
分子电子学和光子学的
多尺度理论研究

江俊



分子电子学：分子科学与电子信息学科交叉，基于分子体系进行
电子信息处理，或应用电子学理论技术研究分子科学问题。



SWCNT across Pt Electrodes (C. Dekker, Delft)

FETFET
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ü Size: scale from 1 to 100 nm 
Given the same amount of space, many times faster and 

more powerful than silicon based devices

ü Manufacturing:
ü fabricated identically and defect-free in enormous 
numbers
ü Self-assembly Manufactured
ü molecular synthesis tools highly developed  

ü Quantized electron energy
ü Extended ï systems

ü Provides thermodynamically favorable electron 
conduction
üï Conjugation acts conduction switch

ü Elegance
Elegant solutions to non-volatile and inherently digital 



研究背景

The  problems  of  chemistry  and  biology  can  be  greatly 
helped if our ability to see what we are doing, and to do 
things  on  an  atomic  level,  is  ultimately  developed  — a 
development which I think cannot be avoided.

Richard Feynman
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研究背景

The  fundamental  laws  necessary  for  the  mathematical 
treatment  of  a  large  part  of  physics  and  the  whole  of 
chemistry  are  thus  completely  known,  and  the  difficulty 
lies only in the fact that application of these laws leads to 
equations that are too complex to be solved.

Paul. A. M. Dirac
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103
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宏观性能
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发展多尺度的理论框架
分子体系的空间和时间尺度复杂性给理论模拟带来巨大挑战！



多尺度理论模拟
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ü ▲ᵿᴿ ו  εQCMEōQuantum chemistry for 
molecular electronics)
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多尺度方法模拟分子器件
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Landauer FormulaLandauer Formula

DOS
Ef

DOS
Ef

- Treat the “extended molecule” with Quantum Chemistry
- Describe the electrode with Density of States (DOS)
- The extended molecule is in equilibrium with the

source and drain by lining up the effective Fermi level

Tunneling Current Density from Source to Drain:



‍ ֒ ᴐ



Ṱו ş
ü ᵿ ћ  Ѹᶅ(CIS: Central Insertion 

Scheme)ő Ә Ϸₑו

ü ⁮ ᶳ ( ὄ )ἀ (ẘ ) Ṥб
ҳᵇᾭ

ü ▲ᵿᴿ  εBioNano-Lego

ü ₆ őᵿ╤ᾙ ő ӊ ᶳו ῄᶚ͡

多尺度模拟处理大尺寸纳米系统



纳米材料的理论模拟

基于第一性原
理的计算方法

固体物理方法
无限的周期系统

平面波形式的周期性波函数

量子化学方法
少于一千个电子的有限分子系统
原子和分子尺度的电荷分布

有边界的纳米准周期系
统----没有合适的方法！



A straightforward method can be interfaced with 
quantum chemistry approach

Allows to effectively treat very large nano-scale 
periodical systems without losing the accuracy

MultiMulti--scalescale Method (Method ( ))



Electronic structure was obtained by solving the 
Schrondinger Equation



Fock Matrix



The most resource consuming part in 
Quantum Chemistry calculation is to 
obtain Fock Matrix through SCF solution



Deduce out the Fock matrix of large nano-scale 
systems from the smaller scale system

Greatly reduce computation time and resource 
by avoiding the SCF process

ѐ ֒ѐ ֒ (Central Insertion Scheme)(Central Insertion Scheme)



Approximations:

1)  periodical short-nano-scale systems are long enough to have the 
electronic structures converged in the central parts

2)  long distance interaction (> 20 Å) between subsystems dies out in the 
short-nano-scale systems

ѐ ֒ѐ ֒ (Central Insertion Scheme)(Central Insertion Scheme)



1)  Electronic structures converged in the core parts



1)  Electronic structures converged in the core parts



Take polymer (n=10) as an example:

Gaussian03 computed HOMO(highest occupied orbital)-LUMO(lowest unoccupied 
orbital) gap: 2.784eV
Reconstructing computed HOMO-LUMO gap: 2.786eV,    error 2 meV
Orbital energy error in the range of (HOMO-20, LUMO+20):  
Biggest error 8 meV smallest error 0.0005meV



2) long distance interaction dies out

Interaction energy between U1 and other units as a function of distance between 
them. 

Blue Circle dots:CNT21; Red Square dots: POLY10
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Jiang, Liu, Lu, and Luo, J. Chem. Phys. 124 (2006) 214711.
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EigenEigen value solutionvalue solution

For very large scale  For very large scale  

LAPACK LAPACK ––
Linear Algebra Linear Algebra PACKagePACKage

Subroutine Subroutine ssbgvssbgv() or () or dsbgvdsbgv() Compute () Compute 
all all eigenvalueseigenvalues, and eigenvectors of a , and eigenvectors of a 
symmetricsymmetric--definite banded definite banded eigenproblemeigenproblem, , 

of the form A*x=(lambda)*B*xof the form A*x=(lambda)*B*x



EigenEigen value solutionvalue solution
For even larger For even larger 
scale  scale  

Memory problem, can not find Memory problem, can not find eigenvalueseigenvalues and and 
eigenvectors at the same time eigenvectors at the same time 

1)1) Use LAPACK Use LAPACK Compute all Compute all eigenvalueseigenvalues, , 
2)2) Parallelized calculation with Parallelized calculation with scalapackscalapack

subroutine PDDBSV to solve the subroutine PDDBSV to solve the linear linear 
equationsequations and find eigenvectors

Biggest system: Biggest system: 
200 nm (5 5) carbon 200 nm (5 5) carbon nanotubenanotube

97, 020 electrons,97, 020 electrons,
145, 570 145, 570 gaussiangaussian basis functionsbasis functions

MaxtrixMaxtrix 145, 570*145,570145, 570*145,570



=24
Au-Au : 18nm
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Conjugated PolymerConjugated Polymer

Increasing of size, Density of State(DOS) increases
Discrete molecular orbital to continuous band
HOMO-LUMO gap remains constant as 2.78eV 
Energy structure analogous to inorganic Semiconductor
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•• CIS calculation provide accurate electronic CIS calculation provide accurate electronic 
structures for very long conjugated polymersstructures for very long conjugated polymers



Carbon Nanotube‐based Structures

A Toroidal Carbon Nanotube

(n,n) (n,0) (n,m)

Carbon Nanotubes (CNTs) and toroidal carbon nanotubes (TCNs) are special class 
of low‐dimensional systems which are expected to exhibit novel physical
properties due to their special geometries (cylindrical/toroidal) as well as 
nanoscale sizes



B3LYP/6B3LYP/6--31G31G
Max: 16170 C atoms described by 150, 000 Gaussian Basis Max: 16170 C atoms described by 150, 000 Gaussian Basis 

(5, 5) (5, 5) Metallic  Single Walled Metallic  Single Walled 
Carbon Carbon NanotubeNanotube (SWCNT)(SWCNT)

G03 LUMO of 4.1 nm SWCNT CIS LUMO of 4.1 nm SWCNT CIS LUMO of 200 nm SWCNT



Electron transport in (5, 5) CNTElectron transport in (5, 5) CNT

Exp: Javey et al. PANS, 101 (2004) 13408 
J. Jiang, Kai.Liu, Y. Luo, 
J. Chem. Phys. 124, 214711.  2006



(5, 5) metallic  CNT(5, 5) metallic  CNT

BiggerBigger--period oscillation superimposed on the 3 units period oscillatioperiod oscillation superimposed on the 3 units period oscillation:n:
Interference effect between the one dimensional quantum confineInterference effect between the one dimensional quantum confinement along ment along 
the tube direction and the two dimensional quantum confinement athe tube direction and the two dimensional quantum confinement along the long the 

tube ring direction.tube ring direction.



(5, 5) metallic  CNT(5, 5) metallic  CNT

T(EgT(Eg)=54 layer)=54 layer

DFTDFT
B3LYP/6B3LYP/6--31G31G



(5, 5) metallic  CNT(5, 5) metallic  CNT

T(wT(w)=36 layer)=36 layer

1D 1D WavefunctionWavefunction along tube directionalong tube direction

Blur effectBlur effect



•• CIS calculation provide accurate electronic CIS calculation provide accurate electronic 
structures for very long CNTstructures for very long CNT
•• CIS found CIS found blochbloch--alike alike wavefunctionwavefunction in CNT in CNT 
without assuming any periodical boundary without assuming any periodical boundary 
conditions.conditions.



分子光子学的多尺度理论研
究



蛋白质折叠 蛋白质聚合

DNA突变改变蛋白 DNA紫外损伤

分子光子学：分子科学和物理科学交叉，识别和操纵分子与光
子的相互作用，探测结构变化并从分子角度理解现象



Graham Fleming, Tobais Brixner, Berkeley
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多尺度模拟处理环境涨落中大分子宏观性能



‍ ѝἽ ˻

ע ‍ ╟╒

‍ ╟╒ ╒
‍

Ἵ ╟ ╒

Ἵ

̙

╒ ╒ ‍



Challenge for theoretical study
Fluctuations of proteins and environment: Change spectral features

Fluct-
uation

s

Molecular
Mechanics

MD 
Trajecto

ry

Molecular
Interactio

ns

Quantum
Mechanic

s

Electron 
Density

Two-electron
integrals

Full QM: Too ExpensiveFull QM: Too Expensive

Quantum
Mechanic

s

Electron 
Density

Two-electron
integrals

Grid Tech./Low 
efficiency

Point Charge/Low 
Accuracy

Dipole Approx./Low 
Accuracy

Map Method/fitting 
process



Map method for environmental fluctuationsMap method for environmental fluctuations

0E E Fμ= − ⋅
Energy of a state can be expressed asEnergy of a state can be expressed as

Map for excitation energy are constructed byMap for excitation energy are constructed by

oror

Advantages:Advantages: Cheap computation costs & Easy to test Cheap computation costs & Easy to test 
----successful utilizations in 2DIR studiessuccessful utilizations in 2DIR studies

Disadvantages:Disadvantages:
Rely on many QM calculations and heavy analysisRely on many QM calculations and heavy analysis
Fitted parameters are not transferableFitted parameters are not transferable
Lack of predict powerLack of predict power
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EHEF (Exciton Hamiltonian with Electrostatic Fluctuations)

EHEF(环境涨落激子哈密顿)算法实现大量分子动力学快照的高速量子力学
计算，为生物体系微观性质的宏观集成模拟提供了新思路
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Jiang, Abramavicius, et.al. J. Phys. Chem. B. 114, 8270(2010)
Abramavicius, Jiang, et.al. J. Am. Chem. Soc. 132 ,7769(2010)

Jiang, and Mukamel, Phys. Chem. Chem. Phys., 13, 2394(2011)



J. Jiang, D. Abramavicius, S. Mukamel, J. Phys. Chem. B. 2010, 114, 8270
J. Jiang, S. Mukamel, Phys. Chem. Chem. Phys. 2011, 13, 2394

EHEF (Exciton Hamiltonian with Electrostatic Fluctuations) algorithm

EHEF, uses a limited number of charge grids to produce the same local 
electrostatic potential as that induced by charge density, and converts the 
integration of charge density to the  product of two charge grids.  It avoid 
repeated QM studies and calculate interactions with low cost, so that efficiently 
construct QM-based exciton Hamiltonian for thousands of MM snapshots



J. Jiang, D. Abramavicius, S. Mukamel, J. Phys. Chem. B. 2010, 114, 8270
J. Jiang, S. Mukamel, Phys. Chem. Chem. Phys. 2011, 13, 2394

EHEF (Exciton Hamiltonian with Electrostatic Fluctuations) algorithm
1. Define atomic frame for each pair of atoms, (R, ç,â)

2. Calculations involve charge densities (As expensive as 
calculating 2-e integrals)

3. To obtain low computation cost, use a limited number 
of large grids (103 for an amino acid).

4. Each Grid is divided into a large number of sub-grids 
(106 for an amino acid), to maintain the same precision as 
2-e integrals.

5. Electrostatic potentials at random sample positions are 
calculated from charges in 103 sub-grids, and are used to 
fit one point charge for one grid.

6. Charge distributions are saved in the atomic frame. 

7.  Assume fixed charge distribution in the atomic frame

8. Update the new atomic frame during MD evolutions 
(R’,ç’,â’)

9. Update the charge density in the new atomic frame.

10. Calculate energy shift due to fluctuations.



×× Accurate  Accurate  ---- calculations without fitting parameterscalculations without fitting parameters

×× Efficient   Efficient   ---- Atomic frame to avoid repeated QM studies, Grid Atomic frame to avoid repeated QM studies, Grid 
charge fitted from electrostatic potential avoid integrations charge fitted from electrostatic potential avoid integrations 

×× Transferable for different systems and applicationsTransferable for different systems and applications

×× Able to explain experiments  and predict new informationAble to explain experiments  and predict new information

EHEF (Exciton Hamiltonian with Electrostatic Fluctuations) algorithm



蛋白质的淀粉样纤维沉积

多种疾病和蛋白质的淀粉样纤维的沉积有关，
包括阿尔兹海默病、帕金森病、可传播性海绵状脑病；

重大难题：

• 没有合适的观察测量技术，传统的X-ray，NMR，CD等不适用
• 纤维堆积的驱动原因和过程不清楚
• 蛋白质发生纤维堆积的能力无法测量和预估



天然 变异株G106V 变异株G18V

蛋白质γS-crystallin的两种变异株G18V和G106V
发生纤维堆积可导致人眼白内障

二维光谱帮助淀粉样纤维堆积的研究走出困境：
提供可观测蛋白结构和序列变化的特征谱
提出可测量、可计算、可数值化的纤维堆积能力指标
发现物理机理：纤维堆积的驱动力即生物系统降低熵的倾向

二维光谱信号近似熵(复杂度)
0.66      <   0.71      <     0.75

应用二维紫外光谱给出了答案

Jiang, and Mukamel, Angew. Chem. Int. Ed. 49, 9666(2010)

理论预测被Rachel Martin教授实验验证(Biophys. J.,100, 498(2011))
进一步预测成功14种蛋白质的纤维堆积能力

纤维堆积能力

G18V

G106V



应用QM/MM模拟二维紫外光谱研究蛋白质结构与功能关系

多种疾病(阿尔兹海默病、帕金森病)和蛋白质的淀粉样纤维的沉积有关

重大难题 • 没有合适的观察测量技术，传统的X-ray，NMR，CD等不适用
• 纤维堆积的驱动原因和过程不清楚

二维光谱帮助淀粉样纤维
堆积的研究走出困境：
• 提供可观测蛋白结构和
序列变化的特征谱
• 提出可测量、可计算的
纤维堆积能力指标
• 发现物理机理：纤维堆
积的驱动力即生物系统降
低熵的倾向

Jiang, Mukamel Angew. Chem. Int. E.d 49, 9666(2010); J. Am. Chem. Soc., 132, 7769(2010); 
J. Phys. Chem. B, 114, 12150(2010); 

二维紫外光谱



多尺度研究

固体物理 量子化学 分子力学

分子电子学 纳米材料科学 分子生物光学

分子电子学 分子光子学

格林函数方法 微扰理
论

统计数
学

响应理论

ü远期学术目标：发展基于第一性原理的多尺度理论方法及高效计算软件

ü研究目的：发掘分子体系结构与功能在物理和化学上的新现象与新机理

ü应用出口：为分子技术发展提供新原理、新方法和新途径

Marcus理论F rster理论 统计动力学
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