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1 Introduction

The main goal of this thesis is to study the dynamics of liquids and mixtures which e
micro-heterogeneiti[144, 6, 178, 128, 134]. The main problem which will be adressed i<
micrc - heterogeneities evolve in time, and how this evolution is manifested through tl
Hove functionG(r,t) , the intermediate scattering functiéifk,t) and the dynamical structu
factor§(k, ). All mentioned functions describe the microscopic structure of the systen
pair correlation point of view. Since the term “micro - heterogeneity” represents the key p
this research, we will discuss this point in more details, in order to further clarify the prit
motivation behind this work.

1.1 Duality of uctuations and micro - heterogeneity

Micro-heterogeneiti¢ in neat liquids can be seen as particular case wiftuations in der
sity, while, in mixtures, theseuctuations are related to the concentrations of each mole
componen Fluctuations in density are characteristic for any liquid. For example, they
even in the hard sphere toy model, where the interaction is purely repulsive, and the
of uctuations is purely entropic. In simple Lennard — Jones liquid, where particles
actboth repulsively (at small inter-particle separations) and attractively (at larger inter-g
separations the origin of these uctuations is both entropic and energetic, since particles
tually attract in this case. The complexity ofictuations increases as the complexity of
terparticle interactions in the system grows. In an ionic liquid, such as NaCl atcgaritly
large temperatures (3000 K), a special form of local order appears, which is called ct
ordel [163, 77, 132, 137, 57, 55]. This order is particularly characteristic for molten
[153, 163, 77] and is realized through the alternation of + and — charges, caused by the
(+,+) and( , ) charges mutually repel, whilg-, ) charges attract each other. Althot
the alternation of charges in the liquid state is not as perfect as in a crystal, it is still v
as in a simulation snapshot shown in Figure 1, where two simulation boxes of equal si
comparec consisting of red and blue soft spheres of equal diameters. In the left sim
box, both red and blue spheres are neutral, while, in the right simulation box, red sphe
positively charged (+1), while blue spheres are negatively charged (-1).



Figure 1: Simulation snapshots showing one microstate of simple Lennard - Jones binary mi
ture (left panel) and one microstate of charged soft sphere model (right panel). Both re
anc blue spheres have the same diameters. In the case presented in left panel, both red
blue spheres are neutral, while, in the case presented in right panel, red spheres are positi
chaiged ¢ 1), while blue spheres are negatively charged);

One can note that the right simulation box appears to be “more ordered” through the alternatic
of charges. This form of order affects signantly the pair correlation functions, as is shown
in Figure 2, whereggaa(r), gas(r) andgeg(r) functions are shownA(- red spheresB - blue
spheresin black, red and green colors respectively for the case of LJ binary mixture (left pane
anc charged soft sphere model (right panel). Correspon8{iky functions are shown in the
insets

[ N Y

\ .
10 1S W WS\
o :

Figure 2: Radial distribution functiongaa(r), gas(r) andggg(r) of simple LJ binary mixture
(left panel) and charged soft sphere model (right panel). Insets show corresponding structi
factors§(k). ParticlesA represent red spheres, whseepresent blue spheres from Figure 1.



While, in the left panel of Figure 2, correlatiodsA, AB andBB are all in phase, in the rig
pane we see thaf\B correlations are out of phase wi#A andBB correlations, due to altern
tion of charges. In addition, the structure factors in the right inset show the peak and an
which correspond to the dephasing of the spatial correlations.

Interaction in liquids with higher structural complexity, such as water, alcohols, amin
amides are, within classical description, described as the combination of LJ interactic
Coulomt interaction between atoms in molecules. Coulomb interaction is governed by
chages which each atom bear. Therefore, the total interaction between moteatened of
atomsi = 1,...,N) and molecule B (formed of atonjs= 1,...,M) is given with [56]:

¢ # )

N M 12 6
VaB = 43 = — — (1)
i=1j=1 Fij Fij Fij

where jj is obtained with Lorentz rule,jj = %l where j and j are diameters of atom:
anc j respectively. j; is obtained with Bertholet rule;; = 7, with j and j representin
the depth of the LJ potential wells of atomic speciemnd j respectively. Constarit is given
with L = 4;°20, while Z; andZ; represent the valences of atonand j.

Since the fundamental inter-molecular interactions, in all liquids mentioned above, can
scribecwith equation 1, all these liquids will be governed by the sametuations mentione
earlie,, regardless of their chemical specity. To further discuss this problem, let us comy
the simulation box of a simple LJ liquid with that of neat octanol, shown in the left and
panel: of Figure 3 respectively. We note that the simulation box of octanol is characteri:
clusterin¢of hydroxil OH groups (O - red spheres, H - white spheres) in chain - like clustt
chage - order mechanism. Clustering of OH groups in one place results in tiseedey of OF
group: in the close neighbourhood of formed aggregate. This creates a local heteroge
density of O atoms, with the density being high along the OH chain, and low around the
We refer to this type of heterogeneities as micro - heterogeneities [144, 6, 178, 128, 13



Figure 3: Snapshots of simulation boxes of simple LJ liquid (left panel) and octanol
panel) each representing one microstate of the system. In the right panel, oxygen att
shawvn in red, hydrogen atoms in white and alkyl groups in cyan color.

We note that the formation of such heterogeneities is possible also in simple LJ liquid,
all charges are equal to 0. Similarly like in the case of OH groups in octanol, gathering
particlesin one place is likely to result in deiency of the same particles in the close ne
bourhoo( of the formed “cluster”. However, the origin of the formed heterogeneities wi
be the same for the two liquids, since, in octanol, their origin is mostly related to the att
Coulomt potential betweel+ , ) pairs, which is signicantly stronger than attractive pari
LJ potential. Hence, densityuctuations in octanol are closer to the self-assembly mech:
[182, 33, 51, 170], which forms “molecular objects”, which can perform “tasks”. For exa
micelles and vesicles are such objects. Through this example, we seeutiatations hav
a dual aspect, one corresponding to a random gathering of particles (as in LJ liquid),
othel being closer to the formation of supra - molecular object (as in octanol). We note t
supre - molecular object is itself subject to localictuations in density.

Supri- molecular objects are mostly found in soft-matter, but also in biological liquids [2€
The Life itself is closely related to self-assembly, with organic molecules, such as lipids
tides< or nucleic acids, being self - assembled to form constitutional structures of the c
cludinc membranes, proteins or the genome [33]. Since the mechanism of formation of
molecula entities in soft matter is similar to the formation of the same entities in sn
systems such as alcohols, understanding kinetics of these smaller systems is essentia
derstandin kinetics of larger and complex biological systems. Therefore, the study of ki
of alcohols and acqueous mixtures of alcohols represents the bridge between under
simple liquids and complex biological liquids.



This situation could be analogous to the spontaneous emergence of elementary partic
the quantum uctuations in vacuum. This analogy is interesting if we suppose that %
types of uctuations, those that accompany the emergence of self-assembled objects,
potentia to create a situation where information is stored in some of these objects, a
their interactions allow them to use this information to reach a completely new physica
The analogy betweenuctuations in molecular liquids and quantumctuations has alrea
beer introduced by Pierre - Gilles de Gennes, in the context of liquid crystals, who sl
the analogy between phase transitions from nematic to smectic phase of crystal with th
transitior from metal to superconductor [36], which is a purely quantum mechanical co
This analogy is materialized mathematically into the Landau — de Gennes free energy [

It is possible that only speat solvents (e.g. water), mixed with other appropriate mol
lar objects, may give rise to speci types of uctuations, accompanied with the formatior
self- assembled meta - molecular objects, which would create conditions precursor to
ordelto test this hypothesis, it is necessary to stast with simple aqueous mixtures and
plore the various types of results obtained, while keeping this goal in mind. Although tr
of this thesis is not to answer all the questions posed herein, it is clear that this type of r
works could have signcant impact on understanding the important biological processt
this work, the study of dynamics will be performed on the basis of the past work of the re
group related to the analysis of micro-heterogeneity from static point of view, by extenc
to the dynamical point of view.

To conclude this section, the study of dynamics in this work will be based on the ai
of dynamical correlation functions, which represent dynamic equivalents of static radi
tribution function and structure factor. These functions are expected to clarify the siies
in dynamics of micro - heterogeneous liquids, which we are particularly interested her
sectior 2, we present fundamental mathematical formalism behind these functions ar
relationshiywith Theory of Liquids.






2 Elements of the Theory of Dynamics in Liquids

The aim of this chapter is to brig introduce the way how the theory of dynamics in molec
liquids can be constructed from atom - atom interactions, in relation with molecular s
tions and statistical physics. Since the main observables of this thesis are dynamical
tion functions, special focus is put on the relationship between those functions with the
equivalents. The understanding of this relationship is important for understanding how
order, together with micro - heterogeneity, manifests in dynamical correlation functions.
dition, we introduce difculties encountered in the development of coherent formalism, \
are expected to be solved numerically in the future.

2.1 Introduction

In statistical physics, dynamics in liquids can be conveniently studied in phase space [:
191], which represents all possible state$, pN) which speci ¢ system can occupy, with =
(ri,r2,....,rn) andpN = (py,po, ..., py) representing positions and momenta ofNparticles
in the system. A Hamiltonian of such system is given with [183, 56, 191, 17]:
H = " p—iz+ Wn(rn) (2)
=1 2M
,with the rst term being the total kinetic energy of the system, whereas the second tert
total potential energy. We note that this form of equation (2) does not specify whether p
i are bound within molecules or not, or whether there are many species or only one
specie.
The equations of motions (as the ones used in typical simulation) are given with equat
and (4):[56, 191, 17]
r= - 3)
=+ @)
These equations describe the dynamicgdarticles in 3D space. In a specistate, a 6
dimensional vector(rix, ry, rz, Pix, Piy, Piz), can be attributed to each particéledescribing it:
total position ¢;) and momentump(). Therefore, one state of the entire system, compos
N particles, can be described with a point iN 6 dimensional space. The dynamics of
“point” occurs in sub - space of the total phase space, with the sub - space being det
with the choice of ensemble. We remind that an ensemble represents a collection of mic
for which certain thermodynamic quantities are kept constant. For example, in microca
ensembleN, V, andE (number of particles, volume and energy respectively) are con
while in canonical ensembléy, V and T are constant (witil' denoting the temperatur:

7



[191, 56, 17] The analogy between dynamics in three - dimensional space (used in simulat
with periodic boundary conditions (PBC)) and the dynamics in 6N - dimensigkal sub -
spactis illustrated in Figure 4. As shown in the right panel, each gumation in phase space
is represented with a point insid®&6 dimensional space. Pointsandt, represent the states
of the system at timeg andt, respectively.

Figure 4: Visualization of relationship between dynamics in real 3-D space (left panel) a
dynamic:in 6N-D phase - space (right panel). In phase - space, each microstate is represe
with a point in N-D space.

The probability of eachrN, pN,t) state is given wittfN(rN, pN, t)drNdp™N, with fINI(rN, pN | t)
beinc phase - space probability density [56, 191, 17], which sa8s

Z Z
- fN(rN, pN, tydrNaph = 1 (5)

for all timest. Since the stateg™, pN) are not being created or destroyed as ttnsbanges,
distribution fINI(rN, pN t) is stationary and its time evolution can be described with Louville
equation:[5€

df NI(rN pN 1)

— g "
Since both positions and momenta are functiong,ahe total time derivative in equation (6)
car be rewritten in more explicit form:

( )
N N [N] - (N] .
f + f_ i + f_ ﬁ =0 (7)
t oot pt

0 (6)

i=1
,which by using equations (3) and (4), can be written as:

( )
(N N (N] IN] L o]
ft + f__H f__H :f_+ H N =0 (8)

i=1 i P Pi T t




where we have introduced the Poisson bracket [38],reed as:

NH Of O OH f
{H,f} = — 5T 9)
iz1 Fi Bi Pi T
By introducing Louville operator [183, 119]= i{H, }, we can write equation (8) in form:
fIN]

— = if N] (10)

The formal solution of equation (10) is given with:
fINI(PN N 1) = exp(iLt) FIN(eN pN 0) (11)

anc it describes the time evolution of the phase - space probability density.

Similarly, in the case of general phase - space variapd®, pN), we can write [38, 109, 17, 5¢
dA .

— = iLA 12

! (12)

with —tA term being omitted, sincA(rN,pN) does not depend explicitly on time, but o

througt positions and momenta. Equation (12) has formal solution in form:

A(t) = exg(iLt) - A(0) (13)

In this work, we will be particularly interested in microscopic density The most gener
form of microscopic density, dependent of both positions and momenta, is given with [&

N
(r.p,t)= (r ri®) (0 pi(t) (14)
i=0
Cor gurational density (r,t) [63, 56, 17] can be obtained by integratingr, p,t) over al
possiblt momenta in phase - space:

Z N
()= (rptydp= (r ri(t)) (15)
i=0
Similarly, the microscopic ux j(r,t) is given with [17]:
Z

i(r,t)= (r.p.t)pdp (16)

3le

,while microscopic kinetic energg(r,t) is given with [17]:
Z
o)== (r.p.)pidp an
b 2m ) )



Theoretica developments under Kinetic Theory of Liquids [17, 56, 191, 2], are quite invc
since they couple both positions and momenta. However, in this work, we will conside
(r,t) functions, in particular the Van Hove and related functions. This operation is poss
Classice Mechanics, since the momentum part can be decoupled from thgarational par
a: can be seen from equations (14) and (15).

For any microscopic variabla(rN,pN,t), it is possible to dene average in terms of the ph
spact probability densityfN(rN, pN, t) [38, 119]:

Z Z
< AN pNt) > = N NA(rN,pN,t)f[N](rN,pN,t)drNdp'\' (18)
™ p
or equivalently [38, 119]:
Z Z
< AN pNt) > = ) NAo(rN,pN)f([)N](r'\‘,pN)drNde (19)
N p

In the case of particularly microscopic densityde ned with equation (15), it can be shao
that:[56

< (rt)>= \N7 (20)

with N representing the total number of particles in volwhe

2.z Dynamical correlation functions

For given microscopic density(r,t), density autocorrelation function between poifits, )
anc(ro, +1t)is given with:[63, 56, 17]

C (ryrat)=< (ry, ) (rat+ )>= O(ryrat) (21)

with representing the time origin. Since we are considering liquids in equilibrium, the «
of the time origin is arbitrary and we can set 0. In addition, function @ (rq,r;t) is ever
[56, 17]:

@O(ry,rpt)= O(ry,ry t) (22)

,which means that its time derivative is zero in time origin:

d
— @ ‘t=0)= )
= O(ry,rzt=0)= 0 (23,
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2.2.1 Van Hove correlation functions

We note that, in spatially homogeneous and isotropic liquids, the correlation functions
only on the modulus of the relative distance. We introduce here a more general dens
relatior function between atoms, whether or not they are part of molecules, and subse
conside molecular liquids as mixtures of atoms. The intra-molecular correlations shoul
accounfor the molecular nature, as we show below.

Correlatior between density 5 of atomsa in point (r1,0) and density ,, of atomsb in poini
(ro,t) is given with:[63, 56]

D(rirat)=< ar1,0) plrat) > (24)

In the limit when the relative distangg, = |[r1 5| is large enough, densitieg(r1,0) anc
b(r2,t) will be decorrelated:

dim e =< a(rn0)>< p(r2)>= a4 (25)

,where¢ the last equality follows from equation (20).

Equatior (24) allows us to dene Van Hove correlation function:[56, 37, 17]

1 z

e (ﬁ)(rl,rz,t)drl (26)
a bvY a 7
1
= v < [ri ra(0)] rz2 rp(t) drp>
ab q bj

Gab(rL r2at)

with 5 and b; representing sums over all atoms ay, ..., a, andby, by, ..., by, respectively
with a andb denoting atomic species. In homogenous and isotropic liquids, correlatiol
be dependent only of the relative distance r, r1. If we apply the substitution, = rq+ 1,

it follows:
1

Gyp(r,t) =
ab( ) 4 bV

< roorp(t) rg(0) > (27)
a bj

Fromr equations (26) and (25), it follows:
lim Ggp(rq,ro,t)=1 (28
12

The sum 4, in equation (27) is over all possib{@;, bj) atomic pairs and, therefore, encc
passe both the cases when pairs belong to the same molecule and when pairs belofegea
molecules Hence, the total sum can be written as:

(9) (d)

= + (29)
aj,b; a;,bj aj,b;

11



C)
aj,b;
while f;)bj representing all pairga;j, bj) which belong to different molecules. Therefore,

total Van Hove function from equation (27) can be written as:

with sum representing the sum over all pafes, bj) which belong to the same molect

d
Gan(r,t) = GO (r,t)+ GP(r 1) (30)

with self Van Hove functiorGSt),(r,t) and distinct Van Hove functioﬁagf))(r,t) de ned witF
following equations:

(s

G = ——< rorp(t) ra(0) > (31)
ab a;,bj

(d) @

Gy, (r,t) = V< rorp(t) ra(0) > (32)
ab a,bj

Seli Van Hove function represents intramolecular contribution to the total density corre
betweel atomsa andb, while distinct Van Hove functions represents intermolecular con
tion. We note that these deitions of Van Hove functions are not the same as in the liter
[56, 17, 63], and differs by a factor, 1. Our de nition is compatible with the standard de-
tion of thet = O static pair correlation functiogy(r), since we have:

G (r,t=0)= gan(r) (33)

We note that equation (27) can be rewritten in form:

1
— < r ro.(t) r5(0) > 34
T o () ra(0) (34)

a bGan(r,t) =
.which will be used in the section 2.2.2, in context of the dition of intermediate scatteril
functior Fap(k,t).

2.2.2 Intermediate scattering function and dynamical structure factor

Van Hove functions, presented in section 2.2.1, cannot be measured experimentall’
mean that experiments cannot directly provide information about the distribution of ator
molecule in space. This information can be obtained only by computer simulations, whi
a convenient way to mimic matter, but through a model representation, which distorts re
someextent. However, this information can be obtained experimentally by probing liquid
different forms of radiation in scattering experiments, such as X - ray or neutron scatte
guantun mechanical representation, radiation is described with plane wavékexpvhere

12



k is the wave vector describing spatial periodicity of the wave. It is known that the ¢
distribution of molecules irk - space (wittk now being related to the difference in momen
of scattered radiation and incident radiati@s ko k1), accessible by experiments, is rele
to the distribution inr - space (withr denoting the inter-particle separatians r, rq) by
simple Fourier transformation [56]. Following this, one can measure the structure gg(&y,
which is the Fourier transform of the static correlation functoyg(r). The correspondir
dynamica equivalent of the static structure factor is called the intermediate scattering ft
Fab(k,t), which is formally de ned as:[56, 63, 37, 17]

Fab(k’t) =

1 o (k0 o kD)> (35)
Np

a

where 4(k,t) represents the Fourier transform of microscopic densiy,t):

a(k,t) = exp(ik(rg(t)) (36)
a
Ther we can write:
Faok )= —m < expl iK(n() ra(0)> 37)
alNp a“bJ

If we rewrite the last equation in slightly different form:

Z
< drrrp(t) ra(0) exp( ikr)> (38)
a,bj

1
NaNb

Fan(k,t) =

then by using the denition (34), it can be easily shown:

Z
Fao(k,t)= “ap drexpl ikr)Gap(r,t) (39)

meanin( that Fop(k,t) is indeed the spatial Fourier transform @fy(r,t). The power spe:
trum of Fap(k,t) is called dynamical structure fact&k, ) and represents the time Fou
transforn of Fyp(K, t): [56, 17]

4
Sk, )= dtexp( i t)Fyp(k,t)= (40)

In addition, this quantity is measurable in scattering experiments.



2.2.. Relationship with the RISM theory and W - matrix

The description of the microscopic structure of molecular liquids can be done in two di
manner: through orientational description or through atom - atom description [15, 56]

rst description requires a large set of rotational invariants in order to account for corre
betweel molecules, while the second method requires to properly take into account a
- atom correlations, including both intramolecular and intermolecular part. In this wol
choosi the second description, and clarify the relation between the intra - molecular ¢
tions and the self-part of the van Hove function. The atom - atom van Hove function is tt
appropriat correlation function to describe molecular liquids.

In section 2.2.1, we discussed density correlations between a@andb and showed th
total correlations are, in fact, superposition of intramolecular and intermolecular contrib
Particularly, in the special case when atomic speaiasdb are identical (i.ea= b), it follows
from equation (31) that self Van Hove functi@éﬂ(r,O) is simply delta function (r), cen
terec at the origin in this case. As time increases, this function spreads over enti@main
Ultimately, in larget limit, we have:

lim G(r,)=0; r (41)

In the case whea 6 b, self Van Hove functiorGf,j(r,O) will be a delta function centered
spec c intramolecular distanag,, between atoma andb, i.e. (r dgp).

It is interesting to compare this situation with the Reference Interaction Site Model (|
[23,17,56, 67,167, 40, 64] in the static theory of liquids. In this theory, molecules are m
as hard objects, composed of spheres (representing atoms), whose distribution is dei
with chemical structure of each molecule. The total static density correlations betweel
a andb, denoted Witkggk?ta')(r), then can be written as the sum of intramolecular pag(r)

anc the usual intermolecular paggy(r):

|

o (r) = Wap(n)+  Gan(r) (42)

where the intramolecular pamv,u(r) is equivalent to the self Van Hove function introdu

earliel, with wap(r) = Ggfg(r, 0), while gap(r) is usual radial distribution function, equal to

distinci Van Hove functionGqy(r, 0). With W,p(K), Hap(K) andS;p(k) we denote spatial Fouri

transform of functionswyy(r), gap(r) andgggta')(r) respectively. Following equation (42),"
have:

San(K) = Wan(K) +  Han(k) (43)
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Now we recall that the Ornstein - Zernike (OZ) equation [23, 56, 17,11, 22, 40, 64] ofar
of atoms can be written in matrix form as:

S (k=1 (44)

where S is the structure factor matrix, composed of elem&gtk), 1 is the identity matrix
anc _is given with:
=W i CK (45)

with C(k) representing the direct correlation matrix [56, 23, 17]. Intramolecular matri;
ment:W,p(K) are given with: [23]
Z
Wap(K) = apt (1 ap)  Wap(r) -exp( ikr)dr (46)

with gp representing Kronecker delta. Elemehitg,(k) are de ned with Fourier transform «

Uan(r) as: z
Hap(k) = drexp( ikr)[gan(r) 1] (47)

Eq.(44 is formally referred to as the OZ equation for a mixture of atoms [23, 56], and
matrix is simply the inverse of matrix, i.e. = S 1. We immediately note that the SSt
equatiol (44) has strong formal resemblance with the Mori - Zwanzig (MZ) equation, v
will be described in section 2.3.1. This resemblance between the two equations indic:i
the MZ equation could represent the dynamical equivalent of the SSOZ equation.

2.2.2 Relationship with Kirkwood - Buff integrals

The Kirkwood-Buff integrals are usually deed as: [8, 9, 130, 82, 35, 34]

z
Kap= " dr[gan(r) 1] (48)

The importance of these integrals lies in the fact that they relate microscopic propel
liquids with thermodynamic properties, such as molar volume, isothermal compressib
chemica potential. For example, in the simplest case of one - component system, cor
only atomic species, we have: [8, 9]

1
Kaa= < = (49)

a

where T is isothermal compressibility and= k—BlT whereT is the temperature of the syste
while kg is Boltzmann factor. However, the last equation is valid only in the thermodyr



limit of systems with innite size. In addition, in largelimit, we have:[9, 35]

lim gaa(=1 — 7 (50)
where we note thatIr lingaa(r) = 1 whenN . Therefore, in nite size simulations, tt
asymptot of g(r) will clearly depend on the size of simulation box. [35, 82]

It is interesting adress what would be the KBI corresponding to the integrals of the d
cal correlation functions, which we call here D-KBI (for dynamical KBI). West note tha
there are 2 such D-KBI integrals, one from the integral of the self part and one from the d
pari of Van Hove function. Formally, the D-KBI should concern only the distinct part bec
of the de nition (48), which accounts only for distinct part of Van Hove function.

In one component system, the D-KBI of the self part is proportional to the molar w
V(Mand is independent of time in the larBdimit:

z

R v(m
lim KZ(R 1) = lim i drG(rt) =

1
- N (51)

zI<

where Na = 6.022-10?°mol 1 is the Avogadro constant. This is intuitively reasonable, <
Ggsk))(r,t) is proportional to the probability density that atdmat timet is found at the distanc
i from the origin (i.e. position of reference atamatt = 0), with ! representing the propc
tionality constant. Henceﬁgsg(r,t) integrated over entire volume gives precisely!, since the
probabilityof nding the particle anywhere inside the volume of integration is sure even
probability equal to 1.

The D - KBI of the distinct part is also independent of time in the laRjeamit:

d Zr b, |
lim Kg) (R = lim L dr Gt 1 =K (52)
since the average number of particles within the integrated volumexesl for allt. We note
that for one - component systems, the KBI is equal to the isothermal compressibility, ¢

- v,
by the molar volume K = L N—j).

Self and distinct KBI integrals for neat ethanol, for the case of the oxygen (OO) and «
- oxygen (OQ) correlations, are shown in Figure 5, where we illustrate the convergel
integrals in largeR limit for all time values. The direction of increasing time is indicated \
arrcws in Figure 5.
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Figure 5: D - KBI integrals of neat ethanol, for the case of OO (left panels) and(1@t
panels correlations. The direction of increasihgs indicated with arrows on each panel.



2.2 Dynamical evolution of Van Hove function

Dynamica evolution of Van Hove function can be addressed from the context of Mori - Zw
formalism This formalism is applicable to any type of dynamical variab{et) or its auto:
correlatior functionCaa(r,t), as it will be shown in the next section. There, we introduce
basi: of Mori - Zwanzig approach.

2.3.1 Mori - Zwanzig formalism

In order to introduce the basis of Mori - Zwanzig formalism [62, 56, 89, 191], let us cot
a phase - space dynamical variadl¢t). We have shown earlier that the time evolutionA
is described with Louville equatiorA(t) = exp( iLt)A(0), suggesting tha#(t) can be see
a: vector in phase - space, obtained by “rotation” of ve&() by “angle” Lt. By using this
analog) with vectors, one can consider the projectionAgt) “parallel” to the vectorA(0),
togethe with projection “perpendicular” té\(0). Parallel projection can be written in terms
linear projection operatoP:

< A(t)A(0) >

PAD= —A0)A0) >

A(0) (53)

where one can immediately note that the factor in frontA{t) corresponds to normaliz:
autocorrelatio functionCaa(t) of variableA. Therefore, we can write:

PA(t) = Caa(t)A(0) (54)

The perpendicular projection, denoted wid(t), can be written in terms of projectQy.

A(t) = QA1) (55)

which satis es:
<A(t)A(0)>=0 (56)

Now, if we consider dynamical variabl in Laplace space, denoted wi{z), we can write
Louville equation in form:
(z+ LR(2 = iA (57)

Since P+ Q=1 [38, 56], we can write:
(z+ L)(P+ QA2 = IA (58)

The last equation can be projected in directions parallel and perpendicid@d)xoby the appli
catior of projectorsP andQ respectively. Then, by using fundamental properties of oper
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P andQ (P?= P, Q? = Q andPQ= 0), one can obtain equations for the time evolution
projection: Caa(t) andA (t) [109, 191]:
Z

t
—tCAA(t) i Caa(t)+ . dsM(t  )Caa(s)= 0 (59)
Alt) i
— i A(t)+ . dsM(t 9s)A(s) = R(t) (60)
The time evolution of totalA(t) is described with [109, 191, 56, 114, 2, 90]:
z
& i A(L)+ Otdsl\/l(t 9)A(s) = R(t) (61)

ThetermR(t) in the last equation is called the random force, while the #éi(t) is the memor
function which is the autocorrelation of the random force:

< R(t)R(0) >

M= A 0A@0) >

(62)

The frequency term is given by

_ < A(0)A(0) >

~ < A0)A(0) > (63)

Since in the considered systems, autocorrelation functions are even functions of time
lowsi = 0.

Mori - Zwanzig equation (61) has identical form as generalized Langevin equation [12
99, 56, 4], which describes the time evolution of brownian particle’s velocity in a liquid
compose of other particles. In a speat case when brownian particle is much larger than
roundin¢ particles, Langevin assumed that the net force on brownian particle consists
parts a frictional (drag) force proportional to the velocityt) of the particle and a randc
force R(t) which rises from the collisions with surrounding particles. Therefore, the eqt
of motion of the brownian particle can be written as:[126, 113, 99, 56, 4]

dv(t) _

M T
with R(t) representing the random force, equivalent to the one from Mori - Zwanzig app
while is friction coef cient. One of the assumptions taken in the Langevin equation (
thal the frictional force at timé is proportional only to velocity at the same timég, which
mean that the diffusing particle adapts instantaneously to changes in surrounding medi
thaithe history of the system doesn't affect particle’s motion in the present time. This as
tion is reasonable when diffusing particle is much bigger that the particles of the surro

v(t) + R(t) (64)




bath However, when the dimensions of the diffusing particle are similar to the dimensi
the surrounding particles, more generalized assumptions need to be taken into consic
Clearly, it would be more realistic to suppose that the frictional force depends on the |
of the system in times earlier thaywhich means that certain “memory” is associated witt
motior of the particle. Mathematically, this can be achieved by introducing friction ooeft
(t s) which is non-local in time and represents the contribution to the total friction fo
timet that is coming from the state of the system at earlier times. Then, by writing fric:
tional force in the form of convolution in time, we obtain more generalized form of Lan(
equatiol [56, 17, 191, 4]:
Z 4

av(t) _ t 9v(sds+ R() (65)

Mt

We note that the form of generalized Langevin equation (65) is identical to the form of
Zwanzig equation (61). Therefore, memory functM(t s) from Mori - Zwanzig approach
analogou to the time - dependent friction forcgt s) from generalized Langevin equatic
In addition, both equations have analogous random force terms.

We note that, if we multiply equation (65) and take the aversge we obtain:

Zy

m@ = (t 9Z(s)ds (66)

dt

with Z(t) representing velocity autocorrelation functig(t) = < v(t)v(0) >[191, 56]. In the
last equation, we used the fact thatR(t)v(0) > = 0, which re ects the nature of random fot
R(t), which is uncorrelated to the initial velocity0) [99, 56]. We note that form of equati
(66)is identical to the equation (59) for the time evolution of autocorrelation fun@ig(t) of
randon variableA(t). This shows that Mori - Zwanzig equation (61) represents generali:
of equation (65) to any dynamical random variaB(¢).

Since the memory function is formal, one must rely to approximations of it. The simr
approximatiol is exactly that of the initial Langevin equation (64), namely to set the me
functior as independent of time:

M= o (1) (67)

We will show in the section 3.4.7 that this approximation is not valid for realistic liquids.
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2.3.2 Application to Van Hove correlation functions

Since Mori - Zwanzig formalism can be applied to any dynamical variable (equation 61) or
its autocorrelation function (equation 59), it can be applied to microscopic den@ity) or

Van Hove functionG(r,t). We remind that the van Hove correlation function is the auto -
correlatior of the microscopic density, which allows us to directly apply the Mori - Zwanzig
formalismr to it. However, Fourier - Laplace transform is required instead of the simple Laplace
transforn (the Fourier transform concerns the position variabihile the Laplace transform
coricern the time variable).

This formalism can be applied to the microscopic density of speatomic specie ((r,t) =

a (r rg))ortothe total microscopic density (r,t)= 5 a(r,t)). Since this formalismis
very general, it can also be applied to tleetormicroscopic variable [56] = 4(r,t), p(r,t),..., ¢(r,t) .
In addition, more general full phase space variables, including both positions and momenta, can
be equally used.

The auto - correlation of 4(r,t) is the self Van Hove functiomgg(r,t). The auto - corre-

lation of the total (r,t) is the full van Hove functiors(r,t). For a system in which there are
totally n atoms belonging to specé one can dene matrix " 4(r,t):

al(r!t)
“a(r,t) = : (68)
an(r’t)

where 4(r,t) represents the microscopic density of atavfiispeciea: 4(r,t)= (r rg(t)).

The correlation function becomes then a correlation matrix :
Pa(r )= { i = G(r.1)} (69)

Similarly, for the total density in a system composed of totdllglifferent atomic species, the
vector density is:

a(r’t)
()= : (70)

f(r!t)

anc the corresponding correlation matrix of the total van Hove functions:

P(r,t)={ ap= Gan(r,t)} (71)
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In order to deal with the Mori - Zwanzig formalism, one requires the Fourier - Laplace
form of these matrices. Spatial Fourier transform ( k) of Pyy(r,t), denoted withP,p(k, 1), is
equvalent to intermediate scattering functibgy(k,t):

Pan(K,t) = Fan(k,t) (72)

,while the time Fourier transfornt () of Pyy(k,t), denoted withPp(k, ), gives the dy
namica structure factoSp(k, ):

Pa(k, )= San(k, ) (73)

The MZ equation forP(k, t) is given with:

z
—tl5(k,t) = Ot dsM(k,t  9P(k,9) (74)

while time - Laplace transfornt ( z) of the same equation gives:
P(k,2) izl M(k,2 = P(k,t=0) (75)

We note thaP,u(k,t = 0) = S;p(k), while one can dene a dynamical structure factor ma
g(k,2) as time - Laplace transform &{k,t), instead of usual time Fourier transfotk, ).
Usingthese analogies and the SSOZ equation (44), we can rewrite the Mori - Zwanzig e
abcve as:

S(k,2T(k,2)=1 (76)

with

Tk,2)= iz M(k,2 S Yk)= iz M(Kk,2 (k) (77)
This equation suggests that the memory functiék,z) could represent a dynamical equi
lentof the atom - atom direct correlation matfiXk), which is part of the matrix as in Eq.(45

similarly like M(k, 2) is contained inT(k,z) matrix. Matrix T(k, 2) is then supposed to be ¢
tainec by the inversion oé(k,z) matrix, which is related té;(k, ) with known relation:[56]

Sk, )= IimOlRe Sk,z= +i) (78)
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2.3.5  Approximations of dynamical correlation functions

We will demonstrate that the self van Hove function can be approximated with a simple
siar function. However, it is important to keep in mind that this approximation is valid
in diffusive regime, whert . The origin of this approximation comes from microscc
diffusion equation, which has identical form as Fick’s equation, which describes the dy
of liquids in hydrodynamic regime. This equation is, in microscopic case, given with: [5

< O+ jOr,t)=0 (79)

with j((r,t) being the ux associated with microscopic densit{® (r,t). The solution o
equatiol (79) is given with:[56]

jOrn= D O, (80)
whereD is the self-diffusion coefcient. Combining both equations (79) and (80) leads to
— O(r,t)=D 2 O(r,1) (81)
,which can be written irk-space as:
— O(k,t)= DK O(k,t) (82)
The solution of equation (82) is given with:
Ok, t)= O(k,t= 0)exp DKt
The autocorrelation function of (9 (k, t) is then given with;
FO(k,t)= exp( Dk?) (83)

The corresponding van Hove function is given by the inverse Fourier transfoick, t):

[56] 2

4Dt

GO(r,t) = exp (84)

(4 Dt)?
whose¢ time Fourier transform gives the following form for the self dynamical structure fe
[56]

1 DK
9) - =
Sk, ) 73 (D)2 (85)
In practice, none of these fornts properly the self dynamical correlation of realistic liqu
except in thet regime, or equivalently small O limit.
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In addition, if we approximate the memory function with:
M(k,t) = M(k) (t)

we can write the Mori - Zwanzig equation féi(k,t) in form:

Z
FY _ v Ot t 9F(k9ds

which leads to simpler equation for the time evolutionFdk, t):
w = M(K) -F(k1)

with the solution given with:

F(kt)= F(kt= 0)-exp[ t-M(K)]

(86)

(87)

(88)

(89)

In the section 3.4.7, we will demonstrate that this simple approximation of memory fu

fails to describe the dynamics in realistic liquids.
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2.4 Molecular dynamics simulations
2.4.1 The basic theory of molecular dynamics

In order to start a molecular dynamics simulation of any liquid, it is necessary to have ar
corn guration, which determines the starting coordinates and velocities of all atoms corn
the liquid. First, atoms are put inside a simulation box of given dimensions, where ¢
sions are determined by the density of the liquid at desired temperature. Initial velociti
determine by Maxwell distribution at given temperature, such that the total momentt
the system is equal to zero. The time evolution of the system composBdabdms is the
determine with classical equations of motions [56]:

m%:Fi;izl,...,N (90)
wherei denotes each atom in the system. In order to reach the equilibrium at given the
namic conditions, it is necessary to let the system run for a certain period of time [3]. |

work, typical equilibration time was 1 ns for all the system studied.
The force K on each atonnis obtained with [3]:

Fi = iV(I’]_,rz,...,I’N) i=1,...,N (91)

where the potentiaV of the system is the function of coordinates of all atoms. Pote¥itia
compose of intramolecular and intermolecular contributions [3]. Intramolecular contrib
come: from interactions of atoms inside (“intra”) the same molecule, while intermolecule
come: from the interactions between (“inter”) different molecules. Hence, intramolecula
tribution is related to variations of covalent bond lengths (2 - body contribution), variati
angle: between covalent bonds (3 - body contribution) and variations of dihedral angls
body contribution) from equilibrium value.

Intramolecular potentials

The intramolecular contribution related to stretching of the covalent bond between &
anc j,\/iﬁb), is usually described with harmonic potential [1]:

=Ly )2 (92)

whererj; represents the separation between bound at@nd j, while ri(jo) is the length of th
boncin non - stretched state. Constdxfﬁ) depends of the model used. In addition to harm
potential anharmonic potentials can be used if necessary, like Morse potential or cubi

stretchin( potential [1].



Similarly to Vigb), the intramolecular contributio‘vggﬁ), related to vibrations of intramolecul
angles i, enclosed by bonds between atomsnd jk, is most commonly described wi
harmoni« potential [1]:
@_ 1@ (02
Vil = 3Kk Cigk i) (93)
where i(ji) represents the angle enclosed pgand jk bonds in equilibrium state.
Variations of dihedral angle between plangsand jkl are taken into account when molecu
neecto remain planar (like in the case of aromatic rings). The harmonic dihedral potq-ﬁ:ﬁz
is given with [1]:
@ _ (o (0)
Vijkl - Ekijkl( ijkl ijkl) (94)

where i(jﬁ), represents the angle betwagkand jkl planes in equilibrium state. Constakig),

ki(ja), ki(jd), together Withl’i(jo), i(ji) and i(jﬁ)l are characteristic of each model. We note that
use( models with rigid bonds in this work, where the length of covalent bonds remait

durinc the simulation.
Intermolecular potentials

Intermolecula potential is composed of Lennard - Jones component, describing Van der
interactions and Coulomb component, as given by equation (1) in the Introduction. Eqt
for potential energy/, with parameters, , Z from equation (1), together Witlkf-b), ki(-a), ki(-d) ,
i(jo), i(jﬁ) and i(jg)l mentioned earlier in this section, collectively represent a foraad. Force
- elds are usually obtained bytting of the mentioned parameters to the experimental
usually obtained by thermodynamic or spectroscopic measurements. In this work, SPC/|
mode of water has been used, while OPLS (united - atom) models have been used tc
methanc [71], ethanol [71], DMSO [175] and propylamine [150]. Hexane has been mo
with TraPPE model [104]. Force eld parameters water, methanol and ethanol are sho

Figure:6, 7 and 8 respectively, since these models have been used extensively in this v

[

Figure 6: Force - eld parameters of SPC/E model of water. Lennard - Jones paramet
anc ) and partial charge<] are listed in the table for each atom. The sketch on the right
shaws the lengths of intramolecular bonds and angles.
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Figure 7: Force - eld parameters of OPLS (united - atom) model of methanol. Lennard - Jones
parametel ( and ) and partial charge<Z] are listed in the table for each atom. The sketch
on the right side shows the lengths of intramolecular bonds and angles.

Figure 8: Force - eld parameters of OPLS (united - atom) model of ethanol. Lennard - Jones
parametel ( and ) and partial charge<] are listed in the table for each atom. The sketch
on the right side shows the lengths of intramolecular bonds and angles.



Integration algorithms

Wher both intramolecular and intermolecular interactions are known, it is possible tc
equation of motions (90). These equations are commonly solved with the application
merica algorithms, such as Verlet [173], velocity - Verlet [169], Leapfrog [65] or predic
correcto algorithm [7]. Verlet algorithm is one of the most commonly used algorithnrs(tly,
vi(t) anda;(t) represent the position, velocity and acceleration respectively of parckme
L, itis possible to account for the positiontat t by the application of Taylor expansion:

r(t+ t)= ri(t) £ vi(t)dt+ %ai(t) t?+ O( t3) (95)

where O( t3) denotes the error in the estimation of the positioteat t. If one sums up the
anc cases of equation (95), we obtain:

i+ O+t = 2r)+ at) t? (96)
Similarly, if we subtract case from+ case, we obtain:
ri(t+ t) ri(t t)= 2y(t)dt (97)

We note that, in order to obtain positions of all particles-at t, it is suf cient to know th
force: (a(t) = %Q) at timet on each particle and previous positiomgt) andri(t t)),
without knowing the velocities;(t) at timet (see equation 96). However, the Verdgorithir
is not “self - starting”, meaning that another algorithm should be used in order to ai{tail
ancri(2 t).

One of the mathematically analogous variants of Verlet algorithm is known as “velocity
let”. In this algorithm, positions dt+ t are obtained with:

At = R+ vt 3a0 P (99
, While velocities at + t are obtained with:
w(t D= v+ 5t 9+ a) (99

Althougl both Verlet (equations 96 and 97) and velocity - Verlet (equations 98 and ¢
mathematicall equivalent, velocity - Verlet is self - starting and the involvement of addit
algorithm: is not neccessary. In addition, this algorithm minimizes roundoff errors. Hov
it is computationally more demanding, since the storage of velocities is required for ea
step

Finally, we will show the “leap - frog” Verlet’s algorithm, which has been used in this wor
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this algorithm, positions at+ t are calculated based on positions at tinad velocitiesat
mid - step timet + 3 t:

ri(t+ t)=ri(t)+ Vi(t+% t) t (100;

,while velocities are calculated with:
1 1 .
W(t+ 5 =it 5 O+ a) t (101,

The algorithm is called “leap - frog” because calculation of velocitigs + % t) occurs be
fore (“jumps ahead”) the calculation of positiongt). Similarly to the original Verlet, th
algorithrr is also not “self - starting”, since the temn(% t) requires involvement of adc
tional algorithms. However, this algorithm is time - reversible, which makes it diffeérem
previously mentioned algorithms. Time - reversibility is important because it guarante
conseration of energy, angular momentum and other conserved quantities. For exam,
algorithrr is ideal for solving problems in orbital dynamics.

Since molecular dynamics simulations deal with systemsrufe size (i.e. with certainumbe
of particles put in simulation box of given size), it is necessary to minimigee - size effect:
in order to obtain results which resemble real macroscopic systems as much as possi
car be conveniently done by the application of periodic boundary conditions [3] on se
integrational algorithm. Periodic boundary conditions imply the existence afiia numbe
of copies of the simulation box, as illustrated in Figure 9, where the simulation box is
in the center (grey particles). As one particle leaves the box (indicated with the arrow)
enter: the box from the other side. The positions and momenta of all particles are the ¢
all the boxes.



Figure9: Visualization of periodic boundary conditions. Central botked with grey particles
represen the simulation box, while surrounding boxedléd with black particlesyepreser
copiet of the central box. Positions and momenta of all particles are the same in all
of the central box. Once a particle leaves the central box, it re - enters on the other
illustratec with black arrows.

Wher considering particularly interactions between patrticles, where inter-particle sep
plays a key role, minimum image convention [3] needs to be applied, in order to preve
counting for the same patrticle twice (once in the original box and once in the copy). |
conside two particles A andB, with respective coordinat€ga, ya,za) and(xg, ys,Zs), which
are put in the simulation box of dimensioifky, Ly,L;). Thex - separation between the pa
clesis x=|xa Xg|. If x< L2“,the x is taken into account for computation of inter-part
potential However, if x> % the X needs to be corrected, such that it representx
separatio between nearest copies of partickeandB:

X =Ly X (102

The same needs to be applied foyand z if y> sz and z> %

y=L vy (103

z=Ll, z (104,

We note that minimum image convention is essential also for the computation of dyr
guantities such as Van Hove functions, as it will be shown later on.
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Temperature and pressure coupling

In order to calculate statistical quantities of a simulated system, simulations are run
feren types of statistical ensembles. An ensemble represents the collection of all ¢
microstate for which certain thermodynamical properties are constant. For example, in
ical ensembleN (number of particles)y (volume) andT (temperature) are kept constant
isotherma - isobaric ensembld\,T and p (pressure) are constant [48]. It is important to |
thatall ensembles are equivalent in the thermodynamic limit, so the thermodynamic prc
of a system can be calculated as an average in any ensemble (or the most convenient

In order to keep the temperature or pressure constant in simulation, we use difieremste
or barostat algorithms. Let us consider the most simple thermostat - velocity re-scalir
mosta [3]. In the system with Bl degrees of freedom, temperature at time(t) ,is related t
the total kinetic energy of the system with:

K _ keT(t) \
N 2 (105;
where the total kinetic energiK is de ned with:
N 2
k= M (106)
=1 2
which leads to the expression for temperattite
2 Nmy
Tt)= —— —* 107,

If one wants to change the temperature of the system Tr{i)nto Tp (bath temperature), o
possibility is to scale the velocitieg with factor :

2 Nm( v)?

T = = 27t 108
= N, 2 (t) (108,
with  being equal to: s
To
_9 109;
0 (109

Anothermodi cation of velocity - re-scaling thermostat is Berendsen thermostat [10],
the deviation T from from the bath temperatuiig relaxes according to the equation:

T_To T() \
- (110
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where dt is equal to the time step in simulation, whilg is the time constant attributed to 1
thermosta We note that, if we chooser = dt, we obtain the thermostat analogous to sin
velocity - re-scaling. If 1 is too large, thermostat becomes inactive, since large amount ¢
is required to damp temperature deviations from the bath temperature. #\bking too smal
systen exhibits non - realistic temperatureictuations. In molecular dynamics simulation:
liquids typical value of 7 is 0.4 - 0.5 ps for equilibrium runs, while equilibration is usu
performecwith 1 = dt. Finally, the velocity - re-scaling factor is, in the case of Beren
thermosta equal to:

p 4 Ldt 1 (111)

o<

Jwith the temperatur@ (t %) being calculated a@ < due to the application of leap - fri
algorithm We note that both simple velocity - re-scaling and Berendsen thermostat aife
tuations of kinetic energy. Therefore, rigorously speaking, this thermostat does not ge
propel canonical ensemble. However, this error scales witk &nd is, therefore, small in tl
cast of very big systems. Hence, most of ensemble averages will remain unaffected fc
systems However, in order to reproduce canonical ensemble more accurately, Nose -
thermoste [120][66] could be used.

The control of the system pressure can be achieved by application of Berendsen baros
whichis equivalent to its temperature counterpart:

PR P
dt =

(112)

,with p being the time constant analogous ta Instead of velocity scaling, the scaling
coordinate and box sides is performed, with the scaling factor

-1 % P (113)
3p

,with T representing isothermal compressibility. Since affects only the time consta
p of the pressure relaxation, and not the average pressure itself, its value can be e
For example, many molecular dynamics program packages use the compressibility ¢
( 1= 45-10 5bar 1) at ambient conditions [46]). However, this barostat does not ac
for pressure uctuations accurately. This is why this barostat is ideal for equilibration
poses while production runs can be performed with Parrinello-Rahman barostat [124
analogousl to previously mentioned Nose - Hoover thermostat, if precise pressigtaation:
neecto be accounted for.
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2.4.2 Liquidlib program package

In this work, modi ed version of Liquidlib program package [180] has been used for the
lation of Van Hove correlation functions. The modation has been done by our group and
neede because the original version of the program did not account for the asymptotes
of the Van Hove function correctly, due to an error in the application of minimum image
vention on the calculation of mentioned functions. Furthermore, the original package w
to perform calculations of Van Hove functions only for correlations between same aton
(e.g OO correlations). However, for the purposes of this work, correlations between di
atorn types were also required (e.g. OH correlations) so we nemtiihe code accordingly, su
thatit accounts for those correlations also. In the rest of this section, we willyoaatline the
basic: of how this program package operates.

In order to calculate Van Hove correlations, Liquidlib uses trajectories as the input,
car be in .trr, .xtc, .xyz or .dump format. Our trajectories were generated by Gromacs p!
packag [61, 147, 172] so we used trajectories in .trr format. Trajectories contain positiol
velocities of all particles in the system for the series of time frames frenO untilt = T,
space by chosen t. For the purpose of this calculation, velocities were not requirec
merely atomic positions.

In order to calculate the total Van Hove function at titne , G(r, ), for the case of co
relation: between atoms X (reference atoms) and Y, program does the following. Fir
time framet = 0O is read from the trajectory and positions of all reference atoms (i.e. X a
are taken as origins. We denote those origins vm-(ﬁ), withi = 1,...,N, whereN represent
the number of X particles in the system, while superscript (0) indicates that origins are
from the time frame = 0- t. Then, the histograrklp(r) of number of Y particles from tF
timeframet = is made, where represents the distance of Y particle from the origin:

Ho(r) = ni(r,r+ dr) (114)
o

.wheren;(r,r + dr) represents the number of Y particles in a sphere shell of rachuas thick:
nes: dr, centered at the origi@i(o).

After all origins Oi(o) from time framet = 0 have been accounted for and histogrdgir) is
completec program switches to the next time frante=(1- t) and makes histograim(r) of
numbe of Y particles from the time frame= + t, with originsOi(l) now corresponding 1
position: of X particles in time framé = 1- t. The same procedure is done repetitively u

nally the histogranH; is calculated, withf denoting the number of frames over which



statistica average is performed. Ultimately, the total histogrdig 4 is equal to:
Hiotal(r) = Ha(r)+ Hao(r)+ ...+ Hi(r) (115)

Here we are interested in averaged histogram:

——_ Hiotal(r)

H(n= =52 (116)

where H(r) represents the average number of Y particles at distafroen the origin at tim
, assuming that the density of X particles at the origin is non - zereal.
In order to obtain total Van Hove function, averaged histogram is normalized with the di
tial volume of the sphere shell: L
H(r)
4 yr2dr
with y representing the density of Y particles in bulk.
Seli - Van Hove function,Gs(r, ) is calculated in similar fashion, with the exception |
ni(r,r+ dr) (see equation 114) now only accounts for the particle which was located at
Oi(k) att = k- t. Hencen(r,r + dr) can be either O or 1. Histogram obtained in this wa
car be seen as the probability that particle diffuses distance betwaedr + dr during time
interval . After Gg(r, ) is obtained, distinct Van Hove functidBg(r, ) can be obtained &
simple subtractionGg(r, )= G(r, ) Gg(r, ).

G(r, )= (117)

We noted earlier that the application of minimum image convention is required for the
putatior of Van Hove functions. Minimum image convention needs to be applied becat
calculatior of Van Hove functions is based on calculation of inter - atomic separations
eacl separation, it is necessary to make sure that the distance between the nearest
atomic pairs is taken into account, such that same pairs are not accounted for multipl
into statistics.

After Van Hove functions are knowrF (k,t) and Sk, ) can be obtained by simple sp:
anc time Fourier transformations, according to equations (118) and (119) [56]:

Z
Fkt)=  G(rt)exp( ikr)dr (118)

Z
Sk )= Fktexp i t)dt (119)
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3 Results and Discussion

3.1 Static structural properties of associative systems - the basics for d
namics

3.1.1 Water

The importance of water in our daily life and biological activity is very well-known. W
is known for numerous anomalies. [19, 21, 47, 49, 121, 156, 91] One such anomal
existence of a density maximum af@ under ambient conditions. Naturally, this featur
abser from simple liquids, where the density monotonically decreases with increasing t
ature The existence of this density maximum causes the density of solid phase to hav
density than the liquid phase, which is visible simply in the fact that ioats in the liquid
Morecver, thermodynamic response functions, such as spdwat capacitycp), isotherma
compressibilit ( 1) and thermal expansion coe&fient ( p) also show anomalous behav
While isothermal compressibility of simple liquids monotonically increases with incre
temperature in the case of water, this occurs only for temperatwres46°C, while, at lowe
temperature isothermal compressibility of water increases with decreasing temperatu
hibiting its minimum at = 46°C. Another specicity of water is hidden in the unusual beha\
of it speci ¢ heat capacityop), which increases with decreasing temperature wher35°C.
Normally, in simple liquids, specic heat monotonically decreases with decreasing tem
ture Moreover, linear expansion coafient ( p) of water becomes negative at 4°C, in-
dicating that the volume increases with decreasing temperature, which is in accordan
the density anomaly mentioned earlier. The physical origin of these anomalies has n
completel understood yet. However, it is commonly accepted that anomalous beha
various properties of water must be related to spaties in hydrogen bonding network
water.[19, 21, 47, 49, 121, 156, 91] This is precisely why water has been the subject of
ous studies recently. In this work, water is important because it is the simplest represe
of hydrogen bonding species, consisting only of oxygen and hydrogen atoms. In this ¢
water can be seen as a crossover between simple liquids, which do not form hydrogel
anc more complex associative liquids, like alcohols, which consist of additional alkyl grc
atom: covalently bound to hydrogen bonding hydroxil groups. Hence, understanding dyi
of water is a precursor for understanding dynamics of associative species in general.

In this subsection, well-known static structural properties of water, which are essen
understandin dynamics, will be presented and discussed. Structure factor, which is thi
obsenable in experiments, will be taken as the starting point. Structure factors obtai
X-ray diffraction experiments and by SPC/E water model is presented on Figure 10
from Ref.[131]). Since X-rays mostly interact with electron clouds around nuclei of a
hydrogen atom of water is nearly invisible in this type of experiments. [69] This mear
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the total structure factor obtained by experiments (represented by circles on Figure 10)
describe structural arrangement of O atoms in the liquid. This explains why the expel
tal data shows fairly good agreement with OO patrtial structure factor (red line on FigL
obtainecin computer simulations.

Figure 10: Structure factor of water obtained by experiments (circles) and partial str
factors of OO (red), OH (green) and HH (blue) contributions obtained by SPC/E mc
water. Figure taken from Ref.[131]

Structur« factor of water is characterized by the split-peak feature (indicated by the arr
Figure 10), consisting of the inner (smaller) peakkat 2 A 1, and the outer (taller) pe:
atk 3 A 1. The inner peak, which would correspondrto 3.14 A, has been interpret
as the main diffraction peak. [127, 160, 158] Indeed, for simple liquids, like Lennard-
(LJ) liquid for example, the main diffraction peak is always centerdd at>—, where is the
atomicdiameter of LJ particle [131]. However, the diffraction patterns of simple liquids d
exhibit split-peak feature, which poses the question about the nature of the split-peak f
structure factor of water. In order to further discuss the differences between simple liqui
water, it would be useful to compare the structures of these two systems by angfrliagd
S(K) functions. Figure 11 shows functiogso(r) (main panel) an&k) (inset) of water (blu
lines) and simple LJ liquid (red lines), where the value of LJ parametes equal to 316 A,
the length of diameter of O atom in water.



Figure 11: (a) Main panel: radial distribution functioggo(r) of simple LJ liquid (red line
anc water SPC/E (blue line) obtained by molecular dynamics simulations Inset: Structt
tors So(k) of simple LJ liquid (red line) and water SPC/E (blue line) obtained by Fo
transformatiol of goo(r) functions from the main panel. (b) 2D illustration of the shell st
turing in water. The two-sided arrow indicates the separation betweenrsthévo maxima o
radial distribution functiongoo(r) of water.

The main panel of Figure 11 shows two marked differences betwgeeyr) functions of L.
liquid and water. The rst difference is related theposition of the the rst maximum ofg(r),
which is shifted to smaller-value for water. The second difference is related to the peri
spatia oscillations ofg(r), which is smaller for wate¢ 0.6 ) than for LJ liquid ( ), as
shawn in Figure 11. Let us discuss these differences in more details, starting from the ol
shift of the rst maximum. In LJ liquid, particles interact with LJ potential. This potenti
strongly repulsive at distances shorter than atomic diametewhile it is attractive at highe
distance: In such liquid, the characteristic separation betweest neighbours is found

nearly1.1 , as shown in Figure 12a. This separation corresponds exactly tepbsition of
the rst maximum ofg(r) for LJ case in Figure 11 a.

The distribution ofg(r) aroundr 1.1 represents a measure of probability afding rst
neighbour at some particular distance. Clearly, this probability is the highest foll.1 |,
meanin( that the probability of particularly this separation betweest neighbours is the hig
est As slowly shifting from this distance to shorter distances, the probability gradual
crease until it nally reaches nearly zero valuerat 0.9 . This is the critical separatic
at which repulsive LJ force becomes too strong, leading to great majority of particles
repellecfrom further approaching. However, in the case of water, this critical distance is
whaishorter, beingat 0.75 insteadofr 0.9 . Moreover, the rst maximum appears
r 0.85 insteadat 1.1 ,asinLJcase.
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This shift of the rst maximum towards small@rvalue is direct consequence of the fact
water is a polar molecule, with oxygen atom being negatively charged and hydroge
positvely charged. Positively charged hydrogen atom and negatively charged oxygel
of distinct molecules interact with Coulomb interaction, the interaction which is absen
liquid composed of non-polar particles. At distances , attractive Coulomb interactis
betweel unlike charges dominates repulsive LJ potential, leading to the overall shiftsi
neighbour shell at shorter distances, as depicted in Figure 12b. Furthermore, we obse
the distribution ofg(r) of water around the rst maximum is much narrower than the si
distribution in LJ liquid. This feature demonstrates how Coulomb interaction reduces tf
sible distances betweerrst neighbours inside very short interval aroundt maximum. Thi
interval is much wider in case of LJ liquid, which is characterized by the absence of Cc
potential

Figure 12: lllustration of the OO average separation between theneighbours in simple |
liquid (a) and water (b)

Let us now discuss the second major differencged(r) functions illustrated in Figure 1
relatec to the period of spatial oscillations of these functions. As shown in thee,goo(r)
of water is characterized by shorter oscillatory petjod0.6 ) than LJ liquid (), indicat-
ing that the separation between the centers of is¢ and second coordination shell is shc
in water than in LJ liquid. At this point, one potentially might ask how it is possible to
ary oxygen atoms of water at separation as small.&s 0 When the main features of t

rst maxima were discussed, we stated that the critical value at whitmeighbours can |
separateis found atr  0.75 for water, indicating that shorter separations between thi
neighbours such as G , are highly unlikely. Hence, previous arguments might seem
tradictory, since the separation betweenst and second neighbours seems to be precisély.

The key point here is that the separation 080 does not correspond to the distance betv

rst and second neighbours, but to the distance betwesinand second neighbousbelk.
Separatio of two atoms which are located in shells separated by distdrmaen be much big
ger thand. Distanced is the minimum possible distance between the atoms, which re
only in the case when both atoms are located along the same radial direction from the
This is illustrated in Figure 11b, where the 2D arrangement of water molecules is pre
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with the characteristic separation betweeast and second neighbours shell bein§ 0. In
this example, the distance between any oxygen atom within tkeshell and any oxyge
aton of the second shell is clearly bigger thar60 . Although this is a 2D illustration, tt
samt conclusions can be applied also for real 3D water, which is characterized by well-
tetrahedre arrangement of molecules, induced by hydrogen bonding. In this type of ar
ment tetrahedral angular restrictions lead to characteristic charge ordering of molecu
shells spaced by characteristic® distance. This arrangement is manifested as the st
sive appearance of peaks separated Iy Oin radial distribution functiorgoo(r) of water
Corversely, LJ liquid is characterized by ordinary disorder characteristic to any simple
In this type of packing, atoms are distributed in shells spaced by characteriséparatior
whichis manifested as the successive appearance of peaks separatedrhgial distributiol
functior goo(r) of LJ liquid.

However, this analysis would be incomplete without discussing the tail details of both
distribution functions shown in Figure 11 (left panel), since oscillatory features of the twc
tions are preserved even at distances larger th&n 3which was taken as the upper limit
the Figure 11. The details of these functions at langealues are shown in Figure 13. In
castof LJ liquid, we note the same spatial period of oscillationy4s in earlier analysigom
Figure 11. Howeverg(r) of water shows additional feature which was not obvious in Fi
11. On this scale, packing structure of water seems to oscillate with periathich is visible
from the fact that both functions exhibit peakskat 2.25 ,k 3.25 andk 4.25 , as
seel from Figure 13. However, we note that the peak at3.25 of g(r) of water is split int
two smaller peaks separated by approximatefy Q which corresponds to the spatial pel
deduce earlier by the analysis from Figure 11. Hence, packing structure of water seen
dominate( by two spatial frequencies, thest being determined with period, while the sec
oncone by period ® . The latter seems to dominate the shape of radial distribution fut
at shorter distances (see Figure 11) , while the latter one at larger distances (see Fi¢
Corversely, radial distribution function of simple LJ liquid is dominated by one single s
period |, at all distances (see 11).
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Figure 13: Zoomed view og(r) functions from the main panel of Figure 11a

At this point we are in good position to discuss the main properties of structure factors of
LJ liquid and water, which are presented in the inset of Figure 11 (left panel). The main (
tion peak of simple LJ liquid is found & 2 L, while the structure factor of water exhik
split-peal feature mentioned earlier, consisting of the inner (smaller) pekk a2 1 anc
the outer (taller) peak ak 3 1. This leads us to the already posed question aboi
origin of the split-peak feature. In reciprocal space, the value2 L corresponds to

in real space, whil& 3 L corresponds nearly to % . One can immediately notice tl
the two r-values, and% , correspond to oscillatory periods of radial distribution funct
discusse earlier. Hence, the split-peak feature of the structure factor of water appear:
consequern of the fact thag(r) of water oscillates with 2 dominant spatial frequencies, v
g(r) of simple LJ liquid exhibits a single dominant spatial frequency. The description of
structure in terms of two fundamental spatial frequencies is in agreement with the genel
of water being a mixture of charge ordered tetrahedral liquid and ordinary disorderec
founc in the literature [131, 160]. In this context, charge order in water, which is in
by dominant Coulomb eld, is manifested through the appearance of higher spatial frec
(i.e lower spatial period ® ) in g(r) correlations, whereas the ordinary disordered be
ior is manifested through the lower spatial frequency (i.e. larger spatial pejiodihe latte
frequeny is also present ig(r) of simple liquids. Consequently, dual behavior of watt
manifester as the split-peak feature of water structure factor.

In the literature, split-peak feature is commonly interpreted as a signature of tetrah
in water.[117, 159, 160] Indeed, the strong sensitivity of the two maxima to variation ¢
peratur has been observed in various works. [127, 158, 117] There, it was shown t
amplitude of the two diffraction peaks increase upon cooling, forming two wellraal dis
tinct maxima in form of two distinct peaks, instead of being merged in almost one sing|
as in higher temperatures. Since it is well-known that tetrahedrality of water structure en
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upor decreasing temperature [127, 158, 117], the sensitivity of the split-peak structure
peratur change clearly demonstrates the relation with tetrahedrality and, consequent
chage ordering. In our interpretation, the inner peak (IP) of the structure factect th
disordere: nature of water structure similar to the structure of ordinary simple liquids,
the outer peak (OP) reects the charge ordered nature of the structure, realized through
tetrahedre ordering. Moreover, charge ordered structure could be seen as some type
structurtinside globally disordered structure of water. This interpretation is inspired by
presentein Figure 13, where we see that the peak at3 appears in form of two distinct st
peak separated by.6 . Hence, these two sub-peaks represent two distinct sub-shells 1
due to charge ordering. These two sub-shells can be seen as part of one big shell ce
r 3 (shown with dotted blue lines in Figure 13), representing globally disordered str
of water. Interestingly, this big shell is centered at the sama&lue as the one correspond
to simple LJ liquid, which further supports this argument. In this context, structure of
car be seen as superposition of charge ordered structure and disordered structure. As
qguenc of this structure duality, the main diffraction peak appears in form of two sub-pe:
shawn earlier.

3.1.2 Alcohols

Structurcof alcohols has been the subject of research for long time, primarly because sc
experiments of alcohols show interesting features in lowterval of the structure factor. The
feature are related to the appearance of pre-peak-iagion 0.3 A - 1.0 A. Structure factc
from literature obtained experimentally for linear monols are presented in Figure 14 [14

Figure 14: Structure factors of linear monols obtained experimentally. Figure taken froi
[143]

Figure 14 shows that thk-value at which pre-peak appeaks) decreases systematically wi
goinc from lower to higher alcohols [146]. We note that the structure factors presented in
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14 are the total structure factors, which means that they contain contributions of all atoi
correlation in the liquid.

In order to interpret the shift of the pre-peak to lowevalues when going from lower
highel alcohols, it is useful to compare particulagfr) andS(k) functions describing OO cc
relation: in alcohols versus water. Radial distribution functions of water, methanol and e
are shown in the main panel of Figure 15 in black, red and green colors respectively. -
set: show show the tail properties gfr) which are not visible in the scale of the main pa
RDF-¢ of alcohols show marked differences in comparison with the RDF of water, name
rst peak exhibits higher amplitude in case of alcohols, followed by depletion of shenini-
mum The amplitude of the rst peak increases as going from lower to higher alcohol. H
amplitude of the rst peak is the consequence of the fact that the bulk densadf oxyger
atomeis lower in higher alcohols than in lower alcohols. In this context, it is useful to re
thaig(r) represents the ratio of local density at distané®m the origin ((r)) with the bulk
density( ). Hence, if (r) for speci cr is the same for both alcohols, the peak correspor
to higher alcohol will have higher amplitude, since the denominator of the b will be
lower in the case of higher alcohol. Therefore, the large difference in the amplitudes o$t
peak: observed in Figure 15 is mostly the consequence of the difference in bulk densi
the 3 systems. If the amplitude of thest peak happened to represent the measure of pure
numbe of rst neighbours, the amplitude for water would be the highest, since water mo
formin average 3-4 hydrogen bonds, while methanol and ethanol form 2 [152, 141, 5].

Figure 15: Radial distribution functiongoo(r) of water SPC/E (black line), methanol OF
(redline) and ethanol OPLS (green line) obtained by molecular dynamics simulations.
(a) and (b) show zoomed views on the same functions.

Turning our attention now to the depletion of thiest minimum in RDF of alcohols comparil
to water, this feature reects the nature of linear aggregation, which reduces the num
secon(neighbours in chain-like aggregate [133, 143]. This phenomenon is illustrated in
16, where comparison of shell structuring in water (left panel) and ethanol (right pa
presenter Clearly, structure of ethanol is characterized by reduced number of neighb:
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secontcoordination shell, which is manifested as depletion of tte¢ minimum in RDF.

Figure 16: lllustration of the shell structuring in water (a) and ethanol (b)

Furthermore we note that the distance betweerst and second neighbours shell§0 ) is
nearly the same for water and alcohols, as demonstrated in the main panel of Figure 1!
Figure 16. In addition, the distance between second and third neighbours shell is also
terizec by the same distance, as shown in the inset (a) of Figure 15. This indicates thi
rangeccorrelations of both water and alcohols, which describe charge ordering, are chi
izec by the same spatial period of density correlation$ (0), the value which in reciproc
spactwould correspond t& 3 1 Indeed, all 3 systems exhibit a diffraction peak at
cisely thisk value, as it will be shown later in the discussion.

Now we put focus on the inset (b) which shows long-ranged density correlations of all
tems This inset illustrates how the period of the density correlations increases when t
from water ( ) to methanol (15 ) and ethanol (% ), the values which in reciprocal spe
would correspond té&-values of 2 1,2 landZ  lrespectively. Let us now put o
attentior to OO partial structure factors of all three systems, which are presented in
15b, with the same color convention as in the left panel. Starting from pre-peaks, we n
the pre-peaks of methanol and ethanol are centeréd a§ ~ *andk £ 1, which are
exactly thek values which correspond to the periods of long-ranged density correlati
methanc and ethanol, as presented in the inset (b) of Figure 15. Therefore, pre-peak
structur¢ factor describe periodicity of long-ranged correlations in a spesystem. Previot
works of this group have shown that the period of long-range OO correlations increase
mcving from lower to higher alcohols [143]. This is a reasonable result and can be exj
as follows. Functiongoo(r) can be seen as histogram (normalized with #) of number o
atom:O at specic distance from the reference atom O. Wheins small,goo(r) is dominate:
by contribution of atoms which are part of the same cluster as the reference atom. Th
consequern of the fact that OH clusters are mutually separated by alkyl groups, as expla
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the Introduction. Hence, within close neighbourhood of the reference atoga&lr) is dom-
inatec by neighbouring O atoms within threameaggregate. However, whenis suf ciently
large, contribution of O atoms from neighbauy aggregates becomes more sigrant. Thes
atoms are not distributed around the reference atom like they would be in simple diso
liquid, but their distribution is governed by the existence of neutral alkyl groups, which
barriers between OH aggregates. The size of these barriers depends on the size of a
and consequently, grows with the size of alcohol molecule. Hence, looking from the
point of reference atom O, liquid at large distances will be seeneds of varying density ¢
O atoms, where the density changes radially when going from smaller to larger distanc
the origin.

It is important to note that even simple liquids can be interpreted in this fashion, sinci
range density correlations of simple liquids also appear in form of oscillations arg(md 1.
However, the period of these oscillations in simple liquids is governed by atomic diam
while, in alcohols, it is governed by the size of alkyl tails. Therefore, the period of long-
OC correlations in alcohols can be interpreted as an average distance between OH a¢
in the liquid. Since pre-peaks of alcohols are centered exackiyvalue corresponding to tl
perioc of these oscillations, pre-peaks contain information about the average distance |
aggregates in a liquid, which has been one of the proposed interpretations of the pre-
the literature [185].

Beside the pre-peak, structure factor of both alcohols exhibit the main peak centeked
3 1 similarly like water. The origin of this peak is similar to the one for water and is cz
by the same short-range periodicity of density correlations in both methanol and ethan
the characteristic period.6 , as illustrated in the main panel of Figure 15 and in the i
(a) of the same gure. However, in addition to the pre-peak and the main peak, structul
tors of both alcohols show an intriguing bump in correlationk at 2 1 centered at tr
same k-position as the inner peak of water structure factor. In the context of water, thi:
was interpreted in terms of periodicity of long-range density correlations in water. Howe
accordin to results presented in Figure 15, long-range density correlations of alcohols
shaw such periodicity. In order to interpret this intriguing bump in correlations at2 1
of both structure factors of alcohols, we will decompose the gftgl of both alcohols into
component: as presented in the main panels of Figure 17. Tist component is sigmoid
stef function, while the second component is oscillatory part. The sum of the two comp
gives the totaf(r) functions.



Figure 17: Main panels: Decomposition of the totgjo(r) functions (orange line) of methatr
OPLS (a) and ethanol OPLS (b) into sigmoidal step function (red line) and oscillatory par
line). Insets: Fourier transformations of the functions from the main panels, with thecsdor
corvention.

The main panels of Figure 17 shog(r) functions of methanol (left panel) and ethaioght
panel in orange. The sigmoidal step parts are shown in red, while the oscillatory pe
shawn in blue color convention. Fourier transforms of the functions from the main par
shawn in the insets by using the same color convention. We note that the FT of thpasi
produce a peak ak 2 Lin both cases. In the case of methanol, this peak emerges
total §(k) function as small shoulder-peaklat 2 lnext to the pre-peak, whereas, in
cast of ethanol, this peak emerges as plateau around the kaslee. Hence, the intriguir
bumpsak 2 1 of both structure factors are mathematical consequence of perform
of the step function. This function describes sudden jump in density of neighbouring
wher moving from close vicinity of the originr(< 0.75 ), characterized by strong repuls
force: between interacting atoms, to larger distances. The jump of the step function at
1 position which corresponds to the distance of tigt coordination shell from the referer
atom Therefore, the bump & 2 1 of the structure factors describesst neighbout
contac interactions, similarly like the small inner peak in the case of water which we disc
earliel

The main message of this section is that structure of any liquid, usually described by
distribution function, can be seen as superposition of density correlations of different
frequencie: High-frequency (i.e. small period) correlations describe the details in the
structure whereas low-frequency correlations (i.e. large periods) describe the global fi
of the liquid. In reciprocak-space, global trends are manifested as spefeatures of smalk
pari of the structure factor, whereas the details in the packing structure are hiddghe
k-values. We note that static functions discussed herein do not contain any inforiziadio
change in liquid structure over time. This the point where the importance of dynamics ¢
to light. Dynamics provides a direct answer on how long spesitructural features are p
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sened, both globally and locally. In the context of kinetic time, global features of the d
correlation are directly related to aggregation properties which we are particularly inte
herein Hence, including a temporal description of global static properties is expected tc
the timescale of cluster formation and destruction in microheterogeneous liquids, whict
of the principal goals of this thesis.



3.z Dynamics of neat associative liquids by classical hydrogen bondi
model

3.2.1 Motivation

We have previously discussed structural properties of associative liquids through the
of correlations functions. Static density correlatiogd;), statistically describe local dens

L(r) of neighbouring particles as the function of distandeom a reference particle locat
at the originO (seet = 0 case of Figure 18). In Figure 18, the reference particle is=a0,
locatec at the originO, while the other particles are distributed around the origin. Of co
y(r) is a statistical quantity, meaning that it represents a distribution of particles obtaine
average over large number of reference particles (origins), and not only over one single

The important point which should be noted is that the choice of origins, around whic
distribution is being averaged, is obviously rerbitrary. One does not perform an aver:
uver a set of randomly chosen set of origins, but precisely around origins occupied by p
in the system. The obtained distribution of particles, describeg{iy is greatly in uenced b
the choice of precisely this set of origins. Hence, one could integ(dtas some type afon-
ditional densityof particles at distancefrom the origin,under the conditiorihat the densit
in origin point is non-zero. Therefore, one could say that the presence of a particle at th
induce: speci c distribution of neighbouring particles around the origin. This distributic
particlesaround the origin is described with the radial distribution funcggr).

Figure 18: lllustration of temporal evolution of a microstate franx O untilt = n t. Mi-
crostate are represented with rectangular shaplésd with red circles, which represent pa
cles

Althougf the reference particle, located at the origint at 0, will move from the origin ver
quickly, the distribution of neighbouring particles, induced by the reference particle’s pre
al the origin att = 0, will not vanish instantly, but some relaxation time will be requi
The purpose of extending the static study into dynamic one is precisely to appreciate
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timescal of this relaxation time. As already noted, dynamics of liquids in real space ¢
corveniently described with Van Hove functid@s(r,t), which, in specic static case, satigs
Gg(r,0) = g(r). Hence, it = 0 caseGy(r,t) is equivalent tay(r) up to the density factor. |
1= tcaseGqy(rt) represents a mean radial distribution of particles at tinodbtained as ¢
average of distributions arourttie same origings fort = 0 case, regardless of the densit
thoseorigin points being non-zero or not. We remind that this is not the case when stat)
correlation are accounted for, when statistical average is performed exclusively over th
origins characterized by non-zero density of particles. This is depicted in Figure 18, wh
seethat, whert = t, origin O (representing one of the origins included in statistical ave
is not occupied by any of particles, meaning that the density of particles in origin point i
in this case. Therefore, compari@fr, t) with G(r,0) for speci c r, describes how much
densitycorrelations at= 0, induced by non - zero density of particles at the origin, is pres:
ait= tinaverage.

Figure 19: lllustration of dynamics of propanol cluster. In panels (a) and (b), red circle
resen oxygen atoms, white circles represent hydrogen atoms, and light blue circles re
atomswithin alkyl tails. The reference atom (in the origintat 0) is marked with black arro\
Panel (c) shows$s4(r,t) correlations between O atomstat 0 andt > 0.

Let us consider a particular case @f correlations between O atoms (represented by re
cle<in Figure 19a and Figure 19b), when seleatedrresponds to the position of thest peal
(marked withRy in Figure 19c). In statit = O case, the rst peak 0iGq(r,0), centered arour
1 = Ry, is caused by hydrogen bonded O neighbours being distributed around reference
at distance around = R;. In dynamict > 0 caseGq(r,t > 0) is characterized by decrem:
of correlations around = Ry, compared td5q4(r,0). Although the rst peak ofGy(r,0) is a
cleaiindication of hydrogen bonding, the decremenGgfcorrelations around= R; at largel
tis not the consequence of only hydrogen bond breaking, but also of the collective diffu
hydrogen bonded pairs away from their starting positiar=a0. Therefore, thé- decay of th

rst peak is not dependent only of the lifetime of typical hydrogen bond, but also of diff
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Thisg is shown in Figures 19a and 19b, which illustrate dynamics of a propanol cluster, c¢
at the origin att = 0 (Figure 19a). In the context of this illustration, thest maximum o
Gq(r,0) would be a consequence of 2 hydrogen bonded O neighbours, distributed aro
referenc: O atom (indicated with arrows in Figure 19a and 19b).t At O (Figure 19b), th
referenc atom may be dislocated from the origin, without breaking hydrogen bonds w
neighbours In Figure 19b, the dislocated clustertat 0 is shown in high-contrasted colc
while the cluster shown in low-contrasted colors is the same cluster &@. The decreme
of correlations ar Ry in Gy(r,t > 0), compared taG4(r,0), is then not manifestation
hydrogen bond breaking, but simply of the fact that reference atom is not located at
gin anymore wher > 0. In general, the decrement of correlations at Ry in Gg(r,t > 0),
compareito Gqy(r,0), is then combined effect of both hydrogen bond breakings and difft
However, if one wants to study the timescale related to the lifetimes of hydrogen bonde
exclusively, more convenient mathematical tools than density correlations functions sh
used

In the context of associative liquids, dynamics of hydrogen bonded pairs in classical ¢
has been appreciated through, among others, the extensive studies of probability dist
of hydrogen bonding lifetimes [105, 84, 95, 101, 176, 96, 122]. In classical modeling, |
ger bonding is described as attractive electrostatic interaction between intermolecular
positively charged hydrogen atom, covalently bound to a donor atom, and negatively ¢
acceptao atom [60]. In the context of pure hydrogen bonding analysis, it is well-knowr
classica models have a very limited value in describing fundamental hydrogen bondinc
erties which are much better described in quantum mechanical context. For example, thi
of majority of hydrogen bonds are shorter than the sum of van der Waals radii of the
ger bonding atoms, indicating that there must be some orbital overlap and, therefore, ¢
characte of the bond [60]. Even quantum-mechanical Hartree-Fock calculations, which r
electron-electrc correlations, overestimate the lengths of hydrogen bonds [60]. These r
tions led to addition of empirical terms to purely electrostatic models in order to better ¢
hydrogen bonding energies and lengths [60]. The need for adding additional restraints t
electrostati model indicates that hydrogen bonding can hardly be considered as purel
trostaticinteraction, highlighting the importance of its strong quantum - mechanical cha
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Figure 20: lllustration of stretching vibrations of donor and acceptor atoms (a) and librati
hydrogen atom (b). Donor and acceptor atoms are represented with red circles, while hr
atorr is represented with white circles.

However, from dynamical point of view, the analysis of properties of hydrogen bondint
times in classical systems provides information about two timescales which are parti
interestin¢ for dynamics. Taken a water molecule as an example, tsetimescale would k
relatecto stretching vibrations of oxygen donor and acceptor atoms (illustrated in Figure
while the second timescale would be related to librational dynamics of hydrogen atom:s
tratecin Figure 20b). Both stretching vibrations and librations are the result of interacti
hydrogen bonded pair of molecules with surrounding liquid. In the case presented in
20a the increment of O - O distance (denoted witin Figure 20a) results in weakening
attractve electrostatic interaction (i.e. hydrogen bond) between O and H atoms, reprt
with red dashed lines in Figures 20a and 20b. In Figure 20b, the same weakening of
static interaction occurs due to the increment of H - O - O angle (denoted Witin classica
modeling the weakening of electrostatic O - H attraction is equivalent to weakening t
droger bond strength. Therefore, since the strength of hydrogen bond in time depent
stretchin(vibrations and H librations, it is expected that the average lifetime of hydroger
will also be inuenced by the same two types of dynamics. Hence, distribution of hyc
bondin lifetimes is expected to contain signatures of dynamics of O and H atoms. In ac
this distribution is expected to provide complementary dynamical information about a
kncwn static picture, accessible through the analysis of stftic density correlations fun:
tions However, we emphasize that the dynamical information accessible through this d
tion of lifetimes is different from the information accessible by dynamic density correl:
function: Gy4(r,t) because, as explained earlier, the latter functions are dependent of dil
Lifetime distributions (considered in this work) are not dependent of diffusion in sense tl
distribution is not affected by the displacement of hydrogen bonded pair at tieh&tive to the
positior at time origin. Lifetime distributions are affected only by the fact if a selected p
molecule is hydrogen bonded at tinteor not, regardless of how far from the origin the |
diffused.

51



3.2.z On the coupling between hydrogen bonding kinetics and diffusion

In previous works [122, 96, 95], lifetime distributions of hydrogen bonds were mainl
cusse in the context of kinetic relaxation of collective hydrogen bonding network. In orc
mathematicall describe a hydrogen bond between pair of molediilg¥, Luzar and Chandlt
[96, 95] introduced a hydrogen bonding population operdipr,Operatorhyj is equal to 1 i
pair of moleculeq, j) is hydrogen bonded and 0 otherwise. In an associative system con
of N molecules, the average value of the population operator is given by equation (120

1 eiehi
<h>= 2 7 (120)
sN(N 1)
where the double sum X! ﬂ-\‘:iﬂ takes into account all possible pairs of molecules ir

systenm and %N(N 1) is the total number of those pairs. Hence, the average numl
hydrogen bonded pairs in the system can be estimated%M(rN 1) < h>, where< h>
represen the probability that a random pair of molecules in the system is hydrogen b
In the dynamic equilibrium, hydrogen bondsictuate in time and theseuctuations can t
describe with correlation functiorC(t):

C(t) =

N N ahi (0 -hi() < h(O)h(t)> _ < h(O)h(t) > a2

N N1 hi(0)-hij (0) T <hOh(0)>  ~ <h>

For a tagged pair of moleculgs j), the produchij (0) - hjj (t) will be non-zero only if molecule
I andj are hydrogen bonded both at times 0 andiherefore, correlation functio@(t) repre-
sent the conditional probability that a random pair of molecules is hydrogen bonded &t,
given the condition that the bond was formed at0, after not existing previously. Therefo
correlatior functionC(t) describes relaxation of collective hydrogen bonding network i
systen Taken a sample dflp selected hydrogen bonds, just formed at0, functionC(t) can
be expressed with equation (122),

C(t) = w (122)

No

where N(t) represents number of hydrogen bonds still existing at tinvée note that equatic
(121 is equivalent to equation (122). As explained in work by Luzar [95], there art
different approaches to account @(t). One can account f@(t) such that:
(1) NumberN(t) includes only the bonds which were uninterrupted in the time interval bet
0 andt. This means that those hydrogen bonds did not break and re-form again within tf
interval, but they existed continuously from O till The negative time derivative €f(t) de ned
in this way represents probability distribution of hydrogen bonding lifetihé3, as given b
equatiol (123). This physical quantity will be addressed in more details later on.

L=0)

L= —

(123)
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However, one can also account foft) such that:
(i) NumberN(t) includes all bonds which broke at tiheregardless of them being previou
interruptec between 0 and or not. Obviously, the time derivative @(t) de ned in suc
way does not represent the distribution of lifetimes, siN¢® N(t+ t) does not represe
numbe of bonds with the lifetime betwedrandt + t because, in this casl(t) includes als
bondswith the lifetime shorter thah Within de nition (ii), number of hydrogen bonds at i
T, N(t) is governed with hydrogen bond breaking and reforming events. This process
corveniently described with reaction (124) [95],
K
A B (124,
K

where A represents reactants (pairs) which are hydrogen bonded, Bndpresents produc
for which the bond is brokerK andK are forward and backward rate constants respec
(of dimension ps?t), which describe the rate of change from reactériis productsB and vice
versa. Att = 0, populationA consists of\Np hydrogen bonds, while populatid® is empty
As time increases, populatid® slowly grows, as bonds from populatidnare being broke!
However, bonds from populatiddcan reform and return to populatida Number of hydroge
bond:at timet, represented wit@(t) andN(t) in equation (122), is dependent of both brea
anc reforming processes. Temporal distribution of breaking probabiliegiection in reac
tion 124) is described witl.(t). In order to describe events related to reforming of hydr
bond: (K direction in reaction 124), Luzar introduced probability distribution of death 1
(denoterwith Q(t) in ref [95]), which represents probability that hydrogen bond reforms
bein¢ “dead” for timet. FunctionsQ(t) andL(t) obtained by Luzar are presented in the r
pane and the inset of Figure 21 respectively. While thgecay ofL(t) is shown to be near
exponential, the-decay ofQ(t) exhibits non-exponential behavior [95]. Sincé) (in the type
(i) de nition) depends both df(t) andQ(t), thet-decay ofC(t) is non-exponential (seit)
functior in Figure 21, which represents the negative time derivative(of. k(t) = dgdtg)_
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Figure 21: Function¥(t), L(t) andQ(t) obtained by Luzar for SPC/E model of water. Fic
taken from Ref. [95] and adjusted to the current discussion. Funt{igrrepresents probakb
ity distribution of hydrogen bonding lifetime®(t) represents the distribution of death tin
while k()= %0

The source of non-exponential kinetics Gft), when de nition of type (ii) is considered, w.
discusse in the famous work of Luzar and Chandler [96] on hydrogen bonding dynanr
liquid water. Authors suggested that the origin of this non-exponential kinetics is rel
the coupling between hydrogen bonding dynamics and diffusion dynamics, implying thi
dynamic: occur in the same timescale. ThereforeC({t) depends oL (t) andQ(t), clearly
one of the two latter quantities are affected by diffusion. Non-exponential kineti€(©f in
additior to exponential kinetics df(t), implies thatQ(t) is coupled with diffusion. Sincé(t)
represen the probability of reforming of hydrogen bond after timet is reasonable that tf
probability is governed by diffusion. Hydrogen bond will reform at tirnenly if the previ:
ously bonded pair of molecules did not diffuse from each other at separation bigger tt
A during the time interval between 0 ahdvhile the bond between the pair of molecules
broken. Therefore, diffusion inuences the kinetic relaxation of hydrogen bonding net
by affecting the probability of hydrogen bond reforming events. In the liquid characteri:
faster diffusion, probability of hydrogen bond reforming events generally decreases.

However, in our work, we put focus on soldlyt), which is characterized by nearly exponer
kinetics above transient regime, as it will be demonstrated later on. Funk{iprconsidere
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in this work is not affected by diffusion because the impact of hydrogen bond reforming
has no impact on this distribution. The lifetime of hydrogen bond in this work represer
time interval between the formation and breaking of the bond. Hence, the distributim
affected with events after the bond breaking, which are governed by diffusion.



3.2.2 Hydrogen bonding criteria in classical simulations

In order to analyze quantitative properties of hydrogen bonding network by computer ¢
tions itis necessary to choose a criterion which determines whether a random pair of mc
is hydrogen bonded or not. It is important to understand that, for a hydrogen bonded di
possibl diagnostics of hydrogen bonding (like binding energies, charge transfer or gec
cal properties) are continuous [84, 168, 181, 122]. This means that there is no sharp b
betweel hydrogen bonded and non-hydrogen bonded state. Therefore, the choice of h
bonding criteria is somewhat arbitrary. The most commonly used criteria to check if a re
pair of molecules is hydrogen bonded are energetic criterion, various geometric criteria (
bination: of both [84, 168, 181, 122].

Enegetic criterion states that a pair of molecules)) is hydrogen bonded if the interacti
enegy between the paik;j, is lower than chosen critical valug::

Ej Ec (125)

The choice of critical valueEc is usually inspired by the shape of probability distributior
pair interaction energies, which appears to be bimodal [84, 168]. This distribution con:
two peaks: lower peak centered aroud 20 kJmol 1 and higher peak centered arot
E 0. The lower peak represents the contribution of hydrogen bonded pairs, while the
peal represents the remaining pairs of molecules which are not hydrogen bonded [8:
The two peaks are separated by a minimum aroEind 10 kJmol 1, and the position of th
minimurmm appears to be independent of temperature variation [168]. This position of mir
thus can be regarded as natural bounddfy)(between energies corresponding to hydrc
bonde(population and non-hydrogen bonded population [84, 168].

The energetic criterion chosen this way is shown not to be completelyiesit, since it doe
notaccount for O-H...O alignment. Hence, by using this criterion, it is possible to mista
accoun for a pair of molecules as hydrogen bonded, even though the H atom is impr
orientec [168]. This effect is much more enhanced at high temperatures, where it ha
shawn that, atT = 573 K, the total hydrogen bonding population, selected by energet
terion contained 17% of pairs with improper relative orientation [168]. However, at an
temperature only 4% of pairs was mistakingly selected [168]. Therefore, theieficy of
enegetic criterion depends strongly of thermodynamic conditions.

Now we turn our attention to various geometric critera. Geometric critera can be s
conditionecor multi - conditioned. They are based on geometric properties (distances
angles enclosed by hydrogen, donor and acceptor atoms. The most commonly used ge
parameter roo, roq and yoo are depicted in Figure 22, where hydrogen, donor and acc
atom:are denoted witld, A andB respectively .
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Figure 22: lllustration of geometric parameten6, ron and yoo) commonly involved ii
various hydrogen bonding criteria. Donor and acceptor atoms (A and B) are represen
redcircles. Hydrogen atom (H) is represented with white circle.

The simplest example of single - conditioned geometric criterion is based on the distas
betweel donor and acceptor atoms. Within this criterion, a pair of molecules is conside
hydrogen bonded if the distance between O donor and acceptor atoms is smaller than

critical distancergcc), [168]:

oo 1<) (126)

where the choice ofgcc), usually corresponds to the center of thret minimum of radial distr
bution functiongoo(r), with the value of 3.5 A. This minimum represents the natural bout
betweel rst and second coordination shell. Another single - conditioned geometric cr
is based on the distancgy between donor hydrogdt and acceptor ator® [168]:

fon  rS) (127
where analogously to the previous case, the choicegaf is determined by therstminimunr
of gon(r) function. It has been shown that both criterion (126) and criterion (127het
very accurate. At ambient temperatures, 16% of pairs selected by criterion (126) were i
ing repulsively Ejj > 0), while 28% of pairs had attractive interaction too weak for hydr
bondin¢ state (E> 8 kJmol 1) [168]. Criterion (127) is shown to be more accurate thar
terior (126), leading to 3% of selected pairs interacting repulsively and 12% of selecte
interactin¢ with weak attractive interaction [168]. Inaccuracies of both criteria are even
enhance at higher temperatures [168]. Therefore, single criterions (126) and (127) may
the best choice for quantitative analysis.

The rejection of non - bondedKj > 0) and weakly bondedH> 8 kJmol 1) pairs ca
be signi cantly improved by imposing multi - conditioned geometric critera. One o
mos' commonly used set of criteria (containing 2 conditions) is given by equations
[84, 168, 181, 122],



(©)
oo roo

(128)

(©)
HOO HOO

where oo represents hydrogen - donor - acceptor angle. For highly - associated liqui
commonl used value of |(4cho is 3(°[105, 103, 96, 95, 122], as suggested with neutron sc
ing data, which show disruption of hydrogen bond whegyo exceeds 30[157]. At ambien
temperature only 1% of pairs selected by criteria (128) is shown to interact repulsively
6% was shown to interact with weak - attraction [168]. Clearly, this is sigamnt improvemer
comparin( to single - conditioned geometric criteria (126) and (127). Furthermore, ap|
more strict geometric criteria, with 3 conditions instead of 2, leads to similar results [16
those criteria, conditions (128) are combined with condition (127), forming a set of geor
criterie composed of totally 3 geometric conditions. More precise quantitative informatio
obtainecby applying criteria (128) can be achieved by combination of energetic criterion
with geometric criteria (128). However, for the purposes of the analysis within this wor
teria (128) will be suf cient, since the emphasis is put more on qualitative differencesin
of hydrogen bonding dynamics across different associative liquids, than on precise qua
informatior about hydrogen bonding lifetime.

In subsequent discussion, parame@ will be denoted with abbreviate formic, becaus
the speci cation of A andB is redundant, since donor and acceptor species are identical
system studied herein. The same will be applied in the case@fo, where the abbreviatt
form ¢ will be used.

3.2.£ Hydrogen bonding lifetimes in ethanol

Probability distributions of hydrogen bonding lifetimes for typical alcohol, ethanol, is pres
in Figure 23. Lifetime distributions are calculated for different valuescofvhich are listed i
the legend box. The selected rangergfvalues corresponds to the range within thist peal
of radial distribution functiongoo(r), for ethanol, representing all possible donor - acce
distance in the liquid. In previous works [105, 84, 95, 101, 176, 96, 122], where the em]
was put mainly on kinetic relaxation of hydrogen bonding network, these distribution:s
calculateronly for rc = 3.5 A, corresponding to therst minimum ofgoo(r). Since here th
focusis put on dynamics and the timescale of characteristic motions of atoms which are
hydrogen bonding dynamics, namely oxygen and hydrogen atoms, the variation of cg
value will appear to be useful.
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Figure 23: Probability distributions of hydrogen bonding lifetimes for various selectedl-
ues obtained by molecular dynamics simulations with OPLS model of ethanol at ar
conditions

Figure 23 shows that, forc = 2.5 A (black curve), we obtain narrow-peaked distributiol
lifetimes centered at 0.01 ps. As we increase value, the distribution shifts towards lar
1 values, followed by the appearance of two smaller peaks a.02 ps and  0.05 ps. Ir
the rest of the discussion, the big peak which dominates the distribution for small val
rc will be referred to as th@rimary peak while the two peaks, @ 0.02 ps and 0.05
ps which appear for largerc values, will be referred to asecondary peak<learly, lifetime
distributions are characterized by 3 different timescales, corresponding to 3 different
The rst timescale, described with the main peak, is strongly sensitive on the variatigr
while the remaining two timescales, described with the two secondary peaks, are inde
of variation ofrc. We have already stated that we expect timescales related to motions
in Figure 20 to manifest in the lifetime distribution of hydrogen bonds. Hence, the time
relatec to the main peaks and secondary peaks, shown in Figure 23, must be relate
motions presented in Figure 20, which cause breaking of hydrogen bond. Since we kni
bond: can break either due to (1) stretching vibrations of O atoms (Figure 20a) or (2) libt
of H atom (Figure 20b), the total lifetime distribution for anyvalue,L(t), can be written &
given by equation (131), whetg andL, correspond to lifetime distributions of bonds wh
breal due to motions (1) and (2) respectively. To further clarify the meaning ahdL,, let us
assum that a lifetime distribution, for a selected, is calculated based on totaly lifetimes,
with N being suf ciently large, such that the obtained distribution is smooth. For arb
value oft, L(t) is obtained with relation (129),
N(t)

Lyd= —> (129)

whereN(t) represents number of hydrogen bonds with the lifetime betwaadt + dt. N(t) is
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the sum of hydrogen bonds which broke due to violating distance critekg(), and hydroge
bonds¢which break due to violating angular criteridw(t). Therefore, one can write:

Na(t) + No(t)

L(t)dt = <

(130;
or, equivalently:
L= L+ Lo (131

Hence the total distributiori(t) can be decomposed in two contributiohg,andLs. L, is the
contrikution of bonds which break due to (1), whilg is the contribution of bonds which bre
due to (2). DistributionsL; andL; for different values of ¢ for ethanol are shown in the |
anc right panels of Figure 24 respectively.

Figure 24 helps to clarify the origins of the main peaks and secondary peaks in distril
presente in Figure 23. Figure 24 (left panel) shows that, when only breaking events du¢
olating distance criterion are accounted for, the distributions are dominated with the mai
with the absence of secondary peaks. Hence, the main peaks represent the lifetime dis
of hydrogen bonds which break due to violating distance criterion between O atoms, it
by choosing specic value ofrc. Therefore, the main peaks represent temporal descr
of stretching vibrations of O atoms, since particularly this type of dynamics causes bi
occurence For small values ofc, the main peak is centered at small valuest. ¢farticularly
forrc = 2.5 A, the distribution is centered tit 0.01 ps. We recall, from the analysis of st
propertie of ethanol, thatoo(r) 0 aroundr 2.5 A, meaning that the density at this se
ratior from the reference particle is very low in average. This means that the occurence
two O atoms approach each other at this distance are highly unlikely. An additional in
tion which we can extract from the lifetime distribution, particularly whiere 2.5 A, (black
curve in the left panel of Figure 24) is that those occurences, apart from being rare, ¢
very shortly. According to this lifetime distribution, two O atoms typically spend about 0.
arouncthis particular separation. The brevity of the time spent at this separation is indL
stron¢ repulsive forces between O atoms, which make this bonding state unstable, le:
the two atoms being mutually repelled at larger distances within several femptoseconds
context, lifetime distribution provides complementary temporal information to already k
static properties extracted frogoo(r).
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Figure 24: Decomposition of the total lifetime distributions, presented in Figure 23, into
ponen L;(t), which correspsonds to the distribution of lifetime disruptions due to viol
distanc: criterion (left panel), and componebs(t), which corresponds to the distribution
lifetime disruptions due to violating angular criteriorh(right panea. Distributions in the p
are normalized such that, for a giveg value, equation, Li(t)dt+ , Lo(t)dt = 1 holds.

Furthermore asrc is gradually increased, the main peak shifts towards larger time valu
the context ofgoo(r), we know that separations higher thas A, particularly arounad 2.8
A, correspond to the-positions around therst maximum, meaning that particularly the
separatior between O atoms are statistically the most probable. They are the most
ble due to enhanced stability of hydrogen bond which occurs particularly around this
separatior Hence, sampling higher values i corresponds to sampling more stable O
distance: However, we do not know what th&abilityimplies in temporal context by lookir
aisolelygoo(r). Conversely, by looking at lifetime distribution of hydrogen bonds, particu
for rc = 2.8 A (blue curve in the left panel of Figure 24), we can say that a pair of O ¢
typically stays around 0.07 ps within separation & A. Therefore, the lifetime distributic
prevides information about the O - O pair stability in temporal context. This information
accessibl from static density correlatiorgr).

Next, in addition to the shift of the main peak, we observe It%"t) (t) O over whole tim
domair whenrc is suf ciently big (i.e. around 3.5 A). This is the consequence of the fact
wher rc is suf ciently large, hydrogen bonds break dominantly due to violating angular
rion, instead of distance criterion. This is obvious from the right panel of Figure 24, whe
ic= 3.5A. one can obser\/éZrC) in form of two peaks centeredfat 0.02 psand 0.05 ps
while L(er) being nearly zero over the entire time domain in the left panel. The two pea
centere at the same time values (0.02 ps and 0.05 ps) independently of the choigeTdfe
two-peak distribution suggests that there are two characteristic lifetimes associated t
ings of hydrogen bonds due to violating angular criterion. Since violation of angular cri
is caused by librational motions of H atoms, the two peaks could mean the existence
characteristi times related to such motions, namely 0.02 ps and 0.05 ps. The amplitude
two peaks decrease with decreasiagsimply because the impact of hydrogen bonds w
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breal due to violating angular criterion is smaller for lowey values. For those values of,
majority of hydrogen bonds is broken due to violating distance criterion.
To further clarify this, we can consider a hydrogen bonding interaction as superposition
repulsior superposed with OH attraction. OH attraction is the highest when the bonding
islow ( 0). If this is the case, OH attraction compensates for OO repulsion at very
binding distances, leading to formation of hydrogen bonds even when seleciedery low.
However, those bonds will be unstable. Even small librational motions of H atoms, whi
far from causing the violation of angular criterion, will lead to breakage of hydrogen bo
caust OH attraction cannot compensate for OO repulsion if binding angle is not nearly
Therefore dominant OO repulsion will rapidly cause the increment of donor - acceptor
ratior at distance above critical distancgin this case, leading to breaking of hydrogen b
due to violating distance criterion. Conversely, at larger distances, both OO repulsion &
attractior are lower than at short O - O separations. Weaker OH attraction will case F
to move more freely, leading to enhancement of librational motions of the same atom.
qguently, hydrogen bonds will break dominantly due to violating angular criterion wheis
large.

We remind that, for spect value ofrc, the total distribution_("c)(t) is given by the sur
of distriblgtions from the left and right panels. Sindé’©)(t) is a probabilitydensity the
equatior , L("®)(t)dt = 1 must hold. Obviously, this does not imply that L(er)(t)dt =1
or o LYt = 1, sinceL()(t) is given by the sum of!'® andL{®. The separation ¢
L{e)(t) into the two components was neccessary in order to clarify the origins of pe
lifetime distributions. Since these origins have now been determined, only the total li
distribution, L(e)(t), will be shown in the upcoming chapters.
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3.2.5 Universalities of hydrogen bonding dynamics in water and alcohols

The lifetimes related to primary and secondary peaks, discussed in section 3.2.4, repre
lifetimes of classical hydrogen bonds betwegairs of molecules. However, as discusse!
the Introduction, molecules in associative liquids are organized in form of clusters, due
rectiona hydrogen bonding. Statistically, the number of isolated dimers which are not |
biggel cluster is very small in any of these systems. This conclusion can be easily d
from the analysis of the cluster size distribution, which has been performed in various
for various associative liquids [187, 190, 145, 140]. For example, in one of the recent
[187], authors have reported number of clusters per 1000 molegulesx(s) as the functio
of cluster sizeX - axis) at various temperatures of 2-propanol. At temperature of 280 K,
are around 15 clusters composed of only 1 molecule (i.e. monomers) and around 6
compose of 2 molecules (i.e. dimers). Hence, in this example, totally 27 molecules «
1000 are not part of cluster composed of at least 3 molecules. This results demonstr.
the microstructure of alcohols is highly dominated by clusters, where monomers and
make statistically insignicant contribution. Therefore, the lifetimes previously discusse
directly related to the lifetimes of clusters in hydrogen bonding liquids.

Of course, a precise daition of the lifetime of an-sized cluster would be a time interval |
tweer the moment when aft molecules grouped in a single hydrogen bonding asscoiate
the moment of breaking of at least one hydrogen bond which formed this associate. L
distributions reported herein do not represent these lifetimes, but the lifetimes of hy:
bond¢betweerpairs of molecules. However, since all clusters obviously consist of these
lifetime distributions discussed herein can serve as a fairly good representative of clus
times

Previously, the distribution of hydrogen bonding lifetimes for ethanol has been show
discusse( where we adressed the origin of specpeaks in the distribution. The origin
the primary peak is shown to be directly related to vibrational dynamics of O atoms, wh
secondar peaks are manifestation of fast librational motions of H atoms. In this sectic
will discuss the properties of hydrogen bonding dynamics for other associative syste
water, methanol, propanol, propylamine) and put them in comparison in order to apprec
possibli differences in O and H dynamics across different molecular species.

In order to put hydrogen bonding dynamics in the context of static propertiesy(r.g.cor-
relations discussed earlier, it is convenient to start the analysis with probability distribut
hydrogen bonding distanceldyg(r), which represents the probability density that the dist
betweel donor and acceptor atoms, forming a hydrogen bond (which satiboth distanc



and angular criteria), is. SinceDyg(r) is a probability density, equation (132)

Z35A
DHB(r)dr =1 (132:

must hold. The value of.8 A is taken as the upper limit of the integral because this ¢
sponds to maximum possible distance between donor and acceptor atoms. Left panel
25 shows théyg(r) functions for different models of different associative systems, wh
the right panel shows radial distribution functions of the same systems. We note that th
butions shown in the laft panel are broad and centereg 2.7 A, which corresponds exac
to the center of the rst maximum ofgoo(r) functions shown in the right panel of Figure
While functions from the right panel exhibit differences in terms of the amplitudes ofrth
peaks, which have been discussed in previous chapters, functions in the left panel a
superimposed across different associative species and different models. The origin of
ference is related to different deitions of the two functions. Given a samplefhydrogei
bonds, functiorDyg(r) can be expressed with equation (133),

Np(r)
N

DHB(r)dr = (133}

whereNp(r) represents the number of hydrogen bonds with the O - O distance being b
r andr + dr. However,g(r) is de ned with (134),

Ng(r)
4 r2dr

g(r) = (134,
whereNy(r) represents the average number of O neighbours at distance betaedn+ di
from the reference O atom, whereass the density of particles in bulk. Hence, altho
Np(r) andNg(r) from equations (133) and (134) are almost equivalent, both being d
proportional to the density of neighbouring particles at separatitom the reference partic!
the height of the rst peak ofy(r) differs across different associative species (see the right
of Figure 25), while this feature is absent fr@pg(r) (see the left panel of Figure 25), wh
all the functions are nearly superimposed. Variation of amplitudes ofr§tenaximum ofg(r)
across different associative species is caused by the bulk den§ityequation 133), whic
differs across different associative species. Variation of amplitudes is absenDigg(n),
because its danition is independent of . The near superposition of all the distribution:
the left panel clearly indicates that spatial hydrogen bonding propertiesnarersalacros
different associative systems. This universality, which is in agreement with static pro
presented in the right panel of Figure 25, will now be examined in temporal context as v
the analysis of probability distributions of hydrogen bonding lifetimes for different asso«
systems. We note that small variations in the amplitudeB@f(r) are attributable to tt
differences in partial charges and Lennard-Jones parameters of different classicaefdsc
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Figure 25: Probability distribution of donor - acceptor distances for various associative syste
anc different models (left panel) versus radial distribution functions of the same systems (ri
panel) The inset in the right panel shows the same functions at larger spatial scale.

Probability distribution of hydrogen bonding lifetimes for SPC/E model of water is shown i
the left panel of Figure 26, while the right panel shows the same distributions in lesggie.
The general pattern in the left panel is similar to the one already discussed for ethanol, nan
the main peak (marked withlled circles) shifts to the right ag distance is increased, followed
by the appearance of secondary peaksaP0 fs and = 50 fs, marked with lled squares and
diamond respectively. We note that the positions of maxima do not differ when compared
the maxima of lifetime distributions of ethanol, shown in Figures 23 and 24, which indicat
that dynamics of O and H atoms in the two liquids appears to be universal. Right panel shc
the same distributions in kinetic timescale. We note thattdecay of functions obtained with
large values of ¢ is signi cantly slower than the decay of functions obtained for smalFast
deca obtained wherc is very small re ects simply the fact that hydrogen bonds in this cast
breal very quickly because of the strong repulsion forces between donor and acceptor aton
shor distances.



Figure 26: Probability distributions of hydrogen bonding lifetimes for various seleGtedl-

ues listed in the legend box. Results are obtained by molecular dynamics simulations of SP(
mode of water at ambient conditions. Left panel shows the distributions at smaller timesce
(transienregime), while right panel shows the same functions in log scale, at larger timesce
(Kinetic regime).

This universality is further supported with the lifetime distributions of hydrogen bonds ir
methanc and propanol, presented in the left and right panels of Figure 27 respectively, whi
exhibit the same features already discussed above.

As already stated, lifetimes related to the main peaks and secondary peaks are directly
latec to clusters. The main peaks contain the details of the O atom dynamics inside cluste
wherea the secondary peaks describe the timescale related to librations of H atoms inside
sam clusters. The main question which naturally rises at this point is: why are there exac!
two secondary peaks and what do they correspond to? In our interpretation, these peaks c
correspon to different cluster topologies. It is well-known that linear monols are characterize
by linearity of molecular aggregates, which can appear in form of linear chains, loops or lass
for example [171, 177]. Therefore, two distinct secondary peaks could be attributed to t
different cluster topologies.
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Figure 27: Probability distributions of hydrogen bonding lifetimes of methanol (left panel) an
propana (right panel), for various selecte@ values, listed in the legend box. Results are
obtainec by molecular dynamics simulations of OPLS models of methanol and propanol
ambien conditions. Both panels show the distributions at the timescale of transient tempo
regime. Results in the kinetic timescale are omitted because they show the same trends a
one presented in the right panel of Figure 26 for SPC/E model of water.

It is important to note that the lifetimes discussed herein are not inside kinetic temporal regit
This means that these lifetimes are not representatives of the timescales related to structur:
laxatior processes at level of aggregates. This statement may sound contradictory, since e¢
we related the maxima of lifetime distribution of hydrogen bonded pairs to cluster lifetime
However, the timescales cofuster lifetimesandstructural relaxation processes at level of clus-
ters are not the same. Cluster lifetimes areuenced by fast dynamics of hydrogen bonding
O and H atoms. This dynamics causes the same hydrogen bond to constantly break and re
while being part of the same aggregate. The timescale related to these breaking and reft
ing occurences are described with characteristic peaks of the lifetime distribution of hydroc
bond: (i.e. main peaks and secondary peaks). Although hydrogen bonds which formcspec
aggregate constantly break and reform within short period of timé(1 ps), the structure im-
poset by speci ¢ arrangement of molecules within the aggregate changes much slower, witl
the timescale much bigger than 0.1 ps. This is illustrated in Figure 28, which shows tin
evolution of an aggregate composed of ethanol molecules, obtained with molecular dynan
simulation: with OPLS model of ethanol. We observe that the arrangement of molecules whi
form the aggregate remains similar to the initial arrangement (which correspondst@ase

in Figure 28) even at= 40 ps. Therefore, although hydrogen bond breaking and reformin
occurence happen within very short period of time, the structural relaxation processes at t
scal¢ of aggregates, illustrated in Figure 28, occur at much slower timescale. We refer to t
timescal askinetictimescale. Structural relaxation processes inside kinetic temporal regin
will be discussed in upcoming chapters, within the formalism of correlations functions.



Figure 28: Time evolution of ethanol cluster composed of 12 molecules of ethanol. O
atome are shown in red, hydrogen atoms in white and alkyl groups in transparent gre'
corvention. Results are obtained by molecular dynamics simulations of OPLS model of «
atambient conditions.

While previous works were mainly concerned about the properties of kinetic relaxat
hydrogen bonding network, our work shows that the relaxation within transient time ir
alsc exhibits interesting and unexpected features, particularly from the context of dyn
The analysis of the lifetime distribution of hydrogen bonds for various associative sy:
within transient temporal regime, shows that hydrogen bonding dynamics appears to be
salacross different molecular species in this timescale. This universality is manifested t
the appearance of peaks centered at identisalues of the lifetime distribution of hydrog
bonds regardless of which system is considered. The differences between the system
more apparent in kinetic timescale (see Figure 29), whererder 3.5 A, one can observe d
feren (nearly-exponential) decays of water, methanol and ethanol. Water exhibits faste
in comparison with methanol and ethanol, which suggests that kinetic relaxation of hy
bondin¢ network in water is faster than in alcohols. This conclusion is in alignment wit
conclusioi reported by Padro, Saiz and Guardia [122], who came up with the same conc
base( on the analysis o€(t) for water, methanol and ethanol in kinetic regime. In cor
of both C(t) or L(t), slower decay of the function implies greater percentage of long - |
hydrogen bonds, with the lifetime within kinetic timescale.

However, we note that the differences in kinetics of water, methanol and ethanol can be
erec as negligible if put in the same context with propylamine (see Figure 29), whose k
differs signi cantly when compared to kinetics of the three systems previously mentione
origin of this large gap in kinetics of propylamine when compared with water or alcohol
be hidden in the fact that kinetics of systems with different functional groups (amino

in propylamine versus hydroxil group in alcohols) differs sigrantly. Hydrogen bonding r
laxatior of propylamine differs signicantly from the rest of systems studied herein als
transien regime (not shown here), indicating that universality proposed herein could

strictec only to systems containing OH functional groups. This would imply that hydr
bondin¢ dynamics essentially depends only of donor and acceptor atomic species, ani
sensitve on the existence of neutral groups. Interestingly, the differences in kinetic rele
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of water, methanol and ethanol become negligible for small valueg,ais demonstrated
Figure 29 forrc = 2.7 A.

Figure 29: Long timescale behavior of probability distributions of hydrogen bonding life
for SPC/E model of water and OPLS models of methanol, ethanol, propanol and propy
Two cut-off values are accounted fog = 2.7 A andrc = 3.5 A, corresponding to therange
within the rst peak of radial distribution functions of water, methanol, ethanol and pro
In case of propylaminegc = 4.0 A is accounted for, since this value corresponds tatrae
of the rst minimum of radial distribution function in this case.



3.2.¢  Weak water model - test of the impact of Coulomb association on atomic dynami
in associative liquids

We have previously discussed atomic dynamics of O and H atoms in the context of ¢
hydrogen bonding model. In classical models, hydrogen bonding is mimicked by Coulo
sociation where the attractive force between donor and acceptor atoms is caused by C
interactior between positively charged H atom and negatively charged acceptor atom.
the basic properties of the dynamics of O and H atoms were herein discussed by the an
lifetime distributions of classical hydrogen bonds, based on electrostatic interaction, it
be instructive to examine how big is the impact of Coulomb association on the total lif
distribution of hydrogen bonds or, equivalently, on the dynamics of O and H atoms.

The question posed above can be conveniently addressed by the analysis of previc
troduce( “weak-water” model [79]. This model is based on the SPC/E model of water, 1
the partial charges on the oxygen and hydrogen atoms are scaled by a pararfeter 1),
allowing tuning of the hydrogen bonding from the original model (witk= 1) to a simple
Lennard-Jonesiu (with = 0). It was found that. for 0.6, the in uence of partial charg
anc hydrogen bonding were not relevant and the model was structurally similar to a
Lennard-Jone liquid. Here, this model appears to be a useful way to measure the img
Coulomk force on hydrogen bonding dynamics.

In the order to preserve the liquid state for smalvalues and under ambient conditions
was found necessary to increase the Lennard-Jones energy parametér ) according tc
the decrease in . In the present test, we have bypassed this procedure by doing the te
ulations in the NVT canonical ensemble, hence keeping the voluwed at that of the re.
liquid water.

Since the structure of the weak-water liquid is strongly affected by the decrease of tt
tial charges, the binding distance criteria must be adjusted appropriately. Figure 30.a st
variousgopo(r) data for different values we have used here, namely 0.8, 0.5and 0.2. Tt
selecte binding distances depend on the position of the maximum and differ quite a bi
thai of the initial SPC/E water, ranging from 2.7 to 4.5 A. It is important to note that, whil
vary the binding-distance criteria, we keep the angular criterion the same as that for pur
whichis that the anglec  30°. Therefore, even though the weaker water model has w
hydrogen bonding tendencies, we are keeping angular critexed in order to examine hc
signi cant angular bias becomes whermlecreases.

For = 0.8 (Figure 30.d), the general behavior is similar to the originad 1 case, witl
the main difference being the fact that there is oohesecondary peak (&t 0.02 ps), instea
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of two, which were observed for original= 1 case. Since secondary peaks are related to
tional motions of H atoms, this result shows that even small decrementafises signicant
change in the stability of O-H...O alignment. For = 1, attractive forces between positiv
chaged H atom and negatively charged O atom cause H atom to be, in average, more
alonc OO line. However, as decreases, H atom rotates more freely, which causes hyc
bond:to break more easily when= 0.8 than for = 1. This effect of weakened OH attracti
manifest as the appearance of a single secondary peak (f010.8) instead of two seconda
peak (for = 1). Weakening of OH attraction is even more pronounced for smaller vali

, Where we note that the contribution of the main peak (attributed to the breaking of
due to violating distance criterion) gradually decreases aecreases. For = 0.2, the mair
peal is almost invisible, meaning that lifetime distributions in this case (for all valueg)
are completely governed by dynamics of H atoms. We remind that this was not the ¢

= 1, where these distributions were completely governed by O dynamics for small va
rc, while H dynamics governed the shape of distribution only for larger values dterefore
in weak water with signicantly weakened Coulomb interaction, hydrogen bonding lifetir
principally determined by dynamics of H atoms, which rotate more freely in the systen
wealened Coulomb force.

Figure 30: Probability distributions of hydrogen bonding lifetimes of weak SPC/E moc
water, with = 0.2 (b), = 0.5 (c) and = 0.8 (d). Radial distribution functions of tl
weak-water model with different values of are shown in panel (a).

The analysis discussed above demonstrates theeince of Coulomb association on the lifeti
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distributions of hydrogen bonds. Secondary peakis=at20 fs andt = 50 fs appear only fc

= 1, when Coulomb interaction is not weakened. Conversely, for smaller valuesliotible-
peal feature is absent from lifetime distribution, which exhibits only one peak at0.02
ps This indicates that the double-peak feature of lifetime distribution is a direct signat
associave system®nly, where Coulomb interaction is dominant. Since it is well-known
associave systems are, on molecular level, organized in form of clusters, this analysis in
thalthe appearance of two secondary peaks in lifetime distribution of hydrogen bonds ¢
interpretel as a direct signature of aggregation in these systems. Conversely, in syste|
weak Coulomb interaction, these aggregates are not welhkdd, which is manifested with tl
absenc of double-peak feature in lifetime distribution.
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3.2 Dynamics of associative mixtures by classical hydrogen bonding moc
3.3.1 Universalities of hydrogen bonding dynamics

It has been corrmed experimentally that molecular dynamics in the mixtures of alco
with water differs from the dynamics in neat systems. Infrared and Raman spectros
[112, 85, 118, 18, 39, 44, 116, 115] have been used to study vibrational modes of €
molecule and clusters in water. Kuttenberg, Scheiber and Gutmann [85] performed :
frarec spectroscopic study on several different alcohol-water mixtures and discovered t
additior of water causes signcant changes in the absorption bands of the IR alcohol sp
dueto the changes in OH stretching and bending. In addition, dielectric relaxation experi
are used to study the orientational dynamics of molecules [139, 154, 155] and provide |
for dielectric relaxation time, which is the interval for the reorientation of a single mole
Thest times were evaluated for mixtures of monohydroxyl alcohols with water by Dzide
Kaatz¢[42], where it was shown that reorientational motion of water molecules becomes ¢
in the mixtures with alcohols. The differences related to dynamics of mixtures in compi
with neat systems have been reported also in the case of mixtures of alcohols with no
solvents, where it has been observed a marked distinction in methanol vibration by the
tion of the OH stretching band in methanol-hexane and methanol-acetone mixtures [10°
Thestreportings indicate that dynamics of O and H atoms in mixtures differ compared tc
dynamic:in neat liquids.

Scfar in this work, this dynamics has been discussed in the context of classical hydroger
ing model, where the main features of probability distributions of hydrogen bonding lifet
have been addressed for neat systems. In this chapter, we will extend this study to di
types of mixtures of alcohols with polar and non-polar solvents in order to account for pot
differences in dynamics which occur upon mixing. These results have also been pre
publishecin one of our recent works [76].

Water - methanol (WM) mixtures:

Figure 31 shows probability distributions of hydrogen bonding lifetimes for the water—mett
(WM) mixtures, and for severat cutoff values, corresponding to different color codes (i
playecin the legend box). Upper panels (a, b and c) show the distributions of lifetimeg 1
values in range 2.5 - 3.0 A, while the lower panels (a’, b’ and ¢’) show the distributiong
values in range 3.0 - 3.5 A. The 3 hydrogen bonding possibilities between the oxygen atc
shawn in 3 separate columns, namely those involving the oxygens of wajgr (Ow) in pan-
els (a) and (a’), the cross oxygens bondsy(O Oy) in panels (b) and (b’) and those betwe
methanc oxygens (@@ Oum) in panels (c) and (c’). For eaala speci cally colored curve, &
methanc concentrations are shown with thick linex 0.2), thin line = 0.5) and dotted line
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(x= 0.8). The upper panels (a,b and c) highlight primary peaks, while the lower panels (&
anc ¢’) highlight the secondary peaks.

The rstinteresting feature is unmistakable similarity between all 3 columns of panels, hi
suggestin that that theL(t) features are nearly insensitive to the typg)(OOpy, Ow Owm
or O Ow) of hydrogen bond. The second interesting feature is that there is a very s
concentratio dependence of the lifetimdgt), as can be seen by the proximity of differen
line types (thick, thin or dotted) for a given color.

Figure 31: Probability distributions of lifetimes of hydrogen bonds in water - methanol (WI
mixtures for various selectedc values, listed in the legend box. Dotted lines are obtain
with xy = 0.8, thin lines withxy; = 0.5 and thick lines withxy; = 0.2, wherexy represents
concentratio of methanol in the mixture. Upper panels show the distributionsdamalues in
the range 2.5 - 3.0 A, while lower panels show the same resultsfoeing in the range 3.0 -

3.EA.

Regarding observed concentration dependence of peak amplitudes, we remind that, fc
value ofrc, equation ; L(t)dt= 1 holds, since.(t) is a probability density. The increment
of primary peak amplitude represents the growth of probability of bond breaking due to
O stretching vibrations. Similarly, the increment of secondary peaks amplitudes represen
grewth of probability of bond breaking due to librations of H atom. From Figure 31, we n
thal the variation of the concentration dependence of the primary peaks for water—water
ters (OwOw) is opposite of that for methanol-methanol clusterg (@ ). This is highlighted

in Figure 32, which shows zoomed view on panels (a’) and (c’) from Figure 31. Namely
Figure 32, primary peaks (marked with letter P), fogsOnm case, exhibit the increment of
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the amplitude with the increment of methanol concentration. Conversely®§ case, th
amplitude of the primary peak is the highest at low water concentrations. Higher amg
of OwOw primary peaks upon low concentrations of water, followed by lower amplitu
secondar peaks (marked with S), shows that the lifetime of water - water bonds is mc
fectec by oxygen stretching vibrations in mixtures with low water content than in mix
with high water content. Equivalently, it can be said that, upon low water concentrations
bond: break less often due to fast librations ofytatom than in the case when water conc
trationis high. Therefore, reorientational (or librational) dynamics of water molecules is
wher concentration of water in the mixture is high. Upon the addition of alcohol, reor
tional dynamics of water slows down. Conversely, reorientational dynamics of methano
dcwn upon high methanol concentrations, which is manifested by lower amplitudegOf
secondar peaks upon high methanol concentration. Upon low methanol concentratior
ter imposes fast reorientational dynamics on methanol, which manifests as the increl
OmOwm secondary peaks and decrement @f@y primary peaks in the lifetime distribution
methanc - methanol hydrogen bonds.

Figure 32: Enlarged view on panels (a’) and (c’) presented in Figure 31, in lipeascale
Arrows marked withxy andxy indicate the direction of growing water and methanol con
trations respectively. Primary peaks are marked with the letter “P”, while secondary pe
marked with letter “S”.

Water - ethanol mixtures (WE):

Next, we examine water—ethanol (WE) mixtures. We expect here to see how the ex
of the alkyl tail in uences the data observed in Figure 31 for methanol. The equivalent
ure 31 is shown in Figure 33 for the case of water ethanol mixtures. Figure 33 show
very similar to Figure 31, indicating that there are very little lifetime distribution differenc
we neglect the smalL(t) curve shapes differences between methanol and ethanol. It te

7<



further con rm the idea of universal features introduced for pure liquids.

Figure 33: Probability distributions of lifetimes of hydrogen bonds in water - ethanol (WE
mixtures for various selectedc values, listed in the legend box. Dotted lines are obtaine
with xg = 0.8, thin lines withxg = 0.5 and thick lines withxg = 0.2, wherexg represents
concentratio of ethanol in the mixture. Upper panels show the distributiong oralues in
the range 2.5 - 3.0 A, while lower panels show the same resultecfbeing in the range 3.0 -

3.EA.

Water - DMSO (WD) mixtures:

While both water-methanol and water-ethanol mixtures show very similar features, wa
DMSQO mixture shows a feature absent previous aqueous mixtures. Lifetime distributions
hydrogen bonds between water moleculeg,(@y) and between water and DMSO molecules
(OwOp) are presented in Figure 34. The case of mixture with high water concentration (
0.8) is represented with dotted lines, while the case intermediate concentratiof.%) and
low concentrationX = 0.2) is shown in thin and thick lines respectively. Indeed, while wate
oxygen—oxge (OwOw) dimer lifetimes appear to follow patterns similar to that observed i
previous aqueous mixtures, the cross oxygen dimekg@Q) exhibit a split - peak feature of
the primary lifetimes (see the black curve on panel (b) of Figure 34, correspondiag~@.5
A). This split - peak feature is absent from the primary lifetimes shown for previous mixtur
From previous studies of aqueous—DMSO mixtures [136, 135], we assume that this dualit
primary lifetimes could be directly related to the large positively charged sulfur atom of DMS(
whichis known to have strong impact on the microstructure of the mixture. This impact is v

7€



ible through the appearance of the double - peak feature ofrdtenaximum of various aton
atorr density correlations in the mixture (see Figure 35). In addition, we note, from Figt
thalthere is a more noticeable concentrational dependence of the secondary peaks an
while thet - positions seem to obey the same universality as that observed in previous m
with the peaks centeredfat 0.02 psand, 0.05 ps.

Figure 34: Probability distributions of lifetimes of hydrogen bonds in water - DMSO ('
mixtures for various selectedc values, listed in the legend box. Dotted lines are obte
with xy = 0.8, thin lines withxy = 0.5 and thick lines withxy = 0.2, wherexy represent
concentratio of water in the mixture. Upper panels show the distributiong fovalues in th
range 2.5 - 3.0 A, while lower panels show the same resultg §dbeing in the range 3.3 - =

A.

Figure 35 shows SQ(S - sulfur atom of DMSO, @ oxygen atom of water) and OO de
sity correlations (O - oxygen atom of DMSO) for various concentrations of water in aq
DMSQ mixture. Both types of correlations exhibit thest maximum which is split into two,
indicatec by black and red arrows in Figure 35. In the case ofyS@rrelations, thenaximun
air 4 Ais the indication of hydrogen bonding between water and DMSO. As marke:
black arrows in the left cartoon inset of Figure 35, up to two water molecules are hyt
bondecto O atom of DMSO. The oxygen atom of these water molecules is typically loai
4 A separation from the reference sulfur atom, denoted with S in the left panel of Fig
In contrast, non - hydrogen bonded water molecules (marked with red arrows) are dis
arouncthe S atom at larger distances, leading to marked peek d A in SQy correlations
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Thest molecules are distributed around the S atom at larger distances than hydrogen
water molecules, with their distribution being sigoantly governed by the size and charg
the sulfur atom. In the context of @Op hydrogen bonding lifetimes presented in Figure
we assume that precisely the positive charge of the sulfur atom is at the origin of the
- peak feature of @Op curve forrc = 2.5 A. When the two oxygen atoms (@and Q) of
hydrogen bonded water and DMSO molecules approach at small separations (as 2.5 ¢
the hydrogen bonding dynamics ofy#fpand Hy atoms of the water molecule is governec
interaction with both O and S atoms of DMSO. While the impact of the sulfur atom ¢y
anc Hy dynamics is strong at short{o- Op separations, it weakens as thg, ©Op distance
increase: which could explain why @Op curves in Figure 34 look similar to\(Oy curves
wher rc is suf ciently large.

Regarding the split of therst maximum of OO correlations presented in the right panel of
ure 35, the rstpeak( 4 A)is the result of DMSO neighbours being hydrogen bonded t
samewater molecule, as illustrated in the cartoon inset of the right panel. Reference O :
DMSQO (marked with O in the cartoon inset) is hydrogen bonded to the water molecule (r
with W), which simultaneously forms hydrogen bond to another DMSO molecule (marke
black arrow). Hence, water molecule W forms the bridge between two DMSO molecule
distribution of distances between Qst neighbours bridged by water molecules is desci
with the peak centered at 4 A of OO density correlations. Similarly, the distribution of r
- bridged O rst neighbours is described with the peak centered a6 A.

Figure 35: Radial distribution functiongsg,, (left panel) andgoo (right panel), for water
DMSO mixtures with different concentrations of water, listed in the legend boxes. C:
inset: illustrate the distribution of water molecules around reference S atom of DMS(
panel and the distribution of DMSO molecules around reference O atom of DMSO
panel)
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Ethanol - hexane (EH) and methanol - acetone (MA) mixtures

Finally, we examine the case of mixing alcohols with non-polar solutes. Figure 36 shows 1
distributions of lifetimes of hydrogen bonds in methanol-acetone (MA) mixture and ethanol-|
(EH) mixtures. In the case of MA mixture, both hydrogen bonds between methanol molecu
(OmOwm), and those between methanol and ace{@gOa) can be accounted for, since ace-
tone is an acceptor of hydrogen bonds. However, for the EH mixtures, ethanol is the or
hydrogen bonding specig®gOg). Once again, all three panels of Figure 36 show the same
peal characteristics observed for the 2 previous mixtures.

However, it is interesting to account for methanol{Oy) and ethano{(OgOg) self-bonding

in presence of the solutes. We note that secondary peaks do not show any noticeable cor
trationa dependence, while the primary peaks show concentrational dependence similar to
one found in WM and WE mixtures. The same conclusions are also valid §gdQcase. But
the most important point here is that, even the hydrogen bonding between an associating
non-associatir species obeys the universality of lifetime distribution. Thigling con rms
once more that these distributions are really about atomic species involved in hydrogen bond
interactior (i.e. oxygen and hydrogen atoms), which are a permanent feature of the mixtu
examined here. Finally, we note that ethaf@eOg) hydrogen bonding lifetime distribution
is nearly the same in water as in hexane, despite the very different properties of the two la
liquids



Figure 36: Probability distributions of lifetimes of hydrogen bonds in methanol - acetone (MA)
mixtures and ethanol - hexane mixtures (EH) for various selectedhlues, listed in the legend
box. Dotted lines are obtained with= 0.8, thin lines withx = 0.5 and thick lines withx = 0.2,
wherex represents concentration of alcohol in the mixture. Upper panels show the distribution
for rc values in the range 2.5 - 3.0 A, while lower panels show the same resuitstieing in
therange 3.0 - 3.5 A.

Hydr ogen bonding dynamics in kinetic regime

Since earlier works have put emphasis mainly on Idngroperties of the distribution of hy-
droger bonding lifetimes, considering that this temporal regime should be more relevant to th
kinetic relaxation of hydrogen bonding network, it would be instructive to examine the features
of the lifetime distribution in terms of both cutoft and concentrational dependence inside
this time regime. This analysis is presented in Figure 37, where we show lifetime distribution:
ethanc - ethanol bonds (£0g) for different concentrations of water in the mixture, listed in
the legend box. For reference, lifetime distribution of water - water bondg@@) in pure
water ks = 0) is shown in black color. Left panel shows lifetime distributionsrigr 2.5 A,

while the right panel shows the same distributions whes 3.5 A

We note that, forc = 2.5 A (see left panel of Figure 37), there is negligible concentrational
dependenc of OgOg lifetime distributions, since all the curves seem to be nearly superposed
Lifetime distribution of QyOw bonds is slightly shifted towards smalltevalues, which is the
consequenc of the difference between partial charges of oxygen and hydrogen sites of ethanc
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wher compared with partial charges of the same sites in water case. However .5 A,
we notice differences in the- decay of QOg lifetime distributions across different ethanc
concentratior in the mixture. The decay is the fastest when concentration of water is |
which indicates that hydrogen bonding network of ethanol has the fastest kinetics in aq
mixtures with high water content. However, as concentration of water decreases, kinet
ethanc - ethanol bonds slows down. In the case when there is no water in the mixgurel),
ethanc - ethanol bonds exhibit slowest kinetics. Therefore, results presented in the right
indicate that the addition of more water in WE mixture causes faster kinetics of ethanol - ett
bonds

Comparisol of results from the left and right panel of Figure 37 shows that concentrati
dependenc of OgOg lifetime distributions grows with the increment of cut - off distance.
We remind that, for low values ot lifetime distributions are governed by stretching vibr
tions of hydrogen bonded oxygen atoms of ethanol. Conversely, for large valugslibétime
distributions are mostly governed by librations of hydrogen atoms of ethanol involved ir
droger bonding. Therefore, we conclude that the addition of water in ethanol mostly af
reorientatione (librational) dynamics of H atoms of ethanol, while O dynamics is not sigr
cantly affected.

Figure 37: Long -t decay of lifetime distributions of ethanol - ethanol hydrogen bonds
ethanc - water mixture, for two selecte values (2.5 A and 3.5 A) and different concentr
tions of ethanol ) in the mixture. Pure water casg(= 0) is shown in black color and pur¢
ethanc case g = 1) in magenta color. Left panel shows the distributions for 2.5 A, while
the right panel shows the distributions fog = 3.5 A.

We note that the results shown in Figure 37 are in agreement with work by Cardona
[21], who discussed the kinetic properties of the probability distribution of hydrogen bon
lifetimes in ethanol-water mixtures in the context of dielectric relaxation. Namely, a dif
relaxatior in these mixtures is described by dominant relaxation timé8 - 200 ps) and» (0O

- 2 ps). Time ; represents the time needed for the reorganization of the hydrogen bonde
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work in the system. Time, describes the processes related to fast formations and break:
individual hydrogen bonds. In the context of the discussion within this work, timreould be
relatecto the long -t decay of lifetime distributions, while time is related to the disruptiol
of hydrogen bond within transient regime. While relaxation timpés nearly independent
concentratior changes in these mixtures (similarly like positions of primary and second:
peak: are unaffected), time; changes signicantly upon changing concentration (simile
like long -t decay in the right panel of Figure 37 changes upon changing concentration)
highel concentration of water in the system increases the number of hydrogen bonding
bilities, time ; decreases upon increasing water concentration. This happens due to
thaimolecules “switch” hydrogen bonding partners more often when there is more wate
systen This affects reorientational dynamics of hydrogen bonding molecules, making it
in systems with high water concentration. This effect is manifested as tastircay of th
lifetime distributions in kinetic regime presented in Figure 37 and in work reported by Ce
etal [21] for mixtures with higher concentration of water.

To conclude, we note that the invariance of the characteristic i@ concentration change
demonstrate by Cardona et al. [21], is in agreement with the idea of universality inside
sien temporal regime which is proposed herein. Within this work, this invariance is sup
by the concentrational independencet of positions of primary and secondary peaks wi
transientemporal regime.

3.3.z Power spectrum of atomic vibrations in associative mixtures

Dynamic: in liquids can be examined by the analysis of the power spec#@ug), ), which is
relatecto the velocity autocorrelation functio#(t), by simple Fourier transform, as given
equatiol (135) [56]: 7

Zpy )= . Z(t)exp( i t)dt (135)

The de nition of normalized velocity autocorrelation function is given by equation (136).

< v(t)v(0) >

20= ovo) >

(136)
Functior Z(t) describes relaxation of particle’s velocity in time. Brackets represent stz
tistical average, which can be conveniently described with= , Where  represent
i i
summatiol over the ensemble of different microstates, whilerepresents summation over
j
particle<in a given microstate. Therefore, functid(t) describes how correlated is, in avere
a particle’s velocity at time with the particle’s velocity at time 0. Velocity relaxation in til
domain described witlZ(t), occurs with specic frequencies, which are characteristic of e\
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systerr These frequencies are given by vibrational power spectégy(, ), introduced ear-

lier by equation (135). This physical quantity is measurable also in spectroscopic experiment
previding a direct comparison between results obtained by experiments versus computer sim
lations

Figure 38 presents vibrational power spectrum of oxygen (O) and hydrogen (H) atoms o
ethanc in water - methanol mixtures (panel (a)), water - ethanol mixtures (panel (b)) and
ethanc - hexane mixtures (panel (c)), for various concentrations of alcokgis ), obtained

by computer simulations. These results have been also published in the recent works of o
groug [75, 92].

Figure 38: Power spectrum of oxygen (O) and hydrogen (H) vibrations in methanol - water
(a) ethanol - water (b) and ethanol - hexane (c) mixtures. Alcohol concentrabigns)(are
listec in the legend box. Results are obtained by molecular dynamics simulations, with OPL!
model: of methanol and ethanol, OPLS model of hexane and SPC/E model of water, at ambiel
conditions

As shown in Figure 38, the power spectrum of O atoms has a distiatpeak at 30 cmt in all

three systems. This peak is attributed to the cage effect of neighbouring molecules on referen
Oatom [53, 54] and is observed also in the spectrum of non - associative liquids [148]. Next, w
obsere a shoulder between 200 cfand 250 cm? in all three spectra, which has previously
beer associated with the existence of hydrogen bonds [122, 102, 152]. This vibrational mode i
usually attributed to the stretching vibration of an oxygen atom along the hydrogen bond witr
anothe oxygen atom (already introduced earlier in the context of primary lifetimes in lifetime
distribution of hydrogen bonds). Spectroscopic measurements found this peak at 11thcm
pure ethanol [44, 174], at 130 cnt in pure methanol [174]. We note that the amplitude of this
peal in power spectrum is nearly independent of the alcohol concentration in both methanol
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water (see panel (a)) and ethanol-water (see panel (b)) mixture. However, we observe
is not the case for ethanol-hexane mixture (see panel (b)), where shoulder-peak arou
25C cm ! gradually evolves into a distinct peak as ethanol concentration decreases.
Result obtained by molecular dynamics simulations by Guardia et al. [53] have shown t
amplitude of the peak at 200 cm tin the power spectrum increases as the mean num|
hydrogen bonds per ethanol molecule increases. In the case when calculations were p
exclusively over ethanol molecules which participate in only 1 hydrogen bond, power spi
with shoulder - peak was obtained. However, when only ethanol molecules with 2 hy:
bond: were accounted for, a well — deed distinct peak at 200 cm ! instead of shoulder
peal was observed. This indicates that the amplitude of this peak is strongly correlated \
degree of ethanol - ethanol self bonding in the mixture. In ethanol - hexane mixture, etha
bondin¢ is more pronounced than in pure ethanol, leading to larger the number of mo
with 2 hydrogen bonds and smaller number of molecules with only 1 hydrogen bond, re
in the appearance of a marked distinct peak around 200 - 256 tnthe power spectrum.

We note that the frequencies around 200 - 250 teprrespond to the frequencies of 6 -
ps L. These frequencies describe vibrations with the period 1.33 - 1.67 ps. It is intere:
note that this time period matches with the position of the main peak in lifetime distributi
of ethanol - ethanol hydrogen bonds in ethanol - water mixturerdor 3.5 A, as demor
stratecin Figure 33. This is another indication that the main peaks in lifetime distributi
hydrogen bonds are directly related to stretching vibrations of O atoms involved in hyt
bonding which further supports our previous arguments. The fact that the same should
(20Ccm ! and 250 cm?) appears also in power spectra of other associative liquids (wat
methano as also shown in ref [103]and [53]), supports the idea of universality of hyd
bondinc lifetimes across different associative species within transient temporal regime.

Let us now consider the power spectra of hydrogen (H) atoms in the three mixtures. As
the left panel of Figure 38, the hydrogen power spectra have a broad peak centered a
60C cm 1, which is attributed to the librations of ethanol molecules [53]. We note tha
frequeny describes vibrations with the time period of about 0.05 ps, which corresponds
1 - position of the right secondary peak in all lifetime distributions of hydrogen bonds pre:
earlie. This is another indication that secondary peaks in the lifetime distribution of hyd
bond: are directly related to librations of H atoms.

As alcohol concentration decreases, we observe a small shift of the librational peak tc
frequencie in aqueous mixtures (see panels (a) and (b) in Figure 38), while this shift dc
occulin the mixture with hexane (see panel (c)). This suggests that, upon the addition o
librations of alcohol molecules becomes faster than in neat alcohols. This trend has al:
obsenred in the results published by Hazra and Bagchi [59] for the case of ethanol - wat
ture Vibrational changes induced by the addition of water in ethanol have been also ol
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experimentally in the infrared spectrum of ethanol [85]. It has been shown that water st
the spectra of monohydric alcohols causing an extension of the OH intramolecular bonc
reductior of the OO intermolecular bond. Our results for the hydrogen spectra of both alc
clearly indicate that the addition of water speeds up the hydrogen libration. However, a
from the right panel of Figure 38, the librational band for ethanol hydrogen remains at
the same position for all ethanol concentrations in hexane, which, as expected, sugge
hexane does not alter the local molecular vibrations of ethanol as much as water.

Figure 39 shows the vibrational spectra of water oxygegyj@nd hydrogen (i) atoms in
methanc - water (a) and ethanol - water (b) mixtures. We observe a sharp peak at ab
cm 1 and a shoulder at about 200 ctin the oxygen spectra for all concentrations, simile
like in the oxygen spectra of alcohols presented in Figure 38. These peaks have been pr
founc for pure water by several authors [179, 68, 53]. The trends observed in Figure
in agreement with results published by Palinkas, Bako and Heinzinger [123], who show
thalthe peak positions in the vibrational O spectra of both methanol and water do not ¢
greatly as concentrations are varied. In addition, they observe that the water libratione
a1 400 cm ! becomes more pronounced with the decrease of the water concentration,
is also supported by our results for the hydrogen spectra in both water - methanol and
ethanc mixtures.

Figure 39: Power spectrum of water oxygen\®and water hydrogen () vibrations in
methanc - water (a), ethanol - water (b) and ethanol - hexane (c) mixtures. Alcohol conc
tions (xaLc) are listed in the legend box.

To conclude, dynamics of both water and alcohols mesiupon mixing conditions, as inc
catec by various experimental works mentioned earlier. For example, the differences in
entatione dynamics of agueous alcohols versus neat alcohols are manifested by differe
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characteristi relaxation times obtained by dielectric relaxation experiments [139, 154,
In this chapter, we showed that these differences are also manifested through the sha
probability distribution of hydrogen bonding lifetimes, when these distributions are conr
for mixtures with varying concentration of the solute. As demonstrated earlier, these
butions contain signatures of both stretching vibrations of O atoms and librations of H
througlthe appearance of the primary peaks and secondary peaks respectively. The ct
O and H dynamics, which occur upon mixing conditions, manifest through variation of
tude: of primary peaks and secondary peaks in lifetime distributions of hydrogen borc
transientemporal regime. While the universality of peak positions in transient regime inc
that in terms of vibrational frequencies, O and H dynamics is universal across differer
ture¢ and different concentrations, the variation of amplitudes implies the differences ir
of reorientational dynamics across different concentrations of a solute in a mixture. Fe
orientationa dynamics manifests through the increment of the amplitudes of secondary
indicating higher percentage of short - living hydrogen bonds which break within chara
tic librational period (0.05 ps). For example, considering the distribution of alcohol - a
hydrogen bonding lifetimes in aqueous alcohol mixtures, the amplitude of secondary f
highe at higher concentrations of water, implying that, in mixture with high water col
the percentage of short - living bonds (~0.05 ps) is larger. In this context, the analysis
distribution of hydrogen bonding lifetimes leads to the conclusions which are in qual
agreemetr with experimental ndings. In addition, results are in quantitative agreement
the results obtained by power spectrum analysis (see Figure 38).

3.3.Z Rotational dynamics in associative mixtures

Reorientation: dynamics of molecules in liquids can be described with reorientational
lation functionC,(t), de ned with [56]:

< R(et) -E0) >
0= TR0 «0) >

where R is the Legendre polynomial of rarnlk while e(t) is the unit vector parallel to tl
inter-nuclear axis of the molecule at tiheFunctionsC,(t) can be experimentally obtained
dielectricrelaxation experiments, whifé(t) can be obtained with NMR and Raman meas
ment: [12]. In this work, we will considefC,(t) functions, withe(t) being paraller to the O
vector of either alcohol or water molecule.

(137,

In the large + limit, Cy(t) has a Debye - like behavidG,(t) exp( t/ 2), where » is the
reorientatione correlation time. Integral reoreintational correlation tisne, > is the averac
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time measured in NMR experiments. It is aed with:

Z
< ,>=  Cyt)dt (138)
0

The calculatedC,(t) functions are usually tted to double - exponential function of the form

f(t):
f(t)= a-exp( t/ 1)+(1 a)-exp t/ 2) (139)

where the shorter time; corresponds to fast librational motions, whereas the larger time
corresponds to the relaxation (rearrangement) time of collective hydrogen bonding network

FunctionsCy(t), obtained by molecular dynamics simulations, wie€) is taken to be par-
allel to the alcohol OH vector, are presented in Figure 40, for methanol - water (left pane
ethanol - water (middle panel) and ethanol - hexane (right panel) mixtures. Concentration:
alcohol in the mixtures are listed in the legend boxes. Results related to reorientational dyn.
ics of water and alcohols in these mixtures have also been published in recent works of
group [92, 75].

Figure 40: Reorientational correlation functioi®(t), of the alcohol OH vector in water -
methanol (left panel), water - ethanol (middle panel) and ethanol - hexane (right panel)
tures. Concentrations of alcohol in the mixtures are listed in legend boxes.

All three panels presented in Figure 40 show similar trends, @ith) exhibiting slowert -
decay as concentration of alcohol increases. We conclude that reorientational dynamics o
cohols speeds up with the addition of both water or hexane in the liquid. This conclusion is
agreement with the analysis of Skarmoutsos and Guardia [164], who analyzed the rotational
namics in supercritical ethanol and discovered that reorientational correlation furCsighs
decay faster in time if the molecules are less hydrogen bonded. If we focus particularly
xaLc = 0.2 alcohol concentrations (shown in red), we conclude that in methanol - water, alc
hol molecules rotate faster than in ethanol - water, as expected, since it is known that in
liquids, molecular reorientation of methanol is faster than that of ethanol [152].
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In Table 1 we show the reorientational correlation timgs 2 and< > for all three con-
centration and mixtures. The trend for all three mixtures is the same: time constants re
to the reorientation of the OH alcohol vector increases as alcohol concentration increa:
expected from the results seen in Figure 40. NMR experiments for pure alcohols have ¢
thai the rotational correlation times of methanol is smaller than that of ethanol [94], whi
consister with our results where the methanol time constants are smaller.

Table 1: Short reorientational correlation timgslong reorientational correlation timesand
integral reorientational correlation times , > of the alcohol OH vector in methanol - wate
ethanc - water and ethanol - hexane mixtures, for different concentrations of algghe!

Reorientation: correlation functionsCy(t) with e(t) taken to be parallel to water OH vectc
are shown in Figure 41, whereas the time constants are given in Table 2. We observe in

41 that, in both water - methanol and water - ethanol mixtu@§t) decays faster as alcohc
concentratio decreases, meaning that reorientation of water is faster when there is more
in the mixture. NMR relaxation study of alcohol-water mixtures by Ludwig [93] found t
a small addition of alcohols (methanol. ethanol and 1-propanol) causes an increase
rotationa correlation times of water. Previous computer simulation studies of methanol-\
[45] (with OPLS methanol [73] model and TIP4P water model [72]) found thatAot = 0.5

, < 2>= 5ps, which is comparable to our value of 3.686 ps.
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Figure 41: Reorientational correlation functior@;(t), of the water @,Hy vector in water -
methanc (left panel) and water - ethanol (right panel) mixtures. Concentrations of alcohol ir
the mixtures are listed in legend boxes.

Table 2: Short reorientational correlation timgslong reorientational correlation timesand
integral reorientational correlation times , > of the water QHw vector in methanol - water
anc ethanol - water mixtures, for different concentrations of alcofapt.

To conclude, we note that reorientational trends observed in Figure 40 and Figure 41 can be a
con rmed by the analysis of the lifetime distribution of hydrogen bonds in transient regime
Thisis illustrated in Figure 42, which shows the lifetime distributions of OO odhd Gy Oy
bond¢in methanol - water mixture, for concentrations listed in the legend box. The distribu-
tions are calculated with the choice = 3.5 A.

Figure 42 shows that, in the context of the lifetime distribution of hydrogen bonds, faster re:
orientationa dynamics manifests through the growth of the amplitudes of secondary peaks i
the distribution of hydrogen bonding lifetimes. Taken methanol as an example, slower reor
entatione dynamics of methanol in pure liquid, compared to the same dynamics in acqueot
mixture is visible through lower amplitudes of secondary OO peaksisx 1 case, compared
toxu < 1 cases (see left panel of Figure 42). Lower amplitudes indicate lower probability of the
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lifetimes within librational period, which is expected for a system with slower reorientation
dynamics

Figure42: Lifetime distributions of OO (left panel), G@and QyOw hydrogen bonds in water
- methanol mixtures. Alcohol concentrations are listed in the legend boxes for each panel
distributions are calculated with the choige= 3.5 A.
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3.4 Correlations in simple and complex disordered liquids

Previously, in section 3.2.1, dynamic density correlation functions have been discusse:
context of hydrogen bonding dynamics in associative liquids, while formal mathematica
nition has been given in the section Theory. In this chapter, the detailed comparative ani
time - dependent density correlations for different types of simple and associative liqui
be presented and discussed.

3.4.1 Simple Lennard - Jones liquid

Before considering more complex systems, it is convenient to start the analysis with
depender density correlations of simple Lennard - Jones liquid, since this system is ¢
representave of ordinary, simple disordered liquids. Hence, comparison of these fun
for simple liquids versus complex liquids is expected to highlight sptes in dynamics ¢
associave systems when compared with simple ones. Self and distinct Van Hove fun
GE(r,t) andG9(r,t), for several selectedvalues, listed in the legend box, are presente
Figure 43.

Figure 43: Time dependent self (left panel) and distinct (right panel) density correle
Gg(r,t) and Gy(r,t) of simple LJ liquid. They - axis of the main left panel is shown in |
scale while the inset shows the same functions in linear scale. Functions are shown for
selectet values, listed in the legend box in the right panel.

Left panel of Figure 43 show&(9(r,t) functions for different time valueisin logarithmicy -
scal¢ (main panel) and linear scale (inset). In linear sc&&r,t) , for xedt, has a gaussi
- like shape, centered at= 0. At short times, the distribution is very narrow, with the
amplitude aroundr = 0. At larger times, the distribution is broader, with the amplitude ar:
r = 0 monotonically decreasing with time.

We recall thaiG9(r,t) represents a probability that a particle diffuses the distance betw
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ancr + dr within time intervalt. For short time values, narrow distribution®f®(r,t) arounc
the origin re ects the fact that particles do not diffuse large distances within very shor
intervals. However, at large times, broadening of the distribution around the origin inc
thatthe probability of diffusing at larger distances increases with increasing time.

Right panel of Figure 43 shows(@(r,t) functions for the same time values. One can
thatall peaks in the distribution are becoming lessmied as time increases, ultimately leac
to perfectly homogenous distribution at large times, wgéfi(r,t) 1 over entire - domain
The decay of peak amplitudes with increasing time describes the loss of density correla
spec cr distances asincreases. For instance, thest peak ofG(@(r,t = 0) (see the blac
curve in the right panel of Figure 43), centered at 3.5 A, describes the spatial distribution

rst neighbours around a reference particle, located at the origin. As time increases, tl
ence particle diffuses from the origin, as implied by broadening6? (r,t) as time increase
The diffusion of the reference particle induces the weakening of density correlations aroi

rst peak, since the neighbouring particles will be more and more randomly distributed
the origin as the reference particle diffuses away. In the Itmit , neighbouring particles a
perfectly randomly distributed around the origin, meaning that the average local density
vicinity of the origin is equal to the density in bulk.

Anothel interesting feature visible from the right panel of Figure 43 is that the seconc
of G (r,t = 0), centered at 7 A, clearly decays slower in time than thest peak. Alsc
secon( peak ofG9(r,t = 0) is characterized by lower amplitude, relative to thst peak
Lower amplitude of the second peak indicates that the density within second coordinatis
is much less correlated with the density at the origin, than the density witktrcoordinatiol
shel is. In addition, slowet - decay of the second peak implies that the density arounc
onc coordination shell is much less affected by the diffusion of the reference particle frc
origin.
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3.4.z Simple liquids - acetone and carbon tetrachloride

We start this section by discussing dynamical correlations in acetone and carbon tetra
(CClyg), which are good represntatives of simple disordered liquids. Both acetone ap
are modeled with OPLS models [41, 74]. Although both liquids are polar, they do not €
micro-heterogeneitie as the ones seen for alcohols. This is the reason why these liqu
not considered as complex liquids, but simple liquids. For each liquid, we present the ¢
distinci Van Hove function&s9(r,t) andG{9(r, ), together with the self and total intermed|
scatterin functionsF (9 (k,t) andF® (k,t), and the self and total dynamical structure fac
S9(k, )andSV(k, ). Time - dependent functions will be shownriaspace ok - space, fc
2¢ selected time values (0 ps, 0.1 ps, 0.2 ps, ..., 1 ps, 2 ps, ..., 10 ps, 20 ps, ..., 100 p
the decay of the curves is monotonic, we will not label all the curves, but merely few se
one: for reference (typically O ps, 0.1 ps, 1 ps, 10 ps and 100 ps).

Selt Van Hove functions for acetoné:‘,g')o and GS)C, are presented in the left and right p
els of Figure 44 respectively, while corresponding functionskinspace,Fc()sc), and F(()S():, are
shawn in the insets. For reference, functions corresponding to the time values 0 ps, O
ps 10 ps and 100 ps are shown in thick lines, with black, red, green, blue and orange
respecvely. First, we observe the delta functions (thick black vertical lines), centered &
for OO correlations, and at 1 A for OC correlations. Generally, if aton@gsandb form the
samemolecule, Gg(r,t)dr, represents the probability at tirhef nding atomb at separatio
r from where atorma was located at = 0. Att = 0, this probability will be zero everywhe
except atr = dyp, With dyy representing intramolecular distance between ate@sdb. This
explains why the delta function is centered at the origin for OO correlations, while it is <
atlargerr for OC correlations.

Fort> 0, G functions have parabolic appearance in log-scale, which would corresp
gaussian form in linear scale. Formally, in the textbooks, we cah [56]

1 2
GOt = ———exp =) (140
(4 Dt)? 4Dt

with D representing the diffusion constant, and normalization factdr(4 Dt) 2 being de
terminecwith normalization condition:

z 1
GO(r,t)ydr = = (141

,wheremolar volume is equal to 1. However, our tests have shown ti®i® exhibits gaussic
form (from equation 140) only for largevalues ( 10 ps), while, for lowet - values, it devi

ate: signi cantly from the gaussian form. More details about the agreement betivéem
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equatior (140) and the diffusion obtained by experiments will be discussed later on. For no
we return to the insets presented in Figure 44. From the left inset we noﬂq%@. 0)= 1for

all k - values (thick black line), which is the mathematical consequence of performing spati
Fourier transform of the delta function(r) from the main panel. In addition, the oscillating
F((Dsc);(k, 0) function from the right inset is obtained from the Fourier transform @f doc),
with doc denoting intramolecular OC distance.

1000 "
N H100
ﬁ_ 10 ?
1 10] 5 ©
= I
E E
= 3

Figure 44: acetone:Main panels show self Van Hove functior@&(r,t) anng‘)C(r,t), in the

left and right panels respectively. Corresponding scattering functions are shown in the insi
All plots are shown in logarithmic y-scale, for the visibility purpose. Time values of 0 ps, 0.
ps 1 ps, 10 ps and 100 ps are highlighted and presented with thick black, red, green, blue .
orangelines respectively.

Figure 45 presents self CC and CCI correlations for £l the same manner they are pre-
senter in Figure 44 for acetone. General trends appear to be similar to the ones observec
Figure 44. However, we note that the loss of self - correlations in time is faster for acetone th
for CCly, which is visible through lower values @Sh(r = 0,t) andGoK(r = 0,t) of acetone
wher compared with correlations in CQIG(CS)C(r = 0,t) andG(CS)Cl(r = 0,t) respectively. Faster

deca of acetone correlations, compared to correlations ingC&uld be attributed to larger
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dipole moment of acetone molecule. Namely, the magnitude of partial charges on O anc
of acetone, within the OPLS (united-atom) model [74], is 0.47, while the same magni
the case of CC{, within the OPLS (all-atom) model [41], is 0.248. Larger values of charg
aceton lead to stronger intermolecular interactions of the central molecule with the sur
ing, which could lead to faster decay of self - correlations in time. In addition, we not
functionsin k - space (see insets of Figures 44 and 45) conthe trends observed in space

E 5 1000
ES 7100
z o 2
5 i 1 5
g i ] N R~ S
IS : 31 ©
051 :; _Ei, E 0,1
0.01¢ 0/ 0.01

Figure 45: CCl4: Main panels show self Van Hove functior@&(r,t) anng')Cl(r,t), in the
left and right panels respectively, while corresponding scattering functions are showr
insets We use the same conventions as in Figure 44.

Now we turn our attention to distinct Van Hove functions of acetone and.G&jjure 46 show
G(odg, anngj% correlations in acetone in the left and right panels respectively, \Gﬁf%anc
GE% correlations of CCJ are presented in Figure 47. The main differences between tt

gures are related to the peak amplitude§&6? (r,t = 0) correlations in acetone versus G
followed by the different decorrelation trends. For example, lowst peak ongj()D correla
tions in acetone, compared G(Cdé correlations in C(, indicates that correlations between

rst neighbours are more pronounced in £®lan in acetone. In addition, we observe fe
decorrelatio of acetone in time, compared to GCIThis is in agreement with the trend «
sened whenG(® correlations between the two liquids were compared, where we equally

thatacetone decorrelates sooner than £Cl
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Figure 46: acetone:Distinct Van Hove functionngjg)(r,t) anng’():(r,t), are shown in théeft
anc right panels respectively. Higlighted time values are presented with thick lines, w
color convention shown in the legend box.

Total intermediate scattering functioR€) (k, t), corresponding to correlations discussed at
are shown in Figure 48 for acetone and Figure 49 for £CFrom Figure 48, we notthal
Fc()tc))(k,t = 0) function (left panel) goes asymptotically to 1, Whﬁét():(k,t = 0) goes asymy
totically to O in larger limit. This asymptotic difference is caused by the difference bet

the self partsF(()S())(k,t = 0) versusF(()Sé(k,t = 0), as demonstrated in the insets of Figure 4.
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Figure 47: CCl4: Distinct Van Hove functionngjé(r,t) andG(Cdél(r,t), are shown in the le
anc right panels respectively. Highlighted time values are presented with thick lines, w
color convention shown in the legend box.

In addition, from Figure 48, the main peaksl%g%(k,t = 0) anng():(k,t = 0) are observed
k 1.2A lin both cases. This value corresponds to 5 A in real space, which nearly c«
respondto the rst peaks oGg%(r,t =0) anngjé(r,t = 0), as seen from Figure 46. Simi
obsenations can be found also in the case of £@ke Figure 49).

Comparate analysis of Figures 48 and 49 leads to similar conclusions obtained frc
analysi:of correlations irr - space, where we found that acetone decorrelates faster tha!
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Figure 48: acetone:Total intermediate scattering functio t())(k,t) andF(()%(k,t), are show
in the left and right panels respectively. Higlighted time values are presented with thicl
with the color convention shown in the legend box.
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Figure 49: CCl,: Total intermediate scattering functiorF%(t():(k,t) and Fé%l(k,t), are showi
in the left and right panels respectively. Higlighted time values are presented with thicl
with the color convention shown in the legend box.

Finally, we show the total dynamic structure fact&8(k, ) in the main panels and its s
part: S9(k, ) in the insets of Figures 50 and 51, for acetone and,@&ipectively. Functior
are shown ink - space, for various values. For reference, we highlight particularly=
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0.05 ps ! (thick black line), = 1 ps ? (thick red line), = 10 ps ! (thick green line) an
= 30 ps ! (thick blue line).
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Figure 50: acetone: Main panels show total dynamical structure factﬁ)o(k, ) anc
t)C(k, ), in the left and right panels respectively. Corresponding self p%s@(k, ) anc

S(g)c(k, ), are shown in the insets. Frequency values of 0.05,gsps 1, 10 ps  and 30 ps?
are highlighted and presented with thick black, red, green and blue lines respectively.

First. we note that the main peaks of &P (k, ) functions coincide with the main peafem
correspondin F®(kt) functions. Secondly, the negative partsﬁb(k, ) and Sg)c(k, )
arounck 0 are attributed to numerical artifacts, coming from the fact ﬁg%(k, t) anc
F(()%(k,t) are negative arounkl 0 (see Figures 48 and 49). This is caused by the well-ki
problen wheng(r) is calculated in simulations. Namely, the asymptotg(oj slightly differs
from 1, tending to value below 1 [86]. This is also a known problem in the evaluation ¢
integrals from computer simulations [34, 111, 129, 82, 50].

By comparing the structure factors of acetone and;C@k see that the biggest differe:
is the absence of the peaklat 2.5A lof acetonég)o(k, ), compared tﬁ)c(k, ) dynam
ical structure factor of CGl. Apart from this, the dynamical structure factors between the
liquids look very similar.
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Figure 51: CCls: Main panels show total dynamical structure factoﬁ)c(k, ) anc
t)Cl(k, ), in the left and right panels respectively. Corresponding self p%%'(,k, ) anc

S(ngz(k, ), are shown in the insets. Frequency values of 0.05ps ps 1, 10 ps 1 and 3(
ps * are highlighted and presented with thick black, red, green and blue lines respectiv
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3.4.5 Complex liquids - water and ethanol

We will examine correlations in water and ethanol, taken as representatives of comple
derecliquids. Comparison of these results with the previous ones, related to acetone ar
is expected to reveal the differences between correlations in simple liquids versus comy
orderecliquids. Recently, dynamic correlations functions of various models of water havi
compare: with experimental data [106]. We note that our data obtained for SPC/E mc
water quantitatively matches with functions obtained in reference [106].

Self Van Hove functions, corresponding to OO and OH correlations in water, are pre
in Figure 52. We can note immediately that correlations4ispace vanish faster in water tf
in both acetone and Cgl However, ink - space, decorrelation in acetone and water see
be very similar. This difference between the trends observad-iapace versuk - space ca
be explained with the following arguments. As given by equation (140), the self Van
function for a xed value oft, is determined with the slope of the functiqdDt) 1 and the
normalizatior factor Gg(r = 0,t), which depends of both molar volume of the liquid and
diffusion properties of the liquid:

1

GO(r=0t= ——
(4 Dt)?

(142)
Hence the loss of correlations aroumd= 0 in time, aside being dependent of diffusion, ¢
depend of molar volume . This is important to keep in mind when comparing the los
seli - correlations between two different liquidstin space, as it has been done in this sec
for OO correlations between water and acetone. The ratio of values obtained for the twc
IS: © ,
S,

GA;OO(r = O,t) _ _W Dw;oo 2 (143)

G\(,\S,);OO(r =0t) A Daoo

,where Gf;)oo(r = 0,t) andG\(,s);OO(r = 0,t) denote OO self Van Hove functions of acetone
water respectively. This implies that conditib, = Dy does not necessarily imply identi
loss of correlations in both liquids (i.e. it does not immsﬂAf)oo(r =0,t) = G\(,\S,);OO(r = 0,t)).
It is possible that acetone decorrelates slower than water, even if diffidsioboth liquids i<
the same. This will occur if the molar density of acetone is smaller than the molar den
water, as it is the case in reality.

In textbooks, the corresponding scattering function related to the self Van Hove func

[56]
FO(kt)= exp( Dtk?) (144)
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implying that, for xed value oft, gaussian given in the last equation depends only of «
sior D. Hence, the decay &9 (k,t) correlations irk - space is governed purely by diffusi
Since at short times ( 0.1 ps),F(()S())(k,t) functions look nearly the same for both liquids (
thick red curves in the insets of Figures 44 and 52), we conclude that diffusion in both
is nearly the same at this short timescale. The differences in speed of decorrelation of
liquids which we observed in - space at short times, are caused by different molar der

of the two liquids.

Next, we show OO and OH self correlations of ethanol in Figure 53. We observe th
relation:in r - space are lost signcantly slower than for water. In addition, comparison of
inset: from Figures 52 and 53 indicates that the diffusion of ethanol and water is re@ailg
aishort timescales (0.1 ps - thick red curves in the insets).

F 31000
E3 |5100
= R ) ERCI
Q W T 1 ] on
— © ; 104 104 = =
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O,Gl &1 | I TR [ *‘h‘\‘ L | P ] O’Gl
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Figure 52: water: Main panels show self Van Hove functiorG(gg(r,t) anng’L(r,t), in the

left and right panels respectively. Corresponding scattering functions are shown in the
All plots are shown in logarithmic y-scale, for the visibility purpose. Time values of O
ps 1 ps, 10 ps and 100 ps are highlighted and presented with thick black, red, green, |
orang¢lines respectively.
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Figure 53: ethanol: Main panels show self Van Hove functior@g)o(r,t) and GSL(r,t), in

the left and right panels respectively, while corresponding scattering functions are show
insets We use the same conventions as in Figure 52.

Distinct OO and OH Van Hove correlations are presented in Figures 54 and 55 for wa
aceton respectively. We observe similar trends as in the case of self correlations showr
water decorrelates faster than ethanol. For examplet fod ps (thick green curves), c
relation: around the rst peak ( 2.8 A) are dead in the case of water, while they are
presered in the case of ethanol. In addition, both water and ethanol decorrelate fas
CCly.
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Figure 54: water: Distinct Van Hove functionngj())(r,t) anngj,L(r,t), are shown in théeft

anc right panels respectively. Higlighted time values are presented with thick lines, w
color convention shown in the legend box.

Faster decorrelation between thest neighbours in associative liquids, compared to simpl
uids might seem counter-intuitive atst, since the attractive interaction betweest neigh
boursin associative liquid is expected to be stronger than in simple liquids, potentially I¢
to longer lasting correlations between thest neighbours in time. However, strong attrac
interactiot between rst neighbours has the opposite effect in reality. Since the attracti
teractior between rst neighbours in associative liquid is stronger than attractive inter:
betweel rst neighbours in simple liquid, atoms within thest shell of associative system
more affected by the diffusion of the reference atom from the origin, than it is the case in
liquid, since the mutual attraction betweerst neighbours is weaker in latter case. There
as the reference atom in associative system diffuses from the origin in time, it simultar
drag: the rst neighbours out of therst coordination shell, with attractive electrostatic fo
This effect is much weaker in the case of simple liquids, since the attractive interaction b
neighbour is weaker. Consequentlyyst neighbours are less affected by the diffusion o
referenc atom from the origin in time, leading to slower decay of density correlations.
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Figure 55: ethanol: Distinct Van Hove functionscsg%(r,t) anngj&(r,t), are shown in the le

anc right panels respectively. Higlighted time values are presented with thick lines, w
color convention shown in the legend box.

We show total intermediate scattering functiol % andF(()t,)4 in Figures 56 and 57, for wat
anc ethanol respectively. The origin of peakskat 2A 1 andk 3A 1of Fg())(k,t =0
functior for both water and ethanol (left panels of Figures 56 and 57) has been dis
in section 3.1. Here, we note that the time decay of both peaks appears to be similar
liquids This indicates that the structural features associated to thie twalues relax similarl
in time. In addition, the pre - peak % correlations of ethanol, locatedlkat 1A 1, decay:
signi cantly slower in time. The same conclusion is valid aIsoFf(é%&| correlations in ethanc
where the pre - peak is centered around the skmealue as foﬂ:((j% case. This is expecte
since the formation of the pre - peak in the structure factor is related to the formation of
molecula aggregates in associative liquids, as discussed in section 3.1. The time - d
the pre - peak describes the timescale at which correlations between aggregates are |
result: show that these long - ranged correlations decay much slower in time than short -

correlations attributed to largek - values.
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Figure 56: water: Total intermediate scattering functio (t())(k,t) and Fg&(k, t), are show
in the left and right panels respectively. Higlighted time values are presented with thicl

with the color convention shown in the legend box.
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Figure 57: ethanol: Total intermediate scattering functio (%(k,t) anng,L(k,t), are show
in the left and right panels respectively. Higlighted time values are presented with thicl

with the color convention shown in the legend box.

Finally, we show dynamic structure factcﬁ%%)o(k, ) andsg)H(k, ) in Figures 58 and 59. V

note that thek- values at which peaks appeard¥ (k, ) coincide with the peak positions

F®(k,t), for each type of correlations. However, in the caséﬁg(k, ) of water (left pane
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of Figure 58), we observe an additional peakat 0.5A 1, which we do not observe in
cas¢of Fgc))(k,t) for the same liquid. This peak could imply the existence of the structure
lengthscal of 10A in the microstructure of water. The peak appears only at low freque
namelfor = 0.05 ps ! (thick black curve ), but already disappears at 1 ps * (thick red
curwe). This suggests the slow relaxation process attributed to this structure. Interesti
the distancer  10A, the periodicity ofgoo(r) correlations in water shifts from 2 A (ear-
lier denoted with @ ) to 3 A (earlier denoted with ). This could imply that the peak
k 05A 1lof S(Ot)o(k, ) corresponds to charge ordered local structure of water, charact
by periodicity of 2 A, which relaxes slowly in time. In addition, this peak could be ir
pretecas dynamical equivalent of the static pre - peak, observed earlier in the structure
of alcohols.

(S

Figure 58: water: Main panels show total dynamical structure facto%)o(k, ) and
t)H(k, ), in the left and right panels respectively. Corresponding self psgeg(k, ) and

S(os)H(k, ), are shown in the insets. Frequency values of 0.05,p% ps 1, 10 ps ! and 3(
ps I are highlighted and presented with thick black, red, green and blue lines respectiv

In the case of ethanol (see Figure 59), the equivalent peak app&ard# 1, which coincide
with the position of the pre - peak of the structure factor of ethanol. However, the he
the peak is signicantly larger in the case of ethanol, implying that slow relaxation proc
(i.,e low ) are mainly associated with relaxation of correlations between supramol
agygreggates in the alcohol. Conversely, in water, low frequencies are almost equally ass
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with both short - ranged and long - ranged correlations (both don@aitl largek wavevectors
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Figure 59: ethanol: Main panels show total dynamical structure facttﬁ)o(k, ) anc
Sg)H(k, ), in the left and right panels respectively. Corresponding self pég?g(k, ) anc

S(SL(k, ), are shown in the insets. Frequency values of 0.05,p% ps 1, 10 ps 1 and 3(
ps 1 are highlighted and presented with thick black, red, green and blue lines respectiv
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3.4.£ Self Van Hove function and diffusion

In this section, we put focus on the diffusion properties of simple and complex liquids,
car be extracted from self part of Van Hove correlation function. Previously, we com
GO (r,t) functions for different liquids, highlighting the differences in the speed of dec
lation between different systems. We noted that faster diffusion does not imply faster
relation since decorrelation depends also of molar density of each system. This is v
obsened somewhat different trends when we accounted38i(r,t) self - correlations, con
parecto trends observed f(9 (k, t). While the loss ofG(9(r,t) correlations depends stron
of both diffusion and molar density, lossBf? (k, t) correlations is governed only by diffusic

In this section we wish to examine the differences in diffusion, instead of correlatior
tweer different types of liquids. Again, we take acetone and £&3l representatives of sim|
liquids together with water and ethanol, as representatives of complex liquids. We plot
Van Hove functions weighted by molar densitysince the decay of this form is not affec
by the density of the liquid. Hence, the decay of this function is governed solely by diffi
Therefore the equation: Z

4 GO(r,t)rédr = 1 (145)

is valid for every G9(r,t) function which we show below. Figure 60 show&(®(r,t) func-
tions for water (thick lines), ethanol (dotted thick lines), acetone (dashed thick lines) an
(thin full lines) in the main panel. Functions are shown for different valuets where eac
time value corresponds to specicolor: 0.1 ps (black), 1 ps (green), 10 ps (blue) and
ps (orange). The inset shows corresponding scattering funckiéhk, t) with the same colc
corventions. In the cases of water, ethanol and acetone, we consider OO correlation
CC correlations are considered in the case of £ClI

Wher weighted G®(r,t) are considered instead of non - weigh®®(r,t), we notice the
thetrends observed in r - space (main panel) match perfectly with the trekdspace (inset
We remind that this was not the case in the previous section. At short times (black curv
ps) CCly (thin black line) exhibits slowest diffusion than the other liquids, which diffuse
similarly in this short timescale. Namely, water, ethanol and acetone show similar be
which is visible by near superposition of thick full, dotted and dashed black curves, i
panels



Figure 60: Self Van Hove correlations of water (thick full lines), ethanol (thick dotted i
aceton (thick dashed lines) and C&{thin full lines). Each color corresponds to different ti
value: black - 0.1 ps, red - 1 ps, green - 10 ps, blue - 100 ps. Main panel shows correle
I - space, while the inset shows the same correlatioks space.

At larger times, the curves differentiate more clearly, highlighting the differences betwe
- diffusion close to diffusive temporal regime across different types of liquids. Our result
ges that acetone (thick dashed curve) exhibits fastest diffusion, while the diffusion of e
is the slowest at large times (100 ps - blue lines).

It is also instructive to examine the differences in diffusion of different atertisn the sam
liquid. For example, in the case of ethanol, we can compare OO, H8; nd GC, self -
correlations in order to account for possible differences between different atomic sites
Van Hove correlations for acetone and ¢@le presented in Figure 61, while those corresp
ing to methanol and ethanol are shown in Figure 62. Types of correlations areexgpacithe
legend boxes of each panel. In case of ethangkepresents the carbon site covalently bc
to the O atom, while @represents the carbon site at the edge of the molecule, according
OPLS model. For acetone, Gepresents one of the two methyl groups bound to the cen
atom Every color in the plot corresponds to spectime value: 0.1 ps - black, 1 ps - green.
ps - blue, 50 ps - orange.
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Figure 61: Self Van Hove correlations of acetone (left panel) and,G@ht panel), for differ
ent atomic sites (see the legend boxes). Each color corresponds to different time value
0.1ps, red -1 ps, green - 10 ps, blue - 100 ps.

For simple liquids (see Figure 61), we observe that the differences in diffusion are m
hance: at short times (0.1 ps, 1 ps and 10 ps) than at large times (50 ps), implying the
differences vanish in diffusive temporal regime. In addition, at short times, atoms at the
of molecules (i.e. C atoms in both acetone and £ €khibit slower diffusion than the ator
aithe edge of molecules. Similar trends are observed also for methanol (see Figure 6z
ever, for ethanol, the differences between curves are visible even at large timesO(ps -
orange color). This indicates that larger amount of time is required for ethanol to reach
sive regime than it is required for other liquids shown here. Slower relaxation of ethan
diffusive regime is the consequence of slower kinetics of ethanol, when compared with |
of simple liquids or methanol, which is simpler alcohol. Slower kinetics is the conseque
the formation of microheterogeneities, which grow with the size of alkyl tails in alcohols
enhancemelof microheterogeneity with the growth of alkyl tails is proved by the shift o
pre - peak of the structure factor towards smaller k - values when shifting from lower to |
alcohols as shown in section 3.1.2. In addition, slower kinetics of higher alcohols, con
to lower ones, will be demonstrated in section 3.4.6.
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Figure 62: Self Van Hove correlations of methanol (left panel) and ethanol (right pane
different atomic sites (see the legend boxes). Each color corresponds to different tim
black- 0.1 ps, red - 1 ps, green - 10 ps, blue - 100 ps.

To con rm quantitatively the trends discussed above, we list in Table 3 the diffusionaieets
obtainecby tting of self Van Hove functionst (= 100 ps) to gaussian from equation (1«
with D(GX) we denote the diffusion constant obtained by gaussiting of G§<S>)<(r,t = 100 p39
functior to the equation (140), with X denoting the atomic specie for which correlatior
accounte for. With Dgxp we denote the experimental value of self - diffusion constant
reference [43, 78, 52, 110] for water, reference [83] for methanol and ethanol, referenc
in the case of CGland reference [58] for acetone. Blanklds, denoted with *, indicate nol
existing correlations.

Table 3 shows that the obtained diffusion cagénts qualitatively match with correspond
experimental values. We note that our results are in good agreement with previously r
values of self - diffusion coetients of SPC/E model of water [87, 100] and OPLS mode
methanc [83] and ethanol [83], at room temperature, obtained by the application of Ei
relatior [56]. However, in these works, diffusion co&fents have not been calculated for e
atomic sites individually, like it is done in this work. Although quantitative experimental
ues are not reproduced perfectly, qualitative trends are preserved, as shown in table
example, ethanol shows the slowest diffusion both from experiments and from our date
aceton has the largest diffusion coefient in both cases. Also, we observe that the differe
betweel different types of ethanol self - correlations (OO, HHQz and GC,) are much mor
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enhance than the differences between different acetone correlations (@O, &d CC)for
example, which is in accordance with qualitative analysis written above, where we att
this effect to slower relaxation of ethanol to diffusive regime, due to microheterogenous
ture

Table 3: Diffusion constants obtained by gaussiéiing of G(9(r,t = 100 p3 functions tc

gaussian of the forn&(®(r,t)  exp( z{ét). Self correlations for spect atomic specie X
denoteiwith G§. With Dexp we denote the experimental value of self - diffusion condramh
the literature.
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3.4.5 Time decay ofGgq(r,t) correlations at the rst peak

In the last section we observed that the loss of correlations aroundsheeak ofG(¥(r,t)
occur: slower for simple liquids (i.e. acetone and GJthan for complex associative liqui
(i.e water and ethanol). Here, we demonstrate this in more details by sh@{heR, t)
function: in time domain, instead of space domain (i.e. wetpattead ofr on thex - axis),

with keepingR xed. We choose the value Bfsuch that it corresponds to the position of
rst peak for each case.
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Figure 63: Time decay of variou6(¥ (R t) functions, with R corresponding to the positior
the rst peak ofG(9(r,t) in each case.

Figure 63 shows the time decays of varioG&) (R,t) functions of water, methanol, ethar
aceton and CC}. Particularly, we show CC correlations for all four liquids, including also
correlation in case of water, methanol and ethanol. We can immediatelyroothe trend
obsenred in previous section: OO correlations of associative liquids decay sigmily faste
thar correlations corresponding to simple liquids. While OO correlations in associative |
fall below 0.1 already within nearly 1 ps, those in simple liquids are more persistent. N
correlation fall below 0.1 within 4 ps in case of acetone and around 8 ps in case qf GISb,

we observe that CC correlations of the two alcohols decay slower than OO correlations.
the decay of CC correlations in ethanol is similar to the decay of CC correlations in ac
This suggests that the dynamics of alkyl groups of alcohols reminds of dynamics ok
in simple liquids, and differs from the dynamics of atoms within hydroxil groups, whic
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in uenced by charge order. In addition, we observe that OO correlations exhibit higher i
valuesG(@(r,t = 0), which is in alignment with the highrst peak of statigoo(r) correlations
obsened earlier.

3.4.¢ Dynamic and kinetic aspect of correlations in (k,t) space

Now we will put focus on the time decay of density correlationk #space, namely the decay
of F(k,t) function. Prior to performing similar analysis as the one from the previous sect
we will discuss the physical meaning of the time evolutiorFgk,t) and its relationship with
the trends observed iGq(r,t). Figure 64 show§4(r,t) correlations between OO intermolec
ular pairs in water (left panel), together with correspondigk,t) functions (right panel).
Function: are calculated for selected values, which are listed in the legend box. The inset
the left panel shows the zoomed view @a(r,t) functions shown in the main panel.

As shown in Figure 64G4(r,t = 0) functions (shown in black color in the left panel) exhibi
oscillatory behaviour, with oscillations being characterized by two dominant spatial peric
0.6 and (see the inset of the left panel). The distancg O corresponds to the typical
separatio between rst and second shell &y(r,t = 0) function, while the distance repre-
sent spatial period of long - ranged oscillations (see interval in the left panel). These
two spatial periods give rise to the diffraction pattern of water being characterized by the
- peak feature (selgy(k,t = 0) function in the right panel), with the two dominant peaks four
ak 2 L(marked with red arrow) ankl 3 L(marked with black arrow). The former
peal is related to spatial period of54(r,t = 0), while the latter is related t0.6

Figure 64: Left panel show@%’())(r,t) correlations for water, while correspondiﬁé‘g(k,t)
function: are shown in the right panel.

Larger times{> 0) are characterized by weakening of density correlations, as visible from

left panel, where we note lowering of the peak amplitudes as time increases. Aiestilfy
large times { 1 ps), the rst and second peak @y(r,t) merge into one single peak (se:
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the red curve in the left inset, corresponding@gq(r,t = 2 p9g), with correlations now beir
characterize by one single dominant spatial period ; over wholer - domain. Ink - spac:
(seethe right panel), this is visible through disappearance of the pelk & 1 (markec
with black arrow), leavind4(k,t) being dominated by single peak centered at2 1 (see
the red curve in the right panel).

Previously, we related the existence of two spatial frequencies in the microstructure
ter to previously suggested picture of water by other authors, where water is considerec
mixture of tetrahedrally ordered liquid and ordinary disordered liquid [131, 160]. In this
text, the existence of periodicity in the microstructure of water rects the disordered nati
of water, while the existence of shorte60 periodicity re ects its charge ordered nature.
right panel of Figure 64 suggests that charge ordered component of water microstruc
laxes faster than its disordered component. This is visible through the fact that the out
of the structure factor of water (marked with black arrow) decays faster in time than th
peal (marked with red arrow). Before focusing on the differences in time decay more
oughly, it would be instructive to make similar analysis, as the one presented in Figure
water, as well for ethanol, since the structure factor of the alcohol is characterized by t
peak

Figure 65 showsGq(r,t) functions for OO intermolecular correlations in ethanol (left pa
togethe with correspondind=q(k,t) functions (right panel). Left panel shows that short
(t < 1 ps) correlations, similarly like in the case of water, exhibit shortér Operiodicity ove
smal -r domain ¢ < 2 ). However, larger separations are characterized by 2 periodicity
the value which is larger than periodicity § of long ranged correlations in water (see the
pane of Figure 64). In the right panel of Figure 65, shorter periodicity of ethanol microstrt
is visible through the peak & 3 1 (marked with black arrow in the right panel), as in
water case. Larger.2 periodicity manifests through the pre - peakat 1 (marked witt
red arrow). Right panel indicates that the component of ethanol microstructure, attrib
larger periodicity, decays signcantly slower in time than the component attributed to sh
periodicity. Similarly like in the case of water, peakiat 3 lis attributed to charge order
nature of ethanol microstructure, while the peakkat 1is the pre - peak.
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Figure 65: Left panel ShOWng())(r,t) correlations for ethanol, while correspondiﬁgg(k,t)
functions are shown in the right panel.

In chapter 3.1.2, we addressed the relationship betweegosition of the pre - peak with th
characteristi separation between nearest OH aggregates in alcohols. Namely, a pre - pe
terecatk = % implies that a characteristic separation between two such aggregates it
to D. In the context of OO dynamic structure factor of ethanol, presented in the right ps
Figure 65, the pre — peak (marked with red arrow) represents a typical separation betwe
O atoms forming two such aggregates. The average separation between two such at«
clearly be governed by by the size of alkyl tails, which form hydrophobic barriers betwee
aggregates in the liquid. This explains why the position of the pre - peak shifts to lkwe
values (indicating larger inter - aggregate separations) when moving from lower to higl
cohols [143, 16, 185, 171]. However, the main peak of the structure factor (marked with
arrcw) is related to characteristic separation betwekst and second shells of OO correlatic
inr - space (see the left panel of Figure 65) and is, therefore, a signature of charge orde
liquid. This characteristic separation is universal for both water and alcohols studied |
which explains why the peak centeredkat 3 1 is common feature of all associative s)
tems considered in this work. In addition, the bump in correlationk at 2 Lis related
to characteristic contact distance betweest hydrogen bonded O neighbours, as already
plained

Prior to the comparative analysis of the decay of OO, OH and HH correlations kt space
for water, methanol and ethanol, we show total OO, OH and HH structure factors of
methanc and ethanol in Figure 66. Left panel shows OO structure factors of the selecte
tems (water in black, methanol in red and ethanol in green lines), while OH and HH strt
factors are shown in the central and right panels respectively, with the same color con
a: for the left panel. All structure factors are in agreement with previously published OC
anc HH partial structure factors by other authors [185, 166, 131, 165].
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Figure 66: Static structure factors OO (left panel), OH (central panel) and HH (right panel) «
water (black lines), methanol (red lines) and ethanol (green lines). Pre - peaks are marked
PF, charge ordering peaks with COP and peaks corresponding to long - ranged correlation
r - space with LR.

Structurcfactors (OO) presented in the left panel have been already discussed. Here, we shc
reminc of the main features. In the case of water (black line), the peik a2 A * (marked
with “LR”) is the manifestation of characteristic periodicity gdo(r) correlations over large

- r interval (“LR” stands for “long - ranged” correlations). In methanol and ethanol, this pea
is shifted to lowelk - values, forming a pre - peak, marked with “PP”. This shift is the conse
guenc of the increment of spatial period gpo(r) over large + domain, when moving from
water to the alcohols. Both LR peak and PP peaks reveal the details of long - ranged OO «
relation: in the liquid. In addition, similar shift of LR peak to PP peak is observed also in th
cast of OH (central panel) and HH (right panel) structure factors of the three liquids.

Peal marked with “COP” (where “COP” stands for “charge - ordering peak”) is caused b
the distribution of atoms in close vicinity of the reference atom, and is the signature of char
ordering Particularly, in the case of OO correlations (left panel), this peak represents chi
acteristit separation betweernrst and second shell @ioo(r), as previously discussed. In the
cast of OH structure factor (central panel), COP peak represents a characteristic contact
tance between nearest OH intermolecular pair. The peak is centefled @t A 1, indicating
thaithe characteristic separation between OH intermolecular pairs should be arouiné A.
This separation can be cormed from Figures 54 and 55 (see the case of OH correlations). |
the case of HH structure factor (right panel), COP peak represents nearest intermolecular
separatior

Letus now consider the time relaxation of OO, OH and HH correlatioks space through the

1 - decay ofF (k,t) functions. Particularly, we will examine the decay of PP peaks for alcohols
LR peaks for water and COP peaks for all the three liquids and all three types of correlatio
In Figure 67, the decay of OO (full lines), OH (dotted lines) and HH (dashed lines) correlatio
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is shown in black color for water, red for methanol and green for ethanol. Thin lines shov
deca of COP peaks, while thick lines show the decay of PP peaks for alcohols and LR f
for water. Left panel shows tite decay of correlations in linegr- scale, while the right panel
shaws the same decay in log- scale.

Figure67: Time decay of marked peaks from Figure 66 in linear scale (left panel) and loge
mic scale (right panel).

First feature visible from Figure 67 is that all COP peaks (for all three types of intermolec
correlation and all three liquids) decay very similarly in time. This feature indicates that sr
- r correlations, governed by charge order, decays similarly in all three selected liquids. H
timerelaxation of charge ordered component of microstructure is similar for all selected liqi

However, more noticeable differences are present when PP peaks of alcohols and LR
of water are considered. We remind that the meaning of the LR peak of water is essel
equvalent to PP peak of any of the two alcohols, since both peaks describe the perio
characteristi for large -r correlations. In this context, LR peak can be considered as the
- peak of water, although, in the literature, pre - peaks are commonly attributed exclusive
othel types of liquids, such as alcohols [188, 161, 162, 133, 146, 138, 51, 142] or ionic liq
[30, 161, 186, 20, 151]. These liquids contain neutral groups of atoms (i.e. alkyl tails) atta
to charged groups. In alcohols, the existence of neutral groups induces the increment of tt
tial period of OO large ¥ correlations, when compared with OO correlations of water, wh
doe: not have these groups. The increment of the spatial period increases as the size ¢
tails increases. Hence, the LR peak of water describes the periodicity of largarrelations
in special case when there are no neutral groups attached to charged groups. In this sel
peal could be considered as pre - peak of water.

Result presented in Figure 67 show that the decay of long - ranged correlations (repre
sentelwith the LR peak of water and PP peaks of the alcohols) slows down as the size of

tails increases. Earlier, in the context of alcohols, we explained that PP peaks represent
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- cluster correlations (where the term cluster refers to OH aggregates). Hence, the t
relaxatior of cluster - cluster correlations becomes slower with the increment of alkyl
legth. We note that the decay of PP peaks is nearly independent of the choice of interm
correlation (OO, OH or HH) for specic liquid, which is visible from the superposition of c
feren thick lines (full, dotted or dashed) for a given color. This indicates that {liecay of Pl
peal describes the structural relaxation at the spatial scale of aggregates, where the ¢
the atomic species (O or H) does not have sigaint impact. The characteristic time attribu
to the decay of PP peak for each liquid is what we call kinetic time. Therefore, we cor
from Figure 67, that kinetics of the three liquids differs sigrantly, while the dynamics «
chage order is nearly the same in all three systems.

In experiments, structural relaxation at PP and COP can be probed by QuasiElastic
Scatterini (QENS). Total scattering functioris(k,t) at the PP and COP have been meas
anc it was found that the dynamics at the PP is slower than that at the COP [162, 14, 1.
whichis in agreement with ourndings. Similar ndings have also been observed for roc
temperatur ionic liquids [81].

The study of kinetic aspect of water and monohydroxy alcohols is shown to have cagrim-
portanci in understanding the relationship between microscopic and macroscopic prope
thestliquid [188, 186]. Particularly, neutron scattering experiments of 1-propanol have :
thai the temperature dependence of characteristic decay times at the pre - peak exhib
nius dependence (T) exp( Ea/ RT)) over the tested temperature range 170 - 280 K,
the activation energyea being similar to the activation energy of viscosity [188]. This re
highlights the in uence of mesoscopic cluster dynamics on rheological properties of li
The coupling between viscosity and clustering has also beenrowed by molecular dynamis
simulation: of methanol and ethanol performed by Yamaguchi [185].
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3.4.7 Memory function - simple approximation

In section 2.3.3 we introduced the simplest approximation of the memory function:
M(k,t) = M(K) - () (146)

We have shown that, within this approximation, the solution of Mori - Zwanzig equatic
the time evolution of-(k,t) is given with:

F(kt)= k) -exp[ t-M(K)] (147)

with (k) representing the static structure factor, wiilék) is the memory function, which
independent of time. The last equation implies that, feedk, F(k,t) decays as single exg
nential in time, with the decay rate being dependerk thiroughM(K).

However, we have shown in section 3.4.6 (see Figure 67) that the time de&d,of does
not decay as single exponential, which already indicates that approximation (146) is n
enough for describing the dynamics of realistic liquids. However, it would be instruct
examine how close one can get towards realistic description of liquids within this simj
proximation. First, we note that, within approximation (146), the dynamical structure fa
given with the time Fourier transform of equation (147):
Z +
Sk, )= gK) exp[ t-M(K)]-exp[ i t]dt (148)

which ultimately leads to:

_ 2M(KS(K)

qk’ )_ 2+ Mz(k) (149)

Therefore, in order to test the quality of approximation (146), one can compa®khe)
from equation (149) witl§k, ) obtained from simulations. In order to obt&i(k, ) from
equation (149), one needs to knd(k) andSk). We obtainM(k) by performing exponenti

t of F(k,t) in the time interval O - 1 ps for large serieslolalues. We note that 1 ps is ¢
proximately the time by which correlations around the charge ordering pdagkdf) decay tc
0 (see Figure 67).

The main panel of Figure 68 shows the inversevifk) functions, obtained by exponeni

tting of Foo(k,t) correlations for simple LJ liquid, water, methanol and ethanol. Th
set shows the sameagure in logarithmicy-scale. We rst observe that positions of peaks
M (k) coincide with the ones of dynamical structure fackk, ) for each system (see s
tion 3.4.6). In addition, we observe the divergenceVbfl(k) in k 0 limit, which is the
consequence of the slow time decayab(k,t) for smallk-values.
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Figure 68: Main panel shows time - independent approximations of memory fundiidk)
correspondin too OO correlations in simple LJ liquid (black line), water (blue line), metr
(redline) and ethanol (orange line). The inset shows the same plot in logarithecale.

In order to obtain the approximation &k, ), we insert the memory functions from Fig
6€ into equation (149). Figures 69 and 70 show the comparis@ikpf ) obtained from sin
ulations (left panel) with theS(k, ) obtained from approximation (right panel), for water
methanc respectively.

We observe thagk, ) from the left and right panels differ quite sigmiantly. Howeve
we note the best agreement between the approximative and realistic structure factors
smal values. Overall, the speed of decay irspace is signicantly overestimated when ¢
proximatior (146) is used. This is the consequence of the fact that the time evolutiofkd)
is not well described with equation 147 in reality. Therefore, in order to obtain the m
functior of realistic liquids, one has to rely on Mori - Zwanzig formalism.
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simulation approximation
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Figure 69: Comparison ok, ) structure factor of water (OO correlations), obtained
simulation: (left panel) versus§(k, ) obtained from equation (149) (right panel), when
Markovian approximation of memory function is applied.
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Figure 70: Comparison o5k, ) structure factor of methanol (OO correlations), obta
with simulations (left panel) versugk, ) obtained from equation (149) (right panel), w
the Markovian approximation of memory function is applied.
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To conclude, approximation (146) is a type of Markovian approximation [56], where th
of the system at timéis assumed to be independent of the past. This type of approxir
car be applied when the timescale of random foreetuations (i.e. the timescale of atoi
collisionsin the liquid) is signi cantly faster than the timescale at which the momentum «
referenc particle changes. For example, this is the case with the dynamics of large
ian particle in a bath consisting of much smaller particles. In this case, the dynamics !
particle is described with Langevin equation (64), where the memory function (hereadeju
to the friction coefcient ) is assumed to be independent of the pagt) = o (t). This
type of Markovian approximation is used widely in soft matter, speally in Coarse Grair
ing [70, 80, 88, 89, 97, 32, 31], where one attempts to solve the Mori - Zwanzig equa
ordel to solve for the dynamics of mesoscopic coarse - grained system, and is not in
in the details of microscopic dynamics, which occurs at much smaller timescale thar
scopicdynamics. However, we demonstrate here that simple Markovian approximatioi
usefu for describing the dynamics of molecular liquids. Our tests, presented in Figu
anc 70, demonstrated this for the cases of water and methanol. In addition, even exp
approximatiol of the memory function, developed by Chong and Hirata [25, 26, 27], doi
suf ce to reproduce various dynamical observables obtained by experiments cafigdime
- dependent correlations in a liquid. Therefore, in order to obtain the memory function ¢
of describing the dynamics of realistic liquids, one needs to rely on Mori - Zwanzig form
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4 Conclusion

The main goal of this thesis was to study the spedies in the dynamics of micro - heterog
neou: liquids [145, 128, 142, 134], when compared with other types of liquids which d
exhibit this type of micro - structure. The formation of micro - heterogeneity is realized th
formatior of supramolecular aggregates [145, 142, 134, 138] on the scale of several r
lar sizes. In associative liquids, such as alcohols, aggregation is the consequence of |
bondin¢ between OH hydroxil groups [14, 13, 138, 16, 76, 118, 126]. Hence, in addit
regular molecular dynamics, characteristic for any liquid, micro - heterogeneous liquid
kinetic aspect of dynamics, which is related to dynamics of molecular aggregates, ins
individual molecules. In general, micro - heterogeneous liquids belong to class of cc
liquids [134]. The division of liquids into simple versus complex is inspired by sigant dif-
ference in static and dynamic properties of these two types of systems, which are cat
different intermolecular interactions which each type exhibits.

In typical simple liquids, like liquid argon for example, interactions are governed by
Van der Waals forces, characteristic for non — polar species, which are typically mod:
Lennar(— Jones potential in classical simulations [56]. The micro - structure of this type
uid, or any other type, can be described with radial distribution funa{oh, which describe
the mean radial distribution of density around particle in the system, obtained as an ¢
uver all particles and all microstates (ensemble average) [56]. It has been show(rjha
typical simple liquid oscillates around the asymptofg) = 1, with characteristic period
oscillation: being equal to , denoting atomic diameter, and thest peak positioned ait

The structure facto§(k) of such liquid, mathematically equal to the spatial Fourier trans
of g(r), is characterized by the main diffraction peak at the wave-vécto 1[56], in-
dicatinc that the liquid disorder of this system is fully governed bynter-particle separatio
This is the simplest form of liquid disorder, which is the reason why we refer to these |
a: simple disordered liquids.

In the case when liquid is composed of globally non-neutral species, interactions becon
complex, due to the addition of Coulomb interaction to the existing Lennard — Jones ir
tion. If we take an example of simple ionic liquid, composed of positively charged a
specie A and negatively charged atomic spedg&sith both species having the same ato
diamete, the micro-structure of this liquid is shown to differ from the previous case. Na
the disorder in this type of system is characterized by the formation of charge order [13:
positvely and negatively charged species being arranged int + sequence, govern
by Coulomb interaction. Charge order is shown to leave trace in radial distribution fur
of these liquids, by observed anti-phase oscillations of agag§’) correlations, compared
uaa(r) or ggge(r) [133]. Similar anti-phase behavior can be observed alde-gpace. If th
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specie A andB are not charged, all distribution functions are equivalent, leading to s
castwhengaa(r) = gss(r) = gas(r). Hence, the structure of simple ionic liquids is obviol
characterize by higher level of complexity, compared to regular simple liquids. Howeve
thougl being more complex, the micro - structure of this type of system is not heterogel

Situatior with ionic liquids becomes more interesting as neutral groups of atoms are
to positively and negatively charged groups. Building units of such systems are mol
compose of neutral groups, covalently bound to charged groups. These types of liqu
callec complex ionic liquids [133, 137]. In this type of system, Coulomb interaction
tweer charged groups again induce charge ordering. However, charge - ordered ch
ncw mutually separated by neutral groups, which act as barriers between them. This
the formation of heterogeneities, with the density of charged groups not being homogel
distributed across space. The formation of these heterogeneities, which we call micro -
geneities signi cantly affects the global microstructure of the liquid and, consequently, |
marked trace in both radial distribution functions and corresponding structure factors.

Before discussing the effect of micro - heterogeneity on static observajpt¢sand Sk), it
is important to adress the similarity of complex ionic liquids with alcohols [133], whic!
alsc considered as complex liquids. Although molecules of alcohols are globally neut
molecule of complex ionic liquids are not, the micro - structure of the two systems is si
both exhibiting charge order in similar fashion. Although positively charged O and neg:
chaged H atoms in alcohols are bound in one single molecule, charge order is rea
similar fashion like for complex ionic liquids, with formation of O-H...O-H...O-H alterna
chains ultimately leading to alternation of positive and negative charges along the chain
group: of alcohols play similar role as neutral groups in complex ionic liquids, causir
formatior of micro - heterogeneities, where neighbouring OH chains are mutually separ.
alkyl domains. The formation of OH aggregates in this way is visible in lgoth and S(k),
meanin( that the formation of micro - heterogeneities can clearly be observed from the
static quantities.

The most apparent difference betwegpo(r) correlations of alcohols versus simple ligu
is in the rst peak, which is narrowed and shifted to lowefor alcohols, indicating stror
associatio between OO intermolecular pairs, due to charge ordering. In additionrshpeal
is followed by the depletion of correlations [138, 143], which eets the formation of line
OH aggregates in alcohols, which reduces the number of neighbours in second coor
shel from the central atom . We have shown that the characteristic separation benstan
secontshell ofgoo(r) is xed for water and all alcohols examined herein, being nearly eq
0.6 (with being the diameter of O atom), indicating that the mechanism of charge or
is similar in both water and alcohols. This characteristic separation is manifeskesiic
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througl the main peak of the OO structure factor, centerdd-at3 L for all three system
which we conveniently refer to as charge ordering peak. Less apparent differences t
yoo(r) of alcohols, compared to simple liquids, are related to long — ranged features,
we observed that the periodicity gbo(r) increases with the size of alkyl tails. In the cas
water, this periodicity was found to be equal towhile it is equal to 1.5 and 2.5 in the
cast of methanol and ethanol. We demonstrated that this long — ranged periodicityspact
manifest in k — space through the appearance of the pre — peak of the structure facto
k—region. The pre-peak is centerekat 2 D 1, with D being equal to the periodicity of lot
—ranged correlations in-space (i.e. for water, 1.5 for methanol and 2.5 for ethanol)
Prysical meaning oD is the average distance between neighbouring OH clusters [185].
cast of water, this periodicity manifests as the “inner-peak” or the “shoulder-peak” of th
structur¢ factor, centered at slightly lowdrthan the charge ordering peak. Shoulder - pe:
water could be seen as special case of pre-peak, realized in scenario when there are r
group: attached to charged groups. In this context, shoulder - peak of water can be seer
peal of water, which has not been proposed in the literature yet. In case of OH or HH st
factors, pre - peaks appear at the s&avalue as for the OO case, which further coms the
fact that thisk-value represents the average distance between OH clusters. The aver
distanc' between two atoms belonging to neighbouring clusters will be the same as the
HH distance. However, the position of charge ordering peak is not the same for OO, (
HH structure factors. This is because charge order represents local ordering of atoms
vicinity of the central atom. Clearly, nearest intermolecular OO distance will not be the s
the OH or HH distance (as visible when compariggo, gon andgny distribution functions)
which explains why the position of charge ordering peak varies with the choice of correl:
Morecver, we note that the effects of micro - heterogeneity are less apparent in CC corre
wherewe observed that correlations between atoms behave similarly as in simple liquic
in r-space and ik-space.

In order to study the time evolution of statyfr) and k), we analyzed time — depend:
correlatior functions in bothr-space and-space. Dynamic equivalents to stagic) and (k)
are given with Van Hove correlation functioB(r,t) and intermediate scattering functibik, t)
respecvely [56]. In addition, the power spectrum B{k,t) is given with dynamic structul
factorS(k, ) [56]. Our results have shown that dynamic correlation functions allow to cl
distinguist between dynamics and kinetics in micro - heterogenous liquids, as discussec

The analysis of time — dependent density correlations-apace has shown that the charac
istic decorrelation time is signcantly larger in the case of simple liquids, than it is for sele
associave liquids. Particularly, when correlations betweenst neighbours are consider
faster decorrelation of associative systems is the consequence of charge ordering, wh
es' neighbours interact with strong Coulomb attractive interaction. Due to this intere
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particleswithin rst coordination shell are strongly affected by the diffusion of the centra
ticle from the origin, leading to faster decorrelation of the density aroustishell, compare
to simple liquids. Generally, the speed of decorrelation is observed to grow with the
men of partial charges on molecules, indicating that stronger intermolecular interactiol
to faster decorrelation of the density around central particle. However, although this
of correlations is instructive, it does not directly allow to distinguish between dynamic
kinetic aspect of liquids. This differentiation becomes more straighforward in k-space.

As explained abovek-dependent structure factors ext both short -ranged and long - ran
feature of density correlations im-space. For example, structure factors of methano
ethanc are shown to exhibit two main features: charge ordering peak (i.e. manifesta
short-range correlations between nearest atoms) and the pre-peak (i.e. manifestation
rangec correlations between OH aggregates). This means that time - dependent struc
tors F(k,t), represent convenient observable for the differentiation between dynamics
kinetics in micro - heterogeneous liquids. While dynamics can be conveniently accesset
time evolution ofF (K, t), with K being xed to thek-position of charge ordering peak, kinei
car be similarly accessed by the time evolution of the same function, butwitbrrespondin
to the position of the pre - peak. Our results have shown that-tlexay of charge orderi
peal is universal for both water and alcohols considered herein, regardless of OO, OH
correlation being considered. This means that the dynamics of charge order appears tc
versal across different associative species. However, when the time evolution of the pr
has been considered, sigreant differences between kinetics of different associative sg
were found. Namely, we found that kinetics depends on the size of alkyl groups, such
slows down as the size of alkyl tail increases. Therefore, structural relaxation of heterog
microstructur: is governed by the size of neutral groups.

The universality of the dynamics of charge order has been further supported with the &
of the probability distribution of hydrogen bonding lifetimes for different associative lic
presente herein. Although classical hydrogen bonding model is known to have limited
for studying hydrogen bonding interaction, which is essentially quantum - mechanic:
nomenor it serves as useful tool for studying the dynamics of charge order. Particula
considerini a classical hydrogen bonding lifetime of bonded O-H...O intermolecular pai
essentiall accounts for the vibrations of charge - ordered microstructure. Our results [i
have found the universality of these vibrational modes across different associative speci
gestincthat the dynamics of charge order could be universal across different associative :
containin¢ OH groups. This universality is then cormed more rigorously by the analysis
correlatior functions.

One can also account fd--dependent correlations in frequency space, instead of time
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by considering dynamical structure fact§ik, ). We have shown th&®(k, ) of water anc
alcohols for xed value of , has marked peaks ktpositions corresponding to the pre-p:
anc charge ordering peak of static structure fac¥d). For small values of , the amplitud
of Sk, ) is signi cantly higher at the pre - peak, compared to charge ordering peak, im
thaislow relaxation in time 0) is mainly related to the kinetics and much less for dyn
ics of the liquid. For larger frequencies, the amplitude &k, ) at the pre - peak is clo:
to 0, showing marked amplitudes only around charge ordering peak at igladues. Thi:
shaws that larger frequencies (i.e. faster relaxation in time) are mainly related to the dy
of charge ordered microstructure, and are not related to the kinetics of the liquid, which
signi cantly slower.

In addition, our analysis o8k, ) of water has led to surprising result. We found that
namica structure factor of water, for small, has an additional marked peak which is ab
from static structure factor, namely around @\5?, which is lower than the position of tl
shoulde-peak (2A 1). This peak could imply slow relaxation mode related to the micros
ture of water of the lengthscale of 10 A. Interestingly, 10 A is precisely the distance wt
the shift of periodicity from 0.6 to occurs ingoo(r) of water. This means that this ad
tional peak in the dynamical structure factor of water could also be related to the relaxe
chage order in the microstructure of the liquid. This topic requires more investigation in
to be developed further.

In order to study the time evolution of dynamical correlations by the application of
Zwanzig formalism [62, 56, 89, 191], which puts the memory function in the center of ir
gation, one needs to perform the inversion of 8ile, ) matrix, in order to obtain the memc
matrix. Our research revealed that the memory matrix is characterized by ambiguou:
genctover small k region, whose origin appears to be related to irregularities related wi
S(k, ) matrix, particularly by the manner in whic®k, ) converges to 0 in smallk limit,
wher is xed. These irregularities cause big numerical problems when the inversion
matrix is supposed to be performed, in order to obtain the memory matrix. Since the ol
thesc unexpected anomalies is still unknown, it stopped us from further progress in ob
the memory function. At precise moment, it seems that further development of the th:
essentie step in order to overpass current obstacles. Then, these obstacles are expec
treatecand overpassed analytically. Nevertheless, sicgait progress has been made, par
larly in sense that dynamic structure factors have been extracted “by hand” for several
-values, which enabled us to observe interesting trends in frequency domain, and shoy
interestinc¢features. Particularly, we have demonstrated how close to the description of r
liquids one can get by applying simple Markovian approximation of the memory functi
realistic liquids. Our results show that, although these approximations are widely used
matte for solving Mori - Zwanzig equation for mesoscopic dynamics of coarse - graine

13C



tems[70, 80, 97, 98, 88, 89], they are unuseful for describing the time - dependent prc
of realistic molecular liquids, such as dynamic correlations. This was desmonstrated t
parin¢ simple MarkovianS(k, ) with Sk, ) obtained directly from simulations, where
obsenred that Markovian approximation undoubtedly fails to reproduce realistic correlati
the liquid. In addition, we highlight the discovery of unexpected peak of dynamical stri
factor of water ak= 0.5A 1, both in the case of OO and OH correlations, which is exp
to represent important starting point of future research works. Interestingly, this peak
ug. also within Markovian approximation. Furthermore, the importance of the observed |
sality of the probability distribution of hydrogen bonding lifetimes [75, 76], witkiansien
tempora regime, should not be left out. While previous research works were mainly fc
on the kinetic aspect of this distribution [96, 95, 105, 122], we have shown here that thi
erties within transient regime have important connection with the dynamics of charge
suggestin its universality across different associative species with OH functional groups
universality has been commed both in the context of classical hydrogen bonding mode
in the context of correlation functions. Finally, we demonstrated ka¥ependent correl
tion functions allow to differentiate between dynamics and kinetics in micro - heteroge
liquids which was also one of the main aims of this thesis.
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