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Não pulem os capítulos da  
química quântica !!!!! 

Em especial o cap. 2 
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Chemistry of Complex Systems 

Current challenge in quantum chemistry 

Full quantum chemical treatment of large molecular systems 
 Bio-molecules (carbohydrates, DNA, proteins, lipids, membranes, etc.) 

 Material (glasses, amorphous solids, crystals, minerals, etc.) 

 Polymers 

 Metal surfaces  
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Estratégias 

1. Novas estratégias teóricas (parametrização 

e métodos) ; 

2. Algoritmos que escalonem linearmente na 

CPU e na memória; 

3. Computadores rápidos e em paralelo. 
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Novos métodos e 
Parametrizações 
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Métodos de estrutura eletrônica 

• Hamiltoniano para um sistema com N-partículas 

Soma das energias cinética (T) e potencial (V) 



ˆ H  ˆ T  ˆ V 
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 Operador Laplaciano 

Energia cinética 
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Métodos de estrutura eletrônica 

• Função de onda 



SD 

1 1  2(1) N (1)

1 2  2(2) N (2)

1 N  2(N) N (N)

,    i | j  ij

Mono-determinantal Hartree-Fock 

Multi-determinantal Métodos pós-Hartree-Fock 

Combinação linear de determinantes 

Orbitais 
Moleculares 

Orbitais 
Atômicos 
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Modelo de Hartree-Fock-Roothaan 

A expressão da energia será: 
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Vamos definir a quantidade: 

Teremos assim: 

Matriz densidade 
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SCFC 

Forma matricial 

Equação de autovalores generalizada 
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Semiempirical Theory 

CNDO 

CDABCCAA

DCBA
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Integral approximations 
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Zero differential overlap - ZDO 

Parameterization procedure: 

Adjusted using numerical 
procedures 

From experiments or high 
level calculations 

INDO 

DCBACCAA

DCBA
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Parametrization procedure 

 Função custo; 

 Molecular data set;  

 Propriedades moleculares; 

 Algoritmos de otimização (busca de mínimo global);  

Define o poder preditivo dos métodos 
semi-empíricos 

  2
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resp wXXF 


Property Weight 

Heat of formation (Hf) 1 kcal-1 mol 

Ionization Potential (IP) 10 eV-1 

Dipole Moment () 20 D-1 

Bond Length (Rab) 100 Å-1 

Angle (l) 2/3 degree-1 

Torsion angle (d) 1/3 degree-1 

Temos que decidir sobre :  



Recife Model 1 (RM1) 

271 citações 19.07.2014 (web of Science) 

Formalismo – NDDO/AM1 

Átomos 

 C, H, N, O              Organic Chemistry  

 P, S                        Biochemistry 

 F, Cl, Br, I              Drugs 

 Lantanídeos          Photonics and Medicine 

191 + 252 = 443 parâmetros 
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www.rm1.sparkle.pro.br 



13 

Non-covalent interactions 

DOI: 10.1021/jp407339v 

• Em geral os métodos quânticos de baixo custo falham em descrever 
essas interações: semiempiricos, DFT, RHF, etc.. 



14 

Métodos com correção de ligações não 
covalentes 

 A idéia principal por parte do método DFT-D [Grimme, S., J. 
Comput. Chem., 25 (2004) 1463.] é adicionar correções de dispersão 
após o cálculo da energia total convergida. 

dispDFTDDFT EEE 
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 Aqui, Nat é o número de átomos no sistema, C6
 denota 

coeficientes de dispersão para o par de átomos ij, s6 é um parâmetro 
multiplicativo global e Rij é a distância interatômica. Uma função, fdump, é 
adicionada para evitar singularidades. 
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parâmetro ajustável, o . E a quantidade R0 é 
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Non-covalent corrections for many 
Semiempirical Hamiltonians 

SM = AM1-D, PM3-D, PM6-DH2, PM6-DH+, OMx-D 
or PM7 

dispSMDSM EEE 
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Semi-empírico X campos de força 

Os campos de força são muito bons para a 
dinâmica de proteínas. 
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Algoritmos de linear scaling 
na CPU e na memória 



Complexities for some parts of conventional single 
point energy calculation (SCF algorithm) 
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N2 e N4 

N3 

N2 

diagonalization 
N2 

N3 

N2 

N2 

Ab initio 
Semiempirical 

Where is the bottleneck? 
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Natureza do problema  
(localidade em química quântica) 

A interação Coulômbica depende de: r-1 

Em se tratando de matrizes densidade:  
r(r,r’) = exp[-√Egap |r-r’|] 

 Apenas os elementos da matriz densidade que 
pertencem a átomos próximos possuem valor 
significativo.  

• Raios de corte 
• Gera matrizes esparsas 
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Uso de raios de corte 

7-9 Å  Valor comumente usado 

Definido o raio de corte a esparsidade da matriz 
densidade está praticamente determinada 

Mozyme (Stewart 1996)  

    7.2Å 



21 

Esparsidade das matrizes que surgem em cálculos de 
macroloméculas  

Crystal Structure of the HSLUV Protease-chaperone Complex, 

91.510 atoms, PDB: 1G3I 

Using a cutoff of 9Å, non-zero elements < 1% . 



Sparse Matrices 
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CSR format: Compressed Sparse 
Row 

Sparse libraries for CPU 

Sparse BLAS from Intel MKL 

Padrão de esparsidade da Matriz de Fock 
para uma proteína com 4626 atoms 
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Localized Molecular Orbitals and MOZYME 

Canonical molecular orbitals are delocalized solutions to the HFR equation.  

SCFC 

The canonical MOs are not suitable for the calculation of large molecular systems.  

They do not reflect the local nature of the problem. 

To circumvent such difficulty we have to use localized molecular orbitals as 
initial guess (Lewis based MOs) to solve the HFR equations.  

MOZYME 
Application of Localized Molecular 

Orbitals to the Solution of Semiempirical 

Self-Consistent Field Equations. J. J. P. 

Stewart. Int. J. Quantum Chem., 58, 1996, 

133-146. 

Conventional 

semiempirical 

MOPAC 2000 

Scales as N2 
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N.A. Anikin, V.M. Anisimov, V.L Bugaenko, V.V Bobrikov e A.M. Andreyev, J. Chem. Phys., 121 (2004) 1266  

Cálculo de Bio-moléculas ultra grandes  

Pentium IV – 2.4GHz – 1Gb RAM 

LocalSCF – linear scaling method 

Escalonamento do Tempo de Cálculo e uso da memória com o 
Tamanho do Sistema 



25 PC Intel octa-core com 48GB de RAM. 
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Sparse Projetced-Gradient Method 



Sparse Projetced-Gradient Method 

Parallel version is under construction 
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High Performance Computing em 
Modelagem Molecular: 

Estratégias computacionais 



29 

• Parallelization of codes 
• Efficient Algorithms 
• Programming languages 
• High performance architectures  
• Benchmarks 
• Numerical libraries 
• Communication libraries 

High performance computing in chemistry 

Important themes 

Clusters, GRIDs, Supercomputers, GPUs, etc. 



Accelerating computational chemistry using GPGPU 

30 and many others … 
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GPUs have many transistors dedicated to data processing 

CPU x GPU 

High parallelism 
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C++ code for GPUs 

C++ code for summing two 

vectors in CPU 

CUDA code 

for summing 

two vectors in 

GPU 



http://openmopac.net 



34 

MOPAC calculation using CPU-GPU hybrid 
computational systems 

J. Chem. Theory Comput., 2012, 8 (9), pp 3072–3081 DOI: 10.1021/ct3004645 



Where is the bottleneck in MOPAC code? 

Time profiling analysis: 1SCF calculation (level shift) 

Diag.F90  Pseudo-diagonalization procedure 
Desnsit.F90   Density matrix from MO coefficients 

~91.5% 

C540 fullerene 

Total time ~ 1h  



Pseudo-diagonalization method (PD) 
PD is based in: 
 
“To have a self-consistent density matrix is sufficient to have 
annihilated all Fock matrix elements connecting the occupied and 
virtual molecular orbitals”. (Stewart, J.J.P., JCC, 3, 2 227, 1982). 

ℱ𝑜−𝑣 = 𝐶𝑜
𝑇𝐹𝐶𝑣  

𝐶𝑖
𝑛𝑒𝑤 = 𝑐𝐶𝑖 − 𝑠𝐶𝛼      𝑎𝑛𝑑     𝐶𝛼

𝑛𝑒𝑤 = 𝑠𝐶𝑖 + 𝑐𝐶𝛼  

𝑠 =
ℱ𝑖𝛼
𝜀𝑖 − 𝜀𝛼

     𝑎𝑛𝑑    𝑐 =   1− 𝑠2 

Equations for PD: Our GPU implementation: 

CUBLAS Library 
DGEMM 

Plane rotation 
of two vectors 

Equation for density matrix: 

𝑃 = 𝐶𝑜
𝑇𝐶𝑜 

Our GPU implementation: 

CUBLAS Library 
DSYRK 

Full diagonalization Our GPU implementation: 

MAGMA Library 
and Intel MKL 
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Speedups for Water clusters 



38 

Speedups for simulation boxes, fullerenes and 
proteins 
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Larger Molecular Systems 

Modelo Descrição Átomos Orbitais 

water25 
Caixa esférica de simulação de raio 25Å, com 2165 moléculas 

de água.  
6594 12990 

2G8C Proteína extraida da bactéria Borrelia burgdorferi. 4934 11545 
C2160 Fulereno 2160 8640 
C960 Fulereno 960 3840 

 



40 

Larger Molecular Systems 



Geometry Optimization of  
large molecules on GPUs 

Times (s) for geometry optimization (only 
100 cycles) of C180. 

Times (s) for geometry optimization (only 
100 cycles) of C540. 

29 times faster 6 times faster 

Times (s) for geometry optimization (only 
100 cycles) of (Glu-Ala)8. 

Times (s) for geometry optimization (only 
100 cycles) of (Glu-Ala)16. 

6 times faster 13 times faster 



Vibrational frequencies of large molecules on 
GPUs 

Times (s) for calculation of vibrational 
frequencies of (Glu-Ala)8. 

Times (s) for calculation of vibrational 
frequencies  of (Glu-Ala)16. 

9 times faster 

22 times faster 



Accelerating Semiempirical Quantum Chemical 
Calculation by Using Multi-GPU Platforms 

Accelerating Semiempirical Quantum Chemical Calculation by Using Multi-GPU Platforms: 
Implementations and Benchmarks, Rocha e Maia (WATOC 2014). 

• Our main effort was to replace simple CUBLAS invocations with its Multi-GPU version, CUBLAS-XT. The CUBLAS-
XT library presents a series of new features that makes Multi-GPU computing easier, such as not having explicitly 
to make memory transfers from host to device and device to host. CUBLAS-XT can also perform hybrid steps, 
dividing the workload across many GPUs and shared memory CPUs as well, using matrix-tiling techniques; 
 
• All calculations were carried out in an Intel Core i7 920 @2.6GHz with 16GB RAM memory and 2 NVIDIA GTX 
580 GPU cards; 

Figure 1: Runtimes (s) of the 1st part of PD for Water simulation boxes (H2O)n, n = 384 – 1481. 



http://openmopac.net 
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http://www.nvidia.com/object/computational_chemistry.html 



Protein folding Problem 

46 

In its most fundamental form, the folding problem can be separated into two distinct parts: 
1. To find an efficient and accurate way of sampling the very large conformational space 

of a protein.  
2. To find an energy function that can discriminate accurately between the native and 

non-native forms of the protein geometry. 

The accuracy of these functions is 
determined by their ability to correctly 
guess the native function from among the 
many other misfolded conformations.  

Native structure 

Free energy 



Protein folding 
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In that paper, the authors have designed score functions based in 
semiempirical Hamiltonians to discerning between decoys and the native 

structure. 
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Protein Folding 



49 

Our contribution:  
 
We demonstrated that the Hf predicted using PM6-DH+ can be 
used as a good score function to discriminate higher-energy 
conformers from native protein structure 

1CTF 1R69 1SN3 

Protein folding problem as an application of 
GPGPU computing in chemistry 

J. Chem. Theory Comput., 2012, 8 (9), pp 3072–3081 

DOI: 10.1021/ct3004645 
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