co, and Ni series is 

not reproduced by the DFTB method, which is known from our previous investigations.25  

 

C. Application and performance test for single-walled carbon nanotube (SWCNT) 

molecule  

The geometry performance of the DFTB method for organic compounds, especially for 

fullerene and carbon nanotubes, has been extensively tested by us24 and other groups.8,11,85 We 

have shown that the DFTB method can accurately calculate the geometries of fullerene 

molecules and the relative energy order of a set of fullerene isomers, compared to DFT 

calculations.24 In addition, we have successfully employed the DFTB method to study fullerene 

and carbon nanotube molecule formation using quantum mechanical/molecular dynamics 

method and also to study the surface chemistry of carbon nanotubes.36-41,86  

Here, we further test the performance of the DFTB method using the new DFTB 

implementation on the geometry and HOMO and LUMO energies of (5,5)-SWCNT of different 

lengths. The systems are C10nH20, in which n represents the number of layers surrounding the 

tube axis, with C50H20 for n=5 as the shortest and C150H20 for n=15 as the longest. Geometries are 

fully optimized at the SCC-DFTB and B3LYP/6-31G(d) level84 with full exploitation of the 

symmetry. The default convergence criterion for SCF is adopted; the SCF is considered 

converged only when changes in both density matrix elements and total energy between 

consecutive iterations are smaller than the default threshold values.  

 In Table 1, geometrical differences between SCC-DFTB and B3LYP/6-31G(d) optimized 

structures of (5,5) SWCNT of different lengths are shown. In these calculations, the full 

molecular structural symmetry is used; (5,5)-SWCNT (C10nH20) has D5d and D5h symmetry when 

n is even and odd number, respectively. Of all bond lengths, the maximum bond length 
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difference is about 0.014Å except for the molecule with n=12 where the maximum bond length 

difference is 0.025Å. The root mean square (RMS) bond length difference is about 0.007 Å 

excluding 0.013 Å for n=12. In line with the bond length performance, the maximum bond angle 

differences of these SWCNT molecules are all less than 1.0 degree and the RMS difference is 

about 0.35 degree. These observations are consistent with those obtained previously by our 

group and others.8,11,24 In summary, the present test shows that the DFTB method can accurately 

predict the SWCNT molecular structures compared with those at the B3LYP/6-31G(d) level.  

 Both DFTB HOMO and LUMO energies of these SWCNT, indicators of reactivity toward 

the nucleophilic and electrophilic attacks,87 shown in Figure 5, are parallel to the 

B3LYP/6-31G(d) results. Especially, the HOMO energy difference between the DFTB method 

and B3LYP/6-31G(d) is rather small and is almost constant among all these molecules. This is 

what is expected and is consistent to performance of the DFTB method for ionization potentials 

found by Thiel et al,8 as the HOMO energy is the negative of ionization potential in Kohn-Sham 

DFT theory and the DFTB method has been parameterized to mimic B3LYP/6-31G(d) energies. 

Although the LUMO energy difference between the DFTB method and B3LYP/6-31G(d) among 

all these molecules is almost constant, the difference in the absolute energy of LUMO is much 

larger than that in HOMO. This large deviation in LUMO energy is due to the known basis set 

effect, for which only valence minimal basis set is adopted in the DFTB method.88 

 As shown in Figure 5, both the HOMO and the LUMO energies in both the DFTB and 

B3LYP/6-31G(d) methods change with the periodicity is 3 as the number of layers (n) in (5,5) 

SWCNT increases sequentially. As pointed out by Nakamura et al.,89 this pattern comes from the 

fact that as the number n increases in (5,5) SWCNT C10nH20, the molecules will assume a Kekulé 

structure (e.g. n=4, C40H20), incomplete Clar structure(e.g. n=5, C50H20) and complete Clar 

structure (e.g. n=6, C60H20) with a periodicity of 3. Furthermore, the DFTB method results 

exactly predict the HOMO and LUMO energy change pattern among three different types of 

structures as well as the HOMO-LUMO energy gaps. These indicate that the DFTB method 

reproduces the different reactivity of carbon nanotube molecules with respect to the increase of 
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tube lengths. 

 

D. ONIOM method with the DFTB method 

To illustrate the benefits of a DFTB layer in the ONIOM method, we calculated the reaction 

energy of a proton transfer between two histidines, a reaction where the effect of charge-transfer 

and polarization due to the surrounding amino acids is expected to be important. The 

five-residue system we studied, shown in Fig. 6, does not represent any specific protein site; 

instead it is designed to maximize the residue effects of polarization and provide a stringent test 

of the capabilities of the DFTB method as the polarizable middle layer in three-layer ONIOM 

(QM:SEQM:MM) calculations. 

Reference proton transfer energies are evaluated at the B3LYP/6-31G(d) level, because this 

is the basis set level for which the DFTB method has been parameterized. In the QM:MM 

calculations, the Amber96 force field has been used for the MM region.90 Residue models are 

truncated at the Cα-Cβ bond and the MM charge of the Cβ atom has been adjusted to achieve 

integral residue charges. The lack of protein framework exaggerates the mobility of the residues, 

and to ensure comparisons between the same local minima, model geometries optimized at the 

B3LYP/6-31G(d) level are used throughout. Moving the proton from the (polarized) histidine 

(His2) to the (unpolarized) histidine (His1) is an endothermal process without barrier. To be able 

to calculate the energy of both states, the respective Nε-H bond distance is frozen at 1.05 Å in 

both reactant and product.  

Reaction energies for different models and ONIOM divisions are given in Table 2. It is 

illustrative to first look at the three-residue model where aspartate is the single polarizing residue 

(model B). At the reference B3LYP/6-31G(d) level (system B.1 in Table 2), the proton transfer 

energy is 22.7 kcal/mol, i.e., the aspartate increases the relative proton affinity of the 

neighboring histidine by 22.7 kcal/mol. The value is very similar (22.5 kcal/mol) at the 

PBEPBE/6-31G(d) level, and drops by a few kcal/mol (to 20.3 kcal/mol) with 

B3LYP/6-311++G(2df,2pd). Using the DFTB method to describe the aspartate in an 
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ONIOM(DFT:DFTB) model (system B.2), gives a reaction energy of 23.9 kcal/mol, see Fig. 7. 

The deviation compared to the reference B3LYP/6-31G(d) value is 1.2 kcal/mol, only 5 % of the 

total effect. 

The ONIOM(DFT:DFTB) results are favorably compared to results from the ONIOM 

(DFT:MM) method. With ONIOM (DFT:MM-EE) (electronic embedding, system B.3) the 

reaction energy is 16.4 kcal/mol and the deviation compared to full DFT is 6.3 kcal/mol. 

Applying ONIOM(DFT:MM-ME) (mechanical embedding with classical evaluation of 

electrostatics based on the updated ESP charges of the model QM part, system B.4) gives a 

result of 15.5 kcal/mol, rather similar to electronic embedding. However, if mechanical 

embedding is applied using the original Amber charges without reparameterizing (system B.5), a 

large part of the electrostatic effect is neglected and the reaction energy is severely 

underestimated. The reason why all ONIOM(DFT:MM) methods underestimate the effect of the 

aspartate is likely due to the neglect of charge transfer. It should also be noted that the 

ONIOM(DFT:DFTB) system also performs better than full DFTB (system B.6), where the 

deviation from the target DFT result is 4.6 kcal/mol. 

Adding a positively charged lysine residue (Model C) decreases the proton affinity of His2 

and the target reaction energy becomes 11.0 kcal/mol with full DFT (system C.1). The DFTB 

method describes the effect of the lysine within 1 kcal/mol (system C.2), but if both aspartate 

and lysine are described by DFTB (system C.3), the errors add up and the total deviation is 2.4 

kcal/mol. Including both aspartate and lysine at the MM level gives small deviations (0.1 

kcal/mol with electronic embedding and 2.4 kcal/mol with mechanical embedding and updated 

charges), but this is likely due to cancellation of errors. 

Finally, adding a serine to represent neutral residues included in the hydrogen bond network 

(model D), gives a proton transfer energy of 11.5 kcal/mol with full DFT (system D.1). The 

effect of the serine is rather small (0.2–0.6 kcal/mol) at all levels of theory, see Table 2, and this 

type of residue can be included in the cheap MM layer. A balanced ONIOM treatment of the 

five-residue system is thus to describe the reacting histidines with DFT, the polarizing aspartate 
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and lysine residues with the DFTB method, and the neutral serine residue with MM (system D.5), 

see Figure 6. For this ONIOM (DFT:DFTB:MM-ME) system, the reaction energy is 14.2 

kcal/mol, a deviation from the full DFT result of 2.7 kcal/mol. 

The present example illustrates the use of the DFTB method as a low-level QM method in 

ONIOM calculations and shows that ONIOM(DFT:DFTB) method can describe large 

polarization effects with reasonable accuracy. In real proteins, the number of contributing 

residues is much larger and the size of the respective QM and SEQM layers should be increased 

to reduce errors from individual residues. In ONIOM(DFT:DFTB) models, the polarization 

effect is fully described at the DFTB level. To get reasonable results, the change in charge 

distribution during the reaction must be described similarly by both DFT and the DFTB method. 

Further tests of the accuracy of ONIOM(DFT:DFTB) models for a wider range of reactions will 

be performed in later studies. 

 

4. Conclusions 

In this article, we present theoretical and implementation details of the DFTB method into 

the Gaussian package. Benchmark tests of the DFTB method using this code on SWCNT 

molecules are also presented, and they clearly show that the DFTB method can reproduce the 

results at B3LYP level well. These results are consistent with our previous tests and also 

promise the DFTB method to be a very favorable method in a wide range of applications, 

including material science and biomolecular reactions.  

In addition, the performance of the default algorithms for SCF and geometry optimization in 

the Gaussian program is very encouraging compared with other methods. These algorithms play 

important roles in practical calculations, especially for large systems. Also, it makes possible to 

apply the DFTB method to larger system sizes. 

Third, benchmark calculations including the DFTB method in ONIOM method have clearly 

shown the promise of employing ONIOM in biomolecular systems. More importantly, the 

description of polarization effect by the DFTB method opens up opportunities for many 



 19 

applications using the three-layer ONIOM method. 
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Figure 1. The average SCF iteration number per geometry step for metallocenes, i.e. Co(C5H5)2 

(1: eclipse doublet; 2: stagger doublet; 3: eclipse quartet; 4: stagger quartet), Fe(C5H5)2 (5: 

eclipse singlet; 6: stagger singlet; 7: eclipse triplet; 8: stagger triplet; 9: eclipse quintet; 10: 

stagger quintet), Ni(C5H5)2(11: eclipse singlet; 12: stagger singlet; 13: eclipse triplet; 14: stagger 

triplet), Sc(C5H5)2(15: eclipse doublet; 16: stagger doublet; 17: eclipse quartet; 18: stagger 

quartet), Ti(C5H5)2(19: eclipse singlet; 20: stagger singlet; 21: eclipse triplet; 22: stagger triplet). 
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Figure 2. The number of geometry optimization steps. Berny algorithm is used in Gaussian 

DFTB code while conjugate gradient method is used in Paderborn DFTB code. The complex 

numbering is the same as in Figure 1.  
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Figure 3. The average metal carbon distance computed with PBEPBE/(SDD+6-31G(d)), 

B3LYP/(SDD+6-31G(d)), and the DFTB method. The spin state for ferrocene, cobaltocene, and 

nickelocene is singlet, doublet, and triplet, respectively. Experimental values are also given for 

reference.79,80 
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Figure 4. The spin splitting energy (high_spin – low_spin) for eclipse ferrocene, cobaltocene and 

nickelocene at PBEPBE/(SDD+6-31G(d)), B3LYP/(SDD+6-31G(d)), 

CCSD(T)/(SDD+6-31G(d)), and DFTB methods. The energy value of 

CCSD(T)/(SDD+6-31G(d)) is based on PBEPBE/(SDD+6-31G(d)) optimized geometry. 
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Figure 5. HOMO and LUMO energies of the finite length (5,5) SWCNT(C10nH20). The values are 

determined by the DFTB method and B3LYP/6-31G(d).  
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Figure 6. Five-residue system used in ONIOM investigations. Model A includes the histidine 

residues, model B additionally includes the aspartate, and model C also the lysine. Finally, 

model D represents the full system. The illustration is made for a three-layer 

ONIOM(DFT:DFTB:MM) system with the model (reactive) system in ball and stick, the 

intermediate (polarizing) system in stick representation, and the real system in thin stick 

representation (system D.6). 
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Table 1. The geometrical parameter difference of (5,5) SWCNT (C10nH20) determined by DFTB 

and B3LYP/6-31G(d). The maximum and root mean square differences are denoted by Max and 

RMS. All bond lengths and angles are compared. 

# of layer (n) Max RMS Max RMS
5 0.014 0.008 0.63 0.30
6 0.014 0.008 0.72 0.35
7 0.013 0.007 0.70 0.33
8 0.014 0.007 0.72 0.31
9 0.014 0.007 0.70 0.31
10 0.014 0.007 0.64 0.27
11 0.013 0.006 0.68 0.26
12 0.025 0.013 0.92 0.34
13 0.014 0.006 0.64 0.25
14 0.013 0.006 0.67 0.24
15 0.013 0.006 0.68 0.25

Bond Length Diff. [A] Bond Angle Diff. [deg]

 
 



 27 

Table 2. Relative energy of a proton transfer from a polarized histidine (His2) to an unpolarized 

histidine (His1). The DFT method is B3LYP/6-31G(d) and the MM force field is Amber96. 

MM-EE is electronic embedding, MM-ME(ESP) is mechanical embedding with model charges 

updated from ESP calculations, and MM-ME is mechanical embedding where the original 

Amber charges are used for both reactant and product. 

 
System His1 His2 Asp Lys Ser Reaction energy 

(kcal/mol) 

A.1 DFT DFT - - - 0.0 

B.1 DFT DFT DFT - - 22.7 

B.2 DFT DFT DFTB - - 23.9 

B.3 DFT DFT MM-EE - - 16.4 

B.4 DFT DFT MM-ME(ESP) - - 15.5 

B.5 DFT DFT MM-ME - - 3.1 

B.6 DFTB DFTB DFTB - - 27.3 

C.1 DFT DFT DFT DFT - 11.0 

C.2 DFT DFT DFT DFTB - 12.0 

C.3 DFT DFT DFTB DFTB - 13.4 

C.4 DFT DFT MM-EE MM-EE - 11.1 

C.5 DFT DFT MM-ME(ESP) MM-ME(ESP) - 13.6 

C.6 DFT DFT MM-ME MM-ME - 3.0 

C.7 DFTB DFTB DFTB DFTB - 15.3 

D.1 DFT DFT DFT DFT DFT 11.5 

D.2 DFT DFT DFT DFT DFTB 11.6 

D.3 DFT DFT DFT DFT MM-ME 11.2 

D.4 DFT DFT DFTB DFTB DFTB 14.6 

D.5 DFT DFT DFTB DFTB MM-ME 14.2 

D.6 DFT DFT MM-EE MM-EE MM-EE 10.1 
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