From Dynamics to
Thermodynamics using Molecular
Simulation

David van der Spoel



Computational Chemistry

X Physical models to describe molecules

X Software to evaluate models and do predictions - GROMACS
X Model validation and development

X Applications in Chemistry - Water & other liquids

X (Applications in Biology - PitGP, Virus, Malaria)
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Computational Chemistry

¥ Ab-initio methods

X Density functional theory
*  Semi-empirical

% Atomistic Force field

X Coarse grained FF / QSAR / Continuum descriptions
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Depends on the problem!



WVhat is Molecular Dynamics

® Coordinates of atoms/particles as a function of time

® [ime correlation functions

® Experimental: Nuclear Magnetic Resonance

spectroscopy

® Computer simulations at different levels of spatial

and temporal accuracy

® Sampling the conformational space - partition

function
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Fig. 1 The total potential energy of any molecule is the sum of terms allowing for bond stretch-
Ing, bond angle bending, bond twisting, van der Waals interactions and electrostatics. Many prop-
erties of a biomolecules can be simulated with such an empirical energy function.

M.Levitt, Nat. Struct. Biol. 8 (2001), p. 392-393
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How Many Lennard-Jones Parameters
for a Protein?

* Two parameters per interaction

% One atom type per element (C,H,N,O,S) : 10 with combination

rules, 40 without

*  With four atom types per element: 40 with combination rules,
760 without
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T'he Physical Model

* What determines the quality?

* How can we test it?
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http://www.gromacs.org
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http://www.gromacs.org
http://www.gromacs.org

® Test available force field for how good they

reproduce properties for ~ |50 organic
liquids

® |000 molecules/box |0 ns production sims

® OPLS/AA, GAFF + CGenFF from literature
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Not so simple props

Due to cut-off of Van der Waals forces?
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2 Phase Thermodynamics method!
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Yihzak Marcus: The Properties of Solvents

Table 3.1 Thermoaphysical properties of solvents {temperature dependent properties at 25°C, unless otherwise noted)
Mo  Name M Tm Th Tc d ¥ tp Kt p dHw ) Cp
0 vacuum LR (.00} b, Ch.C 5
10 tetramethylsilane BE2Y 1741 [1] 2998[1] 4304 [2] 06464 (1] 1365 1.84 [2] 2884 [pge] 9.56E401 [1] 242001} 126 2041 i)
20 n-pentand TS 1434 1] 309201] 496.7[1] 06214 1] 1161 158 [1] 2080 [1] 6BTE401 {1} 2641[1] 144 1671 [I]
30 2-methylbutane TS 1133[1] 3010[1] 4604[1] O6140[1] 1175 166 [1] 2.450 [1] 9 07E+401 (1] 24834[1] 138 1654 [I]
a0 n-hexane 8618 I1TT.EJI] 341.9(1] SO7.7[1] 0.6549[1] 1316 1.3 [1] 1706 [1] 202E+01 [1] 3148[1] 150 1954 [I]
S0 c-hexane B4.16 2799 [1] 3539[1] 5336[1] O7742([1) 1087 123 [1] 1.140 [1] PL30BE+01 [I] 3289(1] laE 1560 [I]
G n-heptane 1002 1826([1) 3716[l] S540.7[1] 0.6793[1] 1475 1.27 [1] 1442 [1] 6 I0E-+00 [1] 3658[1] 152 2249 [1]
10 n-octane 1142 2164(1] MWEE[1] 368E[1] Q6987[1) 1635 LIT [I] L2822 [1] LEBTE400 [1] 4149[i] 13353 2341 [1]
80 2,2, 4-tnmethy| pentane 1142 1638 [1] 3724[1] 3439[1] Q7TI122[1) 1604 120 [1] G I0E4HO00 [1] 3505 (0] 147 233 [I])
0 n-decane 1422 243501 #TA[1] SI76A[1] O.T263[1] 1959 105 [1] 1.093 [1] LBOE-0L [i] S13#[1] 158 3145 [1]
100 n-dodecane 1703 2636[1] 489.5[1] 6583 [1] 07541 [1] 2256 098 [1] 0989 [1] 1.S50E-0L [1] 6129[1] 160 3759 [1]
110 n-hexadecane 2264 291.0[3] S60.0[3] 7206 [2] O07T00[1]) 2940 088 [1] 0867 [3] 200E-04 [1] S109[1] 163 35014 [2]
200 benzenc TRIZ 2TETLN] 3532([1] 5622[1] ORe90[1] 899 123 [1] 0962 (1] L2ITE+01 [I] 3385[1] 188 1357 [I1]
130 toluene 9214 17R2[1] 3IREE[1] S9LE[1] O8619[1] 1069 107 [1] 0922 [I1] XR75E+00 [1] 3799[1] 1&E 1572 [1]
140 o-xylene 161 248001 417.6[1] 6303 [1] O8760[(1] 1202 095 [1] 811 [1} REOE-Q1 [1] 4343[1] 180 1880 [1]
|50 m-xylene f061 2253 (1] 412311] al7 L [1] 8604 [1] 1234 099 [1] 0862 [1] LIOE+DO [1] 4266[1] 180 I834 [1]
L60 p-xylene 06,1  2864[1] 410.5[1] 616.2[1] ORSEI[L] 1239 1.00 [1] 0.859 [1] LI7E400 [1] 4238[1] 151 1816 [1]
170 ethylbenzene F0&1 17821 4093 (1] &17.2[1] O8625[1] 1251 1.02 [1] O.B&5 [1] 130E+00 [1] 4225([1] 180 1835 [1]
|80 cumene 1201 1770 (1] 425.6([1] 63L1.1[1] O8573[1] 1402 098 [1] 0893 [1] 6. 10E-01 [1] 45.14[1] 176 1989 [1]
190 mesityvlene 12001 228.4[1] 4379[1] 6373[1] 08610[1] 1396 0.9 [1] 0699 [1] 330E-01 [1] T48[1] 181 2090 [1]
M0 styrenc 104.1  2425[1] 4183[1] 6369[1] 0.9010[1] 1156 0.97 [1] RAOE-01 [1] 4393[1] 189 18235 (1]
210 tetralin 1322  2374[1] 480.8[1] 754.0[1) 0.9637[1] 1369 0,72 [1] SA0E-02 [1] §523[1] 194 2174 [1]
220 cis-decahn 138.2 23001 [1]) 4689[1] 7022[1] 0.8931[1] 1348 085 [1] |.OE-01 [1] 51340[1] 17.8 2320 [1)
230 water 18.02 273.2[1] 373.2([1] 647.1[1] 09974[1] 181 626 [1] 0437 (1] J1TE+O0 [1] 43.91[1] 478 7330 [1]
2400 methanol 3204 1T550[1] 337 7001) S12601) O7872([1] 0.7 119 (1] 1248 [1] 1.69E+GL [1] 3743[1] 293 K147 |1
250 ethanol 4607 158.7[1] 3504([1) 5139[)] 07848 (1] SE7 109 [1] L.153 [I] 7TA9E4+00 [1] 4232[1]) 260 1123 [1]
260 n-propanol GOLI0 147.0[1] 3IT03[1] 5373[1] 08003 [1] 75.1 101 [1] 1.025 [1] 2.73E+00 [1] 4745[1] 244 1438 [1]
270 i-propanol GO0 1852[1] 3554(1] S083[1]) 0O7815([1] 769 108 [1] 1.332 [1] 6.03E+00 [1] 4539[1] 237 1546 [i]
280 n-butano] 7412 1845([1] 3%0E[1] 563.0[1] 08057 [1] 920 093 [i] 0941 [1] 8.20E-00 [1] 52351 233 177.0 (1]
290 i-butanol T412 1650[1] 38L0[1] 547T8[1] 07976 [1] 929 098 [I] 1.026 [I] 1.38E+00 [1] 5082[1] 229 1810 ([I]
300 2-butanol TAN2 1385 ([1] 372T[1]) 336.0[1] 08030[1] 923 1.0 [I] 0.983 [7] 243E+00 [I] 4972[1) 226 2138 [I]
J10 t-butanol 7412 298E[1] 355501) 3e2[1] 07810{1] 949 126 [I] G989 [7] S5.60E4+00 [1] 46.69[1] 216 2203 [I]
320 n-pentanol BE.ES 1950[1) «11.1[0] 388.2[1] OKI24[1] 1085 089 [I] Q884 [1] 3.05E-OF [I] 5702[1] 224 208% [I]

tisdag 18 december 12



Handbook of Chemistry & Physics

Dielectric constants vs. T (K)

2-aminoethanol ( 141-43-5)
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Science in the 215t century...
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Force field N a b RMSD % Dev. R*

p (gD

GAFF 235 096 586 829 4 97%
OPLS/AA 235 098 213 403 2 99%
CGenFF3° 111 103 -360 260 2 99%
OPLS/AA™ 9 101 -240 453 4 96%

AHy,, (kJ/mol)
GAFF 231 107 0.8 10.6 17  83%
OPLS/AA 231 096 34 6.5 11 89%
CGenFF?3¢ 95 094 24 4.7 7 84%

vy (107°N/m) . :
GAFE 155 075 09 86 23 70% ® Quantitative
OPLS/AA 155 0.97 8-(?).)5 7.3 22 89% evaluation per
GAFF 170 021 06 234 52 48% property.
OPLS/AA 183 0.16 07 227 57  56%

ap (107°/K)
GAFF 221 090 023 0.3 24 67%
OPLS/AA 221 091 03 0.3 21 75%
OPLS/AA® 9 053 08 0.7 42  39%

k1 (1/GPa)
GAFF 60 056 0.1 0.3 31 64%
OPLS/AA 60 061 02 0.3 21 76%

OPLS/AA* 8 093 0.0 1.1 59 84%
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Benchmark is Foundation
for Future FF

e > |00,000 experimental data points
gathered in a SQL database

® Allows rational FF derivation ... at last

No more http://virtualchemistry.org/

of this



http://virtualchemistry.org
http://virtualchemistry.org

Can Quantum
Chemistry Help!?

® Compute properties for which there is no
experimental data

® Electric properties (multipole moments)
polarizabilities are reproduced well

® Energies !
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Enthalpy of Formation
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Aldehydes

Esters-Methyl-AlkanoatesBenzene derivatives
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# Carbon

10 O 5 10

Fear not

® Nature is linear...



Summary Force Field

® |ntermolecular energies within ~ 5-7 kJ/mol
in force fields - for supported atom types

® A lot of work going on in force field tuning
and development

® Many properties can be computed based
on long classical simulations
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The Iwo Phase
Thermodynamics Method

David van der Spoel, Uppsala University



What'’s the problem!?

® For ideal gases theories exist from which
one can derive thermodynamics properties

® For solids another kind of theory exists

® For liquids there is no such thing
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| st Ansatz

® Treat Liquid just like a Solid - system of
harmonic oscillators
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II. CLASSICAL THERMODYNAMICS FROM
MOLECULAR DYNAMICS

The standard eqtmi:i'::smsl linking the canonical partition
function @ and the various thermodynamic variables are

2811‘1@
E=kpT 2 (2. 1)
oF
Cv_ ﬁ » (2- 2)
="kBT1nQ, (2.3)
5
S=kyT —on% + £y InQ (2. 4)

in which E is the energy, C, the constant volume heat
capacity, A the Helmholtz free energy, S the entropy,
ks Boltzmann’s constant, and T the temperature.

Berens et al. JCP 79 (1983) pp2375
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In the harmonic limit, a normal mode analysis allows
us to view the system as a set of 3N harmonic oscilla-
tors. The total canonical partition function @ for the
system can then be expressed in terms of the partition
functions g, for the individual modes as

Q= ﬁ q; (3.18)

i=1

or

3N
In@= ) Ing, . (3.19)
j=1

If the normal frequencies are continuously distributed
we may take the integral

In@ = fﬂ dvS(v) Ing(v) , (3.20)
0

where(S(v)|is the density of normal modes with frequency
Vt

Berens et al. JCP 79 (1983) pp2375
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The trick

® 5(v) can be derived from the velocity auto-
correlation function

® Assume the frequencies in the classical
simulation are correct (and the amplitudes)

® Reweigh the S(v) to get a corresponding
Quantum S(v)



Example - CoHSO
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Now we will try to comprehend the solid component of the density of
states, DoSgoq(v). Here, each mode is considered to be harmonic and we
use the partition function for a quantum harmonic oscillator as given by

McQuarrie [8]:

. e—BhV/Q
ho (V) = | _ o—Bhv (S9)
where h is Planck’s constant, § = 1/kgT. Since the canonical partion

function @) of a system is given by the product of the components (Equations
3.18-3.20, reference [6]):

N
Q = 1] (S10)
i=1
and therefore
N
InQ = Zlnqi (S11)
i=1

Caleman et al. JCTC 8 (2012) 61-74
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Final Result |

9 = V0+kBTfmduS(V) We(v) ; W%(VF(% v — ),
0

e’ -1
(3. 40)

. 2 u
C?,=ka_]; dvS(WWE (v) ; W%v(")z((lzi:“)r) ’

(3. 41)

o0 —_ U
A =V,+ kBTf avSWWIW) ; Wl = (1n le-f/z) ,
0
(3. 42)

S = kg ‘/: dvSWWS(v) ; Wiy = (e"l:. . ~ In(1 —e-u)) :
(3. 43)

Berens et al. JCP 79 (1983) pp2375
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2"d Ansatz

® Treat a liquid as a combination of solid and
ideal gas - 2 phase thermodynamics

® Gas can be treated as a hard-sphere gas for

which analytical thermodynamical results
exist

Lin et al. JCP 2003, JPCB 2012, Pascal PCCP 201 |
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Final Result 2

® Determine “fluidicity” - how fluid is the
simulation between 0 and |

® Modified weighting function - same as
Berens for the solid part + another for the
gas part

Lin et al. JCP 2003, JPCB 2012, Pascal PCCP 201 |
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How does it work!?

® Do MD simulation with flexible bonds,
20-100 ps (time step 0.2 fs)

® Save velocities every 4-5 fs

® Compute mass-weighted velocity ACF and
compute properties S, E,A, Cv by weighting
the S(v) and integrating!



Heat Capacity Cv
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Hydrophobic Segregation, Phase Transitions and the
Anomalous Thermodynamics of Water/Methanol Mixtures
Tod A. Pascal and William A Goddard, III
J. Phys. Chem. B http://dx.doi.org/10.1021/;p309693d
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Summary 2PT

Promising new method

Lowest frequencies contribute most - may
also work with constraints

Very recently also for mixtures

More development and testing needed
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