
Российский химико-технологический университет им.  Д.И. Менделеева

         Кафедра квантовой химии                                    
   

 QUANTUM CRYSTALLOGRAPHY IS A TOOL OF THE FUTURE

By Vladimir G. Tsirelson



2

Lorentz factor

polarization

absorption

thermal diffuse 
   scattering

anomalous 
dispersion

extinction

scale factor

background

Born single-
scattering                   
                  
approximation

Total intensity

Elastic coherent      

          intensity  ~   

F 2

                                 Derivation of the coherent X-ray structure factors

Relative difference between structure factors 
measured with point (4c) and area (ip) detectors

KNiF3



(r) = i pseudoatom = [ Cmmono +Cddip + Cqquadr + Coocto + Chexa 

octo ]

The structural space-distributed multipole model



Separate bonds/interactions are not 
observables
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Urea CO(NH2)2 : explicit presentation of the bonding features
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Urea CO(NH2)2 : explicit presentation of the bonding features
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Urea CO(NH2)2 : explicit presentation of the bonding features



Методом молекулярной 

динамики с потенциалами КМ/ММ 

оценены электронные свойства 

активного центра фермента с 

различными субстратами вдоль 

динамических траекторий. Картины 

активации субстрата ферментом, 

позволили различить реакционные и 

нереакционные комплексы. 

Рассчитанные доли реакционных 

конформаций фермент-субстратных 

комплексов вдоль траекторий 

коррелируют с данными по 

субстратной специфичности 

основной протеазы SARS-CoV-2. 

Важно для создания селективных 

ингибиторов этого фермента.               

                           PhysChemChem Phys 

(Hot paper, 2020).

Молекулярный механизм субстратной 
специфичности основной протеазы SARS-CoV-2

The Laplacian of electron 
density in the plane 
formed by S atom of 
Cys145, and C-O bond 
of the carbonyl group of 
substrate 
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V. Tsirelson & A. Stash. Orbital-Free Quantum Crystallography: View on Forces in Crystals. Acta Cryst. 2020, B76, 769. 

V. Tsirelson & A. Stash. Developing Orbital-Free Quantum Crystallography: The Local-Potentials and Associated Partial 
Charge Densities. Acta Cryst. 2021, B77, 467. 



Hohenberg & Kohn (1964):

1) Electron density uniquely defines the ground 

electronic state of atoms, molecules and crystals

2) Electron density provides a minimum of the energy            

      

          functional

E [] = G [] + Ene [ρ] + Eee [] + Exc 
[ρ]kinetic energy

electron-electron 
energy

 electron-
nuclear energy 

exchange & correlation
              energy     

Electrostatics
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        Forces in molecules and crystals:

 - The Hellmann-Feynman (classic-like) force acts on the nuclei;

 - The Ehrenfest (classic + quantum) force acts on the electrons;
Pauli principle +

electron correlation

- The quantum force linked with electron motion: acts on the 
electrons. 

All the local resulting forces in a system at equilibrium are zero

















The Lagrange critical points in kin(r) and  the points at which both the net force and 

forces  and F separately are zero. 

These CPs are of mechanical origin and differ from the Bader’s QTAIM critical 

points, which are of topological origin.

                                            



Diamond



The static force field in NaCl

PAEM (3,-3)



     The static force field in crystalline picolinic acid N-oxide, C6H5NO3 :
                                                  π-stacking
                                             



The static force field in KNbO3







(001)             (101)

       Zero-flux density and force basins in KNbO3



The kinetic forces arising in the  vkin– basins of cations are directed 

towards their surfaces. They penetrate through the surfaces of the 

electron-density basins of anions and press the first against the 

second. This ensures the stabilization of the molecular and crystal 

structure.



  Modern electronic criterion for noncovalent 
chemical bond categorizing has been formulated. 

  The influence of noncovalent bonds on mechanical 
properties of crystals has been studied.

Potentials mapped on the zero-flux surface of 
electron density, which determine the atomic 
basin of Iodine in the thiazinoquinolinium 
monoiodide crystal

The model illustration of electron density 
behavior at the hydrostatic pressure in 
MgB2 crystal
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ρ(r), a.u.

Some applications



Summary 

We spread the orbital-free density functional theory to the field of quantum 

crystallography. The one-electron Euler equation is re-written via electrostatic, 

exchange, Weizsaecker and Pauli potentials, and the local forces and partial 

electron densities related with these potentials by the Poisson equation are defined. 

All these functions were expressed in terms of experimental electron density and its 

derivatives using the orbital-free DFT approximations, and were applied to the study 

of inner-crystal features of different crystals. 

Our approach introduces the concept of homotropic and heterotropic forces into 

crystallography and allows decomposing the electron density into physically 

meaningful components, associated with electrostatics, exchange, and spin-

independent wave properties of electrons. As a result, the bonding information 

about a crystal that was previously unavailable for X-ray diffraction analysis can 

be now obtained.



  Some perspectives for the future:

- physically-grounded study of the many-faced chemical bonds;

- the links between the microscopic and macroscopic properties of   
  materials under pressure and in the external fields;

- improving the DFT potentials;

- search for realistic pair potentials for atomistic and molecular 
  modeling via  AI algorithms;

- revealing the improved force field picture;

- more…

       Thank  you for your attention!
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