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Free-Energy Surface and Potential of Mean Force

Potential of Mean Force and Distribution Function :
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Free-Energy Surface and Partition Function :
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TRANSITION-STATE ORTIMIZATION.
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TRANSITION-STATE OPTIMIZATION

OKUYAMA-YOSHIDA, NAGAOKA, AND YAMABE

FEG

Method

moved the momentun and oy lons heseym-  presnted nSecton 2 Frther, in 5 0 nternationa) Congrese of moved the momentum and force along the asym-  presented in Section 2.2 Further, in Section 23, the where F"(q) is a force vector on the FES, q de-  tained by
ined as the  method is applied to define the intri Quantum Chemistry. metric stretching mode, which is defined as the  method is applied to define the intrinsic reactior notes a vector of the solute coordinates, G(q) is a G
iMataidiies oo ikomadl reaction coordinate, allowing the other degrees of  coordinate (IRC) on the FES, and we have also ion, Vi is the sum of both the ypre _ (B
- - ethe e r freedom 10 be randomized. However, the success  discussed the efficiency of the method and solu- of the reactant and the interaction
phy & SRR is attributed to the fact that the reaction s sym- tion chemical reaction ergodogeaphy by the IRC on energy between the reactant and solvent molecules, ®

anta 1o,

metric with respect to the reactant and product
states. It means that the average value of the
asymmetric stretching coordinate should be zero

the FES in Section 3. Tinally, the main results are
summarized in Section 4,

and the brackets denote the time average that is
equal to the equilibrium ensemble average, for
example

% ot e e TSR
Transition-State Optimization on Free =9"ICQC Transition-State Optimizg e fq,,,.u(,,p;.,m.mwn,uhm,u,dm | Ao b ey o e 55 0t Taa’e ™" S0ty
Encrgy Surface: Toward Solution T Encrgy Surface: Toward S| i« i e & e st s ot se s e e et e

Chemical Reaction Ergodography

)
are calculated by

could be appied to the optimization

Chemical Reaction Ergode

penheimer PES by ab initio MO calculation [, in

&
could be applied to the optimization problems on

tem potential. Therefore, in the MD method,

the FES. From the viewpoint of the whic nuclar plental coergis are caculled by - the FES. From the viewpeint o the fcioncy of can evaluate the force on the FES by Eq. (2.1a)
ibutons of the  caleulion, beomsco the AGM o, tho of Program and Abstracts averaging over the density distributions of the  calculation, because the AGM on the PES [31] has without such additional efforts as the numerical
e nudlei coordi=  been superior fa the function-only m light et for the A mssive e e i bt methos (FOMS) differentiation libough
nt field-MO that require only the evaluation of w 2 nates. According (o the self-consistent field-MO that require only the evaluation of ’,:;“h"’;nlj
NAOTO OKUYAMA-YOSHIDA'* MASATAKA NAGAOKA, » analytically cal-  energy function and not its derivatives, the calcu- FES, there are two methods: (i) the analytic method NAOTO OKUYAMA-YOSHIDA,'* MASATAK CF-MO) method, it s easier to analytically cal-

TOKIO YAMABE?
LDttt forFundamentl Chenisiy 34, Tnane i<, Sy Kolo 606,

> gradient of the
" it is not neces-
nter (MO coeffi-

lation method of the derivatives on the FES is
discussed in this section, especially, paying atten.
tion 1o the efficiency of calculation

and (ii) the numerical method. For the analytic
method, the Hessian can be expressed as follows

(18]

spec
tives on the |

TOKIO YAMABE*
nstitute s for Furaenal Chemiiy, 344, Tk Nt
*pj

culate the force, ie., the negative gradient of the
Bor-Oppenheimer PES, because it is not neces-
sary to know the variational parameter (MO coeffi-

s i e e Iuhh#-l qhuj |#& hvv]dq

discussed in this section, especially, paying
tion to the efficiency of calculation.

al progt
tives on the

ion of Molecular Engincerng, Kyato Uniovrsity, Sakyo-ku, Kyto 606, fopan ordinates by the eI o of Molecular Engincering, Kyoto Uni # cient) changes with the nuciear coordinates by the 22,180
n ore, the analytic S — o - — n variational principle (26]. Therefore, the analytic ’ U o e P— .
Receiced 10 June 1997 revised 17 April 1998; accepted 21 April 1998 ercased the ofi- 2.1. DERIVATIVES ON FES e - 270@ 7<, s > _ H<« s & N..>  , According ved 10 June 19 ad 17 April 1998; accapted 21 April o2 e technique has greatly increased the offi- 2.1. DERIVATIVES ON FES e 0@ < Vs > . <,, £5e) > According
). Simil ; To obtain numerically the free encrgy change sq0q  \oqiq ZRRT] ;";’j“ ‘f:“ ciency of peometry optimization 127 S-mvhr\hyv To obtain numerically the free energy change 7999 \dqiq aq o9 31';’?“ ‘2“\
e FES, since the itself, the MC method has been very. effcient, . ar eeonetny ane can calculate the force on the FES, since the  tself, the MC method has been very. cfficient, : lar_geometry
av, av, same TS of f I to the ge of the for v, same TS of
becatise it does not need to evaluate the force but s e force is equal to the fime average of the forces  because it does ot need to evaluate the force but s sl
only the potential energy 19, 32]. However, to i “< 9 > < 7 > i e e acting on each atom of a solute molecule over the only the potential encrgy [9, 32]. However, to e o | B
e C O ) fom i ot ot o A s mcns | o s TR s e R E
| ‘must numerically differentiate the free energy with oy ihaly which are always calculated by MD simul: ‘must numerically differentiate the free energy with po

o cbaina fansiion state (1) in solution chemicl rection, s new 15

en popos on
for b

why the FES has
mean force. Fur-

cript T denotes the transposition.
ns in the right-hand

the following

ABSTRACT: To obizin  transition state (TS) in solution chemi
aptimization method has been proposed on a multidimensional frd

ons
(11,122, 28, 29]. This i the reason why the FES has
been offen called the potential of mean force. Fur-

respect to the solute coordinates. It means that
such caleulations demand as many values of the

where the superscript T denotes the transy
While the second and this

tion.

ird terms in the right:

the following

[Ere e il T oyl ol y colclated by MD 1. Start wi Aol e ot o e e e i i e e e e ety i ually calculated by MD 1. Start
rec cnergy change as the solute degrees of froe- S hermore, we can also evaluate the Hessian on the  free encrgy change as the solute degt aluation needs an esti
atsix with respect  dom, It is true that one could employ the FEPT [9, i o ie., the second derivative matrix with respect  dom, It i ruc that one could employ the FEPT [9, pe el
G e peosn t olute on the FES, 11,29, 30] 0 abtain the mamerical e diferenta: % g, e e Cacuted by moleulr dymaies mehod 7 to the intemmal coordinatesof the solute an the FES, 11,39, 30 1 dbain he numerica it diffcrentia: e procedlelshers i sened «*nr":‘k:mmk 2 For g,
i e e o ot ORC) o 5 Acorang oot oy numically s 50 accume coough fo ealiate e (o Db WS TENT I it it of o i o ot 0RO o P, A BY cifxetiating sy r'\ul‘l» o numeially B i S0 e o o e (e fore oo N5 N tr 5 ety =
simation of the computationd] demand ot oo the compariacn of G ramerical v the free energy  However, the numerical second differeniations Gius ! pdate o the computatonal demand but also the comparisof  forces on 1 i particular, by the | wumerical second. differentiations pjuaton o . Update
accuracy, ‘methods 9, 301, We can  may ot be accurate enough fo evaluate the e * denote the number of atoms in the fits the we conclode fat o method should b more ieint petutaion thory (ET) LT el it N et the s s e fits the
Ty Bt i and the 1 differcntiation,  sian. This is the reason why the MC method is ot solu and sovent molecules, rspectively as thos Trapre e e | el ol h qh 1 ] " \_ﬁ_g It solute and solvent molecules, respectively as thot
IRC on the FES should bocome very important ol to develop a new recorch fekd S anront W o T e e o T T T On the other hand, for the numerical method, exactly TRC on the FES ahould become vty important too to develop §  generating an equlibrium dist by A b Mim et e 42 On the other hand, for the mumerical method, exactly
called the soluon cheical escton cgodogrphy. © 195 o Wik & S . ) e solute, and can  sian. On the contrary, in_the MD_method, the thelbiesaianislespressed 4. Find the alled the souion chemical rescton erodoggaphy. © 158t | molecules at ach geomelry of the el Yanr Y Sy contrary, in_the MD method, the the Hessian is expressed 4. Find th
CERE RN ! o evauate e forces acting on each atom o e soute molecue the upd Quant Crem 7 ssduce the moun of clelatcn o nahlate‘lhj forces acting on cach aton o fie solute moTSCUlc the upe
sura oo ek e e E o OFT 9 3V ansiion state optimizaton; (ree encrgy surfacein| | 5530 Therefore, the analytic gradient method By 3l solvent molecules are always calculated i o 9T oV
o o o o o - rcted to Improve  every time step 11, 25, 1. Moreover, by fime T E( 7 > @ e oo e o oo 5| (AGM) on the FES should b expeied o improve gvery time step [11, 25, 28], Moreover, Ty ime M W< 7 > e
Fation as much a5 “averaging the forces, the force on the FES is ob- _— the efficiency of geometry optimization as much as ‘veraging the forces, the force on the FES is ob- —
Es. ained as follows (125, e A that on the Born Oppenheimer PES. aincd as follows e
ol i, Rl (202 In Eq. (23), the differentiation with respect to g predick e ey o s o G = L2 2 21 In Eq, (23), the diferentiation with respect 10 q predict
P alulation meh. must be carried out numericall by the FEPT [5,  cnough R e e o must b carred out numericaly by the FEPT (5, o
s oy Dl Gl e, e on the FES. 11,29, 0], According to the FEPT, the force devia- 5. Set g, e Coer Daeel Crec i e ot e e e Losian Yo s 11,29, 0], Acording tothe FEPT, the force devi ta,,
o on the FES is tion AF™ for changing from q to q + Aq is ob- step 2 Second, the TS optimization method on the FES is tion AF™ for changing from q fo q + Aq is ob- step 2
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Multi-scale Abstract Electron iduced by the interac-  relaxation contribution is ¢ ?
- tion of a reference n liquid environment is  average electrostatic model
Simulation of d e el coniart 15 .
expected to MFB h(: annﬂY: Feldmu constants.  shielding constant is calcul o B s ﬁ§7
codEMd‘Phﬂse | Understan I'models  agreement with the experim e o i
is importa Fo=)  csonance  explicit inclusion of hydr@ST YT T
oo SPRATHEITR), | e comedded nthe et o ooml

pyridine molecule in water as a model system to briefly
investigate this aspect. Thus, Monte Carlo simulations and
quantum mechanics calculations based on the B3LYP/
6-3114++G (d.p) are used to analyze different aspects of
the solvent effects on the N magnetic shielding constant
of pyridine in water. This includes in special the geometry
relaxation and the electronic_polarization of the solute by
the solvent. The polarization effect is found to be very
important, but, as expected for pyridine, the geometry

molecules gives the value

The geometry relaxation in the solvent was performed
using the Free Enerﬂx Gradient (FEG) method [33-35] in
conjunction with the sequential QM/MM process. In
practice, at each QM step, after calculating the wave
function of the squ the solvent
interaction, via te ASEC, calculate the ensemble
average of the ﬁrsw‘ derivatives of the energy

with respect to the solute nuclear positions. These are then

Keywords NMR - Chemid
QM/MM - Electronic polarif

2023
in Sapporo
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1 Introduction

Nuclear magnetic resonance (NMR) is one of the most

F.J. Olivares del Valle and M.A. Aguilar, et al., J. Chem. Phys. 118, 255 (2003) R.M.Gester, H.C.Georg, T.L.Fonseca, P.F.Provasi, S.Canuto, TCA, 131, 1220 (2012)
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Escaping free-energy minima
Alessandro Laio and Michele Parrinello*

Centro Svizzero di Calcolo Scientifico, Via Cantonale, CH-6928 Manno, Swif and of Chemistry, Ei

Honggerberg HCI, CH-8093 Zurich, Switzerland

Communicated by David Chandler, University of California, Berkeley, CA, July 18, 2002 (received for review May 8, 2002)

We introduce a powerful method for exploring the properties

microscopic dynamics, to define coarse-grained dynamics in t

Abstract: Structural and energetic changes are two important characteristic propertes of 2
chemical reaction process. In the condensed phase, studying these two propertes is very

Method

the FES, allowing the efficient exploration and accurate determi-

QMMM Minimum F: nq¥P h: Methodoll n T
: pplicaf uon mm T s:p os:‘ ate I:;r::;:egy and —n( QM) https://www.iaqms.org of the multidimensional free energy surface_s (FESs) of comp_lex space of the s;s. In our case the definition of these dynamics i
Hao Ho, Zhenyu Lu, and Weitao Yang* AE(r qus Tvint) /members/yang.php many-body systems by means of coarse-grained non-Markovian  rather arbitrary and designed only to explore the FES efficient]
Department of Chemistry, Duke University, Durivam, North Carolina 27708 =\—7 F EG%@% dynamics in the space defined by a few collective coordinates. A The dynamics is defined from the discretized evolution equatiorg]
Received dly 21, 2008 romi iy characteristic feature of these dynamics is the presence of a -
history-dependent potential term that, in time, fills the minima in spotential methods (5, 6.9, 18). . urate

FES in many dimensions. The ek of these

t they are ¢

P Agrom)
aroumdrom/

nation of the FES as a function of the collective coordinates. We
demonstrate the usefulness of this approach in the case of the [ In A 3

challenging because of the great computational cost associated with the quantum mechanical

<nown a priori, whereas this is nol required in our

PE > 7/3[( 9E o ) B
MO QM g roms omlry

mechanics (QMIMM) approach significantly reduces the amount of the quantum mechanical

calculations and faciltates the simulation of solution-phase and enzyme-catalyzed reactions, 9E 9E %A $®_A dissociation of a NaCl molecule in water and in the study of the  {he scaled forces g, ntage of the method is its ability to provide
Ine required quantum mechanicalcelculalons remain cule expensive and extensive sampling ( > < > 10) JE offl conformational changes of a dialanine in solution. FES we srmation on the free cnergy of a system in a very [
s t 0 ample, the overall topology of a FES ca =
= +  ton resiricted to narrow ragions of the potental I ml NI M g, dimens jor 1 ;v‘muy pa- :emupls, the overall topology of 4 FES ¢ nbe &
The 2nd International path (51) Hirao, H. Nagae, Y. Nagaoka, M. Transition-state optimiza- iepcolbone] o o], [ determined by very few coarse-grained dynamicssieps by wsing | §
on Large-scale cmpmmﬂ been p the o C to Previous Studies of Sampling the Free tion by the free energy gradient method:  Application to e o el WP Nl 4, Qo ! m e Gaussians. Subsequently, our qualiative knowledge ofthe | &
Bhys. 2000, 112, 3463-3492) o generate the ) : : aqueous-phase Menshutkin reaction between ammonia and ¢ comp 4 FES can be improved by using smaller Gaussians, eventually
ind Ei lusing free-¢ calcuationsat  Emergy Surface. The idea of representing the structural and methyl chloride. Chem. Phys. Lett. 2001, 348, 350—356 the number of degrees of freedom Hu FE \ is much smoother  yeqycing the dimensionality of the problem by exploiting the
h. 348,330~ than the underlying PES and it is topologically simpler, with a

topological information obtained with the large Gaussians,

FEG

Method

btained with the QMMM-FE method depend
lon path, which s based on local conformations
iffiuit to obtain in pracice. To overcome the
d and to futther enhance the sampling of the

a new method 1o determine the QM/MM
Ihemical-reaction processes in solution and in
s the free energy of the system as a function
fied potential of mean force (PMF) description

reatly reduced number of local minima. The history-dependent
bias prevents the system from visiting regions it has alrcady
explored. This term is erucil for the cfficiency of the method
for example, Langevin dynamics in the space of the collective
coordinates would provide scant information on the underlying

thermodynamic properties of a molecular system in terms (52) Okuyama-Yoshida, N.; Nagaoka, M. Yamabe, T. Potential
of the PMF surface of a few variables is a quite general idea
in statistical mechanics.”**" Past simulation study often
focused on building the PMF surface in simulations through
various techniques such as umbre]]a samplmg,“ free-energy

energy function for intramolecular proton transfer reaction
of glycine in aqueous solution. /. Phys. Chem. A 1998, 102,
85292,

M.P. thanks Yannis Kevrikidis for a very ill
coarse-grained method and David Chandler
his understanding of the statistical mechani
(53) Okuyama-Yoshida, N.; Kataoks, K.; Nagaoka, M.; Yamabe, thanks Joost VandeVondele for many preci

T. Structure optimization via free energy gradient method:

ion method. The fres-onorgy gradlens wir  PETtUIt 81 and thermod: 76 Only re- 2\_;}?!\%:)1::\ '&.ﬁ}.”}')i Z:illl;mt;;lzy aqueous solution. /. 3 um; A et G Hynen, .. & Kpral, R (198) e Py Let. & G, X. G, & Wik, 1. W. (159) f:mb st S:.j*—;;m P
::f',’,.f’::,‘:,;'““ﬂ, e o ooy cently, it was p d to explore the phase space of the a1 N;:nka :‘ Okn'ym:;;“ S —— Huber, T Tords, A E. & van Gunsteren, 1 W (1994) Comput 695708 prvae _ o -
e b e System by direely walking the PMF stirface. ™% Several |y o e vt e ey e namolcie S et . (15 i 19,777 (> e B 1 N o & Yoo T G0
olition and ensyme reactions, with atrucra. 2roUps have extended the theory and the simulation tech- proton transfer reaction of glycine in aqueous solution. .. E L L | | : ; 4:32? :,’ml:?n HLm A:; 34;; poky :3 i3 \l, ‘Llaml;u : ‘: mwhm s, so A-[;l{ m} ~;5/w E—
oy To el meopocie boomame  niques and have also reported several example applications Phys. Chem. 4 1998, 102, 8202-8208. i3 3 ) [ 2 ) § Vor AF.O M R L TROBRLL I Yadevondel, othlisberger, U. (2002) 1. Phys. Chem

10239 13. Rahman, J. A. & Tuly, 1. C. (2002) J. Chem. Phys. 116, 8750-8760.

Okuyama-Yoshida, N.; Nagaoka, M.; Yamabe, T. Transition- 1

i i 48-5079 35
to different reaction systems.’ The work reported here the sumof.

00) for the minimum free-energy path. The

ptimization on free energy surface: Toward solution fig.1.
and the accumulating Gaussian terms of E. 2. The dynamic evolution (thin

nis & comprehensive and acourale reatment gy o] d ]| be regarded as an important further improvement

[t § B i n enzymes wih ab it QMMM melhos S : ! chemical reaction ergodography. /ni. J. Quantuns Chen Tines) s Iabeled by the nimber of cynamical kerations (£q: 1. The starting Lo and parrnal SRS | “Geiober iz 3062 | volid3: [ mos30 | 2585

D 05 s frst stop of tho reaton of tho ensyme and enrichment of the idea because of several key differences 1998, 70, 95-103. potential (thick line) has three minima and the dynamics i initiated in the FRASCeTEs Lioeskertzanne | s nei2si |
i unsn % with previous suclies. ; < Second minimum

| e between this work and those reported previously. e .

H. Hu, Z. Lu and W. Yang, J. Chem. Theory and Comput. 3, 390 (2007) A. Laio and M. Parrinello, PNAS, 99, 12562 (2002)
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Dear Professor Noyori:

Thank you very much fo th leir of March 27, 1998 from Professor Ak

Miyamoto, concerning a paper “Lithium Diffusion in LixCo03 e Mateeiis by G
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Lithium Diffusion in Li,CoO; Electrode Materials

Gerhard Nusp junari Yoshizawa,' Fumihito Mohri,and Tokio Yamabe®
Kyoro 6068103
Kyoto Ui kyo- ks, Kyoto 606-8501
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Learning representations
by back-propagating errors

David E. Rumelhart®, Geoffrey E. Hintont
& Ronald J. Williams*

* Institute for Cognitive Science, C-015, University of California,
San Diego, La Jolla, California 92093, USA

+ Department of Computer Science, Carnegie-Mellon University,
Pittsburgh, Philadelphia 15213, USA

We dumlu a new learning procedure, back-propagation, for

like units. The p adjusts
the w!ighh of the connections in the network so as to minimize a
measure of the difference between the actual output vector of the
net and the desired output vector. As a result of the weight
adjustments, internal ‘hidden’ units which are not part of the input
or output come to represent important features of the task domain,
and the regularities in the task are captured by the interactions
of these units. The ability to create useful new features distin-
guishes back-propagation from earlier, simpler methods such as
the perceptron-convergence procedure’.

There have been many attempts to design self-organizing
neural networks. The aim is to find a powerful synaptic
modification rule that will allow an arbitrarily connected neural
network to develop an internal structure that is appropriate for
a particular task domain. The task is specified by giving the
desired state vector of the output units for each state vector of
the input units. If the input units are directly connected to the
output units it is relatively easy to find learning rules that
iteratively ad]ust the relative strengths of the connections so as
to mduce the di between the actual and
desired output vectors®. Learning becomes more interesting but

+To whom correspondence should be addressed.

more difficult when we introduce hidden units whose actual or
desired states are not specified by the task. (In perceptrons,
there arc ‘feature analysers’ between the input and output that
are not true hidden units because their input connections are
fixed by hand, so their states are completely determined by the
input vector: they do not learn representations.) The learning
procedure must decide under what circumstances the hidden
units should be active in order to help achieve the desired
input-output behaviour. This amounts to deciding what these
units should represent. We demonstrate that a general purpose
and relxhvely simple procedure i is powerful enough to construct
internal

The simplest form of the learning procedure is for layered
networks which have a layer of input units at the bottom; any
number of intermediate layers; and a layer of output units at
the top. Connections within a layer or from higher to lower
layers are i , but i can skip i
layers. An input vectur is presented to the network by setting
the states of the mpul units. Then the states of the units in each
layer are by applying ions (1) and (2) to the
connections coming from lower layers. All units within a layer
have their states set in parallel, but different layers have their
states set sequentially, starting at the bottom and working
upwards until the states of the output units are determined.

The total input, X, to unit j is a linear function of the outputs,
¥;, of the units that are to j and of the weights, w;;.

on these connections

1)

Units can be given biases by introducing an extra input to each
unit which always has a value of 1. The weight on this extra
input is called the bias and is equivalent to a threshold of thé
opposite sign. It can be treated just like the other weights.
A unit has a real-valued output, y;, which is a non-linear
function of its total input
1

T @

- D.E. Rumelhart, G.E. Hinton, R.J. Williams, Nature, 323, 533 (1986)
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