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Abstract2

Quantifying the molecular and nanoscale origins of nonideality in excess thermo-3

dynamic properties are essential to understanding cosolvent mixtures, yet they re-4

main challenging to determine. Here, we consider a binary mixture of water and an5

amphiphile, N,N,N’,N’ -tetramethylmalonamide (TMMA), which is characterized by6

strong hydrogen bonding between the two components and no hydrogen bonding be-7

tween amphiphiles. Using molecular dynamics simulation, validated with excess volume8

measurements and X-ray scattering, we identify three distinct solution regimes across9

the composition range of the binary mixture and find that the transition between two10

of these regimes, marked by the water percolation threshold, is closely correlated with11

minima in the excess volume and excess enthalpy. Structural analysis of the simulations12

reveals an interplay between local interactions and solution nanostructure, determined13

by the relative strength of the water-water and water-amphiphile hydrogen bonding14

interactions. By comparison to other amphiphiles, such as linear alcohols, the relative15

strength of like and unlike interactions between water and amphiphile affects the rela-16

tionship between thermodynamics and structural regimes. This provides insight into17

how molecular forces of mutual solvation interact across length scales and how they18

manifest in excess thermodynamic properties.19
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Introduction20

Nonideal binary mixtures of miscible solvents are macroscopically homogeneous, yet often21

feature microheterogeneity on the nanoscale.1–7 The heterogeneity of a given mixture depends22

on the molecular structures and intermolecular interactions of its constituent cosolvents.8,923

On the bulk scale these interactions determine the sign and magnitude of important excess24

thermodynamic properties, including the excess volume as well as the excess enthalpy and25

entropy of mixing. These properties determine the utility of mixtures for various applications,26

while also providing insight into the intermolecular interactions that define the mixture.27

While excess thermodynamic properties are experimentally accessible, attribution to solution28

structuring and the specific intermolecular interactions driving that structure is essential to29

designing effective mixtures for a targeted application.10–15 Connecting these length scales,30

spanning from the molecular to macroscopic, is a fundamental objective of research on liquid31

mixtures.1632

In this study, we consider aqueous/amphiphile mixtures. Structuring in these solutions is33

driven by hydrogen bonding: between water molecules, between water and the amphiphile,34

and in some cases, between the amphiphile molecules. The competitive effects of hydro-35

gen bonding, hydrophobic solvation and interconnectivity of water and amphiphile hydrogen36

bonding networks lead to rich solution behaviors, which often depend strongly on the molec-37

ular structure of the amphiphile.8 Significant progress has been made in understanding these38

mixtures.14,17–23 Phenomena associated with water/alcohol systems,2,8–10,12,15,24–36 including39

anomalous negative excess entropy, have been the subject of study for decades.10,27,37 More40

broadly, the hydrogen bonding networks of water/alcohol mixtures are proposed to be con-41

nected to thermodynamic anomalies.38,39 Recent advances in understanding40–43 highlight42

the intricate complexity of these simple systems and demonstrate the power of new experi-43

mental and computational approaches to probe their molecular structure.44

Here, we connect the nanoscale behavior of a water/amphiphile mixture to its ther-45

modynamic mixing properties. We consider a mixture of water and an amidic amphiphile,46
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N,N,N’,N’ -tetramethylmalonamide (TMMA), that, when immobilized onto a polymer resin,44,4547

or functionalized with alkyl tails,46,47 is commonly utilized as a metal ion complexant in48

chemical separations processes. As a binary liquid mixture, this system is characterized by49

a scalar compositional variable; here we use the TMMA mole fraction, χTMMA. The wa-50

ter/TMMA binary mixture is made distinct from water/alcohol mixtures by the absence of51

hydrogen bonding between amphiphile molecules and the strong hydrogen bonding cross-52

interaction between the water and amphiphile. The resulting combination of intermolecular53

interactions provides rich nanostructuring across the range of compositions for this binary54

system and provides a complement to commonly studied water/alcohol solutions. Using this55

binary mixture, we investigate the competition between intermolecular interactions driving56

mutual solvation by employing molecular dynamics (MD) simulations, validated by direct57

comparison with experimentally determined excess volumes of mixing and molecular corre-58

lations obtained from X-ray scattering.48,49 Using this multimodal approach we assess the59

impact of hydrogen bonding on solution nanostructure and macroscopic thermodynamic60

properties, finding that intermolecular interactions compete with nanoscopic organization to61

determine the extrema in excess thermdodynamic properties.62

Methodology63

Experiments64

TMMA was purchased from TCI chemicals in 97% assay measured via GC and used as re-65

ceived. Water content in neat TMMA was measured in triplicate using the Karl-Fischer ap-66

paratus with injected sample mass measured to 0.1 mg accuracy. Densities of TMMA/water67

solutions were measured using an Anton Paar densitometer via direct injection into an os-68

cillating U-tube. Comparison of densities across the TMMA/mole fraction range at 25◦ and69

30◦ is shown in Figure S1. Experimental mole fractions of water/TMMA mixtures were70

measured volumetrically and corrected for the atmospheric water content in neat TMMA.71

4
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X-ray scattering experiments were conducted in transmission geometry using beamline72

11-ID-B at the Advanced Photon Source, Argonne National Laboratory, operating at an73

incident photon energy of 86.7 keV. A series of TMMA/water samples, with TMMA mole74

fractions ranging from 0 to 1, were made by measuring mass with 0.1 mg accuracy and loaded75

in 1.5mm Kapton capillaries for data acquisition. Scattered intensities were measured using76

a Perkin Elmer XRD1621 amorphous silicon flat-panel detector mounted in a static position77

at two different sample-to-detector distances, providing a total q range of 0.26 to 35 Å−1.78

Simulation79

Simulation compositions are provided in Table 1. The smallest non-zero water content80

system (χTMMA = 0.967) corresponds to the amount of atmospheric water measured in81

neat TMMA. The GROMACS 2016.2 software package50 was used to conduct molecular82

dynamics simulations. The GAFF251 force field was used for TMMA and TIP4P-ew52
83

model for water. Partial atomic charges for TMMA were generated with Primadorac53 using84

the AM1-BCC method54 and are reported in the SI with the GROMACS input topology85

file for TMMA, in addition to the TMMA Lennard-Jones parameters (applied with Lorentz-86

Berthelot mixing rules). Random initial configurations were generated with Packmol55 and87

energy minimized with a steepest decent algorithm. Simulations were conducted with a leap-88

frog Verlet integrator56 using a 2 fs time step. Hydrogen-containing bonds were constrained89

using the LINCS algorithm.57 Long-range electrostatic interactions were computed with90

Particle-Mesh Ewald summation58 with a 1.5 nm cutoff for short-range electrostatics and91

Lennard-Jones interactions.92

Temperature and pressure were set to 300 K and 1 bar. The velocity rescale thermostat5993

with a 0.2 ps coupling time and Berendsen barostat59 with a 2 ps coupling time were used94

during NPT, while the Nosé-Hoover thermostat60 was used with a 0.2 ps coupling during95

NVT. The system was equilibrated for 5 ns in NPT, with reported volumes averaged over the96

last 1 ns, followed by 10 ns of NVT equilibration and 50 ns of NVT production, which was97

5
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sampling at 100 ps intervals for analysis. An additional 100 ns of production was conducted98

for the lower water concentration systems (χTMMA ≥ 0.423) to improve statistical accuracy99

of the water oxygen-oxygen RDFs and water cluster size distributions. Data from these100

extended simulations for those properties are plotted in Figure S3 and S4, respectively. X-ray101

scattering profiles from simulations were calculated using the approach described by Walter102

et al.61 In addition, due to the high q-range, we account for the q-dependent incoherent103

scattering contribution to the simulation scattering pattern.49104

Table 1: The simulation compositions and periodic box sizes.

TMMA mole TMMA Water Simulation box
fraction, χTMMA num. num. length (nm)

0.000 0 7218 5.94
0.007 47 6857 5.95
0.031 187 5775 5.96
0.079 374 4331 5.97
0.162 560 2887 5.99
0.232 654 2166 6.01
0.341 747 1444 6.03
0.371 766 1299 6.03
0.423 794 1083 6.05
0.538 841 722 6.05
0.711 887 361 6.07
0.807 906 217 6.08
0.967 930 29 6.09
1.000 934 0 6.09

Hydrogen bonding and clustering105

Hydrogen bonds were defined between two water molecules or between water and the car-106

bonyl oxygen of TMMA by O...H distances of up to 0.25 nm and O-H...O angles of at least107

145◦. Water clusters are defined from resulting the water-water hydrogen bonding network108

as connected components of the graph which is defined by water molecules (nodes) and hy-109

drogen bonds between those molecules (edges) using the ChemNetworks software package.62110

TMMA clusters are defined with edges constructed between TMMA molecules based on the111

6
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distance between “central carbon” atoms (carbon bridging amide groups, referred to as CC)112

using a distance cutoff of 0.62 nm, which is taken from the first minimum of the CC-CC113

RDFs (plotted below). Cluster size distributions are the ensemble average number of each114

cluster size observed in the simulation. Figure S3 shows that determination of the percola-115

tion threshold from cluster size distributions for water does not depend strongly on hydrogen116

bond definition. Water oxygen-oxygen RDFs are given in Figure S4.117

Excess thermodynamic properties118

Derived excess properties are denoted with superscript E, while measured quantities are119

denoted with brackets. The excess enthalpy of mixing, ∆HE is defined as120

∆HE = 〈U〉m −
∑
i

χi〈U〉i + pV E, (1)

where p is the pressure and 〈U〉m is the average internal energy of the mixture and 〈U〉i121

is the average internal energy for the pure phase for component i (in this case TMMA or122

water), with χi being the mole fraction of that component.63 The excess volume, V E is123

defined similarly, with124

V E = 〈V 〉m −
∑
i

χi〈V 〉i. (2)

For the experimental excess volume measurements, the density, rather than volume, is mea-125

sured, and the excess volume is therefore defined as64126

V E = 〈V 〉m −
∑
i

χiMi

ρi
, (3)

where Mi and ρi are the molar mass and density, respectively, of the pure phases for compo-127

nent i. The excess water-water hydrogen bonding per water, nE
HB, is obtained from simulation128

with129

nE
HB = 〈nHB〉m −

∑
i

χi〈nHB〉i, (4)

7
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noting that there is no water hydrogen bonding in the pure TMMA phase.130

Results131

Results from the MD simulations reveal three distinct regimes for the TMMA/water mixture:132

water-rich, TMMA-rich, and an intermediate regime with bipercolating networks of water133

and TMMA. These three regimes are illustrated in Figure 1 with snapshots showing the134

structure of the water-rich and TMMA-rich systems as well as the two boundary compositions135

of the bipercolating regime. In the following we describe these regimes, and the transitions136

between them, in order of ascending χTMMA.137

The water-rich regime exists at low χTMMA. Upon the addition of small amounts of138

TMMA to pure water, the carbonyl oxygens accept strong hydrogen bonds from water.139

This is demonstrated by the negative excess water-water hydrogen bonding and growth of140

water-TMMA hydrogen bonding, shown in the left and center panels of Figure 2. The sharp141

decrease in excess enthalpy (Figure 3) in this regime, despite the net decrease in total water142

hydrogen bonding, is attributed to the enthalpic strength of the water-TMMA hydrogen143

bond. Further, the decrease in excess volume, also shown in Figure 3, is attributed to the144

improved packing of mixtures of small and large particles, with a TMMA molecule occupying145

nearly 10× the volume of a water in their respective pure phases. (We note that the good146

agreement between simulation and experiment for the excess volume—a stringent test of147

force field compatibility—lends confidence to the simulation structures and, by virtue of the148

simulation reproducing the χTMMA value of the excess volume minimum, the simulation-149

assigned concentrations of the structural transitions.) In addition to hydrogen bonding at150

the carbonyl sites, water molecules maintain their hydrogen bonding network around the151

nonpolar regions of the TMMA molecules, illustrated in the right panel of Figure 2. This152

is consistent with aqueous solvation of hydrophobic solutes.65,66 While TMMA forms, on153

average, nearly three hydrogen bonds with water at low χTMMA, TMMA molecules still154

8
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𝜒TMMA = 0.031 𝜒TMMA = 0.162

𝜒TMMA = 0.371 𝜒TMMA = 0.711

water-rich bipercolating regime

water percolation threshold TMMA-rich

Figure 1: Snapshots are shown for four compositions: χTMMA = 0.031 (water-rich regime,
upper left), χTMMA = 0.162 (water-rich boundary of bipercolating regime, upper right),
χTMMA = 0.371 (TMMA-rich boundary of bipercolating regime, lower left), χTMMA = 0.711
(TMMA-rich regime, lower right). Surface-type depictions of water are drawn in red and
molecular-type depictions with oxygen drawn in red and hydrogen in white. Surface-type
depictions of TMMA are drawn in blue.
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cluster in solution, as shown in Figure 1, creating loosely structured hydrophobic assemblies.155
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Figure 2: The average number of hydrogen bonds are plotted for each simulation in the left
panel. Numbers for molecule pairs are normalized by the first molecule listed. Linear fits of
the change in water-TMMA hydrogen bonds are shown as dashed line from χTMMA = 0.007
to 0.371 and from 0.423 to 0.967. The excess water-water hydrogen bonds are plotted in the
center panel. On the right, water hydrogen bonding with the carbonyl oxygen of TMMA
(drawn as spherical) and water hydrogen bonding around the hydrophobic region of TMMA
are illustrated with a snapshot. Oxygen atoms are drawn in red, hydrogen in white and
nitrogen in blue.

To identify the transition between the water-rich regime (characterized by TMMA cluster-156

ing) and the bipercolating regime (characterized by a spanning TMMA network interpersed157

with the spanning water network), we consider carbon-carbon radial distribution functions158

(RDFs), g(r), computed from the MD simulations. Figure 4 shows validation of simulation159

structures by comparison of calculated61 X-ray scattering patterns computed for all atoms to160

experimental X-ray scattering intensities as a function of scattering vector, I(q), across the161

composition range. Details about the experimental scattering data and their Fourier trans-162

forms are provided in the SI. While the X-ray scattering data contain contributions from all163

atom pairs, specific atom pairs are accessible from the RDFs of the MD simulations. Figure164

5 shows the CC-CC and C-C RDFs, respectively, where CC is the central carbon that bridges165

amide groups and C-C counts atom pairs for all carbon atoms sites. TMMA clustering is166

evident from the long-range order observed in these RDFs. Long-range carbon-carbon cor-167

relations (r ≥ 0.7 nm) decrease with increasing TMMA concentration up to χTMMA = 0.162,168

as seen from Figure 5. Meanwhile, g(r) for higher concentrations quickly reach bulk density169

10
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Figure 3: In the left panel, the percent excess volumes (left axis) are plotted for the simu-
lations (squares) and experiments (crosses) with blue symbols. Excess enthalpies of mixing
(right axis) for the simulation data are drawn with red squares. In the right panel, the the
excess enthalpy for each composition is plotted against the percent excess volumes, with
arrows indicating the clockwise path of increasing χTMMA. Regions are color-coded: blue is
water-rich, orange is bipercolating and green is TMMA-rich.

with subtle oscillations between 0.7 and 1.0 nm. Therefore, the TMMA-TMMA correlations170

show that the transition from hydrophobic clustering to a stable, system-spanning network171

occurs between χTMMA = 0.162 and 0.232.172

This interpretation is corroborated by cluster analysis of the TMMA molecules, plot-173

ted in Figure 6. At high χTMMA, the TMMA cluster distribution is dominated by the174

system-spanning cluster, manifested as a sharp peak at large cluster size, with the exact size175

determined by the number of molecules in the periodic simulation box. As χTMMA decreases,176

the spanning network decreases in size as the number of TMMA molecules in the simulations177

decreases. This behavior is accompanied by the in-growth of populations of smaller, discrete178

clusters. The χTMMA = 0.162 and 0.232 cluster size distributions nearly follow a power179

law, with slope consistent with the Fisher exponent for percolation in three dimensions,180

τ = 2.19.67 The χTMMA = 0.162 cluster distribution appears to be just below the percola-181

tion threshold, and the χTMMA = 0.232 system just after, with the system-spanning cluster182

growing in at large cluster sizes for χTMMA > 0.232. Therefore, we expect the percolation183
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Page 11 of 32 Physical Chemistry Chemical Physics



threshold to fall between those two compositions. While the choice of cutoff for TMMA184

connectivity is arbitrary, particularly compared to the natural definition of hydrogen bond-185

ing connectivity for water clustering, the TMMA cluster distribution percolation threshold186

is consistent with the interpretation of the carbon-carbon and CC-CC RDFs, lending confi-187

dence to the choice of cutoff and physical meaning of the cluster analysis.188

Within the bipercolating regime, the two components are mutually dispersed, forming189

separate, but spanning, percolating networks, resulting in nanoscopic segregation of the190

two solvents. This region of the binary mixture is characterized by significant surface area191

between the two mutually miscible solvent networks, maximizing the favorable TMMA-water192

hydrogen bonds responsible for the complete miscibility of the mixture. In this regime,193

the addition of TMMA continues to increase TMMA-water hydrogen bonding, as shown in194

Figure 2, which further lowers the excess enthalpy of the mixture. However, TMMA cannot195

be added to the TMMA domains indefinitely, as, eventually, it will disrupt the ability of the196

water network to percolate.197

The end of the bipercolating regime and transition to the TMMA-rich mixtures is demar-198

cated by the water percolation threshold, with water no longer percolating in the TMMA-rich199

regime. This transition is apparent from the water cluster distributions given in Figure 7.200

At χTMMA = 0.371, the percolation threshold is reached, with the cluster size distribution201

following a power law with the expected slope, as seen for TMMA at the TMMA percola-202

tion threshold. (Figure S3 shows that the χTMMA value of the water percolation transition203

does not strongly depend on the hydrogen bond definition. Water oxygen-oxygen RDFs204

are given in Figure S4.) The filamentous structure of the water hydrogen bonded network205

at the percolation threshold is illustrated in Figure 1. The water percolation transition is206

approximately coincident with the minima in the excess enthalpy and volume (Figure 3), as207

well as the minimum in the excess water-water hydrogen bonding (Figure 2).208

Finally, in the TMMA-rich region, water forms only small, discrete clusters as water-209

TMMA hydrogen bonding continues to grow with increasing χTMMA at the expense of water-210

12
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Simulation	(all	atoms)

χTMMA	=	0.000
χTMMA	=	0.007
χTMMA	=	0.031
χTMMA	=	0.079
χTMMA	=	0.162
χTMMA	=	0.232
χTMMA	=	0.341
χTMMA	=	0.371
χTMMA	=	0.423
χTMMA	=	0.538
χTMMA	=	0.711
χTMMA	=	0.807
χTMMA	=	0.970
χTMMA	=	1.000

I(
q)

	[a
.u

.]

q	[Å-1]
10.5 2 5

Experiment

χTMMA	=	0.000
χTMMA	=	0.009
χTMMA	=	0.022
χTMMA	=	0.065
χTMMA	=	0.144
χTMMA	=	0.207
χTMMA	=	0.303
χTMMA	=	0.319
χTMMA	=	0.445
χTMMA	=	0.484
χTMMA	=	0.668
χTMMA	=	0.803
χTMMA	=	0.966

I(
q)

	[a
.u

.]

q	[Å-1]
10.5 2 5

Figure 4: Simulation calculated X-ray scattering intensities for all atoms (top) are compared
with experimental data (bottom).
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Figure 5: The CC-CC RDFs (as illustrated in lower right snapshot) are shown in the upper
left panel and upper right panels. The RDFs between all carbon atom sites are shown in the
lower left panel.
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Figure 6: The TMMA cluster size distributions are plotted for each simulation, with lower
TMMA concentrations (below the percolation threshold) in the left panel and higher con-
centrations (above the percolation threshold) in the right. The theoretical distribution for
percolation in three dimensions is overlayed with a dotted black line.
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Figure 7: The water cluster size distributions are plotted for each simulation, with lower wa-
ter concentrations (up to and including the percolation threshold) in the left panel and higher
concentrations (beyond the percolation threshold) in the right. The theoretical distribution
for percolation in three dimensions is overlayed with a dotted red line.
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water hydrogen bonding. However, differential addition of TMMA creates fewer additional211

water-TMMA hydrogen bonds per water (Figure 2). Instead, excess water-water hydrogen212

bonding begins to increase, until it finally becomes positive, with a maximum near the213

χTMMA = 0.803 composition. This indicates that under these conditions water preferentially214

self-associates, as seen in Figure 1, forming discrete water clusters lacking a characteristic215

size (the water cluster sizes are, within statistical accuracy, approximately exponentially216

distributed below the percolation threshold, at χTMMA ≥ 0.423). Finally, approaching pure217

TMMA, the excess water-water hydrogen bonding returns to zero, with nearly all water218

molecules donating two hydrogen bonds to TMMA.219

Lastly, we comment on the conformation of TMMA and its relationship to solution220

conditions. The TMMA molecule is flexible and interconverts between gauche and trans221

conformations, corresponding to, respectively, approximately aligned and antiparallel C−−O222

bond vectors, as illustrated in Figure 8. (The O−−C−N−Me groups are always planar.) We223

assign gauche and trans based on the angle between the C−−O vectors of the 5-member pseudo224

dihedral (O−−C−C−C−−O). This distribution, given in Figure 8, shows a natural cutoff of225

120 degrees to distinguish the conformations. The interconversion between conformations is226

quick, and the relative populations equilibrate during the first half nanosecond of the 5 ns of227

NPT equilibration, as shown in Figure 8, after which the average fraction of each conformer is228

constant during the production trajectory. The ratio of conformers depends on the solution229

conditions, with the higher dipole gauche conformation more common under more polar230

solution conditions, i.e., at lower TMMA mole fractions. Figure 8 shows the fraction of231

gauche conformers for each composition, with the average number of water-TMMA hydrogen232

bonds per TMMA to highlight how TMMA conformation tracks with solvation by water,233

particularly in the water-rich regime, before approaching a gauche fraction of about 0.1 in234

the limit of no water and therefore no hydrogen bonding.235
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Figure 8: In the left panel, the distribution of inter-C−−O angles for each system is plot-
ted, with the populations corresponding to trans (top inset) and gauche (bottom inset)
illustrated with snapshots. In the center panel, the fraction of gauche TMMA molecules is
plotted versus time during the first 500 ps of NPT equilibration (black) and compared to the
NVT production trajectory ensemble average (red) for the χTMMA = 1.000 system. In the
right panel, the fraction of TMMA in the gauche conformation are plotted as a function of
composition (black squares, left axis) and compared to the average number of TMMA-water
hydrogen bonds per TMMA molecule (red diamonds, right axis).

Discussion236

The properties of the binary mixture are dominated by the water-TMMA hydrogen bond.237

This strong cross-interaction between the two components keeps the mixture miscible at238

all volume fractions and is responsible for the bipercolating networks at intermediate com-239

positions. By contrast, while alcohols with larger aliphatic groups (such as n-butanol) are240

reported to disrupt water hydrogen bonding, thereby limiting the miscibility of that binary241

mixture,15 the water-TMMA interaction is sufficiently strong compared to water-alcohol hy-242

drogen bonding that, despite the large size of TMMA, they remain completely miscible. We243

attribute the location of the excess enthalpy minimum to the balance between maximizing244

water-TMMA hydrogen bonding while maintaining the water-water hydrogen bond network.245

The minimum occurs at the composition with the maximum amount of TMMA (and there-246

fore water-TMMA hydrogen bonding, as it increases monotonically with χTMMA, see Figure247

2) before the water network is successfully disrupted and no longer percolates (see Figure 7).248

This disruption of the water network results from dominance of the water-TMMA hydrogen249

bonding over that of water-water as well as the reduction in total water available to form250
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the water hydrogen bonded network as χTMMA increases. There is a clear transition in slope251

of water-TMMA hydrogen bonds versus χTMMA upon reaching the TMMA-rich regime, as252

illustrated in Figure 2. There, the approximately linear relationship between χTMMA and253

the number of water-TMMA hydrogen bonds per water changes slope from 2.50 to 1.46.254

The significant change in hydrogen bonding behavior illustrates the loss of interconnectivity255

between the two components once the spanning water network is disrupted. The coincidence256

with the minimum in mixing enthalpy illustrates the competition between maximizing the257

number of favorable local interactions (increasing χTMMA to increase water-TMMA hydro-258

gen bonding) while maintaining the nanostructure that supports high interconnectivity (not259

increasing χTMMA to preserve the bipercolating networks).260

The minimum in excess volume is also attributed to a competition across length scales.261

The minimum excess volume (i.e., the most efficient packing) occurs under nearly the same262

conditions as the minimum in excess enthalpy: at the highest possible χTMMA while main-263

taining the bipercolating networks. Overall, the negative excess volume results from the poor264

packing of TMMA and the more efficient packing afforded by mixing large (TMMA) and265

small (water) particles. This contribution is not expected to occur with solution components266

of equal size. The minimum in excess volume occurs at the boundary of the bipercolating267

regime and TMMA-rich regimes, just before TMMA breaks up the spanning water network.268

From the χTMMA of the minimum excess volume, decreasing χTMMA corresponds to more269

water-rich bipercolating solutions, which increases the excess volume by reducing the total270

amount of poorly-packing TMMA that is efficiently solvated by water. Meanwhile, increase271

in χTMMA from the minimum disrupts the water network, preventing the water from ade-272

quately solvating the TMMA, instead forming the poorly-packing TMMA-rich morphology.273

For the excess volume as well as excess enthalpy, the persistence of the mesoscopic span-274

ning water network competes with local effects (hydrogen bonding for enthalpy, packing for275

volume) to determine the minima in the thermodynamic properties.276

The competition of forces described above provides a complementary comparison to other277
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binary mixtures. For example, with longer-chain malonamides, such as the oil-soluble ex-278

tractants used in liquid-liquid extraction, the observed solution nanoscale structuring in the279

absence of water (or any other solutes that enable strong, directional interactions) is domi-280

nated by dipole-dipole association of the amphiphile in nonpolar solvents.68 By contrast, the281

water/TMMA mixture features relatively weak inter-amphiphile interactions but a strong,282

dominant interaction between solvents. This behavior also contrasts with commonly stud-283

ied water/alcohol mixtures. For water/methanol mixtures—which are not dominated by a284

strong cross-interaction between water and amphiphile69—the excess enthalpy minimum is285

observed near χMeOH = 0.3 and the excess volume minimum near χMeOH = 0.5.36,70–73 These286

mole fractions are qualitatively consistent with percolation transitions reported in the lit-287

erature for water/methanol mixtures. Dougan et al. found that defining methanol clusters288

by a methyl-methyl cut off distance of 0.57 nm results in a percolated methanol network289

at χMeOH ≥ 0.27.38 (Ghoufi et al.29 note that ethanol does not form a spanning hydrogen290

bonded network even in the pure alcohol limit; the network defined by methyl-methyl con-291

tacts would certainly percolate under those conditions.) Further, Dougan et al. found that292

water percolates for χMeOH ≤ 0.54. Therefore, the excess volume and enthalpy minima are293

possibly associated with different structural transitions (water percolation versus amphiphile294

percolation) for the water/methanol mixture, rather than the same transition as observed295

for the water/TMMA mixture. However, the χMeOH resolution with which those percolation296

thresholds were determined is not high. As a result, the excess thermodynamic property297

minima may be less closely co-located with the percolation transitions than we observe for298

the water/TMMA mixture. Regardless, the coincidence of the mixing enthalpy and mixing299

volume minima found for TMMA/water is not observed for water/alcohol mixtures. This300

indicates a difference in the competition between local and nanoscopic forces, attributed to301

the stronger cross interaction in the TMMA-water case driving the enthalpy minimum to302

the composition which maximizes TMMA-water hydrogen bonds (and minimizes the excess303

water-water hydrogen bonds) while still maintaining the spanning water network. Overall,304
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this comparison to water mixtures with short chain alcohols highlights how tuning like and305

unlike interactions in binary water/amphiphile mixtures impacts the fundamental relation-306

ships between local interactions, nanoscale solution structure and thermodynamics.307

Significant debate surrounds the origins of the anomalous positive excess entropy found308

in various binary aqueous mixtures. The “iceberg” hypothesis—where water structure is309

enhanced by the second component, creating additional tetrahedrally ordered (ice-like)310

water—has recently come under significant scrutiny.40–43 Recent studies propose instead311

that nanoscale segregation is responsible for the increased entropy of various alcohol/water312

mixtures. Our findings are consistent with this latter explanation. The excess water-water313

hydrogen bonding at low χTMMA is negative upon addition of TMMA, demonstrating that314

TMMA does not increase water structure. Further, the solution structures reported here315

are highly heterogeneous, consistent with the excluded volumes which are proposed as the316

origin of entropic loss in other mixtures.30,74,75317

The intermolecular interactions of the water/TMMA mixture create asymmetry in so-318

lution behavior across the composition range. The observed TMMA clustering in the low319

χTMMA is consistent with hydrophobic assembly,65 where nonpolar regions of the amphiphilic320

TMMA associate, minimizing the amount of nonpolar moities exposed to the water solvent.321

However, instead of a crossover to two distinct macroscopic phases at a sufficiently high322

concentration of TMMA, the strong cross interaction between TMMA and water keeps the323

two solvents mutually soluble. The resulting bipercolating regime maximize water-TMMA324

hydrogen bonding while maintaining nanoscale solvent partitioning. Meanwhile, water clus-325

tering at high χTMMA is not analogous to TMMA clustering at low χTMMA: water is more well326

dispersed in the TMMA-rich mixtures. The populations of water-water and water-TMMA327

hydrogen bonding, and their derivatives with respect to the compositional variable, change328

with solution regimes, presumably in response to the different solution nanostructures. This329

suggests solution morphology could play a role in hydrogen bonding-controlled solvation330

phenomena inherent to solvent mixtures, such as cononsolvency.24,76,77331
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Conclusion332

In conclusion, we combine simulation and experiment to probe the role of hydrogen bonding333

on nanoscale structuring in a binary solvent mixture chosen to accentuate the dominant334

intersolvent interaction. Using this approach enabled the identification of the molecular335

drivers for the solution structuring and their link to thermodynamic properties. A close336

correspondence of X-ray scattering patterns calculated from MD simulations and those de-337

termined experimentally provides confidence in the molecular-scale structural results while338

the agreement between simulation and experimental excess volumes shows the robustness of339

these results on the macroscopic scale. The cross-scale validation allowed the determination340

of three morphologically distinct composition regimes: a water-rich, TMMA-rich, and an in-341

termediate regime with bipercolating, simultaneously spanning TMMA and water networks,342

all driven by the evolving role of TMMA-water hydrogen bonding across the concentration343

range. The impact of that hydrogen bonding interaction suggests how tuning like and unlike344

interactions in water/amphiphile mixtures the competition of solvation forces across length345

scales. These results can serve as one end-point for studies of more complex systems, where346

competing intrasolvent hydrogen bonding of the amphiphile or the addition of solutes com-347

plicates the molecular-scale assignment of bulk phase thermodynamic properties. A robust348

understanding of the origins of solution nonidealities will facilitate the design of solvent mix-349

tures targeted to specific thermodynamic properties, including nanostructured morphologies350

optimized for selectivity in chemical separations. From a fundamental perspective, this351

study will help unravel the molecular origins of thermodynamics and nanostructure and,352

more broadly, provide insight into hierarchical structure in complex solution phases such as353

those encountered in biological systems or processes applied to complex material synthesis.354
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(18) Bakó, I.; Megyes, T.; Pálinkás, G. Structural investigation of water–acetonitrile mix-410

tures: An ab initio, molecular dynamics and X-ray diffraction study. Chemical Physics411

2005, 316, 235–244.412

(19) Takamuku, T.; Tabata, M.; Yamaguchi, A.; Nishimoto, J.; Kumamoto, M.; Wakita, H.;413

Yamaguchi, T. Liquid structure of acetonitrile- water mixtures by X-ray diffraction and414

infrared spectroscopy. The Journal of Physical Chemistry B 1998, 102, 8880–8888.415

(20) Jamroz, D.; Stangret, J.; Lindgren, J. An infrared spectroscopic study of the preferen-416

tial solvation in water-acetonitrile mixtures. Journal of the American Chemical Society417

1993, 115, 6165–6168.418

(21) Stokes, R. Excess partial molar enthalpies for (acetonitrile+ water) from 278 to 318 K.419

The Journal of Chemical Thermodynamics 1987, 19, 977–983.420

(22) Essafri, I.; Ghoufi, A. Microstructure of nonideal methanol binary liquid mixtures.421

Physical Review E 2019, 99, 062607.422

(23) Guan, X.; Huang, Z.; Lu, H.; Sun, D. Microheterogeneity and CO2 Switchability of N,423

24

Page 24 of 32Physical Chemistry Chemical Physics



N-Dimethylcyclohexylamine–Water Binary Mixtures. The Journal of Physical Chem-424

istry B 2019, 123, 3096–3102.425

(24) Zuo, T.; Ma, C.; Jiao, G.; Han, Z.; Xiao, S.; Liang, H.; Hong, L.; Bowron, D.; Soper, A.;426

Han, C. C., et al. Water/Cosolvent Attraction Induced Phase Separation: A Molecular427

Picture of Cononsolvency. Macromolecules 2019, 52, 457–464.428

(25) Mallamace, D.; Chen, S.-H.; Corsaro, C.; Fazio, E.; Mallamace, F.; Stanley, H. E. Hy-429

drophilic and hydrophobic competition in water-methanol solutions. SCIENCE CHINA430

Physics, Mechanics & Astronomy 2019, 62, 107003.431

(26) Mallamace, F.; Corsaro, C.; Mallamace, D.; Vasi, C.; Vasi, S.; Stanley, H. E. Dynamical432

properties of water-methanol solutions. The Journal of Chemical Physics 2016, 144,433

064506.434

(27) Noskov, S. Y.; Lamoureux, G.; Roux, B. Molecular dynamics study of hydration in435

ethanol- water mixtures using a polarizable force field. The Journal of Physical Chem-436

istry B 2005, 109, 6705–6713.437

(28) Mochizuki, K.; Koga, K. Cononsolvency behavior of hydrophobes in water+ methanol438

mixtures. Physical Chemistry Chemical Physics 2016, 18, 16188–16195.439

(29) Ghoufi, A.; Artzner, F.; Malfreyt, P. Physical properties and hydrogen-bonding net-440

work of water–ethanol mixtures from molecular dynamics simulations. The Journal of441

Physical Chemistry B 2016, 120, 793–802.442

(30) Guo, J.-H.; Luo, Y.; Augustsson, A.; Kashtanov, S.; Rubensson, J.-E.; Shuh, D. K.;443
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