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Moleenla-Bying WODCS

Given the initial conditions ({RI}.{PI}), an interacting potential (H),
and the thermodynamic conditions (T,V,P)

generate deterministic trajectories that sample the

phase space according to statistical mechanics

M.P. Allen and D.J. Tildesley, Computer Simulations of Liquids, Claredon Press, Oxford, 1987
D. Frenkel and B. Smit, Understanding Molecular Simulations, Computer Sciences Series, Academic Press, 2002
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Densitl) pfsstate

In statistical mechanics an observable macrostate is defined by thermodynamic parameters
(NVE) MICROCANONICAL ENSEMBLE
its probability is given by its degeneracy:

number of microstates (configurations) consistent with the macrostate

Q(N,V,E) /drl.../drN/dpl.../de o (H(xV,pY) — E)

all accessible states

Wive(T) = 6(H(T) — E istical weigh
we(l) = o(H(M) — E) - statistical weight are equally probable

A(r,p) ENSAMBLE AVERAGE

[dry... [dry [dp... [dpy 6 (H(xN,pY) — E) A(xN,p")

e T [ dpre. [ dpy 0 (K, p") — E)




canonteal Partition Foanetiom

System of particles in equilibrium with a thermal bath

(NVT) CANONICAL ENSEMBLE

The Laplace transform of the density of state

Q(N,V,T) = / exp(—BE)QN, V, E)dE

Probability of the macrostate at a given T
Boltzmann's distribution

1 1
QNV.T) = e [ exp [-0H(N )] drVp® = T A VD)

one dimensional integral over E replaced by configurational integral
analytic kinetic part is integrated out

configurational
partition function

T

Z(N,V,T) = / e PUE) gy




TUWe AVEYIOE

Molecular Dynamics: propagation of particle trajectories solving eq. of motion

observables from averaging over sufficiently long time

A — im1 tT N pN(r
A= | /o‘”‘( (), (7))

t—oo t

Ergodic Hypothesis: in the limit of infinitely long trajectories, the average does
not depend on the initial conditions

Zinit. cond. Iimt—>00 % fOt dTA,'(I‘N(T), pN(T))
Q(N, V. E)

A=



Sampling the PNASE SPACEVIAIMIE

Ergodic
Hypothesis

Ao Ay = 24 _ i, 1/0th</\(7)

9 t—oo t

2 . .
7 based on models for molecular-scale interactions

N/ ' . .
Z Newton's equations of motions: forces ore needed

Al . . :
Z Numerical integration: Time Step

N/ . .
Z Observations are made based on the evolution



Model potential depending only on the particles’ coordinates
no external sources of forces

N
1 :
HERY,PY) =) 5Mle +URY)

I=1 " Kinetic Potential

N, V, and E are the constants of motion in microcanonical ensemble

dH oH oH
|:6—RJR[ | a];)I].:)I:| —O

- RN NeWTon's
EOM

T —

. dU(RY
F[ZM[R[: U( )

dR 1




Equatiows Oft Motroyw (EGHM)

Set of classical particles in a potential

Hamilton EOM p _ _ OH
OR;

Pr=——=-— = F
. T OR; OR; !
R, = -
S] o
. dEl  dH
Conservation of energy: Pl 0

Lagrange EOM

LR (R} = 3 S MRE — U({R/})

d oL oC
dit aRI N OR;
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Nuoerteal tesvatiom

The system is propagated in the phase space

Discretisation of to=0 1t =At ;... 1ty =N At :
time
The fast time scales of the system determine the choice of time step.
A good integrator algorithm:

SE Accurate for long time steps: higher order derivatives, more memory

storage required

SE Minimum number of force calculations

5}( Long time energy conservation and stability in spite of small perturbations

5}(@ Approximation of the true trajectory: Lyapunov instability

S Short time reversibility: invariant for t — —t

10



SOUVCE 01 EYT0YS

))Ké Type of integrator

time reversible, predictor-corrector, symplectic

S Time Step

short time accuracy
Si¢ Consistency of forces and energy

e.g. cutoffs leading o non smooth energy surfaces
/,,\v Accuracy of forces

e.g. convergence of iterative optimisation (SCF, constraints)

11



veLothg \/erlet

R(t + At) = R(t) + V(t)At + %Aﬁ V(t+ At = V() + 0T gj\y F(t)

At

Al
N

1 force evaluation, 3 storage vectors

Al
Zic Positions and velocities available at equal time

2 .
Zis Contains error of order At

N2
7 Time reversible

Az
Zis Conserves volume in phase space: symplectic

>),§ Long time stability

5i& Simple adaptation for multiple time steps

Al
Zis Simple adaptation for constraints



lmptemew‘catiow Of: veLocitg ~\/drlar

Half Kick -- Drift -- Half Kick

Given R(:),V(:).F(:) at time-step itime
Update V(:) by half fime-step
V(:) := V() + di/(2*M)*F(:)
Then update R(:) by the entire time-step
R(:) := R(:) + di*V(:)
Compute the new F(:) by using the updated R(:)
Finalize the update of V(:) by the second half time-step
V(:) := V() + di/(2*M)*F(:)

13



Chotee off the e Stes

Compromise between efficiency and reliability

- Dist.(exact) [A]

o
O

o
&

Dist.(integrated)

0 Pairwise potential

ot = 0.5fs, B0Ofs, bfs

(@2

o

o

i ot=50Fs_ - °
— 'O
s
B 0
‘ ot =5 fs
e e e e e o - Jeo—"—c"—c—--
N
I I |
500 1000 1500
Time [fs]

14

Difference between exact and
numerical traiectory

Time-step at least 10 times
smaller than the fastest period
of motion



-1.75

-1.76

-1.77

-1.769

-1.77

-1.771

-1.772

Test on Regubred ACCUVACH O =DV CES

Classical FF, 64 H20 at 330 K: TIP3P(flexible), SPME

— 10M-4) Std-dev
10%-5) Std-dev
10M-6) Std-dev
1OM-T) Std-dev

I | I | I |
250000 500000 750000 1000000

Simulation Time [fs]

Stability depends on accuracy of forces

Stdev. Af Stdev. Energy Drift

Hartree/Bohr pHartree  pHartree/ns  Kelvin/ns
— 170.35 35.9 0.06

1010 179.55 -85.7 -0.14

1008 173.68 6.5 0.01

1097 177.83 -58.2 -0.10

1006 — -385.4 -0.63

1000 — 9255.8 15.21

1004 — 972810.0 1599.31




Tempemture

1 1
Equipartition of energy over DOF <§MIVI2O¢> = kT

Number of DOF Ny =3N —3

1
Kinetic energy K = NfikBT

T(t) _ ZI Za MIVIO&(t)2

Instantaneous temperature N ks

| K
Inve = = > T(ty)
k=1

1&
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Keep the temperature at the desired value To

multiply all velocities by the same factor

N FOWAY:
AT — 122”’7,()\%)

2 — 3 Nk

A= /To/T(t)
Ea asy M 10
Tot. energy not conserved 5

No correct ensemble sampling °

20

Used for fast equilibration
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Not time rev. < 10l
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= (M —1)T(t)
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Extended SUYEtENt

To extend to other ensembles, the Lagrangian equations of motion need to be
reformulated: the system moves in a different phase space
impose control of specific thermodynamic variables

Canonical Ensemble

exp(—FE;/kgT)
Generate the cor.'r'ec’r.Bol‘rzmann distribution Pi = S exp(—E; /kpT)
by coupling with a heat bath J

Andersen Thermostat ‘

S Coupling by stochastic impulsive forces: collision with bath

>X§ Randomly selected particle (local)

)),(Q Strength: frequency of collisions

S New velocity drawn from M-B dist.

3 3/2
7D(p) — <—) exp[—p26/2m] Pnew = \/ka Thath R

2mm

>)K€ Mixing Newtonian dyn. with stochastic

A
}‘\Q Enhanced decay of vel. correlation (no transport)

18



Nose Tihermtostat

Heat bath is an integral part of the system:

LNose = Z —$’R; —U{R;}) + §S2 — gkgT'lns

Additional variables s, ds/dt, and coupling strength parameter Q

Conjugate momenta

a'CNose 21 a»CNose
P, = —2%¢ — M s?R o= ENose
I IR, s Iy p P QS
EOM
Fr . 1 _ . 2 ]
R] = M — SR[ S = @ EI M[RI — gk'BT

Time-rescaling (dt' = s dt).; P'=P/s
Microcanonical in extended system

19



NOSE-tTODVEY

Differentiation in real time t': I

SPs N¢kpT

Q) Q

T < T smaller friction

T >T larger friction

Q large: slow equilibration o4l
Q small: high freq. T

P(v)

002' -

U000 20000
time step

0.0 oo

20



Ergodictty) Problents

Simple 1D harmonic oscillator

Microcanonic | [ Andersen

O

Ergodicity problems can be solved by
implementing a chain of thermostats

| Q& 3
HnHE = 2|I)Tl +Z/l(rN)+Z sz +ngT51‘|‘ZkBT5j

I J j=2



CPrzKE MDD (wput

&GLOBAL
PROJECT pname
RUN_TYPE md
&END GLOBAL
&MOTION
&MD
ENSEMBLE NVT
STEPS 10
TIMESTEP [fs] 0.5
TEMPERATURE [K] 300.0
&THERMOSTAT
REGION MASSIVE
&NOSE
LENGTH 1
TIMECON 10
&END NOSE
&END THERMOSTAT
&END MD

&PRINT

&RESTART
ADD_LAST NUMERIC
BACKUP_COPIES 1

&EACH

MD 5

&END EACH
&END RESTART
&STRESS
&EACH

MD 1

&END EACH
&END STRESS
&TRAJECTORY
&EACH

MD 1

&END EACH
&END TRAJECTORY
&VELOCITIES
&EACH

MD 1
&END EACH
&END VELOCITIES
&END PRINT
&END MOTION



BOorn-Oppenh ELVLEY Approximatiow

H(RN, XNGZ)\IJ(RN, XNel) — E\IJ(RN, XNel)

Separation of time scales w— ~ |/ — ~ 100

N/A . . .
Zis The total wave function is factorised

U(RY, xV) = Z(RY)Og (x)
5& Electronic structure optimised in the potential of fixed ions
HoPr(xNet) = URY )Pg(xVel)
%}K{G Electronic and nuclear solutions are decoupled
H,2(RY) = EX(RY)

R : : : :
i Nuclei are in most of the case treated as classical particles

N

Electronic and nuclear motions
are adiabatically separated




lntegratoy oy BEMI

Born-Oppenheimer MD
# # Adiabatic approx.
Semiclassical approx.

11 + SCF

oo (R} (R0}) = 30 LGRS — i B () (Ry)) BRG]

e {$:)

Classical equations of motion MIRI (t) = —V] ?qlslf}l Fxs ({Cbz} {RI( )})

Integration step determined by the time scale
of the nuclear dynamics: ~femtoseconds

Fr=—[(Vo|ViHks| Vo) + (ViVo|Hks| Vo) + (Vo |Hks|V1iVo)]

24



Forees v BO-MDB

For exact eigenstates and complete basis sets, the contributions from
variations of the wavefunction vanish exactly

F/ " = —(W0o|VrHks|To) Hellman-Feynman

Vigi =Y (Vicw) eu(ri{Ri}) + Y i (Vigu(r; {Rr}))
’ N

v

implicit dependence of the explicit dependence of the
expansion coefficients: basis function
not exact self-consistency IBS
NSC

FNSC = _ / dr (Vn) (VS8 — V509

v

FIIBS = — Z (<V[QOV ‘HSSC — 67;’ Sp,u> + <90V Hé\ISC - ei‘ VIQOM»
wu

P. Bendt et al., PRL, 50, 1684 (1983)
G.P. Srivastava et al., 36, 463 (1987)



RMS error of tonic force

0.1

001 p

0.001

0.0001

1e-05

1e-06

1e.07

1e.08

1e.09

1€.10

1e.]1 -

| Energy correct to machine precision

: . 2 Lonvergen i
- used in ests
o

ke

_ Forces correct to machine precision

+ Standard convergence 7

= loLLLtB I BOMD

64 H20, 330 K, 1gr/cm3
TZV2P, PBE, GTH, 280 Ry
0.5fs step

Reference: 1ps, SCF 10-1°
Unbiased initial guess

1€.12
1e.14

Lo A 1 A 1 A 1 A 1 M L
1e.12 1e-10 1e.08 1e.06 0.0001 0.01

Largest element of electronic gradient

Error in Forces < MD Stability

esce MAE Egs MAE f Drift

Hartree Hartree/Bohr Kelvin/ns
10-98 12.10 " 51.1079° 0.0
10797 95.1010 56-10798 0.1
10-% g.9.1008 4.8-10797 0.4
10795 7.4.10°06 5.6-10796 2.3
1094 3.3.10 % 59.1079 ~ 50

Energy mlbin EKS[{w}]
Forces dEKs[{w}]/dR

error 2nd order in o

error 1st order in (w

2e



Gewerglised Cacyawe pan

NN TP

£(d, 4, x,%) = SMG" + Spx” = E(q,y) + kuG([|x - yl])
e o 0 Odod ’—AO * o0 X

y = F(q,x) wfn optimisation % % ? “Cr

G(‘ ‘X — Y‘ D wfn retention potential " . o 0 O o IR

4 Y "-\ ‘..\ Forces
* o o andgdg e e s (
TIME -

equations of motion

. OF OF OF | 0G OF L OF OF 8_G 0G OF

Mq:_ﬁ—q_ﬁy Oq k'u(?y 0q e oy 8X+kulﬁx+8y 6’X]

Extension of Niklasson Lagrangian, PRL 100 123004 (2008) 27



Car- Parrinello M

. . | R 1 .
L(q, ¢, x,%) = §Mq2 + §uX2 E(q,x)
X =Yy G(llx—yl||) =0

Extended system approach: add KS orbitals as explicit classical variables

Lop = Y 5MiRT + 30 (60 ) - Buslio:). (R + 3 A () = )

~ : -~ potentlal energy \ 7

N

kinetic energy constraint

// ' J ~. Constraint ‘

Fictitious mass | forces

R. Car and M. Parrinello, PRL, 55, 2471 (1985)

2g



Properties o1 CPMDB

),:\é Two systems propagate simultaneously: fictitious dynamics of orbitals

RUA
e Stable propagator: exact forces

S . |
Zie Hot nuclei and cold orbitals: el. close to BO surface

Tep X Z U<¢2’¢'L>

AL
Si& Decoupled subsystems

Al
),,\\ Fictitious dyn. averages out over nuclear time scales

, T PowerSpec’rruml . E 1/2

- : i w;nm X < gap>
£l : H
of | 1 1/2
%_’ q S1MAX [wénax]—l > ( H >
= [ ” M ] Ecut

n{x —5000. 400 4000 g~ 500-1000 a.u

W, Frequency (THz)

ot ~ 0.12-0.24 fs

29




BOMD wWith tnwecowplete comVers eviee

BOMD y = Miny F(q, X) uw=20

Decoupled Lagrangian dynamics

1 1

L(a,q) = 5 M4* — E(q,y) L(x,%) = 5%+ kG(|x =y
Incomplete convergence y ~ Miny F(q, x)
o via SC
EOM coupling via SCF

} oG oG OF error is neglected
X =k {({9X 1 Dy 8X]



ExtmpoLatlow Methods

Integration of electronic DOF has to be
accurate: good wavefunction guess gives improved efficiency
stable: do not destroy time-reversibility of nuclear trajectory

\V/ .
%‘\é Unbiased guess
Cinit = Co
\V/ L . :
%‘\% Combinations of previous wavefunctions: unstable

->}>K<é Extrapolation of the density matrix: PS methods, O(MN?)

Clta) = 3 (-1 (7] €t )OI o)1) Clta1)

A
\3

I

%/X\V Always stable predictor corrector (ASPC) based on OT minimisation

Kolafa J., J. Comput. Chem. 25, 335 (2004)

21



ASEC

> Projection onto the occupied subspace

CP(t,) = > ()™ 'm (flg_”;) Ctmm)C (tn—m)S(tn—m)C(tn_1)

1 (K—l)

Reversibility
O(At*-1)
% The corrector step minimises the error and reduces the
O deviation from ground state
C _ p p K
(t,) = wMIN[CP(t,)] + (1 — w)CP(t,) W= oy

Preconditioned OT minimisation step: large move

Kolafa J., J. Comput. Chem. 25, 335 (2004),
VandeVondele et al, JCP, 118, 4365 (2003)



E—f-ﬁciewag and Byrft

64 H20, 330K, 1gr/cm?

| [ ' [ |
o ket DT - .
Method esce Iterations  Drift (uHartree/ns)
Guess 1079 14.38 253
PS4 10710 14.95 - SO0 y
PS4 10708 8.05 -195 .
PS4 10797 6.47 -3441 eosl S PS4-6 |
PS4 10706 5.22 -7186 —— ASPC-6
PS4 1079 4.60 52771 [ — GUESS-6
ASPC 10706 5.01 -115 1.5e-05 - >
ASPC 1079 3.02 -2758
ASPC 10704 1.62 -1059843 e o
ASPC 1079 1.03 -13219651 0 200 o 600 500 1000
1me [fs]
Gear not time reversible
Method  escrp Iterations  Drift (Kelvin/ns) Method esce lterations  Drift (Kelvin/ns)
—06
Asi‘;‘;’ 18_06 1:'?13 g‘: ASPC(4) 1004 1.62 1742.4
ASPC(3) 10-%5 3'02 4'5 ASPC(5) 10~ 1.63 1094.0
Gear(d) 10-07 647 5 7 ASPC(6) 1094 1.79 397.4
Gear(d) 100 £ 2o 18 ASPC(7) 109 1.97 445.8
Gear(d) 10 4.60 86.8 ASPC(8) 1094 2.06 24.1




DFET section With ASPE

&DFT
BASIS_SET_FILE_NAME
POTENTIAL_FILE_NAME
&MGRID
CUTOFF 300

&END MGRID

&QS
EPS_DEFAULT 1.0E-12
EXTRAPOLATION ASPC

EXTRAPOLATION_ORDER 4

&END QS
&SCF
EPS_SCF 1.0E-5
SCF_GUESS ATOMIC
&0T ON
MINIMIZER DIIS
&END OT
&END SCF
&XC
&XC_FUNCTIONAL BLYP
&END XC_FUNCTIONAL
&END XC
&END DFT

. . /BASIS_SET
.. /GTH_POTENTIAL

24

&SUBSYS

&CELL
ABC 8.0 8.0 8.0
&END CELL
&COORD
0 0.000000 0.000000
H 0.000000 -0.757136
H 0.000000 0.757136
&END COORD
&KIND H
BASIS_SET DZVP-GTH-BLYP
POTENTIAL GTH-PADE-ql
&END KIND
&KIND O
BASIS_SET DZVP-GTH-BLYP
POTENTIAL GTH-PADE-q6
&END KIND
&END SUBSYS

—-0.065587
0.520545
0.520545



Fovces Lia Approximated BEoOMD

exact FBO (R) — FHF (R) + FPulay(R) + Fnsc(R)
approximated F(R) = Fyp (R) -+ Fpulay(R)
Now assume F(R) + F.(R) = Fgo(R) — 7pR friction

Langevin dynamics to correct the error (dissipative drift)
M]R[ — F]I'D)O — (")/D + ’)/L)R[ + E? + E%

Gaussian random noise fluctuation dissipation theorem

guarantees accurate _ _ _ B
Boltzmann sampling (EF(0) +Z7(0)(EF (1) + EF (1)) = 6(yp + 1) MrkpT6t

1 3

. 2
given <§MIRI> = 5ksl"  this determines the friction

T. Kuehne et al, PRL , 98(6), 066401 (2007)



valvdatiomw

liquid silica, 24 SiO2 at 3500 K
Time step: At =1 fs

Yo 104 fs!, K=4
| ' | ' | ] ! i
— BOMD relerenos

— -BRdB|- — 1 comacior slap |
ﬂ ! ——- 2 coracior slaps
E. 865 |4 ! \ '
z. f 1
ﬁ' -BE5.2 |- —
= -
LLI

Mean force deviation [a.u. ]

Timea [fs]

Bonds are swiftly broken and formed
Worst case scenario for P propagation, as the electronic density is rapidly varying

=26



Logurd Watey,

PBE, TZV2P, 320 Ry

300 K, At=0.5fs, 25+250 ps trajectories
Yo 8.6510° fs!', K=7 => 1 PC step, deviation 10~ au

Statistical error estimation:
fluctuations of PCF over 25 ps
relative 1o all within 2 x std

r [A]

4 6

(o0}

0-0

llllllllllllll]l

.

| . | '

~— ALS (T. Head-Gordon, 2000)

- - Soper (A. K. Soper, 2000)
~—  BOMD Reference
- = Density Matrix Propagation

lllllllllll

Ll 1 1

- : | . | ’ | N | | | 1 1
3 H-H —— Soper (A. K. Soper, 2000) O-H ——  Soper (A. K. Soper, 2000) |—
: ~— BOMD Reference ~— BOMD Reference )
L - — Density Matrix Propagation | _ - — Density Matrix Propagation | _|
— 2 e — —
:/ - B e
o [ 1 7
1 - ————
Sl o F 5 d o 7 | | i | : -
0 2 - 6 8 2 4 6
r[A] r[A]

T. Kuehne et al, J. Chem Theory Compt, 5(2), 235 (2008)

@

w

N

g(r)

—



Geometrieal Constraints

Implicit functions of the degrees of freedom of the system

J({Rl}v h, \Ij) =0 J({Rl}v h, \Ij) =0

S To freeze fast degrees of freedom and increase the time step: e.g.,

intra-molecular bonds by distance constraints

Al . .
Zic To explore only a sub-region of the conformational space

RS
Zic As reaction coordinates : constrained dynamics and thermodynamic

integration

A
Zic To prevent specific events or reactions

Lagrange formulation for simple constraints, functions of R:

L (R} {Pr}) = LUR AP} — ) Aac({R1})

The Lagrange multipliers ensure that positions
and velocities satisfy the constraints

374



Shake-rattle algorithm

Modified velocity Verlet scheme by additional constraint forces

>)K§ First update of velocities (first half step) and positions

ot

Vi =Vi(t )+WFI() R} = Ri(t) + 6tV
I
>>,(€ Positions' correction by constraint forces
ot

KA Ri(t+0t) = R, + (p)( t)
i Calculation of the new forces Fr(++3t) 2M
))Ké Update of velocity (second half step)

ot (v)
S Correction by the constraint forces Vi(t+0t) = Vi + -~ i [FI (t + 0t) + g; ’ (t + 6t)]

Constraint Forces |

a o R _ 8004({)‘7}>
Nom Z AP Ua; If}> ea({Ay}) = ZJW op(In)) Jan = =)

Set of non-linear equations solved iteratively |

., 80@ R 80a Jo, it? 0o, dog v _
(1 ZA(U) 8}{2]1}) ; Z R ; (; ST oR oR. | M =0

H.C. Andersen, J. Comp. Phys., 52, 24 (1983) 39



Sowe simiple collective variables

Derivable function of the degrees of freedom to which a given value can be assigned

Distance \RI B RJ|
Angle 9(R17 RJ7 Rk)
Dihedral

@(RI7 RJ7 Rk) RL)
Difference of distances

R;—R;|—|R;—Rg|

Generalised coordination number

1 NLl NL2 1_(7;1(?)”\
= e YA S
71=1 1=1 o )

Generalised displacement

1 1
_NL NL

[klm]
LiLo

Z d; - ‘A’[klm] -

1 =y

> di

2 jeLs

Coordination number

o

= — 6/8 exponentials

= -- 6/12 exponentials

= R=2.5

E
- ) ~To
distance

A

Vikim)]

40



CPRK prut 0% collaver /s \Jirisl

P
ad-‘.‘

=

In SUBSYS add one section per CV

&COLVAR
&COORDINATION
KINDS_FROM N
KINDS_TO O
R_0 [angstrom] 1.8
NN 8
ND 14
&END COORDINATION
&END COLVAR

&COLVAR
&DISTANCE _FUNCTION
ATOMS 4661
COEFFICIENT -1.00000
# distance 1 =(4-6)
# distance2=(6-1)
&END DISTANCE FUNCTION
&END COLVAR

&COLVAR
&DISTANCE
AXIS X
ATOMS 14
&END DISTANCE
&END COLVAR

&COLVAR
&RMSD
&FRAME
COORD_FILE_NAME planar.xyz
&END
&FRAME
COORD_FILE_NAME cage.xyz
&END
SUBSET_TYPE LIST
ATOMS 135689
ALIGN_FRAMES T
&END RMSD
&END



CONSE A DAV RS A Do

In MOTION add one section per constraint

&CONSTRAINT
&COLLECTIVE
COLVAR 1
INTERMOLECULAR
TARGET D.
TARGET_GROWTH 1.1
TARGET_LIMIT 10.
&END COLLECTIVE
&END CONSTRAINT

&COLLECTIVE
TARGET [deg] 0.0
MOLECULE 1
COLVAR 1
&RESTRAINT

K [kcalmol] 4.90
&END RESTRAINT
&END COLLECTIVE



