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ABSTRACT: We have investigated the possible connection between “dynamical anomaly” observed
in time-resolved fluorescence measurements of reactive and nonreactive solute-centered relaxation
dynamics in aqueous binary mixtures of different amphiphiles and the solution intra- and interspecies
H-bond fluctuation dynamics. Earlier studies have connected the anomalous thermodynamic properties
of binary mixtures at very low amphiphile concentrations to the structural distortion of water. This is
termed as “structural anomaly.” Interestingly, the abrupt changes in the composition-dependent
average rates of solute relaxation dynamics occur at amphiphile mole fractions approximately twice as
large as those where structural anomalies appear. We have investigated this anomalous solution
dynamical aspect by considering (water + tertiary butanol) as a model system and performed molecular
dynamics simulations at several tertiary butanol (TBA) concentrations covering the extremely dilute to
the moderately concentrated regimes. The “dynamical anomaly” has been followed via monitoring the
composition dependence of the intra- and interspecies H-bond fluctuations and reorientational
relaxations of TBA and water molecules. Solution structural aspects have been followed via examining
the tetrahedral order parameter, radial and spatial distribution functions, numbers of H bonds per water and TBA molecules, and the
respective populations participating in H-bond formation. Our simulations reveal abrupt changes in the H-bond fluctuations and
reorientational dynamics and tetrahedral order parameter at amphiphile concentrations differing approximately by a factor of 2 and
corroborates well with the steady-state and the time-resolved spectroscopic measurements. This work therefore explains, following a
uniform and cogent manner, both the experimentally observed structural and dynamical anomalies in microscopic terms.

1. INTRODUCTION

Numerous measurements on aqueous binary mixtures of
different amphiphilic molecules have repeatedly revealed
anomalous changes in thermodynamic properties1−7 that
cannot be explained employing the concept of random
mixing.8 This means that the Boltzmann equation would be
insufficient for estimating the entropy of mixing for these
systems because the enthalpy of mixing is not zero or
negligible. This in turn indicates that the presence of one
species is strongly influencing the interaction among molecules
of the other species (same species interaction), rendering
statistical mechanical calculations based on the random mixing
theory untenable for such solutions. A binary mixture of
triethylamine (TEA) and water is a classic example9 wherein
water−TEA H-bonding interactions contribute significantly to
the enthalpy of mixing. Another important factor that critically
regulates the mixing is the hydrophobic interaction arising
from the ethyl groups. Hydrophobic interactions coupled with
hydrophobic hydration and the interspecies H-bonding
interactions therefore jointly govern the physical chemistry of
aqueous amphiphilic solutions. Naturally, solution structure
and dynamics reflect mixture composition dependence that
commensurates with the internal balance between the H-
bonding and hydrophobic interactions in such macroscopically
homogeneous binary systems.

The structural aspects of aqueous amphiphilic solutions have
been explored via neutron diffraction measurements10−13 by
employing tertiary butanol (TBA) as a model amphiphile. The
water rich-region has been specially investigated in these
measurements to understand how hydrophobic interaction of
tertiary butyl (−CMe3, MeCH3) groups among TBA
molecules and the corresponding hydrophobic hydration
modifies the three-dimensional tetrahedral H-bonding network
structure of water. These studies then proceeded further to
connect the anomalous mixture composition dependence of
different thermodynamic quantities, particularly those meas-
ured at very low TBA concentrations, to the modifications in
water structure in such solutions. Several simulation and
computational studies have examined the hydrophobic
hydration-induced modification in solution structure and the
role of interspecies H-bonding in binary aqueous mixtures of
TBA14−23 and other alcohols.24−29 Interestingly, studies
employing TBA as an amphiphile are relatively more in
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number, although investigations employing other amphiphiles
also focused on solute-induced distortion of water structure,
solution heterogeneity, and solution dynamics.30−32 The
reason for employing TBA emerges from the fact that TBA
possesses the largest aliphatic group among monohydroxy
alcohols that are miscible with water at any proportion.
Because of the presence of both the hydrophobic tertiary butyl
group and the hydrophilic hydroxyl (−OH) moiety, TBA
molecules can simultaneously participate in hydrophobic and
hydrophilic interactions with water. This leads to the
segregation of the aqueous solution into microscopic polar
and nonpolar domains.33

Steady-state UV−Vis absorption measurements34−37 of
aqueous solutions of different amphiphiles employing fluo-
rescent probe molecules in the last several years have
repeatedly not only shown unexpected spectral shifts (of
probe absorption spectra) upon successive addition of
amphiphilic molecules in water but also demonstrated an
abrupt change in the direction of the spectral shift (first
downward and then upward) at a particular amphiphile
concentration. This “passing through a minimum” for
absorption spectral shifts occurs at a very low concentration
of the amphiphile and is specific to amphiphilic hydro-
phobicity. This is shown in Table 1, wherein xcosolvent

min

represents this concentration in mole fraction for a variety of
amphiphiles that include 2-butoxyethanol (2-BE),35

TBA,34,36−38 tetrahydrofuran (THF),39 1,4-dioxane (diox-
ane),39 tetramethylurea (TMU),40 and ethanol.34 The
composition-dependent spectral shift in these systems is
reproduced in the upper panel of Figure 1 from earlier
literature.34−40 The reason for this red shift in absorption
spectra in the upper panel is that the local environment gets
stiffened at low mole fractions during the accommodation of
amphiphiles in the three-dimensional hydrogen-bond network
of water. This is felt by the fluorescence solute as an “increase”
in the local density that causes a red shift. Notice that for TBA
in water, xcosolvent

min is quite close to the mole fraction of TBA at
which the maximum anomaly in the measured thermodynamic
quantities has been detected;2,41−46 subsequent neutron
diffraction and neutron scattering studies10,13,47,48 have
indicated dominance of hydrophobic hydration and hydro-
phobic interaction-induced solute association at that low mole
fraction. Mixture composition-dependent water structure,

probed later14 via simulations of the tetrahedral order
parameter, reveals a linear decrease of tetrahedrally coordi-
nated water with xTBA in the concentration range studied. One
may extend this idea and assume that a similar mechanism of
mixing and solvation could be responsible for hosting the other
amphiphiles, as shown in Table 1, at very low concentrations in
their respective aqueous solutions.
However, another intriguing observation appears when one

carefully examines the corresponding time-resolved fluores-
cence data reported for these aqueous amphiphilic solutions.
These data include mixture composition-dependent average
excited-state fluorescence lifetimes (⟨τf⟩) and average rota-
tional correlation times (⟨τr⟩) of a nonreactive probe solute,
coumarin 153 (C153), dissolved at micromolar concentrations
and have been accessed via monitoring the excited-state
population relaxations and dynamic fluorescence anisotropies
of the dissolved probe solutes.34−36,38 A reproduction of
composition-dependent fluorescence lifetimes (⟨τf⟩) for some
systems is provided in the lower panel of Figure 1 from earlier
literature34−40 for a better understanding. A simple survey of
these composition-dependent average relaxation times (⟨τf⟩
and ⟨τr⟩) immediately reveals that these dynamical quantities
exhibit a sharp change in their respective slopes when plotted

Table 1. Amphiphile Mole Fractions in Binary Aqueous
Mixtures Wherein Abrupt Changes Occur in the Steady-
State UV−Vis Absorption Spectral Properties and
Dynamical Quantities (Average Rate of Population and/or
Rotational Relaxations) from Time-Resolved Fluorescence
Measurements Employing Neutral Dipolar Fluorophores

cosolvent
Xcosolvent
min (UV−vis
absorption)

Xcosolvent
dyn (abrupt changes in

dynamics)

2-butoxyethanol29 (2-
BE)

0.02 0.04

tertiary butanol
(TBA)28,30−32

0.04 0.1

tetrahydrofuran
(THF)33

0.05 0.1

dioxane33 0.07 0.15
tetramethylurea
(TMU)34

0.08 0.2

ethanol28 0.1 0.2

Figure 1. Amphiphile mole fraction dependence of UV−vis
absorption spectral frequencies of a neutral dipolar fluorescent solute,
coumarin 153 (C153), in aqueous solutions of BE, EtOH, TBA, and
TMU (upper panel), and the average excited-state fluorescence
lifetimes (⟨τlife⟩) of the same solute in these aqueous solutions (lower
panel). Dotted lines in the upper panel guide the eyes to connect the
data for a particular aqueous solution. Vertical broken lines in the
lower panel indicate the amphiphile mole fractions at which the
abrupt changes in the slopes occur. All data are color-coded.
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as a function of amphiphile concentration. The mole fractions
at which this sharp changes for ⟨τf⟩ and ⟨τr⟩ occur are denoted
by xcosolvent

dyn in Table 1, and the corresponding experimental
values34,35 for aqueous binary mixtures of 2-BE, TBA, THF,
dioxane, TMU, and ethanol are summarized. Notice that
xcosolvent
dyn values are different for different amphiphiles and
uniformly greater by approximately a factor of 2 than the
corresponding xcosolvent

min values. Studies with other nonreactive
probe solutes49,50 and solutes that undergo excited-state
intramolecular charge transfer reactions36−38 have also
reported similar amphiphile concentration dependence. This
is intriguing and might very well represent a generic feature for
aqueous macroscopically homogeneous amphiphilic solutions.
This general observation also suggests that sharp changes are
possibly accompanying the solution dynamics at or around
these amphiphile mole fractions (xcosolvent

dyn ).
The probable reasons that lead to connecting the above

anomalous composition dependence of ⟨τf⟩ and ⟨τr⟩ to the
fluctuations in solution dynamics are as follows. First, the
available neutron scattering studies for aqueous alcoholic
solutions10−12 do not indicate any qualitative anomaly in the
solution structural aspect around xcosolvent

dyn . Second, the
simulated amphiphile−water clusters can persist only for a
few to several picoseconds,17,24 and therefore, they cannot
probably generate the anomaly in the measured ⟨τf⟩ and ⟨τr⟩
values that are in the sub-nanosecond to a few nanosecond
regime.34,35 Third, no anomalous composition dependence of
radiative (kr) and nonradiative (knr) population relaxation rates
of C153 in binary aqueous mixtures of TBA and ethanol has
been found in earlier measurements.34 Fourth, the composi-
tion-dependent viscosities51−55 and diffusion56−59 of these
solutions cannot be the source for this anomalous mole
fraction dependence as the composition-dependent viscosities,
as shown in Figure S1, do not indicate any extrema around
xcosolvent
dyn . The origin of this “dynamical anomaly” may therefore
originate from a more fundamental solution aspect than the
interlayer momentum transfer60 of component particles. In
such a scenario and in the absence of any other studies probing
local solution dynamics, it is natural to speculate that
fluctuations in the intra- and interspecies H-bond dynamics
in these aqueous amphiphilic solutions may bear a connection
to this experimental observation that has been termed here as
“dynamical anomaly.”
In this work, we have followed the intra- and interspecies H-

bond dynamics and solution structural aspects of an
amphiphile−water system at various amphiphile concentra-
tions by employing TBA as a model amphiphile. We have
monitored the composition dependence of fluctuations in
terms of standard deviation by performing computer
simulations at 12 TBA mole fractions including the neat
systems. These mole fractions are xTBA = 0, 0.01, 0.02, 0.03,
0.04, 0.06, 0.1, 0.13, 0.15, 0.17, 0.2 and 1. Such a closely spaced
xTBA has been employed to track the structural and dynamical
fluctuations in a fine concentration grid so that the simulation
findings can provide microscopic insight into the experimental
spectroscopic data already discussed.
Note that such a thorough composition-dependent simu-

lation study probing the H-bond fluctuation dynamics and
their connections to the experimentally detected anomalous
composition dependence of solute-centered relaxation times in
such alcohol−water mixtures and other aqueous amphiphilic
systems has not been explored. This is notable considering that
several studies20−22,55 have already investigated mixture

composition dependence hydrogen-bond dynamics and other
solution properties. We have made an attempt here to establish
a connection between the simulated solution structure and H-
bond fluctuation dynamics and the spectral shifts and the
relaxation times reported by the relevant steady-state and time-
resolved fluorescence measurements. This is the new aspect of
the present work.
The choice of TBA as a model amphiphile is motivated by

the availability of neutron scattering studies for aqueous
solutions of TBA for very low to low TBA mole fractions
which could be used as a benchmark to verify the predictions
on structural aspects by the present simulations. In addition,
existing simulation results of the TBA−water system employ-
ing different model potentials for TBA can provide an idea
about the “degree of correctness” of the present simulations.
To make the study internally consistent and self-contained, we
have monitored the composition-dependent spatial and radial
distribution functions, the tetrahedral order parameter, and the
relative populations of water and TBA that are participating in
the intra- and the interspecies H-bonding in these solutions.
All of these together provide cogent and molecular-level
explanations for the structural and dynamical anomalies
exhibited respectively by the steady-state UV−Vis absorption
and the time-dependent fluorescence measurements34−38

discussed above.

2. METHODS
2.1. Simulation Details. All-atom model potential for

TBA reported in earlier simulations16 has been employed in
the present study. In this potential, the anharmonicity in O−H
bond stretching has been incorporated via a Morse-type
potential. This model potential has been found to successfully
reproduce the aggregation behavior of TBA in aqueous
solutions.17,61,62 The interaction potential corresponding to
this all-atom TBA model has been implemented via the
following expression
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where the last term represents the bonded interaction in the
form of morse potential for O−H bonds with ρ = 2.44 Å−1

taken from earlier work.62

The four-site TIP4P/2005 model63 of water is employed
here, as this rigid four-site model best represents the
tetrahedral hydrogen-bond structure of water.64 A total of
10 000 molecules, comprising water and TBA were used in all
of the 10 binary mixtures studied. Simulations of neat water
were also carried out using 10 000 TIP4P/2005 model water
molecules. For neat TBA, simulations employing 128
molecules were carried out. Numbers of participant water
and TBA molecules simulated in different compositions are
given in Table S1. All force field parameters and the numbers
of water and TBA molecules at different compositions used in
this work are summarized in Tables S2−S4.
The simulations were performed at 298 K, employing the

periodic boundary conditions65 and a Nose−́Hoover thermo-
stat66,67 (with a time constant of 2 ps). The equations of
motion were integrated using the velocity-Verlet algorithm65
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with a timestep of 1 fs. Electrostatic interactions were
calculated using the particle mesh Ewald method of order 4
and with a Fourier spacing of 0.1 nm−1. The nearest-neighbor
cutoff for calculations of both the van der Waals and
electrostatic interactions was considered as 0.9 nm. All systems
were equilibrated for 1 ns in the NPT ensemble. The pressure
was kept constant at 1 bar, and the compressibility was
maintained at 5 × 10−5 bar −1 using a Perriello−Rahman
barostat with a time constant of 2 ps. Trajectories were saved
at every 0.1 ps time gap throughout the production run of 10
ns, after equilibration of 2 ns in the NVT ensemble. For the
calculations of H-bond fluctuation dynamics, separate
trajectories were generated using the NVT ensemble with
the pre-equilibrated trajectories. This time the trajectories were
saved at a regular time interval of 0.01 ps to better track the
faster relaxation dynamics. We performed block averaging over
ten blocks with different time origins while calculating the
variance of hydrogen-bond timescales.
The equilibrated density of all of the simulated systems

along with experimentally available densities and earlier
simulated density of neat TBA is provided in Table S5. The
agreement between the simulations and experimental data is
satisfactory. The GROMACS 4.5.6 simulation package68−72

was used for simulation studies reported here. For calculations
and visualization of the surface distribution functions (SDFs),
TRAVIS73 and VMD74 software packages were used.
2.2. Coordination Numbers and Tetrahedral Order

Parameters. Coordination numbers of a species (j) around
another the same/different species molecule (i) have been
calculated via a formula wherein we have used the first
minimum distances of RDFs as shell radii for the relevant
calculations

rr gCN 4 d
r

ij r0

2
( )

shell∫πρ=
(2)

where gij(r) denotes the intra- and interspecies RDFs at various
solution mole fractions studied. Note that the CN calculated in
this way represents the number of jth particles in the first
solvation shell of the ith particle in a binary mixture and is
different from the total coordination number that accounts for
molecules of both the components that together constitute the
full solvation shell.
The tetrahedral order parameter (Q) is defined as follows75
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Q  
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i
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∑ ∑
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θ= − +

⟨ ⟩ =

= = +

(3)

where Qi is the tetrahedral order parameter of the ith water
molecule and θijk is the angle subtended by each pair
(designated by j and k) of the nearest four water molecules
on the central ith water molecule. For a random and uniform
distribution of these angles, Q = 0; for a perfect tetrahedral
structure, on the other hand, Q = 1. A schematic diagram for
the general description of the tetrahedral angle and three-
dimensional tetrahedral structure of the H-bond network in
the bulk water is shown in Figure S2.
The following conditions76,77 have been followed to detect

H bonds between water molecules: (a) the distance between
the donor oxygen atom and the acceptor oxygen atom is less
than 0.35 nm, (b) the O−H (donor)−O (acceptor) angle is

less than 30°, and (c) the distance between the oxygen (O)
and hydrogen (H) atoms must be less than 0.245 nm.
For monitoring alcohol−alcohol hydrogen bonding, the

geometrical criteria78 that have been considered are as follows:
(a) the distance between the donor and acceptor oxygen atoms
is less than 0.35 nm, (b) the O−H (acceptor)−O (donor)
angle is less than 30°, and (c) the distance between O (donor)
and H (acceptor) is less than 0.28 nm.
The above criteria for detecting H-bonding between TBA

molecules have also been employed for monitoring TBA−
water H-bonding. The fractions of TBA and water molecules
participating in intra- and interspecies H-bonding have been
calculated to find nonparticipation of any of the species at any
mixture composition. Results obtained from this analysis are
expected to complement the results on xTBA dependence of the
average number of H bonds per TBA or water. While
calculating the average number of hydrogen bonds per
molecule, we have considered only the participant molecules,
not all of the molecules of a given species that are present in a
solution at a particular TBA mole fraction.

2.3. Hydrogen-Bond Lifetimes. To characterize TBA−
water and water−water H-bond dynamics, we have monitored
two H-bond autocorrelation functions, namely, continuous and
structural H-bond relaxation.
The lifetime of a continuous H bond has been calculated

from the time-correlation function (SHB(t))
76,79,80

S t
h H t

h
( )

(0) ( )
HB = ⟨ ⟩

⟨ ⟩ (4)

H(t), a hydrogen-bond population operator, is unity when the
particular tagged pair of molecules is hydrogen-bonded and
zero otherwise. H(t) takes a value 1 if the tagged pair of
molecules, for which h(0) is calculated, remains continuously
H-bonded for a time t or else H(t) = 0. SHB(t) describes the
probability that a tagged pair of molecules remains H-bonded
for a timespan t, and it approaches zero when continuity of the
H bond between them breaks down. The average continuous
H-bond lifetime is then obtained via the time integration of
SHB(t)
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(5)

Structural H-bond relaxation dynamics has been followed via
the dynamic correlation function (CHB(t))

C t
h h t

h
( )

(0) ( )
HB = ⟨ ⟩

⟨ ⟩ (6)

Here, the reformation of a hydrogen bond with another
neighboring molecule, after the rupture of a hydrogen bond
with an initial partner, is allowed and accounted for. The
average structural H-bond lifetimes (⟨τC

HB⟩avg) are then
obtained by time integrating the multiexponential fit functions
that adequately describe the simulated decays of the
correlation function
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The fluctuations (or variance) in these average timescales are
calculated as follows

N

( )

1
i
N

xi x2
2

x
σ

τ τ
=

∑ − ⟨ ⟩
−τ (8)

For calculating variance, the block averaging method has been
adapted. The continuous H-bond relaxation (SHB(t)) and the

structural counterpart (CHB(t)) have been calculated for ten
time blocks.

2.4. Reorientational Time-Correlation Function
(RTCF). To correlate the hydrogen-bond dynamics with
rotation of OH vector of both TBA and water molecules, we
calculate the collective single-particle RTCF of rank 1= via
the following prescription

C t
P u t u
P u u

( )
( ). (0)
(0). (0)
i i

i i
=

⟨ [ ]⟩
⟨ [ ]⟩ (9)

where P denotes the Legendre polynomial of rank and ui is a
unit vector parallel to the OH bond vector of both water and
TBA molecules. Here, also, we have calculated composition-
dependent average reorientational times (⟨τrot⟩) of rank 1=

Figure 2. Composition-dependent coordination numbers (left column) and the corresponding fraction of particles within the first solvation shell
(right column). The upper panel presents simulated data for TBA−TBA, the middle panel presents simulated data for TBA−water, and the lower
panel presents simulated data for water−water. Insets show the data ratioed against the values in the respective neat solvents,

Rpopulation % of particle within first solvation shell at a given molefraction
% of particle within first solvation shell in neat solvent

= . Note here that the neat solvent appearing in the denominator is neat TBA for the

upper panels (left and right) and neat water for the lower panels (left and right).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06831
ACS Omega 2022, 7, 10970−10984

10974

https://pubs.acs.org/doi/10.1021/acsomega.1c06831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06831?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06831?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the corresponding variances associated with them
following eqs 7 and 8 described earlier.

3. RESULTS AND DISCUSSION
As we have already stated, the main focus of this work is to
thoroughly investigate the microscopic reasons behind the
abrupt changes in the mole fraction dependent average
relaxation times reported in measurements employing a
fluorescent solute in aqueous amphiphilic solutions, and we
followed the H-bond relaxation dynamics in detail. However,
structural details have also been carefully examined to explain
the mole fraction dependence of the steady-state absorption
spectral shifts, which is connected to the structural anomaly.
This is done to make the study uniform and internally
consistent.
3.1. Radial Distribution Function (RDF) and Coordi-

nation Number (CN). The composition dependence of the
center-of-mass (COM) RDFs for TBA−TBA, TBA−water,
and water−water has been monitored for this aqueous

amphiphilic solution. All of these RDFs are depicted in Figure
S3. The simulated RDF peak values, representing the RDF
value at contact ((g(σ)) σ being the distance of the closest
approach between the central molecule and another molecule
as the nearest neighbor), are shown as a function of the TBA
mole fraction (xTBA) in the upper panel of Figure S4. Numbers
corresponding to Figure S4 are provided in Table S6. The inset
of this panel shows the composition-dependent ratio between
g(σ) at a given xTBA and that for neat TBA, Rpeak = [g(σ)]xTBA/

[g(σ)]xTBA = 1
. The g(σ) values for neat TBA and neat water are

summarized in Table S7. The nonmonotonic dependence of
the RDF peak indicates aggregation of TBA molecules in dilute
aqueous solutions, the extent of aggregation being the
maximum at xTBA ∼ 0.04. This is the mole fraction at which
the UV−vis absorption spectra of reactive and nonreactive
fluorescent probes showed minima before reversing the
direction of the composition dependence upon further
addition of TBA in water.34,37,38 This nonmonotonicity has

Figure 3. Composition-dependent number of H bonds per molecule (left column) and fractional participating (P) and nonparticipating (NP)
populations in the formation of H bonds (right column). Insets represent data ratioed against the corresponding values for the neat solvents.
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been found in earlier simulation studies14,15,18,81−84 and
explained in terms of TBA aggregation following observations
from the relevant neutron scattering measurements.10,48,85 The
interesting aspect here, however, is the simulation predictions
of appreciable TBA aggregation even at extremely low
concentrations, xTBA < 0.04, a mole fraction range not
accessible to neutron scattering measurements because of
low signal-to-noise ratios.10 Data in the inset suggests a sharp
increase of (σ), from ∼1.5 times with respect to that for neat
TBA (g(σ) = 2.03 for neat TBA) to ∼2.5 times for changing
xTBA from 0.01 to 0.03 in the aqueous solution. In this mole
fraction regime, the TBA−water g(σ) decreases sharply
(middle panel), indicating hydrophobic hydration of the
aggregated TBA cluster. This is reinforced by the concomitant
increase in the water−water g(σ) (lower panel), although the
inset shows that the increase is limited to ∼20% over the value
for neat water. This increase in TBA−TBA and water−water
g(σ) with a simultaneous decrease in TBA−water g(σ) upon
successive addition of TBA in aqueous solution in the very low
TBA mole fraction regime indicates hydrophobicity-driven
aggregation of TBA followed by hydrophobic solvation, a
conclusion in agreement with the general observation of
several existing simulation14,15,81−83 and experimental10,48,85,86

studies.
The next question we investigate is what happens to this

hydrophobicity-driven TBA aggregation at xTBA > 0.04? The
TBA−TBA g(σ) clearly decreases as xTBA is further increased.
Interestingly, this aggregation is not completely diminished
even at xTBA = 0.2, a TBA concentration at which one expected
that the solution structure would be governed by alcohol−
alcohol interactions.10 The value of TBA−TBA g(σ) at xTBA =
0.2 being 1.5 times larger than that in neat TBA suggests that
hydrophobic interaction among alcohol molecules is still
operative and the subsequent hydrophobic hydration leads to a
continuous increase of water−water g(σ) (lower panel) and a
consequent decrease of TBA−water g(σ). The water−water
g(σ) being ∼2.4 times larger at xTBA = 0.2 than that for neat
water reflects the inherent demixing at the microscopic level
between these two mixture components. The extent of
demixing is different for different model potentials, and this
is the reason, for example, behind predicting uniformly lower
TBA−TBA g(σ) values in this xTBA range employing the Lee−
van der Vegt potential in simulation studies reported earlier.81

Next, we investigate the xTBA dependences of intra- and
interspecies coordination numbers and the intraspecies
percentages of populations in the nearest neighbor. This is
done to closely examine whether the first solvation shells and
thus the local solution structures themselves carry the imprint
of structural anomalies that are then reflected in the steady-
state and time-resolved spectroscopic studies. The numbers of
TBA molecules around a central TBA molecule (CNTT), water
molecules around a central TBA molecule (CNTW), and water
molecules around a central water molecule (CNWW) have been
estimated as a function of xTBA via eq 2.
The simulated coordination numbers and fraction pop-

ulations at different xTBA are summarized in Figure 2. Table S7
shows the corresponding quantities for neat water and neat
TBA. All CNs and corresponding participating populations
plotted in Figure 2 are given in Table S8. It is quite interesting
to note that the TBA−TBA coordination number (left upper
panel) shows a mild hump at xTBA ∼0.04, which becomes a
distinct peak in the curve showing the xTBA dependence of
percentage population in the first solvation shell (right upper

Figure 4. (a) Composition-dependent fraction of TBA molecules (in
%) H-bonded only to TBA (T−T), only to water (T−W), both to
TBA and water (T−T−W), and not H-bonded to any one of them
(T). (b) TBA population H-bonded to both TBA and water
molecules (T−T−W) shown in an expanded scale with associated
errors (standard deviation). The inset depicts the composition-
dependent slope of the T−T−W population.

Figure 5. Composition-dependent ensemble-averaged tetrahedral
order parameter value (⟨Q⟩) of water molecules in the aqueous
TBA solutions studied. The tetrahedral order parameter for neat
water is also shown. The standard deviations associated with these
data are also plotted. The inset depicts the slope of composition-
dependent tetrahedral order parameter values.
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panel). This relative increase of percentage population in the
first solvation shell for mixtures up to xTBA ≤ 0.04, followed by
an exponential-like decrease upon further increase of TBA
concentration, reflects hydrophobicity-induced TBA aggrega-
tion in very dilute aqueous TBA solutions. Such non-
monotonic xTBA dependence is absent for the simulated
population percentage of water molecules in the first solvation
shell of TBA, and a gradual decrease with TBA concentration
is noticed for both the coordination number and the
population (middle panels). The water−water coordination
number, on the other hand, shows a sharp change in the
direction of alcohol concentration dependence at xTBA ∼0.04
(lower left panel); this sharp change becomes a flat minimum
around this mole fraction for the simulated water−water
percentage population (lower right panel).
3.2. Number of H Bonds and Participating Popula-

tions. The solution structure is further investigated by probing
the intra-and interspecies H-bonding interactions and the
percentage of respective populations participating in such
interactions. The geometric conditions for detecting a
hydrogen bond between a donor and acceptor are discussed

in detail in Section 2.2. A variety of H-bonded molecular
complexes can coexist in these binary mixtures because of the
presence of −OH groups in both TBA and water, which can
simultaneously act as a H-bond donor and a H-bond acceptor.
This gives rise to the possible existence of both exclusively
intraspecies H-bonded complexes (for example, via TBA−TBA
and water−water interactions) and mixed interspecies H-
bonded complexes (via TBA interactions both with water and
TBA molecules) in these aqueous amphiphilic solutions. Our
aim here is to clarify whether at extremely low TBA
concentrations there exist any direct TBA−TBA contacts or
it is the neighboring water molecules that host each of the TBA
molecules separately in clathrate-type environments. In
addition, one would like to know what happens to water−
water direct contacts, and its tetrahedral network structure as
xTBA is successively increased in solutions. More importantly,
one would like to know whether the average H-bond
properties of any of the H-bonded complexes exhibit
anomalous TBA concentration dependence that can be
explained in microscopic terms by the steady-state and time-
resolved spectroscopic data discussed here.

Figure 6. Composition-dependent spatial distribution functions (SDFs) for water and TBA molecules around a reference TBA molecule. Blue
denotes water surface, and red denotes TBA surface.
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Figure 3 depicts the composition-dependent number of
hydrogen bonds per molecule Ni−j

HB (left panel) and fractions of
the populations (in percentage) that are participating and not
participating in forming inter-molecular H bonds (right panel).
The average number of intermolecular H bonds between
TBA−TBA in neat TBA (NT−T

HB ) and water−water in neat
water (NW−W

HB ) and the corresponding population percentages
are simulated and summarized in Table S9. Notice that NT−T

HB

increases with xTBA and approaches toward the value for neat
TBA (upper panel in Figure 3). Interestingly again, the
increase in NT−T

HB with xTBA is much sharper for solutions with
xTBA ≤ 0.04 than those at higher mole fractions. The TBA
population that participates in TBA−TBA H-bonding (P,
upper right panel in Figure 3) is gradually approaching with
xTBA toward the neat value (54%) but not before showing a
different slope of increase for solutions with xTBA ≤ 0.04. The
nonparticipating population (NP) depicts, as expected, the
mirror image of the xTBA dependence found for the
participating population. At extremely dilute solutions (xTBA
≤ 0.03), the TBA−TBA direct H-bonding is very rare, and in
this regime, the H-bonding requirement is satisfied via

interacting exclusively with water (middle panel of Figure 3).
The overwhelming domination of TBA−water interaction via
∼100% participation of water at these mixture compositions
provides a further support to the view of clathrate-type
structure formation in aqueous solutions at extremely dilute
amphiphile concentrations. The xTBA-dependent number of
water−water H bonds, NW−W

HB , on the other hand, shows a mild
kink at xTBA ∼0.12 (lower left panel of Figure 3), whose
signature can also be found for the number of H bonds
between TBA and water per TBA molecule, NT−W

HB (middle
panel of Figure 3). Participation of each of the water molecules
in forming a H bond with another water molecule across the
xTBA studied (lower right panel of Figure 3) only confirms the
irresistible tendency of water molecules in forming H bonds
with its neighbors and preserving its three-dimensional
tetrahedral network structure.
TBA possesses the hydroxyl (−OH) group and therefore,

like water, can act as both a donor and an acceptor for H-
bonding. This gives rise to the possibility of TBA forming (i)
H bonds only with water, (ii) only with TBA, (iii)
simultaneously both with water and TBA, and (iv) remaining

Figure 7. Composition-dependent average continuous H-bond relaxation times (⟨τS
HB⟩) (left column) and the corresponding fluctuations (right

panel) of TBA−TBA, TBA−water, and water−water H-bonded molecules.
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free (not H-bonded) in these binary mixtures. Since the
anomalous mole fraction dependent thermodynamic properties
of these amphiphilic aqueous solutions have been believed to
reflect the underlying microscopic solution structure, a close
examination of these H-bonded complexes may provide a clue
to explain the composition-dependent steady-state and time-
resolved spectroscopic properties. We present in Figure 4 the
simulated populations of TBA molecules that have participated
in the intra- and inter-molecular H-bonding, and those not
interacting via H-bonding in solutions at different mole
fractions. Numbers depicted in Figure 4 are summarized in
Table S10. The composition-dependent respective populations
shown in the upper panel of Figure 4 indicate that the TBA
population H-bonded exclusively with water (water−TBA−
water) dominates the solution up to xTBA ≤ 0.15, while the
population of TBA interacting simultaneously with both water
and TBA (water−TBA−TBA) remains the least across the
mole fraction studied. The population denoting the exclusive
interaction of TBA with water (water−TBA−water) decreases
with xTBA, whereas TBA−TBA−TBA, water−TBA−TBA, and

non-H-bonded TBA populations increase, with varying extent,
upon successive addition of TBA in the aqueous solution.
Interestingly, the composition dependence of these popula-
tions in solutions with xTBA ≤ 0.04 is rather irregular and
somewhat different from that at higher mole fractions. We note
here that the mixed H-bonded population, TBA−TBA−water,
remains within ∼5% of the total population and appears to be
nearly insensitive to xTBA. When this rather weak dependence
is magnified in the lower panel of Figure 4, two peaks, one
well-formed and the other somewhat diffused, are clearly
visible at xTBA ∼0.04 and ∼0.10, respectively. This double-peak
behavior of the composition dependence becomes more
prominent in the inset where the rate of change of population

with TBA mole fraction, P
x

d
d

TBA TBA water

TBA

[ ]− − , is shown as a function

of xTBA. For a proper estimation of errors associated with this
interesting double-peak feature, we provide the error bars
(standard deviation) in the lower panel of Figure 4.

3.3. Tetrahedral Order Parameter. Next, we explore the
impact of TBA on the tetrahedral network structure of water

Figure 8. Composition-dependent average structural H-bond relaxation times (⟨τC
HB⟩) (left column) and the corresponding fluctuations (right

panel) of TBA−TBA, TBA−water, and water−water H-bonded molecules.
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across the mole fractions for detecting abrupt changes, if any,
in the composition dependence of tetrahedrality of water. This
has been studied via calculating tetrahedral order parameter
following eq 3 and its distributions in different composition
solutions. Our earlier works have already revealed substantial
disruption of water tetrahedrality in the presence of simple
alcohol like methanol in bulk aqueous binary mixtures and for
confined water molecules near a charged interface.87,88

The effects of TBA and its concentration on the tetrahedral
H-bond network of water have been studied via the tetrahedral
order parameter (Q) defined in eq 3 mentioned and discussed
earlier.
The xTBA-dependent distribution of the tetrahedral order

parameter (P(Q)), as shown in Figure S5, reveals that the
tetrahedral water population (molecules that are tetrahedrally
H-bonded) molecules are increasingly transferred toward the
less coordinated population upon successive addition of TBA.
This is also reflected in the distribution of angles among the
central water and its neighboring water molecules (P(cos θ)),
shown in Figure S6. Figure 5 depicts the composition-
dependent ensemble-averaged tetrahedral order parameter
along with its associated error bars (standard deviation) for
water in aqueous TBA solutions. Ensemble-averaged Q values
are summarized in Table S11. For neat water,88 Q ≈ 0.67. As
the TBA concentration increases, Q decreases, suggesting
amphiphile-induced partial disruption of water tetrahedrality.
This has been reported already in a number of simulation
studies that involve aqueous binary mixtures of alcohols.14,87

What has not been examined in those studies, however, is the
rate of change of water tetrahedrality as a function of the
alcohol mole fraction. This composition-dependent slope,

Q
x

d
d TBA

[⟨ ⟩] , is shown in the inset of Figure 5, which clearly indicates

appreciable changes in the water tetrahedrality at two TBA
mole fractions: one is around 0.04 and the other is ∼0.12.
More importantly, Q

x
d
d TBA

[⟨ ⟩] makes a better visual representation

of the deformation that the tetrahedral H-bond network of
water suffers while accommodating TBA without allowing
macroscopic demixing. The weak irregularity in the xTBA
dependence of Q becomes more evident in the composition-

dependent slope and correlates well with the xTBA dependence
observed in the relevant steady-state and time-resolved
spectroscopic measurements.

3.4. Spatial Distribution Function (SDF). We have
already gained a qualitative idea about the relative spatial
arrangements of TBA and water in these aqueous binary
mixtures via the simulated RDFs. However, RDF being two
dimensional and thus far removed from the real solution
scenarios, it cannot depict the solvation structure around a
central molecule in an actual solution condition. A better
description of the solvation structure in solutions can be
obtained via accessing the surface distribution functions
(SDFs).84,89 This has been performed by TRAVIS software.73

Composition-dependent SDFs related to the spatial arrange-
ments of water and TBA molecules around a central TBA
molecule are shown in Figure 6. The isosurfaces are mapped
corresponding to those isovalues (local number densities) that
suggest the completion of the first solvation shell of the TBA
molecule under focus. Isovalues corresponding to TBA and
water isosurfaces are summarized in Table S12. Figure S7 (left
panel) shows the xTBA dependence of isovalues for TBA− TBA
SDFs. Interestingly, these isovalues qualitatively follow the
trend of the composition-dependent intensities of the first
minima of TBA−TBA, shown in Figure S7 (right panel). Note
that these isovalues correspond to the first minima found in
g(r,θ,ϕ).89,90 As the present analysis involves only the center of
mass of the concerned molecules, SDFs shown here would be
less anisotropic than those constructed after considering
atomistic distribution functions.
In Figure 6, the blue surface corresponds to water and the

red surface to TBA molecules. Notice that water molecules
completely encapsulate the reference TBA molecule symmetri-
cally in aqueous mixtures up to xTBA ≤ 0.04. The remaining
TBA molecules are then found to surround the water layer that
had encapsulated the central TBA molecule. This suggests that
TBA−TBA direct contact at these low TBA concentrations is
rare. However, this could not be verified in neutron scattering
measurements because of low signal-to-noise ratios. The
number of H bonds per water molecule and the water
tetrahedral network structure have been found to be slightly

Figure 9. Composition-dependent average times for rotational time-correlation function of rank (l = 1) (left column) and the corresponding
fluctuations (right panel) of OH-bond vector of TBA and water molecules.
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affected in this concentration regime (see Figures 4 and 6). For
solutions with xTBA ≥ 0.06, water isosurface surrounding the
reference TBA becomes asymmetric. This suggests hydro-
phobic hydration of the tertiary butyl groups of the TBA
molecules. Note two TBA isosurfaces exist near the reference
TBA molecules at all compositions studied. This is because of
the similar depths in the first and second minima of the
composition-dependent TBA−TBA RDFs (see Figure S3). For
solutions with xTBA > 0.06, TBA molecules allow very little
interstitial space for water molecules, and as a result, the water
surface smears out. This corroborates with the composition-
dependent population of TBA molecules that are not
participating in H-bond formation with either water or TBA
molecules (see Figure 4).
3.5. Hydrogen-Bond Relaxation Dynamics. 3.5.1. Con-

tinuous H-Bond Relaxation (SHB(t)). The simulated composi-
tion-dependent average continuous H-bond lifetime ⟨τs

HB⟩
following eq 5 and the corresponding fluctuations, calculated
via eq 8, are summarized in Table S13. Figure 7 shows the
composition-dependent lifetime (⟨τs

HB⟩) and variance (στx
2 ) for

the continuous water−water, TBA−water, and TBA−TBA H-
bond relaxation dynamics. The choice of these intra- and
interspecies H-bond relaxations arises from the simulated
composition dependence of the population of the TBA
molecules that are H-bonded simultaneously both with
neighboring water and TBA molecules. It is interesting to
note that water−water H-bond relaxation time (⟨τs

HB⟩) shows
appreciable fluctuations around xTBA ∼0.1, whereas such
fluctuations around this mole fraction are absent for TBA−
water and TBA−TBA continuous H-bond lifetimes (right
panels of Figure 7). The individual intraspecies lifetimes,
however, are larger by ∼15 to 25% than their respective neat
values, and this is shown in Figure S8. The TBA−water H-
bond lifetimes, on the other hand, are larger by ∼40 to 120%
than the TBA−TBA neat value (⟨τs

HB⟩ = 0.26 ps for neat TBA)
and reaches the water−water neat value (⟨τs

HB⟩ = 0.57 ps for
neat water) at xTBA ∼ 0.1.
Surprisingly, in an earlier study22 on hydrogen-bond lifetime

distribution in TBA−water solution, the average continuous
H-bond lifetime (⟨τs

HB⟩) of neat water has been reported to be
85 fs. This is an order of magnitude faster than the continuous
hydrogen-bond lifetime (⟨τS

HB⟩ ∼0.5 to 1 ps) repeatedly
reported in earlier simulation87,91−93 and experimental
studies94−97 by various authors from different laboratories. In
the present study, we have found ⟨τS

HB⟩ ∼0.5 to 0.6 ps, which is
in very good agreement with these reported simulation and
experimental results. In view of these, the sub-100 fs value for
⟨τs

HB⟩ appears to be erroneous.
3.5.2. Structural H-Bond Dynamics Relaxations (CHB(t)).

We have also explored the composition dependence of the
average structural H-bond relaxation times ⟨τC

HB⟩ following eq
7. The ⟨τC

HB⟩ and the variances associated with ⟨τC
HB⟩, στC

2 , are
calculated via eq 8 and shown simultaneously in Figure 8. All
of the data presented in Figure 8 are summarized in Table S14.
It is interesting to note the results presented in Figure 8 for
⟨τC

HB⟩ follow qualitatively the similar trend to that found in the
composition dependence of ⟨τS

HB⟩ in Figure 7. Notice that the
associated variances are ∼1 to 3 orders of magnitude lower
than the corresponding average relaxation times. These
provide the necessary confidence for establishing a possible
connection between the anomalous mole fraction dependence
of spectral shifts and relaxation times reported in experiments

to the simulated H-bond participation populations and H-
bond fluctuation dynamics in these alcohol−water systems.
Note that these structural H-bond relaxation times (⟨τC

HB⟩)
are easily experimentally accessible, unlike continuous H-bond
relaxation times (⟨τS

HB⟩). This ⟨τC
HB⟩ are known79,80,87,88,98−100

to be strongly coupled to the translational diffusion of H-
bonded molecules. Significant fluctuations in structural H-
bond relaxation of water−water and TBA−water H bonds at
xTBA ∼0.15 have been found where anomalies have been
reported in experiments for various aqueous amphiphilic
solutions.34−40 This suggests a correlation between hydrogen-
bond fluctuation dynamics and experimentally observed
dynamic anomaly at a composition nearly twice as large as
the composition where structural anomalies have been found.

3.6. Reorientational Time-Correlation Function of
Rank 1= . The connection between H-bond fluctuations
dynamics and relaxation dynamics is further explored via
monitoring the composition dependence of reorientational
relaxation dynamics of O−H bond vectors of TBA and water
molecules in these mixtures. Figure 9 shows the composition
dependence of water and TBA average reorientational
correlation times of the first rank ( 1= ) and the associated
fluctuations (in terms of variance) with them. Data presented
in Figure 9 are summarized in Table S15. A few representative
C1(t) decays in Figure S9 show that these decays are complete
within the timespan monitored and could be adequately
described using a sum of exponential functions. Note the
nonmonotonic dependence of average reorientational times for
both species. This contrasts the composition dependence of
experimental viscosity in this TBA concentration range, as
shown in Figure S1. What is even more interesting is the
composition dependence of the respective variances (right
panels, Figure 9). It is quite intriguing that the variances
associated with reorientation times (⟨τrot⟩) at 1= show peaks
at TBA mole fractions where UV−vis spectral shifts34−40 and
experimental relaxation times (average lifetimes, reaction
times, and solute reorientation times)34−38 have been found
to exhibit anomalous mole fraction dependence.
Quite interestingly, the composition dependence of the rate

of change in global tetrahedral order (⟨Q⟩) shown in the inset
of Figure 5 also indicates anomalous changes at similar TBA
concentrations. All of these simulation data, when juxtaposed
against the xTBA dependencies of the measured average
relaxation times, appear quite intriguing and suggest a novel
interplay between the amphiphile concentration dependent H-
bond and related reorientation fluctuation dynamics and the
excited-state population or rotational relaxations of a
fluorescent solute probe dissolved in such media.

4. CONCLUSIONS
In summary, the present simulations find significant fluctua-
tions in the water−water continuous H-bond lifetime and
water−water and TBA−water structural H-bond lifetimes, and
the average reorientational relaxation times in binary aqueous
mixtures of TBA around the alcohol mole fraction where time-
resolved fluorescence measurements have repeatedly reported
abrupt changes in the mixture composition-dependent average
fluorescence lifetimes and rotational correlation times of
dissolved foreign solutes. Such a finding is new and probably
signals an interconnection between the solution H-bond
dynamics and fluorescence dynamics of a dissolved solute
probe. Previous works have established that the three-
dimensional H-bond network structure of water distorts to
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accommodate small amphiphilic molecules. However, no study
was conducted to probe the impact of such distortion on the
H-bond relaxation dynamics and the average lifetime. This
study makes an attempt to address that concern and opens up
a possibility for examining this interconnection between the H-
bond relaxation dynamics of aqueous mixtures and the reactive
and nonreactive dynamics of dissolved fluorescent solutes in
them. However, we would like to mention that the H-bonding
results (especially the dynamics) of such alcohol/water and
other aqueous amphiphilic systems may depend substantially
on the choice of model interaction potentials, although the
qualitative trend of composition dependence is expected to be
similar if the different potentials are parameterized to capture
both the hydrophobic and hydrophilic interactions of
amphiphilic molecules with water. Therefore, the results
presented here should only be considered within the
assumption of the validity of the model interaction potential
employed. Even with this caveat, it would be worth exploring a
variety of aqueous amphiphilic solutions to establish the
connection between the solution H-bond structure and
dynamics found in simulations to experimental data accessed
via scattering measurements and time-resolved experiments.
This will further our understanding of how the tetrahedral
network of water is sustained in environments where
hydrophobic interactions are expected to reign solution
structure. This calls for careful scrutiny of molecular length-
scale spatial arrangements and investigation of finer details of
the solution structure in such binary systems.
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