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Abstract

The hydrogen bonding structure of the mixture water + propan-2-ol is analyzed at ambient

conditions of temperature and pressure with molecular modeling and simulation techniques. A

new force field for propan-2-ol is developed for this purpose on the basis of quantum chemical

calculations and validated for a wide range of macroscopic properties. The basic mixing prop-

erties excess volume and excess enthalpy as well as the most important transport properties,

i.e. diffusion coefficients and shear viscosity, are considered to verify the suitability of the

employed force fields for studying the complex behavior of this aqueous alcoholic mixture.

Radial distribution functions and hydrogen bonding statistics are employed to characterize the

hydrogen bond network and molecular clustering. Inhomogeneous mixing on the microscopic

level, given by the presence of segregation pockets, is identified. The interrelation between

the intriguing macroscopic behavior of this binary mixture and its microscopic structure is

revealed.

Introduction

Mixtures of water and an amphiphilic solute, such as an alcohol, exhibit thermodynamic and trans-

port properties that differ significantly from values that are expected for an ideal liquid mixture.

Their behavior is governed by the strong tendency of the involved molecules to form organized

structures due to the presence of hydrophobic regions which aggregate the hydrophilic groups,

facilitating hydrogen bonding with the surrounding water molecules1.

Aqueous alcoholic mixtures have been extensively investigated by experimental and theoret-

ical approaches due to their importance in life sciences and numerous industrial processes, like

electron transfer reactions, heterogeneous catalysis or fuel cell technology2,3. However, there is

still no consensus on the microscopic factors that cause the anomalous behavior of their macro-

scopic properties. The classical explanation based on hydrophobic hydration, that is attributed

to the presence of enhanced clathrate-like water structures4, was challenged by diffraction exper-

iments1,5 and issues concerning clustering, molecular segregation and microheterogeneity have
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gained relevance6–9.

Molecular modeling and simulation has become an important avenue for investigating the mi-

croscopic details of hydrogen bonding structures10, which are hardly or not accessible at all with

experimental techniques11. It has also been successfully employed to explain macroscopic phe-

nomena12 or to interpret spectroscopic data13 from a microscopic point of view. The present work

aims at a deeper understanding of the thermodynamic properties and unique microscopic structural

dynamics of aqueous alcoholic mixtures by means of molecular modeling and simulation. While

aqueous mixtures of methanol and ethanol have been investigated in preceding work14, the present

contribution focuses on propan-2-ol, which is the largest secondary alcohol that is fully miscible in

water. It is present in many commercial products, such as disinfectants, paint and ink formulations,

fuel additives or de-icer products15. Further, the aqueous propan-2-ol mixture has throughly been

investigated with a wide variety of experimental techniques5,7,9,15–18.

Numerous molecular simulation studies were presented for aqueous alcoholic mixtures13,15,19–23,

sometimes leading to apparently contradictory results1. A possible cause may be the force field

selection. For instance, Gereben and Pusztai13 found a significant variation with respect to co-

ordination number, hydrogen bonding and spatial distribution for aqueous ethanol depending on

different water force fields. Nonetheless, in most literature work, the underlying force fields were

not adequately validated, e.g., only time-independent properties were considered and the dynamic

behavior was neglected.

The reliability of molecular simulation is determined by the employed force fields, i.e. a math-

ematical representation of the molecular interactions. There has thus been a continuous effort with

respect to the development of force fields that are able to cover a wide variety of physical prop-

erties24–26, employing, among others, quantum chemical calculations. In this work, a rigid non-

polarizable force field for propan-2-ol (CAS-Number 67-63-0, or henceforth IPA) was developed,

which was optimized to experimental vapor-liquid equilibrium (VLE) and transport coefficient

data following a procedure that is similar to the one outlined in Ref.27. This force field was tested

together with the well-known TIP4P/2005 water force field28 on its ability to predict macroscopic
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excess and transport properties of their mixture at ambient conditions of temperature and pressure.

Further, the local ordering of water and propan-2-ol molecules and the structure of the hydrogen

bond network was examined. For this purpose, radial distribution functions (RDF) were sampled

in the entire composition range and compared with those of the pure constituent substances. Be-

cause of the key role of hydrogen bonding for the understanding of the microscopic structure and

dynamical properties of aqueous solutions23, the RDF were carefully analyzed.

Excess properties are important quantities to describe the extent of mixture non-idealitiy. Trans-

port properties are strongly affected by the presence of organized microstructures, which are a

consequence of molecular association due to hydrogen bonding. It is well known that aqueous

alcoholic mixtures contain long-lived clusters29. Thus, it is expected that force fields that are able

to adequately predict properties such as excess volume, shear viscosity or diffusion coefficients do

yield trustworthy structural information on the molecular level.

Recently, Bye et al.15 studied the mesoscopic structure of propan-2-ol + water with perturbation

calorimetry and molecular simulation employing the TIP3P force field for water and the amber

gaff03 force field for the alcohol. They calculated hydrogen bonding statistics and a non-ideality

degree. However, the authors did not indicate whether the employed force field combination is

capable to yield mixture density or other thermodynamic properties appropriately. Anisimov et

al.20 obtained RDF and dipole distributions of aqueous propan-2-ol, employing polarizable force

fields based on the Drude model. They successfully tested their propan-2-ol force field for the

self-diffusion coefficient of the pure substance, however, the time-independent properties of the

mixture were not assessed.

This paper is organized as follows: First, theoretical background and methodology are de-

scribed. Second, a new propan-2-ol force field is introduced and validated, followed by a descrip-

tion of its microscopic structure. Subsequently, simulation results for the excess and transport

properties of the mixture are compared with the available experimental data. RDF and hydrogen

bonding statistics are interpreted in the light of the microscopic structure of aqueous propan-2-ol.

Snapshots of molecular configuration are also considered. Finally, conclusions are drawn. Com-

4



putational details and numerical results are given in the supplementary material.

Theory and Methodology

Several approaches to define a hydrogen bond, based on energetic30, geometric31 or topological32

criteria, can be found in the literature. Because there is still no exact definition, geometric criteria

are employed in most cases. Accordingly, molecules were considered to form a hydrogen bond in

this work if the following conditions hold33:

• The distance between the donor and the acceptor `AD is smaller than a threshold distance.

• The distance between the acceptor sites of the acceptor and donor molecules `AA is smaller

than a threshold distance.

• The angle between the acceptor–donor axis and the acceptor–acceptor axis is smaller than a

threshold angle ϕDAA.

Threshold values proposed by Haughney et al.31 (`AD = 2.6 Å, `AA = 3.5 Å and ϕDAA = 30◦)

were employed in this work.

Transport coefficients were sampled with equilibrium molecular dynamics and the Green-Kubo

formalism34,35. This formalism was preferred over non-equilibrium methods because it can simul-

taneously yield several transport coefficients. The self-diffusion coefficient Di, also termed as

intra-diffusion coefficient in the case of mixtures, the Maxwell-Stefan (MS) diffusion coefficient

Ð and the shear viscosity η were sampled concurrently.

Fick’s law and Maxwell-Stefan (MS) theory are the most popular approaches to describe trans-

port diffusion in mixtures, relating the molar flux to a driving force. Fick’s law assumes the mole

fraction gradient ∇x j, a quantity that is measurable in the laboratory, whereas MS theory expresses

the driving force in terms of the chemical potential gradient ∇µi
36.

The MS approach accounts for thermodynamics and mass transfer separately, such that only

the latter contribution is characterized by the MS diffusion coefficient Ð. Because Ð is related to
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the chemical potential gradient, it cannot be measured in the laboratory directly. However, the MS

diffusion coefficient can well be sampled by molecular dynamics simulation. The starting point

are the Onsager phenomenological coefficients Li j
37

Li j =
1

3N

∫
∞

0
dt
〈 Ni

∑
k=1

vk
i (0) ·

N j

∑
l=1

vl
j(t)
〉
, (1)

where vk
i (t) is the center of mass velocity vector of molecule k of component i at some time t, Ni

is the number of molecules of component i and N is the total number of molecules. The brackets

<...> denote the canonic NVT ensemble average. The MS diffusion coefficient for a binary mixture

is then given by37

Ð =
x j

xi
Lii +

xi

x j
L j j−Li j−L ji · (2)

The thermodynamic contribution is considered by the so-called thermodynamic factor Γ

Γ = 1+ x1

(
∂ lnγ1

∂x1

)
T,p

= 1+ x2

(
∂ lnγ2

∂x2

)
T,p

, (3)

where γi stands for the activity coefficient of component i. Fick and MS diffusion coefficients

describe the same phenomenon on so that they can be converted into each other by

D = Ð ·Γ , (4)

in the case of a binary mixture. For the calculation of the thermodynamic factor, the composition

dependence of the activity coefficients is required. Following the Gibbs-Duhem equation, the

excess Gibbs energy GE of the binary mixture is related to the individual activity coefficients by38

kBT lnγ1 =

(
∂GE

∂n1

)
T,p

and kBT lnγ2 =

(
∂GE

∂n2

)
T,p

, (5)

where ni is the number of moles of component i in the mixture. Therefore, a mathematical ex-

pression for GE as a function of mole fraction is needed to calculate the thermodynamic factor
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from Eq. (5). In this work, binary parameters of the classical Wilson39 GE model were regressed

to experimental VLE data40. The composition derivatives of the Wilson model were evaluated

analytically as described by Taylor and Kooijman41 to determine the thermodynamic factor.

The self- and intra-diffusion coefficients can be sampled on the basis of the individual molecule

velocity autocorrelation functions

Di =
1

3Ni

∫
∞

0
dt
〈
vk

i (t) ·vk
i (0)

〉
· (6)

The shear viscosity η is associated with the off-diagonal elements of the microscopic stress

tensor Jxy
p

η =
1

V kBT

∫
∞

0
dt
〈
Jxy

p (t) · Jxy
p (0)

〉
, (7)

where V stands for the volume and

Jxy
p =

N

∑
k=1

mkvx
kvy

k−
1
2

N

∑
k=1

N

∑
l 6=k

rx
kl

∂u(rkl)

∂ ry
kl

. (8)

Here, k and l denote different molecules of any species. The upper indices x and y stand for the

spatial vector components, e.g. for velocity vx
k or site-site distance rx

kl . Eqs. (7) and (8) may directly

be applied to mixtures. Five independent terms of the stress tensor Jxy
p , Jxz

p , Jyz
p , (Jxx

p − Jyy
p )/2 and

(Jyy
p − Jzz

p )/2 were considered to improve statistics42.

Finite-size effects on the sampled diffusion coefficients were corrected with the approach of

Yeh and Hummer43 for the intra-diffusion coefficients and by Jamali et al.44 for the Fick diffusion

coefficients. The finite-size corrections are between 3 and 7% of the simulation results for the

intradiffusion coefficients and between 6 and 15% for the Fick diffusion coefficients. No significant

finite-size effects are expected for the shear viscosity calculation45–47, thus no corrections were

made.
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Propan-2-ol Force Field

The present force field for propan-2-ol is rigid, non-polarizable and of united-atom type. It consists

of four LJ sites and three point charges, two of which are located on the hydroxyl group and the

third one is at the center of the methanetriyl site (–CH<). The potential energy ui j between two

molecules i and j is thus

ui j
(
ri jab

)
=

SLJ
i

∑
a=1

SLJ
j

∑
b=1

4εab

[(
σab

ri jab

)12

−
(

σab

ri jab

)6
]
+

Se
i

∑
c=1

Se
j

∑
d=1

1
4πε0

qicq jd

ri jcd
, (9)

where a is the site index of molecule i and b the site index of molecule j. Si and S j are the number

of interaction sites of molecules i and j, respectively. ri jab represents the site-site distance between

molecules i and j. The LJ size and energy parameters are σab and εab, which were specified

according the Lorentz-Berthelot combination rules for the binary mixture, i.e. σab = (σaa+σbb)/2

and εab =
√

εaaεbb. qic and q jd are point charges located at sites a and b on the molecules i and j,

whereas ε0 is the permittivity of vacuum.

The geometric parameters, i.e. bond lengths and internal angles, as well as the magnitudes

of the point charges were taken from the quantum chemical data base of the National Institute of

Standards and Technology (NIST)48. The model parameters were obtained with an optimization

procedure that was reported in prior works26,27, i.e. the Z matrix49 of propan-2-ol was calculated

to obtain bond lengths as well as the angles θi, j,k between three and φi, j,k,l between four successive

sites. All angles, the LJ parameters of the oxygen and methanetriyl sites as well as the magnitude of

the point charges were kept constant during the fitting procedure. The LJ parameters of the methyl

sites εCH3 and σCH3 as well as the site-site bond lengths were simultaneously optimized in an

iterative process with Monte Carlo and equilibrium molecular dynamics simulations to reproduce

experimental VLE and transport coefficient data. The resulting propan-2-ol force field parameters

are listed in Table 1.
0Footnote
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Table 1: Present force field parameters for propan-2-ol, where x, y, z stand for the site posi-
tions.

site x/Å y/Å z/Å ε/kB/K σ/Å q/e
CH3 -1.109 2.128 -1.265 103.59 3.866 0
CH3 -3.081 1.135 0.077 103.59 3.866 0
CH -1.552 1.344 0 20.20 3.238 0.310
O -0.969 0 0 85.90 3.154 -0.747
H 0 0 0 0 0 0.437

Force Field Validation

Several important thermodynamic properties were sampled and compared with experimental lit-

erature data to validate the present force field. Vapor-liquid equilibrium including critical point,

second virial coefficient, shear viscosity and self-diffusion coefficient are in excellent agreement

with experimental data, cf. Fig. 1 and Fig. 2.

The average relative deviations of the saturated liquid density, vapor pressure and enthalpy of

vaporization with respect to DIPPR correlations values57 are 0.4%, 7.0% and 4.8%, respectively.

These relative deviations are lower than those of the OPLS force field58 between 400 K and 500

K, i.e. 4.3%, 16.1% and 32.9%, and those of the TraPPE-UA force field59 between 300 K and

490 K, i.e. 4.8%, 20.3% and 7.4%. A graphical comparison of the VLE results can be found in

supplementary information.

The predicted critical point by the present force field is Tc = 504.2 K, pc = 4.43 MPa and

ρc = 4.44 mol l−1, showing an underestimation with respect to experimental data60,61 of -0.8%,

-7.0% and -1.4%, respectively. The OPLS force field exhibits deviations for the critical density,

pressure and temperature of 4 to 5%, respectively58 and the TraPPE-UA force field -1.2% and 3.8%

for the critical temperature and critical density, respectively59. The second virial coefficient, which

is strictly a pair-potential property62, agrees with the experimental data in the entire temperature

range. Note that the DIPPR correlation deviates considerably for temperatures above ∼ 800 K, cf.

Fig. 1 (d). The numerical data are given in the supplementary information.

Transport properties in the homogeneous liquid range of states were sampled to obtain an
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insight on the capability of the molecular model to cover the dynamic behavior of the alcohol.

Both self-diffusion coefficient and shear viscosity are in excellent agreement with experimental

data, cf. Fig. 2. For instance, the average relative deviation of the self-diffusion coefficient from

the experimental values68 is only 2.6% in the studied temperature range. Note that many force

fields have problems to accurately predict both self-diffusion coefficient and density at a time,

for instance, the OPLS and OPLS–AA force fields seriously overestimate the experimental self-

diffusion coefficients70. Further, force fields that have been parameterized to fit self-diffusion

coefficient may not reproduce the density adequately. A graphical comparison of the results for

liquid density and self-diffusion coefficient from the present work and other force fields from the

literature71 can be found in supplementary information.

It should be noted that the velocity autocorrelation function (VACF) of liquid propan-2-ol has

an exceptionally long tail, indicating velocity persistence72, cf. supplementary information. In

fact, in order to sample the self-diffusion coefficient of propan-2-ol under ambient conditions ap-

propriately, a VACF of at least 250 ps was needed. This is in marked contrast to the 10 to 20 ps

that are required for other short monohydroxyl alcohols like methanol or ethanol. In their classical

paper, Alder and Wainwright72 related the long-time tail of the VACF to the presence of vortex

back-flow and ring collisions occurring over long (microscopic) time scales. At short times, alco-

hol molecules are surrounded by their solvation shell and when this local equilibrium is disturbed,

the solvation shell has to rearrange and the hydroxyl groups have to find appropriate partners for

a new hydrogen bonding configuration. Here, it is presumed that the slow loss of memory of the

system is due to the relatively long time required for the steric screening17 of the hydrophilic group

induced by the bulky molecular geometry of propan-2-ol.

Microstructure of Pure Propan-2-ol

The local structure of liquid propan-2-ol was studied by means of RDF at temperatures between

278.15 K and 338.15 K, cf. Fig. 3. As expected, a behavior that is typical for hydrogen bonding

liquids was found, e.g. gO−H(r) has a pronounced first peak located at ∼1.9 Å, indicating the
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presence of a local structure at short site-site distances. The first peak of gO−O(r) is located at

∼2.8 Å which corresponds to the literature value of 2.87 ± 0.1 Å obtained from X-ray scattering

data16. This peak to is smaller than that of the corresponding O−H interactions and suggests

preferential interactions at short site-site distances between the oxygen and hydrogen sites. Further,

the magnitude of the first peaks of gO−O(r) and gO−H(r) decreases with temperature by about

20% in the regarded temperature range of 60 K, indicating thermally induced weakening of the

hydrogen bonding structure. The broad peak at ∼ 4.7 Å represents the O · · ·O interactions for the

second neighbors in a hydrogen bonded alcohol chain and its observed in experimentally based

RDF at ∼4.5 Å16.

The average number of hydrogen bonds per propan-2-ol molecule is given by

〈nO−H〉 ' 4πρ

[∫ rO−H
m

0
r2gO−H(r)dr+

∫ rH−O
m

0
r2gH−O(r)dr

]
, (10)

where ρ is the bulk density. The first integral in Eq. (10) corresponds to the number of hydrogen

sites surrounding an oxygen site and the second one to the number of oxygen sites surrounding

a hydrogen site inside the first coordination shells with radii rO−H
m and rH−O

m , respectively. The

average number of hydrogen bonds per propan-2-ol molecule is 〈nO−H〉 ≈ 2 at 278.15 K, which

decreases monotonically with increasing temperature, yielding a total decay of 8% at 338.15 K.

Further, present results suggest strong fluctuations of the local density at short intermolecular dis-

tances. E.g. at 278.15 K, ρ(r) shows a maximum value of 25.7 mol l−1 at ∼4.6 Å and a minimum

value of 9.2 mol l−1 at ∼7.5 Å. At 338.15 K, the local density has a maximum value of 22.5 mol

l−1 at ∼4.6 Å and a minimum value of 9.2 mol l−1 at ∼7.5 Å. The local density reaches its bulk

value only at large intermolecular distances >17 Å for both temperatures.

The extension of the hydrogen bond structure in liquid propan-2-ol was quantified on the basis

of the geometric criterion31,33 discussed above. At ambient conditions of temperature and pressure,

around 77% of propan-2-ol molecules form trimers of linearly hydrogen bonded chains, i.e. they

have two hydrogen bonds, which is in line with experimental results73. Further, the hydrogen

bonding behavior of propan-2-ol is similar to that observed for methanol and ethanol. The resulting
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hydrogen bonding statistics for propan-2-ol together with those for methanol and ethanol are listed

in Table 2.

Table 2: Fraction of alcohol molecules involved in hydrogen bonds (HB) at 298.15 K and 0.1
MPa.

No. of HB 0 1 2 3 4+ Force field

methanol 0.0166 0.1593 0.7681 0.0560 0.0000 74

ethanol 0.0211 0.2025 0.6955 0.0817 0.0002 75

propan-2-ol 0.0110 0.1540 0.7701 0.0650 0.0002 this work

Water + Propan-2-ol

Excess Volume and Excess Enthalpy

Excess volume and excess enthalpy are basic mixing properties. In case of aqueous propan-2-ol,

the non-ideal mixing effects are significant, cf. Fig. 4. Present simulations predict a minimum of

the excess volume at around xIPA = 0.4 mol mol−1, which is in good agreement with experimen-

tal literature data63,76–79. Near that minimum, a less pronounced (negative) excess volume was

predicted with a deviation of about 10%. This accuracy was unexpected because relatively small

excess volume values are difficult to predict14.

The Redlich-Kister correlation was fitted to present results for the excess enthalpy and is shown

together with experimental literature data79–83 in Fig. 4 (bottom), its constants are listed in the sup-

plementary material. It can be seen that the presence of a maximum (endothermic mixing) and a

minimum (exothermic mixing) of the excess enthalpy was predicted. The exothermic mixing peak

is located at an alcohol mole fraction of xIPA ' 0.12 mol mol −1, which is near the experimental

value xIPA ' 0.09 mol mol−1. However, the endothermic mixing peak from molecular simulation,

located at xIPA' 0.9 mol mol−1, is relatively far from the experimental data, xIPA' 0.7 mol mol−1.

There is thus only a qualitative agreement between simulation and experiment, which is not sur-

prising, as discussed in other simulation work on aqueous methanol and ethanol mixtures14,84–88.
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Hence, the quantitative prediction of the excess enthalpy of aqueous alcohol mixtures by molecular

modeling and simulation remains a challenge.

Thermodynamic Factor and Mutual Diffusion Coefficient

It has been shown for a wide variety of binary mixtures89 that the Wilson model yields the most

convincing results when compared to other GE models for the evaluation of the thermodynamic

factor. Nonetheless, the quality of the underlying experimental VLE data is crucial for an adequate

estimation of the thermodynamic factor and only consistent VLE data should be employed for

the adjustment of Wilson model parameters. Here, the VLE data set with the largest number of

measured data points at 298.15 K40 was employed and its consistency was confirmed by applying

point to point90,91 and area tests92,93.

As can be seen in Fig. 5 (a), the thermodynamic factor has a minimum with a magnitude of

Γ = 0.22 at xIPA ' 0.3 mol mol−1, which is relatively close to the phase stability limit Γ = 097.

The Fick diffusion coefficient was calculated from the MS diffusion coefficient sampled by

equilibrium molecular dynamics simulation and the thermodynamic factor based on experimental

VLE data as described above. As can be seen in Fig. 5 (b), the strong composition dependence

of the Fick diffusion coefficient is introduced by the thermodynamic factor, i.e. the minimum of

the thermodynamic factor corresponds to the Fick diffusion coefficient minimum. Further, the

present approach leads to a convincing prediction of the Fick diffusion coefficient in the entire

composition range. The qualitative and quantitative agreement with experimental literature data is

very good, especially at the water-rich region. Several diverging experimental data points for the

Fick diffusion coefficient between xIPA ' 0.7 and 0.9 mol mol−1 are the consequence of artifacts

due to the presence of extrema in the refractive index94, which make this concentration region

difficult to access experimentally.
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Intra-diffusion Coefficient

Random propagation of molecules is strongly affected by hydrogen bonding. As expected, the

predicted intra-diffusion coefficient of propan-2-ol is lower than that of water, i.e. bulky propan-

2-ol molecules propagate slower than the smaller water molecules cf. Fig. 5 (c). Further, the

intra-diffusion coefficients of water and 2-propanol in their mixture show an initial strong decay in

this region. In fact, water reduces its mobility by approximately 50% when the propan-2-ol mole

fraction has merely reached xIPA = 0.1 mol mol−1. At equimolar composition, water intra-diffusion

is only one third of its original value. This strong reduction of water mobility is comparable to that

observed for the water + ethanol mixture14 and is a consequence of strongly attractive solute-

solvent interactions98. When propan-2-ol is added to water, the probability of hydrogen bond

formation between water and the alcohol increases, reducing water mobility. However, this effect

does not persist in the entire composition range, i.e. water intra-diffusion increases at xIPA > 0.7

mol mol−1. This is the result of the enhancement of the alcohol aggregation in detriment of the

water hydrogen bonding network. Further, in this composition range, propan-2-ol and water show

similar intra-diffusion coefficients, despite their difference in size and mass. Here, water molecules

tend to be hydrogen bonded to the alcohol and are likely to propagate together with the alcohol

cluster. Moreover, alcohol clusters are more stable than water clusters, i.e. one water molecule

inside a methanol cluster diffuses out with more difficulty than from a water cluster23.

As is the case for pure propan-2-ol, VACF of water and the alcohol in their mixture also display

an unusually long tail, which becomes progressively important for increasing alcohol concentra-

tion. Again, the velocity persistence or long time memory of the system can be explained by

steric hindrance effects. Relaxation time analyses7,17 have shown that the relaxation time of water

rapidly increases when propan-2-ol is added. For instance, the presence of two methyl groups in

spatial proximity to the hydroxyl group reduces the probability for water and other propan-2-ol

molecules to find a suitable new hydrogen bond partner17. As a consequence, the time required for

restructuring the hydrogen bond network increases. Since diffusion involves a molecule changing

its molecular neighborhood in solution, the hydroxyl group has to find an appropriate neighbor for
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a new local equilibrium configuration. This so-called wait and switch mechanism99 has also been

found in other aqueous alcoholic mixtures by dielectric spectroscopy99–102.

Shear Viscosity

The shear viscosity of liquids is influenced by the intermolecular interactions and molecular shape9,

i.e. the presence of strong molecular attraction and bulky molecular groups hinder flow and leads

to high shear viscosity values. In case of the studied mixture, the minimum of the thermodynamic

factor and the Fick diffusion coefficient, where the non-ideality of the mixture is the strongest, i.e.

minimum of the excess volume and the thermodynamic factor, corresponds to a maximum of the

shear viscosity as expected from the Stokes-Einstein relation, cf. Fig. 5 (b) and Fig. 5 (d).

In general, the predicted shear viscosity agrees qualitatively and quantitatively with experi-

mental literature data, despite an underestimation in the alcohol-rich region. The shear viscosity

maximum at xIPA ' 0.3 mol mol−1 is predicted with an excellent accuracy as can be seen in Fig. 5

(d).

Microstructure

Radial Distribution Functions

To elucidate the influence of water on the extent of nonrandom mixing, RDF were sampled in the

entire composition range. Fig. 6 shows the present simulation results for the RDF of the oxygen-

hydrogen (O-H) and oxygen-oxygen (O-O) pair interactions. The results from the TIP4P/2005

force field for pure water are in good agreement with experimental data reported by Soper and

Philips103 as can be seen in Fig. 6 (a) and Fig. 6 (b). The first and second peaks of the gO−H(r) are

located at' 1.86 Å and' 3.21 Å and have magnitudes of 1.60 and 1.56, respectively. The radius

of the first coordination shell of gO−H(r) for pure water is located at rO−H
m '2.48 Å with a mag-

nitude of ∼0.17. According to experimental data and present simulation results, gO−O(r) of pure

water shows three clearly identified coordination shells, located at ∼ {3.2,5.6,7.9} Å with mag-
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nitudes of ∼ {0.75,0.88,0.98}, respectively. The first maximum of gO−O(r) is located at ∼ 2.81

Å and has a magnitude of 3.22. The magnitude of its second maximum decreases by 64% as com-

pared to the magnitude of the first one and the magnitude of its third maximum further decreases

by only 6%. Moreover, the first maximum of gO−O(r) for water-water interactions increases when

less water is present, whereas the maximum of the corresponding IPA-IPA interactions decreases

when less alcohol is present. This indicates that propan-2-ol molecules bond less with themselves

when the water concentration increases, while water molecules bond more with themselves when

their concentration decreases. This behavior is common for associating species mixed with non-

associating ones104.

Simulation results for the RDF at different mixture compositions are presented in Fig. 6. It

can be seen that the second maximum of gO−H(r) of water-water interactions shown in panel (a)

is much more pronounced with decreasing water content. The gO−H(r) for the alcohol-alcohol

pair shows a similar behavior, i.e. the second coordination shell increases with decreasing water

content as can be seen in Fig. 6 (e). Further, the magnitude of the first and second peaks of the

gO−H(r) for pure propan-2-ol is smaller than that of the unlike interaction, indicating preferential

hydrogen bonding of the alcohol hydroxyl group to water, cf. Fig. 6 (e).

The average number of hydrogen bonds 〈nO−H〉 was calculated in the entire composition range

employing the definition of the average running number kxy = 4πρy
∫ rc

0 r2gx−y(r)dr. Therein, x

stands for the central interaction site surrounded by interaction sites of type y, ρy is the bulk density

of interaction sites of type y, gx−y(r) represents the RDF of the pair involved in the running average

number calculation and rc is an arbitrary site-site distance, which is usually selected as the radius

of the first coordination shell, i.e. the location of the first minimum of gO−H(r). Present results

for pure water yield an average of 3.5 hydrogen bonds per water molecule. Further, the average

number of hydrogen bonds per water molecule, corresponding to the water-water pair interactions

in the binary mixture 〈nO−H〉ww is given by

〈nO−H〉ww

8πxwρ
'
∫ rO−H

m

0
r2gO−H(r)dr+

∫ rH−O
m

0
r2gH−O(r)dr. (11)
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Subscript ww on the left side of Eq. (11) refers to hydrogen bonds formed when water molecules

surround water molecules centered at the origin and ρ is the bulk density of the mixture. Oxygen

and hydrogen sites in the RDF belong to water molecules and rO−H
m and rH−O

m stand for the radius

of their first minimum. Present results suggest that the radius of the first coordination shell slightly

shifts towards shorter distances with increasing water content.

The average number of hydrogen bonds formed by the interactions between propan-2-ol mole-

cules 〈nO−H〉AA, i.e. taking only alcohol molecules surrounding a central alcohol molecule into

account, can be calculated from a modified version of Eq. (10), which can be obtained by replac-

ing the total density with the partial density xIPAρ and the RDF of alcohol-alcohol interactions

obtained from simulations of the binary mixture. Here, the radius of the first coordination shell

shifts from 1.9 Å to 2.6 Å when the propan-2-ol mole fraction increases from 0.02 to 0.95 mol

mol−1. However, this microscopic feature yields its highest value at xIPA = 0.1 mol mol−1 and

remains approximately constant for the remaining composition range.

The number of unlike hydrogen bonds, taking 2-propan-ol as central molecule 〈nO−H〉Aw, can

be calculated from the RDF of the oxygen and hydrogen sites that belong to the unlike alcohol-

water interaction. Similarly to Eq. (11), the number of unlike hydrogen bonds per 2-propanol

molecule is

〈nO−H〉Aw

4πxIPAρ
' 2

∫ rO−Hw
m

0
r2gO−Hw(r)dr+

∫ rH−Ow
m

0
r2gH−Ow(r)dr, (12)

where subscript w refers to the sites that belong to water molecules. The number of hydrogen bonds

per propan-2-ol molecule calculated from present simulation values is in very good agreement

with the literature values determined by X-ray scattering data analysis16, a graphical comparison

is shown in the supplementary information.

Hydrogen Bonding

The behavior of the thermodynamic properties of aqueous alcoholic mixtures is governed by the

hydrogen bond network. Thus, the presence of clusters due to bridging through hydrogen bonding
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was analyzed. Fig. 7 shows the fraction of water and propan-2-ol molecules that are involved in

hydrogen bonds with 1, 2, 3 or 4 neighbors as a function of composition. As expected, water

and propan-2-ol molecules are rarely found as monomers in solution. Further, less than 3% of

water molecules are hydrogen bonded to only one partner, cf. Fig. 7 (a). In case of propan-2-ol,

the amount of dimers is somewhat higher, i.e. a maximum is reached at xIPA = 0.25 mol mol−1

where around 9% of the alcohol molecules are hydrogen bonded with one water molecule. The

amount IPA-IPA hydrogen bonded dimers increases with propan-2-ol mole fraction to reach 15%

for the pure alcohol, cf. Fig. 7 (a). A similar behavior was observed for the fraction of water

molecules that are hydrogen bonded with two propan-2-ol molecules, cf. Fig. 7 (b). The amount

of water molecules involved in hydrogen bonding with another water molecule and one propan-2-

ol molecule reaches a maximum of 7% at xIPA ' 0.7 mol mol−1. As for propan-2-ol, around 40%

of propan-2-ol molecules are hydrogen bonded to two water molecules at xIPA = 0.1 mol mol−1

It should be noted that this mole fraction corresponds to the calculated minimum of the excess

enthalpy. At xIPA = 0.6 mol mol−1, approximately 30% of the propan-2-ol molecules are hydrogen

bonded to one alcohol and one water molecule, cf. Fig. 7 (b).

As discussed above for the pure alcohol, 75% of the propan-2-ol molecules are hydrogen

bonded to two alcohol molecules. Upon addition of water, the amount of such trimers reduces

rapidly, e.g. when the water mole fraction has reached xw = 0.1 mol mol−1, only 50% of the

alcohol molecules are hydrogen bonded in this form, cf. Fig. 7 (b). The amount of propan-2-ol

molecules involved in hydrogen bonding with three alcohol molecules is rather low. Nonetheless,

in the water-rich region, i.e. xIPA < 0.2 mol mol−1, a relatively large amount (up to 50%) of the

propan-2-ol molecules are hydrogen bonded to three water molecules, cf. Fig. 7 (c). The distribu-

tion of hydrogen bonded tetramers with water as the central molecule with three alcohol molecules

shows a similar behavior in the water-poor region. Further, a maximum of about 20% of the water

molecules hydrogen bonded to one other water and two alcohol molecules was observed at xIPA =

0.8 mol mol−1. At equimolar composition, a maximum of about 16% of the water molecules are

hydrogen bonded to one alcohol and two water molecules, cf. Fig. 7 (c).
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In pure water, most molecules are forming tetrahedral hydrogen bonded pentamers. Upon

addition of propan-2-ol, the amount of water molecules in such pentamers is reduced gradually

from more than 50% for pure water to less than 2% for xIPA = 0.7 mol mol−1. On the other

hand, the amount of pentamers involving four propan-2-ol molecules increases to reach 25% in the

alcohol-rich region, cf. Fig. 7 (d). The presence of two maxima, one of about 20% in the amount

of water molecules hydrogen bonded to one alcohol and three water molecules at xIPA = 0.3 mol

mol−1 and another one of 15% at xIPA = 0.8 mol mol−1, is noteworthy. Note that the minimum of

the Fick diffusion coefficient and the shear viscosity maximum is also located at xIPA ' 0.3 mol

mol−1.

Based on this hydrogen bonding statistics, it is also possible to calculate the average number

of hydrogen bonds per water or alcohol molecule. Fig. 8 shows the results for the total number

of hydrogen bonds differentiating between the involved species, i.e. water-water (w-w), propan-

2-ol-water (w-IPA) and propan-2-ol-propan-2-ol (IPA-IPA). It can be seen that the total amount

of hydrogen bonds per propan-2-ol molecule increases when water is added, resulting in a stabi-

lization of alcohol molecules. Note that the average number hydrogen bonds with other alcohol

molecules decreases, while the number of hydrogen bonds with water increases. Thus, water

molecules displace alcohol molecules as hydrogen bonding partners of propan-2-ol, causing a re-

arrangement of the local hydrogen bonding structure23. In case of water, the average number of

hydrogen bonds decreases in the mixture. Upon addition of propan-2-ol, the tetrahedral structure

of water is gradually disrupted by dominating alcohol molecules7. At xIPA ' 0.6 to 0.7 mol mol−1,

the average number of unlike hydrogen bonds between water and propan-2-ol is higher than that

between the individual species, i.e. IPA-IPA and w-w, respectively. Note that the maximum of the

excess enthalpy is located near these compositions.

In their classical paper Dixit et al.105 introduced the concept of excess hydrogen bonding to

quantify the amount of hydrogen bonds created or destroyed upon mixing. Fig. 9 shows the calcu-

lated excess hydrogen bonds as a function of composition. It can be seen that there is an impressive

similarity with the composition behavior of the excess enthalpy where a maximum and a minimum

19



are present, cf. Fig. 4. In fact, the positive excess enthalpy of the propan-2-ol + water mixture has

been attributed to steric hindrance effects which impede ideal hydrogen bond formation106. This

demonstrates a clear relationship between excess enthalpy and excess hydrogen bonding. Further-

more, the transition region from the net increase to the net decrease of hydrogen bonding, i.e. a

change in the slope of the curve, occurs in the region where the minimum of the Fick diffusion

coefficient xIPA = 0.3 mol mol−1 is found.

Snapshots Analysis

In general, snapshots represent only one micro-state of a molecular system. However, in the case

of micro-heterogeneous mixtures with associating components, a single micro-state may well rep-

resent all possible micro-states, being permutations of the segregation patterns104. Fig. 10 shows

snapshots of simulation volumes for four different compositions xIPA = 0.1, 0.3, 0.5 and 0.9 mol

mol−1. Moreover, the spatial configuration of selected clusters are also shown. In case of low

alcohol content, propan-2-ol molecules tend to occupy cavities inside the water hydrogen bonding

structure, the alcohol hydroxyl groups are rather hydrogen bonded to water than to other propan-

2-ol molecules. At xIPA = 0.3 and 0.5 mol mol−1, it can be seen that water and propan-2-ol form

segregated domains. This observation corresponds to low values of the thermodynamic factor

and Fick diffusion coefficient. The tendency of water molecules to aggregate with propan-2-ol

molecules can be clearly seen in the snapshots for the lowest water mole fraction xIPA = 0.9 mol

mol−1.

Conclusion

The microstructure of liquid water + propan-2-ol was analyzed by means of molecular simulation

techniques. Despite of the highly non-ideality of this aqueous mixture, it was demonstrated that

the employed force field combination is able to accurately predict excess properties and transport

coefficients at 298.15 K and 0.1 MPa in the entire concentration range.
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It was found that the VACF that constitute the self- and intra-diffusion coefficients of propan-

2-ol have an unusually long time memory because of steric hindrance effects. Similar values of

the intra-diffusion coefficients of water and propan-2-ol in the alcohol rich composition range are

a consequence of stable alcohol-water clusters. Further, it was observed that the minimum of the

Fick diffusion coefficient and the shear viscosity maximum correspond to the minimum of the

thermodynamic factor at xIPA = 0.3 mol mol−1. Here, the strongest microscopic inhomogeneities

were noticed in simulation volumes snapshots.

Radial distribution functions and hydrogen bonding statistics suggest that pure propan-2-ol is

on average involved in two hydrogen bonds. Upon addition of water, the total amount of hydrogen

bonds per propan-2-ol molecule increases because water molecules displace alcohol molecules as

hydrogen bonding partners of propan-2-ol and the local hydrogen bonding structure is rearranged.

Moreover, the radius of the first coordination shell of propan-2-ol becomes slightly smaller with in-

creasing water content, resulting in a stabilization of alcohol molecules. On the other hand, present

results showed that the total average amount of hydrogen bonds per water molecule decreases upon

its dilution from approximately 3.6 to 3.0.

One of the most revealing insights is given by the similarity found between the excess number

of hydrogen bonds and the excess enthalpy, where a maximum and a minimum are present, im-

plying a strong correlation between these properties. Further, the minimum of the Fick diffusion

coefficient is located in the region where the transition from a net increase to a net decrease of

hydrogen bonding occurs.
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Figure 1: Saturated densities (a), vapor pressure (b), enthalpy of vaporization (c) and second virial
coefficient (d) of propan-2-ol. Present molecular simulation results (red squares) are compared
with experimental data (+) from the literature50–56 and the DIPPR correlations57 (–).
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Figure 2: Density (a), shear viscosity (b) and self-diffusion coefficient (c) of liquid propan-2-ol at
0.1 MPa. Present molecular simulation results (red squares) are compared with experimental data
(+) from the literature63–69.
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Figure 3: Oxygen-oxygen (left) and oxygen-hydrogen (right) radial distribution functions of
propan-2-ol at 278.15 K (black lines) and 338.15 K (red lines). White, red, orange and yellow sites
represent hydrogen and oxygen atoms, methanetriyl (CH) and methyl (CH3) sites of the present
force field.
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Figure 4: Excess volume (top) and excess enthalpy (bottom) of propan-2-ol + water at 298.15 K and 0.1 MPa.
Simulation results (green symbols) are compared with experimental data (+) from the literature63,76–83. The dashed
line represents the Redlich-Kister correlation that serves as a guide to the eye

.
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Figure 5: Properties of propan-2-ol + water at 298.15 K and 0.1 MPa. (a) Thermodynamic factor from the Wilson
model fitted to the experimental vapor-liquid equilibrium data set by Sazonov40. (b) Fick diffusion coefficient. Sim-
ulation results (green symbols) are compared with experimental data (+) from the literature94–96. (c) Intra-diffusion
coefficients of propan-2-ol (red) and water (blue). (d) Shear viscosity. Simulation results (green symbols) are com-
pared with experimental data (+) from the literature63
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Figure 6: Composition dependence of the radial distribution function for the oxygen-hydrogen (left) and oxygen-
oxygen (right) interactions at 298.15 K and 0.1 MPa. Panels (a) and (b) depict water-water pair interactions. Panels
(c) and (d) show the unlike water-alcohol pair interactions and panels (e) and (f) the alcohol-alcohol pair interactions.
Panels (a) and (b) depict experimental data 103 (+) for pure water at 298.15 K, solid lines are simulation results. Black
lines represent the pure substances, different compositions of the mixture are represented by red lines xIPA = 0.05 mol
mol−1, blue lines xIPA = 0.4 mol mol−1 and green lines xIPA = 0.95 mol mol−1.
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Figure 7: Hydrogen bonding statistics for the aqueous propan-2-ol mixture at 298.15 K and 0.1 MPa. The fractions
of water (left) and propan-2-ol (right) molecules with 0 to 1 (a), 2 (b), 3 (c) and 4 (d) hydrogen bonded neighbors are
shown, differentiating between cluster composition, where ”w” stands for water and ”IPA” for propan-2-ol.
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Figure 8: Total number of hydrogen bonds per water (blue symbols) or propan-2-ol (red symbols) molecule at
298.15 K and 0.1 MPa (bullets), differentiating between unlike (water-propan-2-ol) pairs (triangles) and like pairs
(squares).
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Figure 9: Excess number of hydrogen bonds of propan-2-ol + water at 298.15 K and 0.1 MPa. The dashed line
serves as a guide to the eye.
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Figure 10: Simulation snapshots and selected spatial molecular configurations of the aqueous propan-2-ol mixture
at 298.15 K and 0.1 MPa with xIPA = 0.1 (a), 0.3 (b), 0.5 (c) and 0.9 mol mol−1 (d). Except for the overall snapshots,
where the water molecules are colored in blue, oxygen atoms are red, hydroxyl hydrogen atoms are white, methyl
groups are yellow and methanetriyl groups are brown.
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