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h=6.626 x103% J s is the Plank’s constant,

m is the mass of the particle
E is kinetic energy of the particle
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For T = 300 K, we have 4, =1 A for a H atom
A= 0.19 A for a Si atom

A = 0.16 A for an Ar atom
A, = 0.07 A for a Au atom
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Table 2.1 MM2(91) atom types ad ( Jodgo ol s

Tvpe Symbol Description Type Symbol  Description
1 C P *carbon 28 H enol or amide
2 c Sp 2carbon, alkene 48 H ammonium
3 C sp>-carbon, carbonyl, imine 36 D deuterium
- C sp-carbon 20 Ip lone pair
22 C cyclopropane 15 S sulfide (R,S)
29 C radical 16 S+  sulfonium (RS 1)
30 C+ carbocation 17 S sulfoxide (R ,SO)
38 C P 2.carbon, cyclopropene I8 S sultonc (R ;SO )
50 C P, *-carbon, aromatic 42 S sp-sulfur, thiophene
56 C sp” *-carbon, cyclobutane B F fluoride
57 C sp2-carbon, cyclobutenc 12 Cl  chloride
58 C carbonyl. cyclobutanone 13 Br  bromide
67 C carbonyl, cyclopropanone 14 | iodide
68 & carbonyl, ketene 26 B boron, trigonal
71 C kemmum carbon 27 B boron. tetrahedral
8 N P, -mlmgen 19 Si  silane
9 N sp? -nitrogen, amide 25 P phosphine (R :P)
10 N sp-nitrogen 60 P phosphor, pentavalent
37 N azo or pyridine (~N=) 51 He  helium
39 N+ spl-nitrogen, ammonium (R:N¥) 52 Ne  neon
40 N sp-nitrogen, pyrrole 53 Ar  argon
43 N azoxy (-N=N-0) 54 Kr  krypton
45 N azide, central atom 55 Xe  xenon
46 N nitro (-NO3) 3l Ge  germanium
72 N iming, oxime (=N-) 32 Sn tin
6 0 ep’-oxygcn 33 Pb  lead (R,Ph)
7 8] sp- -oxygcn carbonyl 34 Se  selenium
41 0 spr-oxygen, furan 35 Te  tellurium
47 0 carboxylate 59 Mg magnesium
49 (8] epoxy 61 Fe  iron(ll)
69 0 amine oxide 62 Fe  iron(Ill)
70 0 ketonium oxygen 63 Ni  mickel(Il)
5 H hydrogen, except on N or O 64 Ni  nickel(]lI)
21 H alcohol (OH) 65 Co  cobalt (1)
23 H amine (NH) 66 Co  cobalt (I11)
24 H carboxy! (COOH)

Note that special atom types are defined for carbon atoms involved in small rings, like cyclopropane and ..
cyclobutune. The reason for this will be discussed in Section 2.2.2. o T S IR EWE K
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Phase Transition for a Hard THE JOURNAL OF CHEMICAL PHYSICS VOLUME
Sphere System
E. J. Awoze Axp T. E. Wanvwricer
Unisersity of Califormia Radiation Laberatory, Livermore, Colsfornia
{Received August 12, 1957)

31, NUMBER 2 AUGUST, 1959

Studies in Molecular Dynamics. I. General Method*

B. J. AvpEr anp T. E. WAINWRIGHT
Lawrence Radiation Laboralory, Unisersity of California, Livermore, Colifornia
. Receiy 4 959
Hard disks and spheres R o ey g0,

A method is outlined by which it is possible to calculate exactly the behavior of seversl -hundred inter-
acting classical part_iclcs. The study of this many-hady problem is carried out by an electronic computer
which solves numerically the simultaneous equations of motion. The limitations of this numerical scheme

. .. . are enumerated and the important steps in making the program efficient on the computers are indicated.
(calculation of collision times) -

The applicability of this method to the solution of many problems in both equilibrium and nenequilibrium
statistical mechanics is discussed.

IBM-704:

solid phase liquid phase liquid-vapour-phase

. N=32 — 6.5x10° coll. — 4 days
N=32: 7000 collisions / h

Production run ~20000 steps
N=500: 500 collisions / h

N=500 — 107 coll. — 2.3 years
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Atoms i-j regm,ij eij C12 C6
---------- /A / kcal mol-1 / kcal mol-1A12 / kcal mol-1A6
C-C 4.00 0.150 2516582.400 1228.800000
C-N 3.75 0.155 1198066.249 861.634784
C-0 3.60 0.173 820711.722 754.059521
C-S 4.00 0.173 2905899.052 1418.896022
C-H 3.00 0.055 29108.222 79.857949
N-C 3.75 0.155 1198066.249 861.634784
N-N 3.50 0.160 540675.281 588.245000
N-O 3.35 0.179 357365.541 505.677729
N-S 3.75 0.179 1383407.742 994.930149
N-H 2.75 0.057 10581.989 48.932922
0-C 3.60 0.173 820711.722 754.059521
O-N 3.35 0.179 357365.541 505.677729
0-0 3.20 0.200 230584.301 429.496730
0O-S 3.60 0.200 947676.268 870.712934
O-H 2.60 0.063 6035.457 39.075098
S-C 4.00 0.173 2905899.052 1418.896022
S-N 3.75 0.179 1383407.742 994.930149
S-O0 3.60 0.200 947676.268 870.712934
S-S 4.00 0.200 3355443.200 1638.400000
S-H 3.00 0.063 33611.280 92.212017
H-C 3.00 0.055 29108.222 79.857949
H-N 2.75 0.057 10581.989 48.932922
H-O 2.60 0.063 6035.457 39.075098
H-S 3.00 0.063 33611.280 92.212017
H-H 2.00 0.020 81.920 2.560000

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS




9309 Sl 9 (051 (o Slekanily ip90 Jad ¢ Jggo Solnd
s il Gl el sl 455 ol ol 5 oy sl S s plet pell i sla s 3 *
GS o2  gleyalil aul CO ryS aansT gigo JsSUse 90 Gloo (23S 02 )0 Jle (gl 090 ad)S
weslas 1, 0-0 4 C-0 .C-C lows! cy 35550, slo
dwlo Lgodl oo 35S wop N(N-1)/2 oslows @ el el o3I N 5l 0S5 a5 ot S5 sl

ol (605 By B oS gt

ol 90 Gl S w2 slo el )l e S ool of ) SO i y leteSon o g ol yly s 0
oS 5 03 5l aS Casl cpl sl S0aSH L 1) Ll 51 S o S o sl il b aST Sy o Dglite

. 1 MS OQLC.L:.«A‘ 4“9'.’.)'3_(}“‘*""’)9
O aB _E(GAA"'GBB)

EpAB = \/gAA X &pp

RO PY- PR KV-PIS{ VIR S TIP-N Col LGN BN R W W E PRI T S &) PO PIP-I P 2Y-H I

(07) Ol s> 100D Al TRV L v o iils ( Slo PIVRCTPRY WSl



9525 ldlowo 9 (o031 o Sledumiliy tpg0 fad (( Jed g0 Solin

Por—o)W Jaaily s Cyoguxo

SiPl 4 @9 4 Wlgl el (See cplpln canl el g0 lils pem-o ) ity @
Y WWNGIVE: IRPY:| PR - DY S DOV i

Qluod s @il 0929 9 joua> a1 030 90 (P9 YOI il (pl 0

Al o S50 slees]

2,19 69,5 W Sy 5 0 (Seal Wb S ol cnl 00

Dylad (SO 8 Lo VY ylgh Loaxdlo o5 @

Solis oilo and o bl el conl 5Son 5 oad |51y ol Jolsd o il
29 (J9ge

:’ (OV) I ES ISR X'V B PRI TS W L] KO ] L PRIWRC VPR T K




955 ldlowo 9 (o031 o Lol o0 Jad (( Jed g0 Solin

wge Jedls U (Jo0g0 Soolns (g3l anls o dgl @

Correlations in the Motion of Atoms in Liquid Argon*

A. RAnMAN
Argonne National Laboratory, Argonne, Ilinoss
(Received 6 May 1964)

CDC-3600

A system of 864 particles interacting with a Lennard-Jones potential and obeying classical equations of
motion has been studied on a digital computer (CDC 3600) to simulate molecular dynamics in liquid argon
at 94.4°K and a density of 1.374 g cm™. The pair-correlation function and the constant of self-diffusion are
found to agree well with experiment; the latter is 15% lower than the experimental value. The spectrum of
the velocity autocorrelation function shows a broad maximum in the frequency region w=0.25(ks7/4). The
shape of the Van Hove function G,(r,f) attains a maximum departure from a Gaussian at about f=3.0
X107 sec and becomes a Gaussian again at about 10~ sec. The Van Hove function G«(r,f) has been com-
pared with the convolution approximation of Vineyard, showing that this approximation gives a too rapid
decay of G4(r,f) with time. A delayed-convolution approximation has been suggested which gives a better fit
with Gg(r,f) ; this delayed convolution makes G4(r,f) decay as #* at short times and as f at long times.
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864 particles Production run ~20000 steps = 10 days !
Time / Step ~ 45s (standard PC [Pentium 1.2 GHz]: ¥ hour)
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He—He Ne—Ne Ar—Ar Kr—Kr Xe—Xe
o (A) 2.556 2.749 3.405 3.60 4.10
e/k (K) 10.22 35.60 119.8 171.0 221.0
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Molecule po (A) e/k (K)
H, 2.62 48.5
N> 3.38 128
0O, 3.12 160
F> 2.85 158
CO; 3.20 337
CH, 3.10 224
CF, 3.10 298
C(CH3), 3.40 691
SiF, 3.10 350
SFg 3.00 484
C>Hs 3.10 420
C,;H; 3.30 354
cyclo—C;Hg 3.00 630
CsHe 3.42 850
cyclo—CgH 5 3.10 055
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van der Waals interaction laws for most common AFM geometries

Geometry Force
Two flat surfaces . An ;
f=-— — per unit area
6D’
Two spheres Fe Ay RiR;
~ 6D?R, +R,
Sphere—flat surface AR
6D?
Cone—flat surface Ay tan’#
- 6D
Paraboloid—flat surface Ax If\.
T 12D I
Cylinder—flat surface & AxR?
__6D?

Ay isthe Hamaker constant, D is the distance, R is the radius of the sphere or of the cylinder, # is the semi-aperture of the cone, / is
- . . . 2 - . . . .

the semi-axis of the paraboloid. Ay = 77 Cp,p>. where C is the constant in the atom—atom pair potential and p, and p, are the

number of atoms per unit volume.

Butt, Hans-Jirgen, Brunero Cappella, and Michael Kappl. "Force measurements with
the atomic force microscope: Technique, interpretation and applications." Surface
science reports 59.1 (2005): 1-152.
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List of measurements of the Hamaker constant between materials commonly used in atomic force microscopy

Material 1 Matenal 2 Medium Calculated Ay Reference Expenmental Reference
(x107%1) An (x10729))
TiO, TiO, Water 6 [325] 6+2 [169]
53-57 [326]
Au Au Water 40 [309] 7-25 [327] .
25 [328] :
10 [329.330] .
Ag Ag Vacuum 20-49 [315] 385 +05 [315]
Cu Cu Vacuum 25-40 [315) 275 [315] C
Ag Cu Vacuum 22-4 [315] 32.6-34 [315] \g‘
SisN, SiyN, Water 48-59 [326] 6.1 [331]
SiaNg Mica Water 245 [326] 34 [331] G)
SiaNy Mica Ethanol 11.6 [332] —
Si0- Si0; Ethanediol 0.6 [333] 0.2 [333] “
Si0, Si0, Water 0.77-0.84 [334] 1 [335] \(/\
0.46-0.7 [326] 0.85 [336]
0.85 [333] S
Si0, Air Water —1 [309] =4 [337] '
Si0, Au Air 2.2-4.1 [338]
Si0, Au Water 12-15 [338] g’
Si0; Ag Vacuum 11-18 [315] 13 [315] (.—
Si0, Cu Vacuum 12-17 [315] 14 [315]
Si0, TiO, Water 0.69 [326] 1.4 [339.340] \c
Si0; Teflon Cyclohexane —(0.54 [341] —0.41 [341] C
Si0- Mica Water 12 [334] 1.2 [322] :
1.16 [326]
7r0, 7Zr0, Water 7.2-8.1 [326] 6 [342] o
Al,O4 AlLO; Water 53 [333] 5.3 [343]
Mica Mica Water 2-22 [334] 2.2 [344]
13-19 [326]
Teflon Teflon Air 3.9 [345]
BSA BSA Water 0.4 [346]

Only measurements performed with AFM are listed.
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Table 4: Non-retarded Hamaker constants for two interacting media across a vacuum (air)@ «J$:ge Swolad
(Source: intermolecular & Surface Forces. J. Israclachvili. Academic Press)?

Dielectric constant Refractive Index Absorption frequency' Hamaker Constant
£ n Vv A reaumanmeasum

Medium (10'%s™) (10° %) :
Acstone 21 1.352 24 4.1 $
Benzene 2.28 1.501 21 5.0 :
Calcium Flouride 74 1.427 38 7.0 o
Carbon tetrachloride 2.24 1.460 27 5.5 g
Cyclohexane 2.03 1.426 28 5.2 \g
Ethanol 28 1.381 3.0 4.2 G
Fused quartz 38 1.448 32 8.3 —_—
Hydrocarbon (crystal) 2.25 1.50 30 71 s"
lron oxide (Fe;Oy) 1.97 3.0est 21 \‘/\
Liquid He 1.057 1.028 59 0.057 s-
Metais (Au. Ag, Cu) 35 2540 g
Mica 7.0 1.80 30 10
n-Pentane 1.84 1.348 30 38 {3
n-Octane 1.95 1.387 30 45 * e
n-Dodecane 2.01 1.411 30 5.0
n-Tetradecane 203 1418 249 5.0 ?"
n-Hexadecane 205 1.423 29 5.1 v
Polystyrene 255 1.557 23 8.5 :
Polyvinyl chloride 3.2 1.527 29 7.5
PTFE 2.1 1.350 29 38 L4
Water 20 1.223 30 a7

*UV absorption frequencies obtained from Cauchy plots mainty from Hough and White (1330)
and H. Chvistenson {1983, thesis).
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 F-H-:F (161.5Kk]J/mol or 38.6 kcal/mol)

 O-H-:N (29 kJ/mol or 6.9 kcal/mol)

* 0O-H~:0 (21 KkJ/mol or 5.0 kcal/mol)

« N-H-:N (13 kJ/mol or 3.1 kcal/mol)

* N-H-:0 (8 kJ/mol or 1.9 kcal/mol)

« HO-H-:OH*; (18 KkJ/mol** or 4.3 kcal/mol; data obtained

using as detailed in the reference and
should be compared to 7.9 kJ/mol for bulk water, obtained using

the same )
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http://en.wikipedia.org/wiki/Hydrogen_bond#cite_note-10
http://en.wikipedia.org/wiki/Molecular_dynamics
http://en.wikipedia.org/wiki/Molecular_dynamics
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1.2558
0.0373
1.8650
1.2355
0.0170
1.8447
1.2378
0.0193
1.8470

(AY)

1.5200
1.5200
1.5200
1.5250
1.5250
1.5250
1.5300
1.5300
1.5300

1.7453
1.9199
2.0944
1.7453
1.9199
2.0944
1.7453
1.9199
2.0944
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Extroten (kJ mol~) oS
2 C-C length o (I = leg)? Egreich (kImol™1)
o4 538 0 0 0

550 0.012 0.00014 0.29
5+ 560 0.022 0.00048 0.89
= 570 0.032 0.00102 1.86
580 0.042 0.00176 3.15
3 590 0.052 0.00270 4.75
600 0.062 0.00384 6.67
2
1 -
T I T I -1 4-2
0.001 0,002 0.03 0.004 }:> kstreteh (C—C) = 1735 kJ mol A

(1= log)? (A%
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(1= log)? (A%

=) Koween(CC) = 1735 kI mol A
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4
Erorsion(CH3CH2~CH2CH3) = ko + ) kr[1 + cos(r0)]

r=]

with kg = 20.1, ky = —4.7, ky = 1.91, k3 = —=7.75, kg4 =
0.58. Experimental energy values at 30°, 90°, and 150° were
interpolated from those at 0°, 60°, 120°, and 180°; energies
are in kJ mol !

6 (degrees) E (calculated) E (experimental)
0 0.15 0
30 6.7 7.0
60 14 14
90 8.8 9.0
120 3.5 33
150 15 15
180 25 25
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Energy A

I CSRRVOWE R PR UV Y V] Y I PRUWIIE-E SU I L] I ] L Koo IS




9525 ldlowo 9 (o031 o Sledumiliy tpg0 fad (( Jed g0 Solin

Glizo s ol (gl (dly jo ylg gl polie

Hydrogen 120.pm{Carbon 170.pm|Krypton 202.pm
Zinc 139.pm|Silver 172.pm|Lead 202.pm
Helium 140.pm|Magnesium 173.pm|Tellurium 206.pm
Copper 140.pm|Chlorine 175.pm|Silicon 210.pm
Fluorine 147.pm(Platinum 175.pm(Xenon 216.pm
Oxygen 152.pm|Phosphorus 180.pm(Tin 217.pm
Neon 154.pm|Sulfur 180.pm|Sodium 227.pm
Nitrogen 155.pm|Lithium 182.pm|Potassium 275.pm
Nickel 163.pm|(Uranium 186.pm|Indium 193.pm
Palladium 163.pm{Gallium 187.pm|Thallium 196.pm
Gold 166.pm|{Argon 188.pm|lodine 198.pm
Selenium 190.pm

Z (Ver)
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http://periodictable.com/Elements/019/data.html
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http://periodictable.com/Elements/049/data.html
http://periodictable.com/Elements/046/data.html
http://periodictable.com/Elements/031/data.html
http://periodictable.com/Elements/081/data.html
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29085 lowe 30 35 (g el )b A

Egretch (C—C) = 1735(] — 1.538)?

Egtretcn (C—H) = 1934(] — 1.083)2
Evend (HCH) = 0.093(a — 110.7)?
Epend (CCC) = 0.110(a — 112.5)?

4
Erorsion(CH3CCCH3) = ko + ) k,[1 + cos(r6)]

r==1

3.85\'* /3.85\°
Enonbond (CH3/CH3) = 4.7 [(T) o (_r_) ]
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Y Egweien(C—C) = 7 x 1735(1.538 — 1.538)> = 0 Jol sl g5
bonds

Z: Egtrereh (C—H) = 18 x 1934(1.083 — 1.083)? = 0
Z Epend (HCH) = 18 x 0.093(110.7 — 110.7)2 = 0

angles
Z Epend (CCC) = 12 x 0.110(112.5 — 112.5)2 = 0
angles
Z E\orsion(CH3CCCH3) = 6 x 3.5 = 21.0
dihedrals
Y Enonbona(anti-CH3/CH3) + ) Enonbond (gauche-CHs /CHs)
nonbond nonbond

385\'2 /3.85\° 385\ /385\°
=3xa7|(22) (222 6xa7|(2) — (22
X [(3.931) (3.931)]+ X 7[(3.0&5) (3.065)
=3 x (—0.487) + 6 x (54.05) = —1.463 -+ 324.3

= 323 kJ mol ™’
Etota] — Es"@tgh + Ebend + Etorsjgn = 0 + 0 + 21.0 + 323 kJ mOi_l = 344 kJ mOI—l

(\+Y) oty 100D Al ey i e LIS (Sl usikidpe SUSLI
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Y Egreren(C-C) = 6 x 1735(1.538 — 1.538)? ++ 1 x 1735(1.600 — 1.538)° o0 lislo g5l o
bonds
=0+ 6.67 = 6.67kJ mol™'

Y Egrein (C-H) = 18 x 1934(1.083 — 1.083)2 = 0
bonds

z Epena(HCH) = 18 x 0.093(110.7 — 110.7)> = 0
angles

Z Epeng(CCC) = 12 x 0.110(112.5 — 112.5)2 =0

angles

Y Eiorsion(CH3CCCH3) = 6 x 3.5 = 21.0
dihedrals

Z Enonbond (anti-CH3 /CH3) + Z Enonbond (gauche—~CH3 /CH3)

nonbond nonbond

3.85\'% /3.85)\° 385\% /385\°
=3x 4T [(3.974) - (3.9?4) Tox 47 (3.120) ~ (3.120)
=3 x (~0.673) + 6 x (41.97) = —2.019 + 251.8

= 250 kJ mol !

Ewtal = Eswetch + Ebend + Etorsion = 6.67 + 0 + 21.0 + 250 = 277 kJ mol ™!
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E (structure 2) — E (structure 1) = 277 — 344 = —67 kI mol ™!
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PDB ;45

Colw @ cwl 35 WSUye pdb (Protein Data Bank) LB s sl e
Saled anx s ( )

oas 03,51 Abgs yo gy Lad| o 3,1 liasisee loos! gl s Sledlbl pdb LG s @
R

Jolis a5 1, o3l s 4 bogsye oSl Las ol a5 0iS o Lasede bas glazl o ATOMals o
D9 oo Joll |y aind Z 5 Y X slo SlaBee g ) 0)lads coom 5 pU il oL e Lo

BB o o o3 (S e Sl andl (B, gl )5 o (g b Cudguzo w0
Sl 052y JsSUgeses (sl 0o ags pdb

L ATOM wulS L oS wifs S 5 j oshs L Lis NAMD 5 VMD wsle la 53l a5 o
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O g gd i 9 1 4 g o PDB L6 51 (ol digd

Residue Name X, Y, and z
Atom ID A..J\[O{Sn Name a9, 25 Residue ID  coordinates line number
a3l o jlads e L occupancy f
t el Pl 7 N

ATOM 1 N MET 17 <27.340 24.430 2.614>1.00 9.67 1UBQ 71
ATOM 2 CA MET 1 26.266 25.413 2.842 1.00 10.38 1UBQ 72
ATOM 3 C MET 1 26.913 26.639 3.531 1.00 9.62 1UBQ 73
ATOM 4 0 MET 1 27.886 26.463 4.263 1.00 9.62 1UBQ 74
ATOM 5 CB MET 1 25.112 24.880 3.649 1.00 13.77 1UBQ 75
ATOM 6 CG MET 1 25.353 24.860 5.134 1.00 16.29 1UBQ 76
ATOM 7 SD MET 1 23.930 23.959 5.904 1.00 17.17 1UBQ 77
ATOM 8 CE MET 1 24.447 23.984 7.620 1.00 16.11 1UBQ 78
ATOM 9 N GLN 2 26.335 27.770 3.258 1.00 9.27 1UBQ 79
ATOM 10 CA GLN 2 26.850 29.021 3.898 1.00 9.07 1UBQ 80
ATOM 11 C GLN 2 26.100 29.253 5.202 1.00 8.72 1UBQ 81
ATOM 12 0 GLN 2 24.865 29.024 5.330 1.00 8.22 1UBQ 82
ATOM 13 CB GLN 2 26.733 30.148 2.905 1.00 14.46 1UBQ 83
ATOM 14 CG GLN 2 26.882 31.546 3.409 1.00 17.01 1UBQ 84
ATOM 15 CD GLN 2 26.786 32.562 2.270 1.00 20.10 1UBQ 85

16 OE1 GLN 2 27.783 33.160 1.870 1.00 21.89 1UBQ 86

17 NE2 GLN 2 25.562 32.733 1.806 1.00 19.49 1UBQ 87
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ATOM L HETATOM &l gm0 plod ausles 05053 Ioazms 9 oS 56 VMD 581 o 5L 1, pdb 15 51 @
el K Sjgo 40,55 05leds b sy o)lads g 9205, pb o (JB 86 (izmen sl o0 0300

ATOM 1 N METX 1 27.340 24.430 2.614 1.00 9.67 1UBQ
ATOM 2 CA METX 1 26.266 25.413 2.842 1.00 10.38 1UBQ
ATOM 3 C METX 1 26.913 26.639 3.531 1.00 9.62 1UBQ

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS
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PSF (protein structure file) L

SUse i S A B ps Gl Jlosl sl a5 conl JoSUge o5 Sledlbl las ol pst Lls

Ded oo oolaiul
Zwsl PSE LU wdgs caz siglanss Lol S )l &5 oS (o0 Joe &j50 0l & CHARMM . 505 o @
el 295 Olawe jo 0als jalls gla mkl)b polie g culps s Sy el BB SO Glhlo g
ol ol slo iso glls pst Ll
Lo —
uaib —
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0. *
*

PSE J6 ;0 b o3l o> 9 5L @ bgs po ik

Residue ID 190 oo Sialed |) uideSog cutig p PSE LB 5l case 5 IS
5220 o lasd
Residue Name
/ ) ab charge
1231 \!NATOM e 4
10 1 MET N NH3  -0.300000 14.0070
AtomID2 U 1 MET HT1 HC 0.330000 1.0080
alo el 3 U 1 MET HT2 HC 0.330000 1.0080
4 U 1 MET HT3 HC 0.330000 1.0080
5U 1 MET CA CT1 0.210000 12.0110
6 U 1 MET HA HB 0.100000 1.0080
7U 1 MET CB CT2 -0.180000 12.0110
Atom Name »/ \ \:
5 A Atom type mass
S g 5

(VYY) RATS ISR ICT SOy I I PO PSRN L K % L PR TP
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9 Llg) il 4y bgs yo i

1237 !'NBOND: bonds

1 5 2 1 3 1 - 1
5 6 7 5 7 8 7 9
10 7 10 11 10 12 13 10
2257 !NTHETA: angles
1 5 6 1 5 18 2 1 5
2 1 - 2 1 3 3 1 5
3 1 = 4 1 5 5 18 19

3293 !INPHI: dihedrals

1 5 7 10 1 5 7 8
1 5 7 9 1 5 18 20
1 5 18 19 2 1 5 7

(V1Y) RATS ISR ICT SOy I I PO PSRN L K % L PR TP
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204 'NIMPHI: impropers

18 5 20 19 20 18 22 21
30 32 27 31 30 27 32 31
32 30 33 34 32 30 34 33

74 'NCRTERM: cross-terms

18 20 22 35 20 22 35 37
35 37 39 54 37 39 54 56
54 56 58 74 56 58 74 76

o oo B yleiols g JIyoga s Llgy 50 Lpodl cad 3 (J9 Comd e Wb 50 Lol i i
2,00 1y e 5 led v PSE LB 0 13 wil oo S8 o Wyguo 4 $5dme b1 o Byleioli g WL @
WDigd o0 S pe solad bl g plpll g Bgl o adg 095 jge a4 Jlhagals g argly O g

psf LL aiges ©

£4F (1VF) oty 100D Al ey i e LIS (Sl usikidpe SUSLI
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topology file 59195 Sl

el RB @]y gz, slesl 5l (graed Wiy a5 conl Sledlbol ples ol (s39dge8 Jol8
Sl Lo pst

s a4 olbead gladigy @b 5l buil plus oS wle oo aie Siedns LU ©

et 5 2l @31 T S s oSl sl il 1 )l il oo b o8 el 51 (Lol e Lo ST
sl s B MlS” 5,10 0929 (Jyagalo) Lioen o351 T plas

(Aol (g1 LSl g 6555 e ) iy 9 sl Lol Gglgei b 0 I @
NHlad 0929

S5 BB e sl Improper Interaction ol wYols a4 by e oledb! Ll

Sl Wil Jle Gloie 4 0)ls oS5 6l aman 1) [l 0,50 JsSse 5l (alo (250 B 00,5 poles

: (\ \b) I ES ISR X'V B PRI TS W L] KO ] L PRIWRC VPR T K
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oiien Jols JoSUge g6 ax Sledbl ols hB cpl a8 ol ol [Slo hgles b SO ol s

At . g o] el ol
*> CHARMM22 All-Hydrogen Topology File for Proteins and Lipids <<
*>>>>>> Includes phi, psi cross term map (CMAP) correction <<<<<<

*>>>>>>>>>>>>>>>>>>>>>> July 2004 << LLLLLLLLLLLLLLLLLLLL LKL
* All comments to ADM jr. via the CHARMM web site: www.charmm.org
* parameter set discussion forum

*

31 1

oo oo Giuled |y BB adey ol ol asliy 559 3117 sue

| 00l oolawl d.bs.:).o é—>‘)*° Q bs.:).o t.JLC)Lb‘ Lt u.u..?u i

| references
|

'PROTEINS

|

'MacKerell, A.D., Jr,. Feig, M., Brooks, C.L., III, Extending the
ltreatment of backbone energetics in protein force fields: limitations
'of gas-phase quantum mechanics in reproducing protein conformational
'distributions in molecular dynamics simulations, Journal of
!Computational Chemistry, 25: 1400-1415, 2004.

!

{8 (11$) 'MacKerell, Jr., A. D.; Bashford, D.; Bellott, M.; Dunbrack Jr., R.L.; ls
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Amino acids auel vl

M‘ 09; 9 ('NHZ) 6\.;.».0"' )‘ 45 Al é’)?J&“" =40 L.Sﬂ uL.S)J MT LgLIbM‘ ¢

LSis il 0 pumi) 098 SO L ol yor 45wl ooty LSz (FCOOH) Solins o

H

R

(\\V) QWW:OM')&‘)“@.)&WoM/“’|‘>“£¢3&0‘5M!’E PR
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Peptide bond oy Wb

&‘e&;faOJaﬁsﬁ%“s;‘eJﬁﬁaﬁ&zsz:faef%;f@.df%:f@ﬁ@ﬁsﬁ&bw‘ .
a Llin Wb G,k sl acsl Gl ol 28g 00,5 o5l O JoSge SO g auled j,8 5 adVlgeS olonds
Dy oo 4185 g5u 3, Lol 4 S bl 1) e p SOl ise B gl o e oo

Amino acid (1) H Amino acid (2) H

Peptide bond

Fiqure
B by ety ate

Water

(\WA)  Dipeptide s (s 10035 &l ey s (i SRS (Sl oawtitn SASESNS




R

JI/'AJ

Amino Acid | 3-Letter

Ala

Arg
Asn
Asp
Cys
Glu

GIn
Gly

His

lle
Leu
Lys
Met
Phe

Pro
Ser

Thr
Trp
Tyr

OO MmO o Z2 = >

T

Side-chain
polarity

nonpolar

Basic polar
polar

acidic polar
nonpolar

acidic polar

polar

nonpolar

Basic polar

nonpolar
nonpolar
Basic polar
nonpolar
nonpolar

nonpolar
polar

polar
nonpolar

polar

nonpolar

Side-chain
charge (pH
7.4)

neutral
positive
neutral
negative
neutral
negative
neutral
neutral
positive(10%)
neutral(90%)
neutral
neutral
positive
neutral
neutral

neutral
neutral

neutral
neutral
neutral

neutral

1.8
-4.5

-3.5

-3.5
2.5

-3.5
-3.5
-0.4

-3.2

4.5
3.8
-3.9
1.9
2.8

-1.6
-0.8

-0.7
-0.9
-1.3

A € at
(nm) A, (X103 M
max —1cm—1)
250 0.3
211 5.9

257,206,188 0.2,9.3,60.0

280, 219 5.6,47.0
274,222,193 1.4,8.0,48.0
w0 0S|

{



http://en.wikipedia.org/wiki/Amino_acid#cite_note-Hausman-114
http://en.wikipedia.org/wiki/Amino_acid#cite_note-Hausman-114
http://en.wikipedia.org/wiki/Amino_acid#cite_note-Hausman-114
http://en.wikipedia.org/wiki/Amino_acid#cite_note-Hausman-114
http://en.wikipedia.org/wiki/Hydropathy_index
http://en.wikipedia.org/wiki/Amino_acid#cite_note-115
http://en.wikipedia.org/wiki/Absorbance
http://en.wikipedia.org/wiki/Amino_acid#cite_note-Freifelder-116
http://en.wikipedia.org/wiki/Amino_acid#cite_note-Freifelder-116
http://en.wikipedia.org/wiki/Alanine
http://en.wikipedia.org/wiki/Arginine
http://en.wikipedia.org/wiki/Asparagine
http://en.wikipedia.org/wiki/Aspartic_acid
http://en.wikipedia.org/wiki/Cysteine
http://en.wikipedia.org/wiki/Glutamic_acid
http://en.wikipedia.org/wiki/Glutamine
http://en.wikipedia.org/wiki/Glycine
http://en.wikipedia.org/wiki/Histidine
http://en.wikipedia.org/wiki/Isoleucine
http://en.wikipedia.org/wiki/Leucine
http://en.wikipedia.org/wiki/Lysine
http://en.wikipedia.org/wiki/Methionine
http://en.wikipedia.org/wiki/Phenylalanine
http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Tryptophan
http://en.wikipedia.org/wiki/Tyrosine
http://en.wikipedia.org/wiki/Valine

PR AIA:‘.\.AA l\?‘ LAY

l.Ad .

‘A(‘Aﬂ t (AAI:‘.b

H M o H o
7 7
H o H o L c//o HaN+—&—? B H3N+—é—<
dc? & _” i e, O I o—
H3N+t—C—C H3N+*—C— é No— H> H3C—CH
No— é - No— H | H
3 H3C/ \CH3 /C{I 2
H3C CH3 Hz
Glycine (G) Alanine (A) Valine (V) Leucine (L) Isoleucine (l)
Gly Ala Val Leu lle
H
O
z H o
H N+—é—C H 55
3 I Ng= ki L C//° H3N+—é—C< i °
& (o] 2 ) I N
H> CHo H2C CHz °©
] NH o il
| CH>
CH3
Methionine (M) Phenylalanine (F) Tryptophan (W) Proline (P)
Met Phe Trp Pro
H H
| ° H o I //o
H H H HaN*—C—c? I 22 H3zN—C—C
| ,° 1 2° Ll 22 7S I No— Hant—c—cZ No-—
HaN*—C—CT = HaN*—c—c = HaN*—€—C H2 by “O— H2
- — = 2
A SN L e
OH HO CH3 SH 7N\ (&
H>N O N
OH 2 HoN O
Serine (S) Threonine (T) Cysteine (Q) Tyrosine (Y) Asparagine (N) Glutamine (Q)
Ser Thr Cys Tyr Asn Gin
Acidic Basic
H
H H | 2
O + 7
I O  H3N+—C—C I 7 H3N+—C—C
H3N+—c—c/<o 3T H3N+—?—C< - I No- o
AcHS, cHy © ¢ HaN+—¢—c?
= ] H2 1 No—
CH2 é CH2
o~ o CH> I g
| NH NH
?Hz | =*NH2
+
NH3 NH>
Aspartate (D) Glutamate (E) Lysine (K) Arginine (R) Histidine (H)
Asp Glu Lys Arg His

(\Y+)



9525 ldlowo 9 (o031 o Sledumiliy tpg0 fad (( Jed g0 Solin

¥ 1

sl CH3CH(NHZ)COOH olowts Joo b b arsel sl S5

I CSRRVOWE R PR UV Y V] Y I PRUWIIE-E SU I L] I ] L Koo IS



http://fa.wikipedia.org/wiki/%D9%85%D8%AA%D8%A7%D9%86
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wa Joeeo SO ol s3ddng LB
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1, ol ot K YU sliml 51 45 (6,500 wimmmms b (8] o) (60 ccmaing o 45 ma,oli Lo ol ol o
pled (gilo 4

s b 1) Wil 4y bgppe Slodlbl a5 ol oY L1 Syoha 500 sldege 3)s0 50 (Jg
fpmled (o (o095lsS Sl sl

Lo oS sitn S9290 (6,500 GldsSse rizmen g rmb 5 b it Al laal glgl o
Febl g Sidngs bl o 92ge (dad Dledlbl (yols I3 0ol 10 9 (10,5 e b o008
o] s |, LT leSllo

L Josdgo jo a5 alisre ol slo aiss Jlhagls 5 agly il a5 cl cpl Lo Coogamme o @
ol als L3 51 w6 ls e
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975 Sllaao 9 (031 o Sledidliy 1pg0 Juad ((Jgdg0 Solio
sl S a5 Cyclosporin M owsles gile ancs 1, D aduol dusal a5 oy lo 5o L 0S5 8 Mie
ooliziwl (655 Jolo 0,190 3w ;0 acel dul (pl piomed 0gd oo Jolid |y die] a1l Conl ]

23,5 oo
CHARMM22 s, o 5l ol aisel ol pl hlo a5 J3SUs0 (g5lo acls gl p publese ST @
098 oo Jols 1) Lo VT aiel sloanwl Laid o0 loe (pl aSl 4 axg5 b oules oolaul

2 Cwd 39290 (5ol g5 slebl jo ol

L-alanine (left side) and D-alanine (right-side).

’::l (\ Yv) &:’l.%’ W HJS ¥ ‘G‘)‘ sL’:J").q:.) W OM’ - "o ‘Q-ng-;lS.O CS“ ”Q o o ’s e o‘é
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SR Mz i Sl Cu it e B o L ggi el ! (i anesd
D &g ainol gl

oy 5999 BB 0 abgrre idu 4 U pwled g | Al anlS g oS 5L 1, top all27 prot lipid nainp L6 sewb ol Kol gly @

25 (y

» Total charge

» Atom name

REST ALA
GROUP

ATDM@ HH1
ATOM HM

ATOM CA cTl

ATOM HA HB
GROUFE

ATOM CB e
ATOM HEl HA
ATOM HBZ HA
ATOM HE3 HA
GROUP

ATOM C =
ATOM O o

DOUBLE © C

IMPR N -C CA
DOHCR HH W
ACCEPTOR
IC Ch
T

IC N Ch
IC +H CcA
IC CA i
IC N c
IC N c
IIL =0 - Ch
IC HBl cCha
IC HBl CA

H

*HN
Ca
c

bl &
+H
*ChA
*Ch
CB
*CB
*CB

HHKFEKFEKFKFRKHKFRF-

.3551
.4592
.3558
.5390
.4592
.45592
.5390
-110%
.1109

126.
114.
116.
116.
114.
114.
111.
109.
109.

CB HBZ CB HB3

» Atom type

» Atom charge

» Bond

. Improper
angle

»Previous residue

» Next residue

LA2300
4900
4400
5400
G400
4400
4400
0900
G000
6000

180.0000
180.0000
180.0000
180.0000
180.0000
123.2300
—-120.4500
177.2500
119.1300
-119.5800

115.4200
114.4400
116.8400
122.5200
126.7700
111.0900
106.3900
109.6000
111.0500
111.6100

L N = I I SR SR

.9996
.5390
.3558
2297
L4613
.5461
L0840
.1109
1119
.1114

\

»|C

A

Angles and dihedrals can be generated automatically from this.

RO K
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Alanine Residue bgs yo Galizko gliny yomogd

RESI ALA

ol yio S L l)ls a5 el ala ob b agaz gz, o oaias lis il s @

0.00

Sgozma L aS widd o ST 1) 09,5 SO (g 09,5 jeiwo U g ol 5l o slest :BrOUp L og 5 °
35185 (oo Syl g o b 1) Ledg yisUl 2815 50 09,5 SO (Gl 05d o iz lade S L]

s 047 o b s a5 ams oo lis |, NHT g5 51 N 539,05 66 b sgaz o8 Ky blie o\l @

ATOM N NH1

-0.47 |

Qdaed o1y yao S L Loy, S o LSas N, HN, CA, and HA slpos! blio &jle waxgs b ®

GROUP
ATOM N
ATOM HN
ATOM CA
ATOM HA
GROUP
ATOM CB
ATOM HBI1
ATOM HBZ
TOM HB3

L5 (1Y0)

NH1
H
CT1
HB

CT3
HA
HA
HA

.47
.31
.07
.09

.27
.09
.09
.09

1

I HN-N

! | HB1
! I /

!  HA-CA--CB-HB2
! I \

! HB3
!

1

I
o=C
I

I CSRRVOWE R PR UV Y V] Y I PRUWIIE-E SU I L] I ] L Mg ouSLENS
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3,18 3929 2 CA
BOND CB CAN HN N CA
|, BOND _xs ks DOUBLE |gius aiive Jaio o0 0 € 5 0 slpes! a5 a0 o lis gy o)le @
S35 9y 4 Sl SIS 550 Wem sl bl (69, W o g AlEgs Sl
DOUBLE O C
ool oass lis W31 pdgl gl blod Lpadl plaS o sl Bylel Yol aS a0 lid py ojle ®
Ailes Bl ogd oo ale [ 500 ol aw hawgy a5 (gl aan jo ol a5 Cl
IMPR N -C CAHN C CA+N O
20,5 Lis 590 backbone ;jog ol amio b ogs o oolitw] Bl &l 51 ©
& Jate sloes! saims ylis 04 solal ACCEPTOR g DONOR wlls Ll slowl jo a5 bghas @

: (\ Y7) Qt&; W 00D ‘6‘)‘ 4&.5.1).:\3 ’_bg" V) °|S/ - ;‘é “_gz-;lio ‘5‘“‘ " o ’s - o|°



955 SLlone g (031 oy (Sledomniliy 190 Juad  J9Sdg0 Saolys
o] (_,’J:’>|o Slaise onims L IC JYVOVAI
IC -C CA*N HN 1.3551 126.4900 180.0000 115.4200 0.9996
el 00 00591 gz 10 Lpadl s SlaaiBee 51 JolS dcgame SO Hgiws ol blie  ®
Jo5 O g0 4 SOl axll 31, ollins S 51 cnl S a5 (59 0w slaed! das) LSl SO Los! ST ol ol @
Qg adlsl JoSge )LSlw 4 pAD L o sais ools awid lgesl g 05,5
e g Sl gl (SoeS cde ay Wigh astine wiily ped BS Il S50 (g 0 les! oSl s

el 0.9 Angstrom ,ol> > 0SSl axsl 3l 5ol S

2505850 31 S o g wled (o0 S ) ead (Brme ol ez G Sl cgly il Jsb cledblIC s

* ICAB C D [bond(AB)] [angle(ABC)] [dihedral(ABCD)] [angle(BCD)] [bond(CD)] B (0 2l
* ICAB *C D [bond(AC)] [angle(BCA)] [improper(ABCD)] [angle(BCD)] [bond(CD)].

J‘QQLSAQLW‘)LJ)M[J«.\J[J&)Qé;ﬁrg."d\.byforw‘ w)LCQMJEUau)}a)Q i

s oY 1€ jgws ol asie PDB LB jo Lol ol K6 45,50 0

YY) Sy 20000 &3l iy g o SIS (SpilSn usien SISl
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L-ALA 4, ;| D-ALA ol

S J b alyala g 4 b e Oljgies Sidng BB e Bl sl 0

o Lo

2 o plxil ool S S oy py ol

Change: RESI ALA 0.00

to: RESI DAL 0.00

Change: IC N C *CA CB 1.4592 114.4400 123.2300 111.0900 1.5461
to: IC N C*CACB 1.4592 114.4400 -123.2300 111.0900 1.5461
Change: IC N C*CAHA 1.4592 114.4400 -120.4500 106.3900 1.0840
to: IC N C*CAHA1.4592 114.4400 120.4500 106.3900 1.0840

2 rg..w‘ Weo ML&-’ of.>o o> f°""°‘ u_i: L: ‘) 6)9.19.:9.: J.:LS aS ol L59L§ JL?- o

top_all27_prot_lipid_na_d-ala.inp

:’ (YYA) LA S POSUWE SR GV I ] Y I PROVI-E SOV W] KT W] L VR SV PR L vt K
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S3glanyi Slakin

3l 00l (gL ol g2 55 4 LeJgSIge CHARMM 1810 5 o @

bl ol JSad g2 5y ol b s i U Ol ol (S JoSU5e S50

Sl oS 955 sl plon b B (g (6l ol (ool lon gy
A 6‘ &‘ S*

il oals dy 5 CHARMM o L3 51 gol,iil glos; ol s390mss @

288 5k 8 gy, Jlo 5l ) Geen JbSle lg oo sl 4l

o ytigp pled (590095 duslgn Lot B sl B anel ool Yoy ooy o ledbol o5

Al asls |
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D9 (g0 e sy o Olse a5 ol JsSUse s5slss L6 0 0

RESI TIP3 0.000 ! tip3p water model, generate using noangle nodihedral
GROUP

ATOM OH2 OT -0.834

ATOM H1  HT 0.417

ATOM H2 HT 0.417

BOND OH2 H1 OH2 H2 H1 H2
ANGLE H1 OH2 H2
ACCEPTOR 0H2

| the last bond is needed for shake
! required

Oogo o Jhaels g agly adei el wled o dloul 1) (6w LSl SO aS Blol Wil pl asg b e

re Do 4 dgly S5 00,5 (510095 T )0 4055 wdgi I sl 1A 05 e e 4 5055

Do sl

Sl Gy 0 asgly )093 adgi 51 (Sl o8 930 w10 ol (S39dgr98 Bl 31 1) pgus Wil ST 0

Dgh o0 argly 4l ST 0y | 0% (5510095 e

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS



RESI SOD
GROUP
ATOM SOD SOD

RESI CLA
GROUP
ATOM CLA CLA

955 ldlowo 9 (o031 o Lol o0 Jad (( Jed g0 Solin

o o2 slp g7y oy

1.00 ! Sodium Ion

1.00

-1.00 !

-1.00

Chloride Anion

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS
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(ol95) 63d¥a e bB o addS o5 slrucwl 9 j) 4 bgs o i

(ool o0y 3ot L (opid]

"nucleic acid section

RESI GUL -1.00 o6 -

ATOM T P 1.50 1 el 00l 009 Ll jo (puilsS o dS 9 ol glosl sy 0
LTOM Q1F OMN3 -0.78 e

ATCM C2ZFP ON3 -0.78 PN

ATOM ©O5' OMN2 -0.57 H1-N1 CE——HTWY

LTOM C5' CHEB -0.08 | |1 CB-HB8

ATCM HS' HNS 0.09 c2 C4--NH3/

LTOM HS'' HNE 0.09 £ S Y

GROUP H21-N2 H3 A

LTCM C4' CH7 0.16 | Ay

ATCM H4' HN7 0.09 H22 Y

LTOM ©4' CN6&B -0.50 Y

ATCM C1' CN7B 0.16 1P HS' H4' 04'

ATOM H1' HN7 0.09 | | NS Yoo

GROUE -P-05'-C5'——-C4" civ

LTCHM WS WH2ZE -0.02 | | kY P

LTOM C4 CH5 0.2 o2ZE HE'!' C3'--C2' H1Y

ATCM N2 MH1 -0.68 P P

ALTOM H21 HN1 0.32 03' H3' 02" H2'!'

ATOM H22 HN1 0.35 | |

ATOM N3 NN3G -0.74 H2'

LTOM C2 CHz 0.75

ATCM N1  NN2G  -0.34

ATCOM H1 HNZ 0.28 ‘

ATCM C& CH1 0.54

ATOM 06  ON1 -0.51 Cyous _
ATOM C5  CN5G 0.00 O, ) 9w . o)
ATOM N7  NN4 -0.60
(YY) Ol s oz Bl o WP S o IS10 (S °
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charmm o g ylowe ;0 ATOM Types ol sla aigs

Sidng LB )0 ig,0ue Sl sl 55 ¢

MASS 1 H 1.00800 H ! polar H

MASS 2 HC 1.00800 H ! N-ter H

MASS 3 HA 1.00800 H ! nonpolar H

MASS 4 HT 1.00800 H ! TIPS3F WATER HYDROGEN
MASS 5 HP 1.00800 H ! aromatic H

MASS & HB 1.00800 H ! backbone H

MASS 7 HR1 1.00800 H ! his hel, (+) his HG,HD2
MASS 8 HRZ 1.00800 H ! (+) his HE]

MASS 9 HR3 1.00800 H ! neutral his HG, HDZ
MASS 10 HS 1.00800 H ! thiol hydrogen

MASS 11 HEI1 1.00800 H ! for alkene; RHC=CR
MASS 12 HEZ 1.00800 H ! for alkene; H2ZC=CR
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MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS
MASS

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

C
CA
CT1
CTZ2
CT3
CPH1
CPHZ
CPT
CY
CP1
CPZ2
CP3
CC
CD
CPA
CPB
CEM
CcM
CS
CE1l
CEZ

12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100
12.01100

! carbonyl C, peptide backbone
! aromatic C

! aliphatic sp3 C for CH

! aliphatic sp3 C for CHZ

! aliphatic sp3 C for CH3

! his CG and CDZ carbons

! his CEl1l carbon

! trp C between rings

! TRP C in pyrrole ring

! tetrahedral C (proline CA)

! tetrahedral C (proline CB/CG)
! tetrahedral C (proline CD)

! carbonyl C, asn,asp,gln,glu,cter,ctZ
! carbonyl C, pres aspp,glup,ctl
! heme alpha-C

! heme beta-C

! heme meso-C

! heme CO carbon

! thiolate carbon

! for alkene; RHC=CR

! for alkene; HZC=CR

L T O TR A S A T T v Y O S T T Y A A A T Y S T O TR O N O B A A A
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MASS 73 OH1 15.98900
MASS 74 05 15.98940
MASS 75 OT 15.99940
MASS 76 OM 15.99900

! hydroxyl oxygen

! ester oxygen

! TIPS3P WATER OXYGEN
! heme CO/0Z2 oxygen

MASS 50 N 14.00700 N ! proline N
MASS 51 NR1 14.00700 N ! neutral his protonated ring nitrogen
MASS 52 NRZ 14.00700 N ! neutral his unprotonated ring nitrogen
MASS 53 NR3 14.00700 N ! charged his ring nitrogen
MASS 54 NH1 14.00700 N ! peptide nitrogen
MASS 55 NHZ 14.00700 N ! amide nitrogen
MASS 56 NH3 14.00700 N ! ammonium nitrogen
MASS 57 NCZ2 14.00700 N ! guanidinium nitroogen
MASS 58 NY 14.00700 N ! TRP N in pyrrole ring
MASS 59 NP 14.00700 N ! Proline ring NHZ+ (N-terminal)
MASS 60 NPH 14.00700 N ! heme pyrrole N
MASS 70 O 15.99900 0 ! carbonyl oxygen
MASS 71 OB 15.99900 0 ! carbonyl oxygen in acetic acid
MASS 72 0OC 15.99900 0 ! carbozxzylate oxygen
0
0
O
0
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Parameter Files ywl,l J8

Sl 3 990 goae colg 4o Jols CHARMM o505 (oo ool )l LU S5
psf szl bl 5 il slo Slaize 515005 o B (6551 9 gy (ptd
D908 e 1) o 031 SO ST (595 59250 9 i 551 Ol (o0 BBl i
CHARMM ;.5 oo o yiell caliseo slbls @
par_all27_lipid.prm —
par_all27_na_lipid.prm —

par_all27_prot_lipid.prm —

dmled 0sbils 55 Colu Sladlys oo |y (ool g o)) o el )l sl L8 °
http://mackerell.umaryland.edu/charmm_ff.shtml

http://www.pharmacy.manchester.ac.uk/bryce/amber/
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*>CHARMM22 All-Hydrogen Parameter File for Proteins and Lipids <<
*>>>>> Includes phi, psi cross term map (CMAP) correction <<<<<<<
A>>3>535353>3353>3>35>>3>>> July, 2003 2 <<<<<<<LLLLLLLLLLLLLLLKLKLKKL

* All comments to ADM jr. via the CHARMM web site: www.charmm.org

* parameter set discussion forum
*

el 00l o0l solazul é>‘)..o dolo o

! references
!

'PROTEINS

!

'MacKerell, A.D., Jr,. Feig, M., Brooks, C.L., III, Extending the
!treatment of backbone energetics in protein force fields: limitations
'of gas-phase quantum mechanics in reproducing protein conformational
!distributions in molecular dynamics simulations, Jourmal of
!Computational Chemistry, 25: 1400-1415, 2004.

!

'MacKerell, Jr., A. D.; Bashford, D.; Bellott, M.; Dunbrack Jr., R.L.;
'Evanseck, J.D.; Field, M.J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;

! Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F.T.K.; Mattos,
!C.; Michnick, S.; Ngo, T.; Nguyen, D.T.; Prodhom, B.; Reiher, III,
IW.E.; Roux, B.; Schlenkrich, M.; Smith, J.C.; Stote, R.; Straub, J.;
'Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M. All-atom
'empirical potential for molecular modeling and dynamics Studies of
!proteins. Journal of Physical Chemistry B, 1998, 102, 3586-3616.
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(ol oy 04> olp Angstroms Jsb ol p Kkcal/mol s34l glp ooy solisiw! slauslg .ol
o 4l 95 b gied o (sl «

ONDS 5 . .
o ol 005 08,51 zal)ly b 45 abogs e oMl e s3elergi LB 1o 5350 slaail ales gl

IV(bond) = Kb(b - bO)**2
!

1Kb: kcal/mole/Ax*2

'bO: A

!

latom type Kb b0

!

ICarbon Dioxide

CST OST 937.96 1.1600 ! JES

'Heme to Sulfate (PSUL) link

SS FE 250.0 2.3200 !'force constant a guess

'equilbrium bond length optimized to reproduce
!CSD survey values of
12.341pm0.01 (mean, standard error)
tadm jr., 7/01
C C 600.000 1.3350 ! ALLOW ARO HEM
! Heme vinyl substituent (KK, from propene (JCS))

CA CA 305.000 1.3750 ! ALLOW ARO
! benzene, JES 8/25/89
CE1 CE1  440.000 1.3400 !
! for butene; from propene, yin/adm jr., 12/95

¢ CE1 CE2 500.000 1.3420 ! = .
gi‘\::%p;,' VTA) O (gha (0G0 A1 Y] ¢l o) ( Rk ol u.&ulio (W S0 FRECOWR{ K
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ANGLES
!

IV(angle) = Ktheta(Theta - Thetal) **2
)

IV(Urey-Bradley) = Kub(S - S0)**2

!

'Ktheta: kcal/mole/rad**2

IThetaO: degrees

'Kub: kcal/mole/A**2 (Urey-Bradley)
1S0: A

!

latom types
!

!Carbon Dioxide, JES

Ktheta Thetal Kub SO

.¢;ﬁu‘L5Jd)g—L5)3%

0ST CST OST 3000.00 180.0000 ! CO2, JES

'Heme to Sulfate (PSUL) link

CS SS FE 50.0 100.6 Iforce constant a guess
'lequilibrium angle optimized to reproduce
!CSD survey values
1107 .5pm0.6 (mean, standard error)
tadm jr., 7/01

SS FE NPH 100.0 90.0 lforce constant a guess

ladm jr., 7/01

40.000 120.00 35.00

2.41620 ! ALLOW

ARD o oG (Silso  cwdigo 0uSiilo
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Sogo o Slidie o5 SO L Jhagels o5 @8lge yiie .ol la Jlogels & b e jiel )b b gom i

Oj..u.: P oé)' w).o.: I{\(l + COS("(\ = 6))

DIHEDRALS
!

'V(dihedral) = Kchi{l + cos{n(chi) - delta))
!

'Kchi: kcal/mole

'n: multiplicity

'delta: degrees

'latom types Kchi n delta
!

'Heme to Sulfate (PSUL) link

X FE 8§ X 0.0000 4 0.00 ! guess

‘adm jr., 7/01
X cs S§ X 0.0000 3 0.20 ! guess

'from methanethiol, HS S CT3 HA

'adm jr., 7/01
C CTi NH1 C 0.2000 1 180.00 ! ALLOW PEP

! ala dipeptide update for new C VDW Rmin, adm jr., 3/3/93c
C CT2 NH1 C 0.2000 1 180.00 ! ALLOW PEP

! ala dipeptide update for new C VDW Rmin, adm jr., 3/3/93c
C N CP1 C 0.8000 3 0.00 ! ALLOW PRO PEP

! 6-31g* AcProNH2, ProNH2, 6-31g»//3-21g AcProNHCH3 RLD 4/23/93

CA CA Ca 3.1000 2 180.00 ! ALLOW ARO
! JES 8/25/89

CPT CPT CA 3.1000 2 180.00 ! ALLOW ARO ALl
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OByl 2 X g9 o3l 5 g o ooliiwl (11 S Cavog sl a5 Jlaals OMles oYL Slows cde 4

Dgs oo oolaiul

X C NC2 X 2.2500 2 180.00 ! ALLOW PEP POL ARO

! 9.0->2.25 GUANIDINIUM (KK)
X CD OH1 X 2.0500 2 180.00 ! ALLOW PEP POL ARO ALC

! adm jr, 10/17/90, acetic acid C-0Oh rotation barrier
X CD 0S X 2.0500 2 180.00 ! ALLOW PEP POL

I adm jr. 3/19/92, from lipid methyl acetate
X CEl CE1 X 0.1500 1 0.00

! 2-butene, adm jr., 2/00 update
X CEl CE1 X 8.5000 2 180.00

! 2-butene, adm jr., 2/00 update
X CE2 CE2 X 4.9000 2 180.00 !

! for ethene, yin/adm jr., 12/95

’:il (\f\) wa:awéﬁ‘)| ‘@‘)&WOM’“’D ‘&.xzjls.o‘s_w”Qio’s :.o‘a
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IMPROPER

!

IV(improper) = Kpsi(psi - psi0)**2

!

IKpsi: kcal/mole/rad**2

'psi0: degrees

Inote that the second column of numbers (0) is ignored
!

latom types Kpsi psio0

|
CPB CPA NPH CPA 20.8000 0 0.0000 ! ALLOW HEM
! Heme (6-liganded): porphyrin macrocycle (KK 05/13/91)
CPB X X CE1l 90.0000 0 0.0000 ! ALLOW HEM
| Heme (6-liganded): substituents (KK 05/13/91)
CT2 X X CPB 90.0000 0 0.0000 ! ALLOW HEM
! Heme (6-liganded): substituents (KK 05/13/91)
CT3 X X CPB 90.0000 0 0.0000 ! ALLOW HEM
| Heme (6-liganded): substituents (KK 05/13/91)

C HA 20.0000 0 0.0000 ! ALLOW PEP POL ARO

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS
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32455 5o CMAP T a0 a5 ool %6 Jlaels 5551 sl oldgo nolie 2ol B sum 5

CMAP

! 2D grid correction data. The following surfaces are the correction

! to the CHARMM22 phi, psi alanine, proline and glycine dipeptide surfaces.
! Use of CMAP requires generation with the topology file containing the

! CMAP specifications along with version 31 or later of CHARMM. Note that
! use of "skip CMAP" yields the charmm22 energy surfaces.

'

! references

'MacKerell, A.D., Jr., Feig, M., Brooks, C.L., III, Accurate Treatment of
'Protein Backbone Conformational Energetics in Empirical Force Fields, Submitted
!for publication.

'MacKerell, A.D., Jr., Feig, M., Brooks, C.L., III, Improved Treatment of the
'Protein Backbone in Empirical Force Fields, Journal of the American Chemical

!Society, In Press.

! alanine map
C NH1 CTi1 C NH1 CT1 C NH1 24

'-180

0.126790 0.768700 0.971260 1.250970 2.121010
2.695430 2.064440 1.764790 0.7556870 -0.713470
0.976130 -2.475520 -5.4556650 -5.096450 -5.305850
-3.975630 -3.088580 -2.784200 -2.677120 -2.646060
-2.335350 -2.010440 -1.608040 -0.482250

'-165

-0.802290 1.377090 1.577020 1.872290 2.398990
2.461630 2.333840 1.904070 1.061460 0.518400
-0.116320 -3.575440 -5.284480 -5.160310 -4.196010

-3.276210 -2.715340 -1.806200 -1.101780 -1.210320 . ..
-1.008810 -0.637100 -1.603360 -1.776870 EEE ousiidlo
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!V(Lennard-Jones) = Eps,i,j[(Rmin,i,j/ri,j)**12 - 2(Rmin,i,j/ri,j)**6]
!
lepsilon: kcal/mole, Eps,i,j = sqrt(eps,i * eps,]j)
'Rmin/2: A, Rmin,i,j = Rmin/2,i + Rmin/2,j
!
fatom ignored epsilon Rmin/2 ignored eps,1-4 Rmin/2,1-4

!

C 0.000000 -0.110000 2.000000 ! ALLOW PEP POL ARO
! NMA pure solvent, adm jr., 3/3/93

CA 0.000000 -0.070000 1.992400 ! ALLOW ARO

| benzene (JES)
CC 0.000000 -0.070000 2.000000 ' ALLOW PEP POL ARO
I adm jr. 3/3/92, acetic acid heat of solvation

CD 0.000000 -0.070000 2.000000 ! ALLOW POL
I adm jr. 3/19/92, acetate a.i. and dH of solvation
CE1 0.000000 -0.068000 2.090000 !

! for propene, yin/adm jr., 12/95
CE2 0.000000 -0.064000 2.080000 !
! for ethene, yin/adm jr., 12/95
CM 0.000000 -0.110000 2.100000 ! ALLOW HEM
! Heme (6-liganded): CO ligand carbon (KK 05/13/91)
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N 619119.6 Seolins sl g5lw als jo g0l 00,8 ‘_;QLM; Cde 4 Jow Q.ll °

ax,0 104.5 85 s agl; sl> a0 SPC oL b sl 5 So a5 o5l aliske glgl ol alais aw sleJoe @

- >PC TIP3P sl ly 42,0 109.5 Jlowl s s
r(OH), A 1.0 0.9572
HOH, deg 109.47 104.52 &S o 2,5 HOH
A ’}\}f/_;(flca' 629.4 582.0
B, kcal Aé/mol 625.5 595.0
q(0) ~0.82 ~0.834
q(H) +0.41 +0.417
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! abai )z Jos

HOH Lo o5 9y ST 0 oo M ol b s3lne o3 S5 (69, (oo )b S0 sl abais oz Jow j0

258 ool S50 )l @i sildan jo o Gl 4 jzeke JSa) 05 go 00l )5

Cl Gildse sly ) Glo pas 5l 4l loyl8l a5 0 resy ysbo 4 TIPAP O Jas

Og.w s oola!

sy TIPAP-EW Jow ol o slaop,l5 ,0 o 5l olen b ol ools axwgs TIPAD Jow loow  ©

oolazw! uT ugl_o.m L5L€z>)‘l.§ LS‘)% TIP4P/20055 e LSJ‘LJM LS‘J% TIP4P/IC€ 4JJ9‘ Eo=> LSLQ-‘::’S)

TIP4P | TIPAP-Ew | TIP4P/Ice = TIP4P/2005 | L3 g

r(OH), A 0.9572 | 0.9572 0.9572 0.9572

HOH, deg 104.52  104.52 104.52 104.52

r(OM), A 0.15 0.125 0.1577 0.1546
A x 1073, kcal Al2/mol  600.0 @ 656.1 857.9 731.3
B, kcal Aé/mol 610.0 | 653.5 850.5 736.0

| a(M) -1.04 | -1.04844 | -1.1794 @ -1.1128
:f (Y FA q(H) +0.52 | +0.52422 | +0.5897 | +0.5564 15 (Sl (cwidgeo 0dSLlils
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&l abdi y Jow

S Sl nl (259 O5eST @51 YL ilme @5l 90 69, UL 90 sl abal @y e o

Db oo B (il ol b (39,000

A8l drwgl dm s Voo Jlo o ol aall min o Slesbre YL p> Jdo 4w 0

TIP5P
r(OH), A 0.9572
HOH, deg 104.52 L L
r(OL), A 0.70 /
LOL, deg 109.47 3
-3 ____.-""’ .HHHH
Ax 107, kcal 544.5 - -
A2/mol H~ ~H
A6
B, kcal A®/mol 590.3 5 _cite
q(L) -0.241
q(H) +0.241

25 (1FR)
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D¢ o oolawl Transition Metals
Siys slasldl 6l a5 Rafii-Tabar and Sutton Potential Loty e

3,1 o5, Transition Metals

:1 (\b\) wazbwﬁﬁ‘)|‘g§%)&w¢6&m}’“’L)‘,_&tj&o‘s“ya o!i"”la




9525 ldlowo 9 (o031 o Sledumiliy tpg0 fad (( Jed g0 Solin

Ol O gl S 9

FeoS SllE e Cod S8 o (W51 ol eI S oS e sl p3Y 5 Jlaie) e 655
55 S8 098I by sl (o a5 1 @il cod b AY Cun Slosg pSI Gl golass ) cnl el
DS on )8 g winler oo )b o aST ) 18 glawedt onilenBl g co 00l
L L
000000
L L

o 000000

I [ ] » [ ]

on core .e o 0‘ o 9 'o

S 3k ol Se Sl pl eogi aie 5l g 3B Cate lroyd cnl  Jol> Siliwg iSUl 4l 0
218 leeyd Jlal 5 058 o gume 318 (Sloo,d s Wigm Jolo el a8 51 518 ol aSil pul e
5 B sleeyd g e polB Cuz L s i 097 WS (e u—*-"L’ ) 3k ok ploeal g asl
Pls 3l Gl Olgisn ey cnl 5 eails ol aSil jo 1y (o3l8 o1 (g S ol engs Bl 5o (s Ll

D)5 g |y 0l g 3,95 (0 Jgiie «5)le> iSe ol asle dapls SSlSe o

B Electron

:1 (\OY) wazbwﬁﬁ‘)|‘g§%)&w¢6&m}’“’L)‘,_&tj&o‘s“ya O’s :.o‘é




9525 ldlowo 9 (o031 o Sledumiliy tpg0 fad (( Jed g0 Solin

([Daw, Foiles and Baskes, Mat. Sci. Rep. 9 (1993) 251]) EAM Loty

L e g dwd g dbge ] 0 Gl e a5 S xS ol opl SlaS sl opl e EAM Ll e
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P, = 2 pi(r;) s the electron density at atom 7,
E, =Y Fp)+:Y Vilr;) =i
tot = 2 i(P; +§Z i\ lij - . . .
F ij p}!(r) is the electron density of atom ;j and
F, is the embedding function.

1

32 4l ol (peled lawgi ol sloml (9280l (JBs (ot (s w2 2 Sl (ool (B o 0 (eIl B

:’ (\b“) I ES ISR X'V B PRI TS W L] KO ] L PRIWRC VPR T K




975 Sl 9 (o031 (e ledimiliy 1090 Juad ((J9SIgo Sooliad
EAM il 4 by oSG @
Qb g8l JB> o Ladd ool  Sily g ol axils S 6,8 O wily o F oo embedding b -
Sei¥] Colgd aSls ol ulss) 0,50 ls woe,S b L, V o F &Iy Daw, Baskes and Foiles -Y

250,91 Cewas (BCC 3 FCC sl ksl o0 glis 4 ... g COhesive energy Socs 5!

RS 0 ula.m.’ R LS‘)-? EAM le....: ) LS‘J-? ‘) Foiles )l.:9.9 sl Lglb)lf 2 sl S

Electron density Embedding energy Pair potential
[ 1
10° 1
5k - 3 ]
107 ¥ !
=10 10’ 4 ]
10'f 1
W 15 o 10°F 1
107 F 1
20 | 107 1
10° f 1
.25 10* 3 ]
10° f 1
-30 ' . : ; e T T YV W T W T
0.0 0.05 0.1 0.15 0.2 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45
a r“

A

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS



955 Sledlowo g (o031 o (sledmiliy 1o haad ((Jedg0 ol

ol dmslin gonr wiz Joily @6 S S ke L1, EAM ol S 5

zl’ (1)+ZI,(1 1)+ZV2(1 B Tg) + .o

i, J, k

oz 93 b i Jile 4 L Vo gg 5l Embedding Jowily o Vij ey o5 <85 azis flg oo

s 15| F' o Embedding o 5 4> o el

oy S olg oo ]y py pl &S cwl cpl ol Embedding o5 slp olg oo 5 sy p 5 ool
o 18 el 5550 ( Axo (Fg i SI pml ddls alwgs Jold (ol Wjyad a5 Caddlo s by

~wl environment-dependent pair potential <o sle a4l o5

L S J..A.> )‘ Lgogm u‘y Q)j.»o L ‘5.: L5'°‘" Embeddlng JMLA—’ aS Cas LSMMJL’ é—g‘j )O i

. RS .
o AN 3.’

j 0T 4Ame r
0 . .
el 1 abgs o il a0 )L Z; abal,y il jo

I CSRRVONE S PR GV Y ] Y I PRUWIIE-E SU I L] R W] L Mg ouSLENS



955 Ll 9 (o031 s Sledumiliy 1o Juad (( Jedgo Solio s
. . . . & o & . . & . a . . & PY
ool (slo (9,2 (03 Sy (sl oad ezl HF g 098I S8 511, o7 (1) 0,280 J
x| o0 Camds Mg (65l alaly jo o S el L F(p) ey embedding b ol 94050 4o

[Rose et al., Phys. Rev. B 29 (1984) 2963.]
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TP
Arbitrary comment line
Z1 m a latticename
nrho drho nr dr rcut
((nr points of F(rho) data))
((nr points of Z(r) data, V(r)=1/(4 pi epsilon_0) Z(r)2 /r))
((nrho points of rho data))

where Z1 is the atomic number, m the mass and a the lattice constant.

- A real example (Foiles Cu potential):

Cu functions (universal 3)

29 63.550 3.6150 FCC

500 5.0100200400801306e-04 500 1.000000000000009e-02 4.9499999999999886e+00
0.

-3.1561636903424350e-01

-5.2324876182494506e-01

and so on, with 1497 more data points.
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Interatomic Potentlals Rep05|tory Project

References - FAQ

Overview

This repository provides a source for interatomic potentials (force fields), related files, and
evaluation tools to help researchers obtain interatomic models and judge their quality and
applicability. Users are encouraged to download and use interatomic potentials, with proper
acknowledgement, and developers are welcome to contribute potentials for inclusion. The files
provided have been submitted or vetted by their developers and appropriate references are
provided. All classes of potentials (e.g., MEAM, ADP, COMB, Reax, EAM, etc.) and materials are
welcome. Interatomic potentials and/or related files are currently available for various metals,
semiconductors, oxides, and carbon-containing systems.

If you do not find the element or alloy potential you are seeking, send an email to
Chandler.Becker@nist.gov, and we may be able to help. This site reflects what has been
submitted, so it is not a complete survey of interatomic potentials for any or all systems. Here
is a list of recent requests for potentials.

If you find this website useful, including using potentials you downloaded, please cite this project in addition to the proper interatomic potential
reference:

C.A. Becker, et al., "Considerations for choosing and using force fields and interatomic potentials in materials science and engineering,” Current
Opinion in Solid State and Materials Science, 17, 277-283 (2013). http://www.ctcms.nist.gov/potentials

(\ bA) Please note that, due to the wide range of interatomic potential functions and formats, it is the user's responsibility to check that the interatomic |ro <) o ".)
potentials produce expected results. More information can be found in the FAQ. |


http://www.ctcms.nist.gov/potentials/
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C' | [0 www.ctcms.nist.gov/potentials/Download/Au-GRS05/Au-Grochola-JCPO5-rou.table

C 0 www.ctcms.nist.gov/potentials/Download/Au-GRS05/Au-Grochola-JCP0O5-Phi.table

Interatomlc

References - FAQ

Mote that elemental potentials t
compounds instead of being opt
your problem.

Au

Gold (Au)

G. Grochola, S.P. Russo, and L.|
123, 204719 (2005). DOI: 1C

Motes: This file was generated b
on 21 Feb. 2011. This version is
notes_v2.pdf. If you use this eal

Format: EAM/alloy setfl
File(s): Au-Grochola-ICPO5.eam..

Motes: These files were approve
Format: EAM table

File(s):
F(p): Au-Grochola-JCPOS-F.table

LAT000000000000000E+01
LAT00Te00000000000E+0L
L17015199999999393E+01
LAT022800000000000E4+01
L1T7030399999999393E+01
LAT038000000000000E4+01
L17045599999939393E+01
L17053199999999393E+01
LAT0e0800000000000E+01
L17068399999939393E+01
LAT0Te000000000000E+0L
L1T0B3599999999399E+01
LAT091200000000000E4+01
170988
L17106399999939393E+01
L17114000000000000E+01
L17121599999999399E+01
LAT129200000000000E4+01
L17136799999939393E+01
L17144400000000000E+01
LAT152000000000001E4+01
L171595999999959995E+01
LAT1aT200000000000E4+01
LAT1T4TS99999959395E+01
17182
L171899999999959995E+01
LAT19T6e00000000000E4+01
LAT205200000000000E4+01
LAT212T999999959395E+01
LAT220400000000000E4+01

00000000001E+0]

400000000000E+01

.14245250858388
.14193662976299191E4+02
141422251387 T9848E+02
.14090937113400702E+02
.1403979866T7T32043E402
.13982805569344049E+02
.1393796595852807016E+02
.13887278484691123E+02
.1383673600335660632E+02
.13786342000003810E+02
L137360961515T2838E+02
.136859382
.13636048080387T4531E+02
.135862453927T73563E+02
.1353658959605T2485E+02
.13487T7081551354438E+02
.134377195932689T710E+02
13388
.13339436137301060E402
.13290513495717603E+02
L13241736714968386E+02
.13193105562623675E+02
.13144615806253646E+02
L1309627592134285531E+02
.130480835517186%4E+02
13000032588
L12952126091325422E+02
.128904363828982453E+02
.1285674556T435T22E+02
L12809271074855288E+4+02

S46E+02

55844003E+02

504872148486E+02

694243E+02

p(r): Au-Grochola-JCPO5-rou.tab LATZ2TESSS99 339 393E4+01 L12761940118811482E402
ip(r): Au-Grochola-JCPOS-Phi.tabl LA1T7235600000000000E401 L127147524668T74490E402
L17243199999999993E401 L266T7T0T286614595E402

DD 000000 oeaoDeoDoDoDoOoOoQOo0oDoDoDoDoDoDoDoDoDQDoDooQoooQoao

LAT2507T9999999593959E+01
LAT258400000000000E4+01
L1T72659999999959399E+01

D000 0 0000000000000 000000000000000000

L126208061456015986E+02
L125740470114065922E+02
L12527430251595668E+02
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Finnis-Sinclair potentials JSow- wwiud sla Junily
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[Phil. Mag. A 50 (1984) 45; for an improvement see Phil. Mag. A 56 (1987) 15]
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Sutton-Chen Potential ;o yle Jowily
Sutton, A. P, and Chen, |]., 1990, Philos. Mag. Lett., 61, 139
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Metals Potentials/sutton-chen_fcc0.pdf
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Table 1. Potential parameters for f.c.c. metals. The cohesive energy per atom, EL, in electronvolts and the lattice parameter, a', in Angstrém
units, are fitted exactly; experimental values are from Kittel (1971). B is the calculated bulk modulus (€V A ~3) and the experimental value
is in brackets. The calculated elastic constants ¢, ¢,, and c,, are in eV A ™3, and the experimental values are in brackets. Experimental
elastic constants for Ni, Cu, Pd, Ag, Ir, Pt and Au are from Simmons and Wang (1971); for Rh from Walker, Ashkenazi and Dacarogna
(1981); for Pd and Al from Hirth and Lothe (1982).

m n e{eV) c Ef a Bf Ciy iz Caa
Ni 6 9 15707x10°2 30432 444 352 122 (117) 1-44 (1-63) 1-11 (0-94) 0-50 (0-82)
Cu 6 9 1-2382x10°% 39432 3-50 3-61 0-89 (0-89) 1-06 (1:10) 081 (0-78) 0-36 (0-51)
Rh 6 12 49371x10~> 14441 575 380 1-68 (168) 212 (2:63) 1-45 (1-20) 089 (1-21)
Pd 7 12 41790x10°* 10827 394 3-89 125 (1-22) 1-55 (1-46) 1-10 (1-10) 0-58 (0-44)
Ag 6 12 25415x10% 14441 296 409 069 (068) 088 (0-82) 0-60 (061) 037 (0:32)
Ir 6 14 24489x10°° 33494 693 384 2:28 (2:31) 297 (3-74) 194 (1-60) 1-32 (1-68)
Pt 8 10 19833x10°2 34408 586 392 1-73 (1-80) 1-96 (2-:23) 1-61 (1-59) 0-46 (0-48)
Au 8 10 12793x10"2 34408 378 408 099 (1-03) 112 (1-17) 092 (0-97) 026 (0-28)
Pb 7 10 55765x10°® 45778 204 495 026 (0:26) 0-31 (0-29) 024 (0-24) 0-10 (0:09)
Al 6 7 33147x10"2 16399 334 405 0-47 (0-48) 0-51 (0-67) 0-45 (0-38) 0-10 (0-18)
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Glize FCC O3 ol cy2— o9 L iy syl )b

Element m n g(eVv) c
Ni 6 9 1.5707x1072 39.432
Cu 6 ? 1.2382x10™ 39.432
Rh 6 12 4.9371x10°° 144 .41
Pd 7 12 4.1790%107 108.27
Ag 6 12 2.5415x107° 144.41
I 6 14 2.4489x10°° 334.94
Pt 8 10 1.9833%1072 34.408
Au 8 10 1.2793x1072 34.408
Pb 7 10 55765x107 45.778
Al 6 7 3.3147x107" 16.399
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P lw g )-8y by
Rafii-Tabar and Sutton Potential

Solite ool slo aBys m Yol siludas jahite 4 (lu g jLim b, Jewdly ©

(o] 00l 0olo dx g5

£ =Y SV -4 Y pat —d® X a- A

I =

V()= ﬁiﬁjVAA(nj)+(1_ p)L- ﬁj)VBB(rij)"'[f)i(l_ p;)+p;(L- ﬁi)]\/AB(nj)

Pt =S92 (r) =Y [ps™ () + @ D)™ (1))

P = 47 () =2 |- 5,)6™ () + b,9™° (ry).

5 — {1 if sitei is occupied by an A atom

0 If siteiisoccupied by a Batom
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VAA(r)=eA{aAA} ,VAA(r)=gB{a'BB} , VAB(r)ng{aAB}
I r r
¢M(r)={a} , ¢M(r)={a} , ¢AB(r)={a}

r r r
dAA :gAACAA dBB _ BBCBB

VAB:(\/AAVBB)]/Z | ¢AB:(¢AA¢BB)1/2

AB

m :%(mAA+mBB) | n*e :%(nAA+nBB) | 9B :(aAA BB)]/Z _(gAA BB)]/Z
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do i = 1, atomnum

atom(i) .F=x=0
atom(i) .Fy=0
atom(i) .Fz=0

955 ldlowo 9 (o031 o Lol o0 Jad (( Jed g0 Solin

Pl Hlo- oy il bl g0 alone (5,8 087

do ] = Beta(i),Beta(i+ )-_
DxTemp = atom(i).¥ - zatom(p (7)) .X

DyTemp = atom(i) .Y - atom(p(i)).¥Y

DzTemp = atom(i).Z - ztom(p(])) .2

r2t = (DxTemp) * (DxTemp) + (DyTemp)* (DyTemp)+ (DzTemp) * (DzTemp)

ftemp = mmix (atom(i) .mat,atom(p(j)) .mat) .Eps *

mmix (atom (i) .mat,atom(p(j)).mat).N * rijn(i,p(3))/ (r2t)
ftemp=ftemp-mmix (atom (i) .mat,atom(p(])) .mat).d/2.0 *

mmix (atom (i) .mat,atom(p(j)).mat).M * (a2tom(i).Ru + atom(p(j)).Ru) *

rijm(i,p(j))/r2t ! (Kj/mol.A)

atom(i) .Fx
atom (1) .Fvy
atom(i) .Fz

ztom (i) .Fx + ftemp * (DxTemp)
ztom (i) .Fy + ftemp * (DyTemp)
2tom (i) .Fz + ftemp * (DzTemp)

lwrite (30, *)rijn(i,p(3)),rijm(i,p(j))

end do
end do

05 (1V8A)
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2l a8, 15 (o5le dnd L1 5l 00 g oym Sl 5 a2) aslllas 5,50 o5 s HCP @l3ls BCCy FCC wl38 b agli ;5 *

b HCP wljls ol 1|, EAM L wlie Jowily Pasianot and Savino [Phys. Rev. B 45 (1992) 12704]

S daen (gl 1) Sl Colg e Wl oo EAM Jow a5 wisls ojlis lisgs Jg wisls axwgs Ti, Mg and Co
Lles Joo HCP

(g Joaw EAM g, lawgs aiily cod aiiwn SlasS Colgh oo o alaly gllo as Slils @

1

513—::44-::[I or E{EEIE_EII}{EH_E-:M

Cd and Zn ;! o5 ,le &l3ls ol ao 51 @

o 00 031 Anasgi g Tl fennsly YU S s SIS ol

« X. W. Zhou, D. K. Ward, J. E. Martin, F. B. van Swol, ]. L. Cruz-Campa, and D. Zubia,
"Stillinger-Weber potential for the II-VI elements Zn-Cd-Hg-S-Se-Te." Phys. Rev. B 88,
085309 (2013). doi:10.1103 /PhysRevB.88.085309
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Ci1+Cyq —Cy; —Cy; 0 0 0

C% 4+ €11Cy5 —2C%, €3+ €11C15 —2C%, €3+ C11Cq, — 2C5,
—Cy; Ci1 +Cy, —Cy; 0 0 0

C% 4+ €11Cy5 —2C%, €3+ €11C15 —2C%, €3+ C11Cq, — 2C5,
—Cy; —Cy; Ci1 +Cyq> 0 0 0

S = C% 4+ €11Cy5 — 2C%, €3+ €11C15 —2C%, €3+ C11Cq, — 2C5,

1
0 0 0 — 0 0
Cys
0 0 0 0 1 0
Csa
0 0 0 0 0 1
Cys
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ijk
1
Gijk i

E
the [ijk] direction; |
direction [ijk]

Stiffness and compliance constants for cubic crystals

— S11 - 2(811 - S12 _5

S44 o 4(811 B S12 B E

i11|j2’ 3

1

1

212, 1212 | 1212

Su) (5, +15oks +13G)
202, 1212 | 1212

Su )y, +1oks +15G)

jk and Gijk are the Young’s and shear modulus, respectively, in
are the direction cosines of the

Metal

C11 C12 C:44 S11 S12 S44
Aluminum 10.82 6.13 285 157 -0.57 351
Copper 16.84 1214 754 149 -0.62 1.33
Iron 23.70 14.10 11.60 0.80 -0.28 0.86
Tungsten 50.10 19.80 15.14 0.26 -0.07 0.66
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Cl11 C12 Cc44 E G

(GPa) = (GPa) (Gpa) (GPa) (GPa) '

193 163 42 78 27 0.44

Silosdnds 55 okal s polae

Potential C11(GPa) C12(GPa) | C44 (GPa) E (GPa) G (GPa) v error (%)
Foiles 183.168 158.760 44.726 76.00 26.68 0.424 4.72
(1986)
Ackland 186.526 157.757 42.110 77.94 27.40 0.422 2.28
(1986)
Adams 183.250 158.716 45.262 76.68 26.93 0.423 5.15
(1989)
Zhou 186.088 157.292 41.936 77.77 27.37 0.422 241
(2004)
Grochola 202.238 166.501 48.030 91.43 32.32 0.415 7.10
(2005)
Olsson 201.633 169.974 45.441 84.72 29.79 0.422 5.65
(2010)
Sheng 198.657 165.773 46.035 86.47 30.48 0.418 4.75
(2011)
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C11(GPa) Cl12(GPa)  C44 (Gpa)

176 125 82
E (GPa) G (GPa) v
110-128 48 0.34

{2t 3 skl ks sl

Foiles (1985) 168.645 123.47 76.593 126.84 47.07 0.347 4.00
Foiles (1986) 167.267 124.156 76.448 124.69 46.18 0.350 4.14
Ackland (1987) 168.884 112.100 75.457 127.26 47.27 0.346 4.78
Adams (1989) 168.065 123.757 78.484 128.05 47.57 0.346 3.12
Mishin (2001) 169.884 122.652 76.191 128.43 47.73 0.345 4.16
Zhou (2001) 180.342 117.029 70.652 136.69 51.19 0.335 7.56
Zhou (2004) 168.077 121.890 74.986 126.22 46.86 0.347 5.18

Mendelev (2008) 174.477 127.811 84.438 135.86 50.62 0.342 2.03
Sheng (2011) 167.561 119.815 75.973 128.45 47.85 0.342 5.43

Mendelev (2012) 174.130 127.196 83.719 135.43 50.46 0.342 1.64
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Tersoff Many-Body C-C, Si-Si and C-Si Potentials
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C Si
A(el) 1.3936x10° 1.8308x10°
B(eV) 3.467x10? 4.7118x102
A (A1) 3.4879 2.4799
HAT) 22119 1.7322

B 1.5724x1077 1.1000x<10-°
n 7.2751x101 7.8734x10!
C, 3.8049x10* 1.0039x10°
d, 4.384 16.217

hy -0.57058 -0.59825
S 1.8 2.7

D 0.3 1.3

£ 1 1
Yoos, 0.9776
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D.W. Brenner, Phys. Rev. B 42 (1990) 9458 5 » Jowily

S, s 5 ol 5l 5V 280 (059,00 SlloSse (ildoe sl S deily 0
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k#*i,j

Hij = (b”—:-h”) Zps FU“\':_N. 4’\”,-”, Ar:_-}mn.i ]
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= F(N{, NQ, N3™)
carbon atoms
.‘\rﬁ( ) — : z . fg,("lk) ) [7'-’- o [l + G'.’. + H‘J(Al\v}“’. "\""())] = p ‘
X F i _ '

carbon atoms carbon atoms
Ngi=1+ Y  flradFa)+ Y L), Gy= Y [fora)Gi(0;)e* a1~ Ri)—tra =R |

k#i.j 1#i,J k+i,J
1, XS24 2 c2
7 0 0
) = {4 + ¢ e D e =3 GO)=ay| | + = — = — | .
Flxi) = (z + zcos[mlxy —2)], 2<xa <3, 2 d2  d2 + (1 + cosf)?
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Xie = NE — folr)
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(Reactive Empirical Bond Order) REBO ..ty
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AIREBO |l
AIREBO: Adaptive intermolecular REBO potential (Stuart et al. 2000)
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silicon &l p oul solaiwl gld il

(F. Stillinger and T. A. Weber, Phys. Rev. B 31, 5262 (1985)) Stillinger-Weber L.ty

J. Tersoff, Phys. Rev. B 37, 6991 (1988) cawy Jomiliy ¢

Environment Dependent Interatomic Potential (EDIP) fwity °

J. E. Justo, M. Z. Bazant, E. Kaxiras, V. V. Bulatov and S. Yip, Phys. Rev. B 58, 2539 (1998)

Modelling Simul. Mater. Sci. Eng. 17 (2009) 075008 (14pp) Seunghwa Ryu MEAM  fowity  °
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Stillinger-Weber ..ty

Dg Heudew (giludae Sz laieisls Gledd dgl 5l sl ol 0

V= Z %) (rij) + Z U3 (rij; Tik, eijk)
Lj

ijk
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3
0 rij or 7k =>a
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sanlie oS b oles aites Coie ola el P 5B A rizmen 5 ool SW Jeilyy als gl @ a5 @

ol 0ol &l 5 Jgaz 0 el b pl aS 00,5 o i el 9 5l SW sl 04

o (nm) € (kcal/mol)

7.049556277 0.6022245584 4 0 180 21.0 1.20 0.20951 3.4723x1012
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B = z Z qf)g(r,fj) = Z Z Z @’53(7'0, Fiks 9i,jk)

i >i i jAik>j
iz 7751 (5.5
$a(rij) = Aijeij |Big(=2)P — (=2)% | exp l')
Tij T'ij Tij — Gij0ij
o , o 2 YijTij . YikTik
O3(Tijs Tiks Oijie) = Nijk€iji [€OS Oi5 — €08 Opiik]” €xp ( ) exp ( )
lij — Qij0ij Fik — ik Oik

# Stillinger-Weber parameters for various elements and mixtures
# multiple entries can be added to this file, LAMMPS reads the ones it needs
# these entries are in LAMMPS "metal"™ units:
# epsilon = eV; sigma = Angstroms
i other quantities are unitless
# format of a single entry (one or more lines):
¥ element 1, element 2, element 3,
# epsilon, sigma, a, lambda, gamma, costhetal, A, B, p, g, tol
# Here are the original parameters in metal units, for Silicon from:
#
# stillinger and Weber, Phys. Rev. B, v. 31, p. 5262, (1985)
i

S1 81 51 2.1683 2.0951 1.80 21.0 1.20 -0.333333333333
7.049556277 0.6022245584 4.0 0.0 0.0
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EDIP by

Sgdee Ol 25 Do & g Sl (o s g comr 99 lop s Jols o5 EDIP Josly e

E; = ZVZ(Rijr Z;)+ ZVS(Rierikr Z;)
J jk

Z; = zf (Rim) 59 g0 ke 3 Dygeadi gl s
m+i
1 r<c
_a
f@r) = el-x"3 ¢c<r<b
0 r>>b

sy Vo(RijiZ;) el s EDIP Jouily ok glazh o€ el x = (1 —¢)/(b—¢C) a5 *

el Bgus dsgly Gl oo o 2B V3 (Rij,Rik,Zi) oS J o sl (il Ciz ladisy (g5l o
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B\* o . .
V,(r,Z)=A [(7) — p(Z)] er-a Dgd oo Gl 2 4 5 &le ol
Vs(Rij, Rir, Z;) = g(Rij) 9 (Ru)h(lijw, Z;)
Y
g(r) — er-b

h(l,Z) = A [(1 — e—Q(Z)(1+T(Z))2 + TIQ(Z)(l + T(z))z

_ _ —UsZ —2UnZ
Q(Z) = Qoe Uz T(Z) =uq + uZ(U,3e sl 4 =2l )
ol 0ae] )8 a5 el ous ooliiwl yel)b 17 SIEDIP Jewsly cayyms j0
A (eV) B (A) c (A) b (A) a B
7.9821730 1.5075463 3.1213820 2.5609104 3.1083847 7.0975x103
n Y (A) A (eV) U p o (A)
0.2 1.1247945 1.4533108 0.6966326 1.2085196 0.5774108
Qo Uuq Uy Us Uy
312.1341346 -0.165799 32.557 0.286198 0.66

05 (14A)
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MEAM ity

et Ssn 385 iledae Ul (s osb e edlinad W plss i sl BAM Jeily 4z 51
005 1 bl s 5 xSl ol

rolie olym gt & Gy EAM il 4 slassly o 0,5 Lol b ol 5ea § uSn B
Wb panile, g ¢ gSakew

Ly, ool ol b g el o 4Ll ] & 3 slugly (slogym 45 el EAM olea MEAM il o
Slosign lojer jeba Wlg o v g 0)ls 1y pole)s g eSihiw jolie [8) huog Uly oo MEAM
S Joe 1y (VlgeS 5 (5518

1. N N
Eiotal = ) Z ®;; (ri;) + Z F; (n;)
i,j i

N N
1
n; = E B (@) 5 E Jii (vi5) i (rix) 9: (cos )
JF1 7,k#1
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Glizeo sl Juwwily jl eolaiw! b oyoSadw Sl Culgs polio

Ex

G

(%

vz

100.1590
56.4493
0.3354

90.3752  136.6040 125.0769

69.0129 72,7521  73.2534
0.3459 0.2734 0.2865

s (Yor)
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Table 1 Buckingham potential parameters derived for some binary oxides (potential cut-off=1.20 nm)
Oxide A p C  M*" q(core) M** q(shell) OF q(core) O~ q(shell) kT k™
/eV  /om  [eV /eV nm™? /eV nm?
Mn*T-0°" 18231 2.872 0.000  0.09 1.91 0.513 -2.513 1.85 0.2053
Co**-0%*" 20889 2708 0000  0.03 1.97 0.513 ~2.513 1.75 0.2053
Ni**-0%" 3051.98 2511 0.000  0.72 1.28 0.513 -2.513 1.20 0.2053
Ge*t-0%" 40109 2578 7.000  0.40 2.60 0.513 -2.513 4.02 0.2053
Sn**-0%" 2301.88 3.073 6.000  1.40 2.60 0.513 ~2.513 1.52 0.2053
Ce*t-0%" 7549.87 2.831 7000 275 1.25 0.513 ~2.513 222 0.2053
Th**-0% 8638.5 2.856 70.00 4.64 ~0.64 0.513 -2.513 1.10 0.2053
U*-0%" 9296.65 2.796 90.00 5.00 ~1.00 0.513 -2.513 1.34 0.2053
Zr*t-0*" 88885 2.655 90.00 3.79 0.21 0.513 -2.513 1.57 0.2053
e —
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Table 2 Comparison of calculated and experimental values for structural parameters and phys-
ical properties of binary oxides

Oxide Lattice parameters Elastic constants Relative permittivities
(10''dyne/cm?)
a=b c a=f=v volume Elatt c11 c12 Ca4 eit Cidy
/nm /nm /nm® /eV

MnO expt. 0.4445 0.4445 90 0.0878 —-39.54 2230 12.00 7.90 12.80 -
calc. 0.4446 0.4446 90 0.0879  —38.82 26.00 16.04 16.04 13.03 4.10

CoO  expt. 0.4267 0.4267 90 0.0777 —41.40 26.12 14.70 830 12.90 -
calc. 0.4267 0.4267 90 0.0777  —40.37 30.38 19.09 19.09 13.56 4.62

NiO expt. 0.4168 0.4168 90 0.0724  —42.30 - - - 11.90 -
calc. 0.4168 0.4168 90 0.0724 —-41.46 36.99 20.99 20.99 11.91 4.55

GeO; expt. 0.4395 0.2859 90 0.0552 - - - — - -
calec. 0.4378 0.2922 90 0.0547 —125.29 35.55 18.49 21.75 14.98 5.38

SnO; expt. 0.4737 0.3186 90 0.0715 —117.80 - - - 14.00 - -
calc. 0.4768 0.3221 90 0.0732 -—-11291 27.10 16.08 14.14 14.37 4.32

CeO2 expt. 0.5411 0.5411 90 0.1584 —107.20 - - - 7.00 -
calc. 0.5410 0.5410 90 0.1584 —108.07 64.23 17.89 13.64 7.00 3.68

ThO2 expt. 0.5595 0.5595 90 0.1752 —-104.70 36.70 10.60 7.97 18.90 -
calc. 0.5594 0.5594 90 0.1751 —104.97 57.28 16.83 13.19 18.80 4.41

UO; expt. 0.5468 0.5468 90 0.1635 —106.80 39.60 12.10 6.40 24.00 5.30
calc. 0.5475 0.5475 90 0.1641 —107.48 62.60 18.68 14.41 19.21 4.86

ZrO; expt. 0.5070 0.5070 90 0.1303 - - - - 12.50 -
calc. 0.5069 0.5069 90 0.1302 —115.51 83.04 23.67 16.98 12.10 5.02
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EIM (embedded-ion method) Juwity
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I N 1
o; = Z gj * ¥ij (7i5) E; ((1,-, 0;) — 5 * i Oy

Ey, i35 _ r—Te.ij Ey ii005 _ "—Te,ij s
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1.1295193 A Xnic 2.3650088 A™!
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De 3.1eV
D Dmc 0.33479005 eV
i 0.03615625 eV
Ni
'c 12419 A
A e 1.80628937 A
M 26272
Ny 6.00 N 3.4641016

1. Rafii-Tabar, H., "Modelling the Nano-Scale Phenomena in Condensed Matter Physics via
Computer-Based Numerical Simulations", Physics Reports, 325, pp.240-310, 2000.

2. Milstein, F., "Applicability of exponentially attractive and repulsive interatomic potential
functions in the description of cubic crystals”, J. Appl. Phys. 44 3825, 1973.
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Hierarchy of computational chemical methods

Atoms L
Molecular Empirical methods:
Electrons conformations - Allow large systems
years Bond formation - Rigid connectivity
A
QC methods:
GE) - Allow reactions
= - Expensive, only
small systems
Simulate bond formation
in larger molecular systems
10-15 Empir_ical
ab initio, force fields
DFT,
HF
Angstrom Kilometres
Distance
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Non-bonding Bonding 7 Pemem
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Bond order (uncorrected)

— Sigma bond
Pi bond
Double pi bond

1 15 2 25 3
Interatomic distance (A)
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Current ReaxFF parameter sets:

. Available

. Not Yet Available

* La, Ce, Pr-Yb
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