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Abstract

Quantifying the molecular and nanoscale origins of nonideality in excess thermo-
dynamic properties are essential to understanding cosolvent mixtures, yet they re-
main challenging to determine. Here, we consider a binary mixture of water and an
amphiphile, N,N,N’,N’-tetramethylmalonamide (TMMA), which is characterized by
strong hydrogen bonding between the two components and no hydrogen bonding be-
tween amphiphiles. Using molecular dynamics simulation, validated with excess volume
measurements and X-ray scattering, we identify three distinct solution regimes across
the composition range of the binary mixture and find that the transition between two
of these regimes, marked by the water percolation threshold, is closely correlated with
minima in the excess volume and excess enthalpy. Structural analysis of the simulations
reveals an interplay between local interactions and solution nanostructure, determined
by the relative strength of the water-water and water-amphiphile hydrogen bonding
interactions. By comparison to other amphiphiles, such as linear alcohols, the relative
strength of like and unlike interactions between water and amphiphile affects the rela-
tionship between thermodynamics and structural regimes. This provides insight into
how molecular forces of mutual solvation interact across length scales and how they

manifest in excess thermodynamic properties.
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Physical Chemistry Chemical Physics

Introduction

Nonideal binary mixtures of miscible solvents are macroscopically homogeneous, yet often
feature microheterogeneity on the nanoscale.X The heterogeneity of a given mixture depends
on the molecular structures and intermolecular interactions of its constituent cosolvents.®*
On the bulk scale these interactions determine the sign and magnitude of important excess
thermodynamic properties, including the excess volume as well as the excess enthalpy and
entropy of mixing. These properties determine the utility of mixtures for various applications,
while also providing insight into the intermolecular interactions that define the mixture.
While excess thermodynamic properties are experimentally accessible, attribution to solution
structuring and the specific intermolecular interactions driving that structure is essential to
designing effective mixtures for a targeted application.™? Connecting these length scales,
spanning from the molecular to macroscopic, is a fundamental objective of research on liquid
mixtures. 1o

In this study, we consider aqueous/amphiphile mixtures. Structuring in these solutions is
driven by hydrogen bonding: between water molecules, between water and the amphiphile,
and in some cases, between the amphiphile molecules. The competitive effects of hydro-
gen bonding, hydrophobic solvation and interconnectivity of water and amphiphile hydrogen
bonding networks lead to rich solution behaviors, which often depend strongly on the molec-
ular structure of the amphiphile.® Significant progress has been made in understanding these

2HIOM2IT5236 iy, clyding

mixtures. M3 Phenomena associated with water/alcohol systems,
anomalous negative excess entropy, have been the subject of study for decades.**#™57 More
broadly, the hydrogen bonding networks of water/alcohol mixtures are proposed to be con-
nected to thermodynamic anomalies.”®* Recent advances in understanding®” 3 highlight
the intricate complexity of these simple systems and demonstrate the power of new experi-
mental and computational approaches to probe their molecular structure.

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

modynamic mixing properties. We consider a mixture of water and an amidic amphiphile,
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Physical Chemistry Chemical Physics

N,N,N’,N’-tetramethylmalonamide (TMMA ), that, when immobilized onto a polymer resin,

or functionalized with alkyl tails, 407

is commonly utilized as a metal ion complexant in
chemical separations processes. As a binary liquid mixture, this system is characterized by
a scalar compositional variable; here we use the TMMA mole fraction, yTyvma. The wa-
ter/TMMA binary mixture is made distinct from water/alcohol mixtures by the absence of
hydrogen bonding between amphiphile molecules and the strong hydrogen bonding cross-
interaction between the water and amphiphile. The resulting combination of intermolecular
interactions provides rich nanostructuring across the range of compositions for this binary
system and provides a complement to commonly studied water/alcohol solutions. Using this
binary mixture, we investigate the competition between intermolecular interactions driving
mutual solvation by employing molecular dynamics (MD) simulations, validated by direct
comparison with experimentally determined excess volumes of mixing and molecular corre-
lations obtained from X-ray scattering.*®#? Using this multimodal approach we assess the
impact of hydrogen bonding on solution nanostructure and macroscopic thermodynamic

properties, finding that intermolecular interactions compete with nanoscopic organization to

determine the extrema in excess thermdodynamic properties.

Methodology

Experiments

TMMA was purchased from TCI chemicals in 97% assay measured via GC and used as re-
ceived. Water content in neat TMMA was measured in triplicate using the Karl-Fischer ap-
paratus with injected sample mass measured to 0.1 mg accuracy. Densities of TMMA /water
solutions were measured using an Anton Paar densitometer via direct injection into an os-
cillating U-tube. Comparison of densities across the TMMA /mole fraction range at 25° and
30° is shown in Figure S1. Experimental mole fractions of water/TMMA mixtures were

measured volumetrically and corrected for the atmospheric water content in neat TMMA.
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Physical Chemistry Chemical Physics

X-ray scattering experiments were conducted in transmission geometry using beamline
11-ID-B at the Advanced Photon Source, Argonne National Laboratory, operating at an
incident photon energy of 86.7 keV. A series of TMMA /water samples, with TMMA mole
fractions ranging from 0 to 1, were made by measuring mass with 0.1 mg accuracy and loaded
in 1.5mm Kapton capillaries for data acquisition. Scattered intensities were measured using
a Perkin Elmer XRD1621 amorphous silicon flat-panel detector mounted in a static position

at two different sample-to-detector distances, providing a total ¢ range of 0.26 to 35 A~

Simulation

Simulation compositions are provided in Table The smallest non-zero water content
system (xtmma = 0.967) corresponds to the amount of atmospheric water measured in
neat TMMA. The GROMACS 2016.2 software package® was used to conduct molecular
dynamics simulations. The GAFF25Y force field was used for TMMA and TIP4P-ew™?

model for water. Partial atomic charges for TMMA were generated with Primadorac®?

using
the AM1-BCC method®* and are reported in the SI with the GROMACS input topology
file for TMMA, in addition to the TMMA Lennard-Jones parameters (applied with Lorentz-
Berthelot mixing rules). Random initial configurations were generated with Packmol®® and
energy minimized with a steepest decent algorithm. Simulations were conducted with a leap-
frog Verlet integrator®® using a 2 fs time step. Hydrogen-containing bonds were constrained
using the LINCS algorithm.”” Long-range electrostatic interactions were computed with
Particle-Mesh Ewald summation®® with a 1.5 nm cutoff for short-range electrostatics and
Lennard-Jones interactions.

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

with a 0.2 ps coupling time and Berendsen barostat®”

with a 2 ps coupling time were used
during NPT, while the Nosé-Hoover thermostat® was used with a 0.2 ps coupling during
NVT. The system was equilibrated for 5 ns in NPT, with reported volumes averaged over the

last 1 ns, followed by 10 ns of NVT equilibration and 50 ns of NVT production, which was
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sampling at 100 ps intervals for analysis. An additional 100 ns of production was conducted
for the lower water concentration systems (xTyma > 0.423) to improve statistical accuracy
of the water oxygen-oxygen RDFs and water cluster size distributions. Data from these
extended simulations for those properties are plotted in Figure S3 and S4, respectively. X-ray
scattering profiles from simulations were calculated using the approach described by Walter
et al.“¥ In addition, due to the high g¢-range, we account for the g-dependent incoherent

scattering contribution to the simulation scattering pattern.*”

Table 1: The simulation compositions and periodic box sizes.

TMMA mole TMMA | Water | Simulation box
fraction, xyrymma | 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 4T 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 clustering

Hydrogen bonds were defined between two water molecules or between water and the car-
bonyl oxygen of TMMA by O...H distances of up to 0.25 nm and O-H...O angles of at least
145°. Water clusters are defined from resulting the water-water hydrogen bonding network
as connected components of the graph which is defined by water molecules (nodes) and hy-
drogen bonds between those molecules (edges) using the ChemNetworks software package.®

TMMA clusters are defined with edges constructed between TMMA molecules based on the
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distance between “central carbon” atoms (carbon bridging amide groups, referred to as CC)
using a distance cutoff of 0.62 nm, which is taken from the first minimum of the CC-CC
RDFs (plotted below). Cluster size distributions are the ensemble average number of each
cluster size observed in the simulation. Figure S3 shows that determination of the percola-
tion threshold from cluster size distributions for water does not depend strongly on hydrogen

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

Excess thermodynamic properties

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

denoted with brackets. The excess enthalpy of mixing, AH¥ is defined as
AHY = (U)m = > xilU)i+pV", (1)

where p is the pressure and (U),, is the average internal energy of the mixture and (U);
is the average internal energy for the pure phase for component ¢ (in this case TMMA or
water), with y; being the mole fraction of that component.%¥ The excess volume, V¥ is

defined similarly, with

VE = (V) — Z Xi(V)i. (2)

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

sured, and the excess volume is therefore defined as®*

VE= (V)= XPM 3)

where M; and p; are the molar mass and density, respectively, of the pure phases for compo-
nent 7. The excess water-water hydrogen bonding per water, nfjs, is obtained from simulation
with

nitg = (NHB)m — Z Xi{nuB)i, (4)
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noting that there is no water hydrogen bonding in the pure TMMA phase.

Results

Results from the MD simulations reveal three distinct regimes for the TMMA /water mixture:
water-rich, TMMA-rich, and an intermediate regime with bipercolating networks of water
and TMMA. These three regimes are illustrated in Figure (1] with snapshots showing the
structure of the water-rich and TMMA-rich systems as well as the two boundary compositions
of the bipercolating regime. In the following we describe these regimes, and the transitions
between them, in order of ascending XxTama-

The water-rich regime exists at low xramma. Upon the addition of small amounts of
TMMA to pure water, the carbonyl oxygens accept strong hydrogen bonds from water.
This is demonstrated by the negative excess water-water hydrogen bonding and growth of
water-TMMA hydrogen bonding, shown in the left and center panels of Figure[2l The sharp
decrease in excess enthalpy (Figure [3)) in this regime, despite the net decrease in total water
hydrogen bonding, is attributed to the enthalpic strength of the water-TMMA hydrogen
bond. Further, the decrease in excess volume, also shown in Figure |3| is attributed to the
improved packing of mixtures of small and large particles, with a TMMA molecule occupying
nearly 10x the volume of a water in their respective pure phases. (We note that the good
agreement between simulation and experiment for the excess volume—a stringent test of
force field compatibility—lends confidence to the simulation structures and, by virtue of the
simulation reproducing the xrayma value of the excess volume minimum, the simulation-
assigned concentrations of the structural transitions.) In addition to hydrogen bonding at
the carbonyl sites, water molecules maintain their hydrogen bonding network around the
nonpolar regions of the TMMA molecules, illustrated in the right panel of Figure [2] This
is consistent with aqueous solvation of hydrophobic solutes.®*® While TMMA forms, on

average, nearly three hydrogen bonds with water at low yTanava, TMMA molecules still
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water-rich bipercolating regime

Xtmma = 0.031 Xtmma = 0.162
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Figure 1: Snapshots are shown for four compositions: xTyma = 0.031 (water-rich regime,
upper left), xtmma = 0.162 (water-rich boundary of bipercolating regime, upper right),
xtvma = 0.371 (TMMA-rich boundary of bipercolating regime, lower left), xyrama = 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[I] creating loosely structured hydrophobic assemblies.
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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 yryna = 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-
ing) and the bipercolating regime (characterized by a spanning TMMA network interpersed
with the spanning water network), we consider carbon-carbon radial distribution functions
(RDFs), g(r), computed from the MD simulations. Figure [4] shows validation of simulation
structures by comparison of calculated® X-ray scattering patterns computed for all atoms to
experimental X-ray scattering intensities as a function of scattering vector, 1(q), across the
composition range. Details about the experimental scattering data and their Fourier trans-
forms are provided in the SI. While the X-ray scattering data contain contributions from all
atom pairs, specific atom pairs are accessible from the RDFs of the MD simulations. Figure
[p] shows the CC-CC and C-C RDFs, respectively, where CC is the central carbon that bridges
amide groups and C-C counts atom pairs for all carbon atoms sites. TMMA clustering is
evident from the long-range order observed in these RDFs. Long-range carbon-carbon cor-
relations (r > 0.7 nm) decrease with increasing TMMA concentration up to xtyma = 0.162,

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

10

Page 10 of 32



Page 11 of 32

170
171
172
173
174
175
176
177
178
179
180
181
182

183

Physical Chemistry Chemical Physics

T T T T
o t40
|A
— N >
S —0.5- & R by
E 1 A >
: ’ =
- | H | B
> 1k *o o 1-2 =
L X m A .
L VE (exp.) +1
V© (sim.) O
! = A HE (sim.) A1
~15b 3

L L |
0 0.25 0.5 0.75 1

AT™MMA

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 yryva. 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 correlations
show that the transition from hydrophobic clustering to a stable, system-spanning network
occurs between xyryvia = 0.162 and 0.232.

This interpretation is corroborated by cluster analysis of the TMMA molecules, plot-
ted in Figure @ At high yryva, the TMMA cluster distribution is dominated by the
system-spanning cluster, manifested as a sharp peak at large cluster size, with the exact size
determined by the number of molecules in the periodic simulation box. As yTyma decreases,
the spanning network decreases in size as the number of TMMA molecules in the simulations
decreases. This behavior is accompanied by the in-growth of populations of smaller, discrete
clusters. The xrmma = 0.162 and 0.232 cluster size distributions nearly follow a power
law, with slope consistent with the Fisher exponent for percolation in three dimensions,
7 = 2.19.%7 The xypyma = 0.162 cluster distribution appears to be just below the percola-
tion threshold, and the xyTyma = 0.232 system just after, with the system-spanning cluster

growing in at large cluster sizes for yTamma > 0.232. Therefore, we expect the percolation

11
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threshold to fall between those two compositions. While the choice of cutoff for TMMA
connectivity is arbitrary, particularly compared to the natural definition of hydrogen bond-
ing connectivity for water clustering, the TMMA cluster distribution percolation threshold
is consistent with the interpretation of the carbon-carbon and CC-CC RDFs, lending confi-
dence to the choice of cutoff and physical meaning of the cluster analysis.

Within the bipercolating regime, the two components are mutually dispersed, forming
separate, but spanning, percolating networks, resulting in nanoscopic segregation of the
two solvents. This region of the binary mixture is characterized by significant surface area
between the two mutually miscible solvent networks, maximizing the favorable TMMA-water
hydrogen bonds responsible for the complete miscibility of the mixture. In this regime,
the addition of TMMA continues to increase TMMA-water hydrogen bonding, as shown in
Figure [2| which further lowers the excess enthalpy of the mixture. However, TMMA cannot
be added to the TMMA domains indefinitely, as, eventually, it will disrupt the ability of the
water network to percolate.

The end of the bipercolating regime and transition to the TMMA-rich mixtures is demar-
cated by the water percolation threshold, with water no longer percolating in the TMMA-rich
regime. This transition is apparent from the water cluster distributions given in Figure [7]
At xtmma = 0.371, the percolation threshold is reached, with the cluster size distribution
following a power law with the expected slope, as seen for TMMA at the TMMA percola-
tion threshold. (Figure S3 shows that the yrmua value of the water percolation transition
does not strongly depend on the hydrogen bond definition. Water oxygen-oxygen RDF's
are given in Figure S4.) The filamentous structure of the water hydrogen bonded network
at the percolation threshold is illustrated in Figure [l The water percolation transition is
approximately coincident with the minima in the excess enthalpy and volume (Figure|3)), as
well as the minimum in the excess water-water hydrogen bonding (Figure .

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

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

12
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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 RDF's (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 additional
water-TMMA hydrogen bonds per water (Figure . Instead, excess water-water hydrogen
bonding begins to increase, until it finally becomes positive, with a maximum near the
xtymma = 0.803 composition. This indicates that under these conditions water preferentially
self-associates, as seen in Figure [I| forming discrete water clusters lacking a characteristic
size (the water cluster sizes are, within statistical accuracy, approximately exponentially
distributed below the percolation threshold, at xTyma > 0.423). Finally, approaching pure
TMMA, the excess water-water hydrogen bonding returns to zero, with nearly all water
molecules donating two hydrogen bonds to TMMA.

Lastly, we comment on the conformation of TMMA and its relationship to solution
conditions. The TMMA molecule is flexible and interconverts between gauche and trans
conformations, corresponding to, respectively, approximately aligned and antiparallel C=0
bond vectors, as illustrated in Figure [8 (The O=C—N—Me groups are always planar.) We
assign gauche and trans based on the angle between the C=0 vectors of the 5-member pseudo
dihedral (O=C—C—C=0). This distribution, given in Figure |8, shows a natural cutoff of
120 degrees to distinguish the conformations. The interconversion between conformations is
quick, and the relative populations equilibrate during the first half nanosecond of the 5 ns of
NPT equilibration, as shown in Figure|8| after which the average fraction of each conformer is
constant during the production trajectory. The ratio of conformers depends on the solution
conditions, with the higher dipole gauche conformation more common under more polar
solution conditions, i.e., at lower TMMA mole fractions. Figure [§| shows the fraction of
gauche conformers for each composition, with the average number of water-TMMA hydrogen
bonds per TMMA to highlight how TMMA conformation tracks with solvation by water,
particularly in the water-rich regime, before approaching a gauche fraction of about 0.1 in

the limit of no water and therefore no hydrogen bonding.
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Figure 8: In the left panel, the distribution of inter-C=0 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 xyrvma = 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).

Discussion

The properties of the binary mixture are dominated by the water-TMMA hydrogen bond.
This strong cross-interaction between the two components keeps the mixture miscible at
all volume fractions and is responsible for the bipercolating networks at intermediate com-
positions. By contrast, while alcohols with larger aliphatic groups (such as n-butanol) are
reported to disrupt water hydrogen bonding, thereby limiting the miscibility of that binary
mixture,*? the water-TMMA interaction is sufficiently strong compared to water-alcohol hy-
drogen bonding that, despite the large size of TMMA, they remain completely miscible. We
attribute the location of the excess enthalpy minimum to the balance between maximizing
water-TMMA hydrogen bonding while maintaining the water-water hydrogen bond network.
The minimum occurs at the composition with the maximum amount of TMMA (and there-
fore water-TMMA hydrogen bonding, as it increases monotonically with yTywa, see Figure
before the water network is successfully disrupted and no longer percolates (see Figure [7)).
This disruption of the water network results from dominance of the water-TMMA hydrogen

bonding over that of water-water as well as the reduction in total water available to form
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the water hydrogen bonded network as xryva increases. There is a clear transition in slope
of water-TMMA hydrogen bonds versus xtamwva upon reaching the TMMA-rich regime, as
illustrated in Figure 2 There, the approximately linear relationship between yryma and
the number of water-TMMA hydrogen bonds per water changes slope from 2.50 to 1.46.
The significant change in hydrogen bonding behavior illustrates the loss of interconnectivity
between the two components once the spanning water network is disrupted. The coincidence
with the minimum in mixing enthalpy illustrates the competition between maximizing the
number of favorable local interactions (increasing yrmma to increase water-TMMA hydro-
gen bonding) while maintaining the nanostructure that supports high interconnectivity (not
increasing xTavma to preserve the bipercolating networks).

The minimum in excess volume is also attributed to a competition across length scales.
The minimum excess volume (i.e., the most efficient packing) occurs under nearly the same
conditions as the minimum in excess enthalpy: at the highest possible xyTyya Wwhile main-
taining the bipercolating networks. Overall, the negative excess volume results from the poor
packing of TMMA and the more efficient packing afforded by mixing large (TMMA) and
small (water) particles. This contribution is not expected to occur with solution components
of equal size. The minimum in excess volume occurs at the boundary of the bipercolating
regime and TMMA-rich regimes, just before TMMA breaks up the spanning water network.
From the xryva of the minimum excess volume, decreasing xryma corresponds to more
water-rich bipercolating solutions, which increases the excess volume by reducing the total
amount of poorly-packing TMMA that is efficiently solvated by water. Meanwhile, increase
in ytmma from the minimum disrupts the water network, preventing the water from ade-
quately solvating the TMMA | instead forming the poorly-packing TMMA-rich morphology.
For the excess volume as well as excess enthalpy, the persistence of the mesoscopic span-
ning water network competes with local effects (hydrogen bonding for enthalpy, packing for
volume) to determine the minima in the thermodynamic properties.

The competition of forces described above provides a complementary comparison to other
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binary mixtures. For example, with longer-chain malonamides, such as the oil-soluble ex-
tractants used in liquid-liquid extraction, the observed solution nanoscale structuring in the
absence of water (or any other solutes that enable strong, directional interactions) is domi-
nated by dipole-dipole association of the amphiphile in nonpolar solvents.®® By contrast, the
water/TMMA mixture features relatively weak inter-amphiphile interactions but a strong,
dominant interaction between solvents. This behavior also contrasts with commonly stud-
ied water/alcohol mixtures. For water/methanol mixtures—which are not dominated by a
strong cross-interaction between water and amphiphile®”—the excess enthalpy minimum is
observed near yayeon = 0.3 and the excess volume minimum near yyeon = 0.5.2%0 3 These
mole fractions are qualitatively consistent with percolation transitions reported in the lit-
erature for water/methanol mixtures. Dougan et al. found that defining methanol clusters
by a methyl-methyl cut off distance of 0.57 nm results in a percolated methanol network
at xmeon > 0.27.%% (Ghoufi et al.*® note that ethanol does not form a spanning hydrogen
bonded network even in the pure alcohol limit; the network defined by methyl-methyl con-
tacts would certainly percolate under those conditions.) Further, Dougan et al. found that
water percolates for ymeon < 0.54. Therefore, the excess volume and enthalpy minima are
possibly associated with different structural transitions (water percolation versus amphiphile
percolation) for the water/methanol mixture, rather than the same transition as observed
for the water/TMMA mixture. However, the xyeon resolution with which those percolation
thresholds were determined is not high. As a result, the excess thermodynamic property
minima may be less closely co-located with the percolation transitions than we observe for
the water/TMMA mixture. Regardless, the coincidence of the mixing enthalpy and mixing
volume minima found for TMMA /water is not observed for water/alcohol mixtures. This
indicates a difference in the competition between local and nanoscopic forces, attributed to
the stronger cross interaction in the TMMA-water case driving the enthalpy minimum to
the composition which maximizes TMMA-water hydrogen bonds (and minimizes the excess

water-water hydrogen bonds) while still maintaining the spanning water network. Overall,
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this comparison to water mixtures with short chain alcohols highlights how tuning like and
unlike interactions in binary water/amphiphile mixtures impacts the fundamental relation-
ships between local interactions, nanoscale solution structure and thermodynamics.

Significant debate surrounds the origins of the anomalous positive excess entropy found
in various binary aqueous mixtures. The “iceberg” hypothesis—where water structure is
enhanced by the second component, creating additional tetrahedrally ordered (ice-like)
water—has recently come under significant scrutiny.??#3 Recent studies propose instead
that nanoscale segregation is responsible for the increased entropy of various alcohol/water
mixtures. Our findings are consistent with this latter explanation. The excess water-water
hydrogen bonding at low xTmma is negative upon addition of TMMA, demonstrating that
TMMA does not increase water structure. Further, the solution structures reported here
are highly heterogeneous, consistent with the excluded volumes which are proposed as the
origin of entropic loss in other mixtures. %45

The intermolecular interactions of the water/TMMA mixture create asymmetry in so-
lution behavior across the composition range. The observed TMMA clustering in the low
YTMMa is consistent with hydrophobic assembly,®® where nonpolar regions of the amphiphilic
TMMA associate, minimizing the amount of nonpolar moities exposed to the water solvent.
However, instead of a crossover to two distinct macroscopic phases at a sufficiently high
concentration of TMMA, the strong cross interaction between TMMA and water keeps the
two solvents mutually soluble. The resulting bipercolating regime maximize water-TMMA
hydrogen bonding while maintaining nanoscale solvent partitioning. Meanwhile, water clus-
tering at high yrvuma is not analogous to TMMA clustering at low yTywva: water is more well
dispersed in the TMMA-rich mixtures. The populations of water-water and water-TMMA
hydrogen bonding, and their derivatives with respect to the compositional variable, change
with solution regimes, presumably in response to the different solution nanostructures. This
suggests solution morphology could play a role in hydrogen bonding-controlled solvation

phenomena inherent to solvent mixtures, such as cononsolvency.#40:%
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Conclusion

In conclusion, we combine simulation and experiment to probe the role of hydrogen bonding
on nanoscale structuring in a binary solvent mixture chosen to accentuate the dominant
intersolvent interaction. Using this approach enabled the identification of the molecular
drivers for the solution structuring and their link to thermodynamic properties. A close
correspondence of X-ray scattering patterns calculated from MD simulations and those de-
termined experimentally provides confidence in the molecular-scale structural results while
the agreement between simulation and experimental excess volumes shows the robustness of
these results on the macroscopic scale. The cross-scale validation allowed the determination
of three morphologically distinct composition regimes: a water-rich, TMMA-rich, and an in-
termediate regime with bipercolating, simultaneously spanning TMMA and water networks,
all driven by the evolving role of TMMA-water hydrogen bonding across the concentration
range. The impact of that hydrogen bonding interaction suggests how tuning like and unlike
interactions in water/amphiphile mixtures the competition of solvation forces across length
scales. These results can serve as one end-point for studies of more complex systems, where
competing intrasolvent hydrogen bonding of the amphiphile or the addition of solutes com-
plicates the molecular-scale assignment of bulk phase thermodynamic properties. A robust
understanding of the origins of solution nonidealities will facilitate the design of solvent mix-
tures targeted to specific thermodynamic properties, including nanostructured morphologies
optimized for selectivity in chemical separations. From a fundamental perspective, this
study will help unravel the molecular origins of thermodynamics and nanostructure and,
more broadly, provide insight into hierarchical structure in complex solution phases such as

those encountered in biological systems or processes applied to complex material synthesis.
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