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ABSTRACT: Recent experiments reported that proton mobility in tetrame-
thylurea (TMU) solutions is much slower than in urea solutions of the same
molarity, and this (as well as the significantly retarded water reorientation) was
ascribed to hydrophopic effects. In order to further explore the mechanism of
proton transport in these solutions, reactive molecular dynamics simulations
using a multistate empirical valence bond model were conducted. The
simulations showed that the hydrophobic effect of the TMU methyl groups is
weaker than believed. Rather, water concentration is the dominant factor
determining proton diffusion. This contrasts with water reorientation and self-
diffusion in these samples, which are mutually correlated and depend on the
identity of the solute. Interestingly, we find that the mean squared
displacements (MSDs) of both water and proton grow nonlinearly in time up
to at least 1 ns (“transient subdiffusion”). Subdiffusion is more pronounced for
the proton, with an exponent as low as 0.85 that depends, again, on water concentration. Hence, the experimentally relevant
long-time diffusivity is observably smaller than what is usually deduced from short simulation runs. It exhibits, for both water and
proton, a universal dependence on the power-law exponent.

I. INTRODUCTION

Proton solvation and transport in aqueous solutions plays an
essential role in chemistry, materials science, and biology.1−12

Although great effort has been devoted to understanding the
nature of hydrated excess protons in homogeneous bulk
water,13−23 it is not yet fully understood how heterogeneous
environments, induced for example by hydrophilic/hydro-
phobic moieties in solution, affect the structure and dynamics
of hydrated excess protons. Such knowledge will provide
essential theoretical foundation for understanding proton
transport in complex systems, like proton channels or fuel
cell membranes.6,9,12 Aqueous mixtures with amphiphilic
molecules such as methanol,24,25 acetonitrile,26 and tetrame-
thylurea (TMU)27 provide ideal systems for exploring proton
solvation and mobility in complex environments.
Bonn et al.27 have studied the effect of the hydrophobic

methyl groups in TMU on proton mobility, which was found to
be suppressed in an aqueous solution containing 5 M TMU as
compared with pure water. The authors interpreted their results
in the context of the “hydrophobic hydration” effect: the
hydration of the TMU methyl groups retards the water
reorientational dynamics, with water becoming essentially
immobilized near hydrophobic groups.28−30 Because proton
transport is accompanied by extensive hydration shell water
reorganization,16−23 such water “immobilization” would in

principle hinder proton hopping. This dynamic version of the
iceberg model,31 itself of controversial history,32−41 is currently
being debated.42−46 For example, Laage et al.43 claim that
reduced water reorientational rates may originate from the
excluded volume of the methyl groups, which prevent
neighboring water molecules from undergoing free hydrogen-
bond exchange. Furthermore, in TMU/water, these moieties
lead to aggregation already at 0.5 M TMU concentration.46

Nevertheless, a direct computational study of the suppressed
proton mobility in aqueous amphiphilic solutions has not yet
been attempted.
More importantly, using urea solutions as a reference, Bonn

et al. also “demonstrate that the simple decrease in the water
volume fraction (resulting in the interruption of the water
hydrogen-bonded network) has much less of an effect on
proton mobility than the presence of the hydrophobic methyl
groups”.27 This conclusion followed from the comparison of
proton diffusion coefficients in urea and TMU solutions at the
same solute (urea/TMU) concentration. However, TMU has
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four methyl groups and is thus much bigger than urea, meaning
that the water fraction in TMU/water is smaller than in urea/
water at the same solute concentration. Because protons diffuse
in water, and not in the organic phase, their diffusivity should
be dictated by water molecule availability. Indeed, in aqueous
salt solutions of different HCl concentrations, it was shown that
proton conductivity is determined by the water activity.47

Likewise, proton dissociation rates from photoacids in water/
amphiphile mixtures are often found to correlate with water
concentration.26,48 Correspondingly, proton mobility in such
mixtures might be correlated with water, rather than solute,
concentration. In order to clarify the origin of proton mobility
suppression in these solutions in atomic detail, we present
multistate empirical valence bond (MS-EVB) reactive molec-
ular dynamics (MD) simulations that were conducted at the
same water concentration for the two systems.
The structure of the remainder of this manuscript is as

follows. First, we show that, when the experimental data27 are
replotted as a function of water concentration, proton
mobilities in both urea and TMU fall almost on the same
line. Then, after describing the computational methods, we
show that, although water reorientation and self-diffusion in
TMU solutions does slow down as compared with urea
solutions of the same water concentration, the proton
diffusivities in these solutions are almost identical. Moreover,
we compute the mean square displacements (MSDs) of both
proton and water molecules, showing that they become
sublinear with decreasing water content. Abnormal subdiffusion
has been previously reported for crowded solutions, such as the
cellular cytoplasm.49 To our knowledge, this is the first detailed
analysis of subdiffusion for proton mobility.

II. THE EXPERIMENTAL DATA
Figure 2 of Bonn et al.27 shows how, at 5 M organic cosolvent,
proton mobility in TMU/water is depressed 5-fold as
compared to the urea/water solution. Since the two systems
differ by replacing the four hydrogens of urea by methyl groups,
it was concluded that these groups act (through their
“hydrophobic effect”) to immobilize water molecules and
decrease proton mobility. However, these groups are bulky,
reducing the volume available for water. Hence, for a more
meaningful comparison, we convert solute concentration to
water concentration.
The conversion is achieved using density measurements by

Jakli and van Hook50,51 that were converted to apparent molal
volumes. For completeness, we describe how these data might
be used to convert from solute (c2) to solvent concentrations
(c1). As is well-known from elementary thermodynamics, the
Gibbs−Duhem relation for the volume, V, in a two-component
mixture, can be written in terms of the partial molal volumes,
V̅i, as

= ̅ + ̅V n V n V1 1 2 2 (1)

where we reserve the index 1 for the solvent (water) and the
index 2 for the solute. n1 and n2 are their corresponding mole
numbers. In this equation, if V̅1 is replaced by V̅1

0, the molar
volume of pure water, V̅2, becomes the “apparent molal
volume”, V̅φ,

= ̅ + φ̅V n V n V1 1
0

2 (2)

which can be computed directly from the density. Indeed, if the
molar masses of the two components are denoted by M1 and

M2, then the densities of the pure solvent and the mixture are
given by d1

0 = M1/V̅1
0 and d = (n1M1 + n2M2)/V, respectively.

These yield
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It is customary to work in aquamolal (m), which is the number
of moles of a solute in 55.51 mol of water. Thus, if n1 = 55.51
mol, n2 = m.
Jakli and van Hook50,51 have fitted their apparent molal

volume data to a polynomial

̅ = + + +φV m A A m A m A m( ) 1 2
1/2

3 4
3/2

(4)

Using eq 2, the concentration of the solute in molar, c2 = n2/V,
is connected to aquamolal by c2 = m/(mV̅φ(m) + 55.51V̅1

0).
For every value of c2, we solve this equation for m, and then
calculate c1 from eq 2 as

= − ̅ ̅φc c V m V[1 ( )]/1 2 1
0

(5)

where for water as solvent V̅1
0 = 18.07 cm3, and c1 ≡ cw, the

water concentration.
In Figure 1, we have replotted the experimental proton

mobilities in mixtures of urea and TMU with water27 as a

function of water concentration, cw. The data for these two
mixtures nearly coincide, suggesting that the dominant factor
for proton mobility is indeed water concentration. In this
respect, then, proton mobility in amphiphilic solutions behaves
like proton mobility in ionic solutions (e.g., Figure 10 in ref
47). This observation was our motivation for performing the
atomistic simulations of proton mobility in these systems at
equal water concentrations.

Figure 1. Dependence of proton mobility on water concentration in
the two water/amphiphile mixtures. Experimental data from Figure 2
of Bonn et al.27 were digitized, and the solute molar concentration was
converted to water molar concentration as described in section II.
Assuming that the data were measured at 25 °C, we have used the
following parameters in the apparent molal volume expansions.50,51

For mole urea: A1 = 44.2 cm−3, A2 = 0, A3 = 0.15 cm3/aquamol, and A4
= −0.021 cm3/aquamol3/2. For mole TMU: A1 = 117.3 cm−3, A2 =
−3.82 cm3/aquamol1/2, A3 = 1.07 cm3/aquamol, and A4 = −7.58 ×
10−2 cm3/aquamol3/2. The full line (in red) is an exponential fit to the
TMU data: D = 4 × 10−8 exp(cw/9.85), whereas the dashed line (in
green) is the conventional fit48 to a power law: D = 1.5 × 10−13cw

4.5.
The large power of 4.5 is indicative of a weak driving force for proton
transfer; see the trend in Figure 8 of ref 48.
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III. COMPUTATIONAL METHODS
The hydrated excess proton in water essentially undergoes
charge defect delocalization52,53 and Grotthuss shuttling13,16

accompanied by dynamical hydrogen-bond topology
change.16,21 It is challenging to realistically simulate the excess
proton in an aqueous solution. The MS-EVB model54−57 has
been demonstrated to incorporate these features and provide
an accurate description of proton behavior in numerous
systems.6,9,12 In the current study, the latest MS-EVB model
(MS-EVB3),57 a popular TMU model,58 and the OPLS urea
model59 were used to simulate the protons in TMU/water and
urea/water solutions, respectively.
The four simulated systems are characterized in Table 1. We

started with 5 M urea (denoted as Urea_1) and 5 M TMU

(denoted as TMU_2) and (by trial and error) obtained two
complementary systems (denoted TMU_1 and Urea_2) to
match their water concentrations. Thus, the pair Urea_1 and
TMU_1 has a high water concentration (ca. 43 M), whereas
the pair Urea_2 and TMU_2 has a low water concentration
(ca. 23 M). A single pair of H+ and Cl− was added to each
system, with Cl− parameters taken from previous work.60,61

Starting from different initial configurations, 10 statistically
independent trajectories were propagated for each system. Each
MS-EVB3 trajectory was first equilibrated for 5 ns at constant
NPT conditions (with target pressure and temperature Pref = 1
atm, Tref = 298 K). The box sizes reported in Table 1 were
measured at the end of this stage. This was followed by 4 ns
constant NVT runs (Tref = 298 K). Here, the Nose−́Hoover
thermostat and the Berendsen barostat with a relaxation time
constant of 0.5 ps were used. After equilibration, the production
simulation data was collected from 5 ns constant NVE
trajectories (for a total of 50 ns for each system). The MD
time step was set to 1 fs, and the coordinates were saved every
1 ps. The center of excess charge (CEC), which is the average
charge defect center of the hydrated proton complex,54−57 was
utilized to represent the position of the excess proton. Its MSD
was calculated by averaging its squared distance from the initial
location over each trajectory (using a “moving origin”
algorithm) and then over the 10 trajectories for the given
system.

IV. RESULTS
We begin by summarizing the water structure in the
investigated mixtures, followed by water mobilities therein.
This constitutes a suitable background for assessing the
behavior of proton mobility, which is quite different from
water self-diffusion.
A. Water Structure. Figure 2 shows simulation snapshots

representing typical structures in the studied systems. The
TMU solutions exhibit more heterogeneous internal environ-

ments compared to urea solutions of the same water
concentration. Water clustering, or phase separation-like
phenomena, are observed in TMU solutions, with the
formation of microscopic “water pools”. Indeed, previous
simulations46 and experiments62−64 have shown that TMU
molecules readily aggregate even in dilute solutions, while urea
fits the water hydrogen-bonding network and dissolves in water
homogeneously, forming a near ideal mixture.65−67 This is
manifested in their self-diffusion coefficients in aqueous
solutions. While the diffusion coefficient of urea in water is
weakly concentration dependent (up to 4 M urea),68 the
diffusion coefficient of TMU drops sharply with decreasing
water content, reaching a flat minimum approximately at the
composition of our TMU_2 system.69

The effects of water concentration (cw) and TMU micro-
heterogeneity are seen in Figure 3, which shows the water
oxygen−oxygen (Ow−Ow) coordination number, Nc. It was
obtained by integrating the corresponding radial distribution
function (RDF) to its first (Figure 3a and c) or second (Figure
3b and d) minimum, and multiplying by the average water
number density. The corresponding RDFs are shown in Figure
S1 of the Supporting Information. Nc for Systems_2 (small cw)
are considerably smaller than those for Systems_1, and the
difference is especially obvious when the integration is
performed to the second solvation shell. For a given water
concentration, Nc for TMU is always larger than for urea,
because water in TMU mixtures is concentrated into
micropools.

B. Water Translational and Rotational Dynamics.
Water translational dynamics is manifested in Figure 4, which
shows the averaged water MSD (over all 230 water molecules

Table 1. Characterization of the Four Simulated Systemsa

Urea_1 TMU_1 Urea_2 TMU_2

number of solute molecules 26 11 129 50
simulation box length (Å) 20.57 20.67 25.31 25.38
solution density (g/cm3) 1.094 1.025 1.220 1.013
water concentration (M) 43.9 43.3 23.6 23.4
solute concentration (M) 5.0 2.1 13.2 5.1

aOne HCl and 230 water molecules were used in all cases. Note that
the solution densities are slightly larger than the experimental
values85,86 which is usual for these force-fields.58,87

Figure 2. Typical trajectory snapshots for the four studied systems.
TMU and urea molecules are displayed in transparent mode, in order
to emphasize the morphology difference resulting from water
concentration changes.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp4051726 | J. Phys. Chem. B 2013, 117, 15426−1543515428



in the simulation box) for the four systems, in both linear and
double logarithmic time scales. The MSD starts off with a large
slope, which we attribute to the cage effect: molecular motion is
faster within the solvation cage, and slows down once hopping
between solvation cages (“real” self-diffusion) commences. This

stage ends within 10−20 ps, after which one expects linear
behavior characterizing “normal” diffusion

⟨ ⟩ =r D t62
w (6a)

with a slope giving the water diffusion constant, Dw.
However, only the Urea_1 system fulfills these expectations

(dashed line in Figure 4b). Urea_2, TMU_1, and particularly
TMU_2 exhibit nonlinear MSDs that are best described as
“transient anomalous diffusion”,70 which is routinely observed
for biomolecules.71,72 Thus, beyond the initial nonlinearity, we
observe subdiffusive behavior:

⟨ ⟩ = α
αr D t62

(6b)

Here, 0 < α < 1 is a characteristic exponent, and Dα is a
parameter with units r2/tα. The fits to this equation are shown
as dash-dotted lines in Figure 4b, with parameters collected in
Table 2. Subdiffusion describes our MSDs in a time window

from about 20 ps to 1 ns (hence, it is “transient”). At longer
times, the behavior becomes linear, eq 6a, with a slope
corresponding to the “true” Dw. This contrasts with previous
work,46 in which a subdiffusion regime was identified between
about 0.5 and 3 ps.
Figure 5 shows a log−log plot of ⟨r2⟩/t, which is a more

sensitive test for subdiffusion.46,70 Normal diffusion is
manifested by a straight line, to which the computed MSDs
approach at long times. In this plot, it is much easier to see that

Figure 3. Water oxygen−oxygen (Ow−Ow) coordination numbers
(Nc) calculated from the integration of the corresponding Ow−Ow
radial distribution functions (see Figure S1 in the Supporting
Information) to their dips corresponding to the first and second
solvation shells. For normalization, the integrals are multiplied by the
relevant water number density. Evidently, as r → ∞, the TMU and
urea curves converge if they correspond to the same cw.

Figure 4. Time dependence of the mean square displacement, ⟨r2⟩, of
water molecules in the four mixtures (Table 1), averaged over all the
water molecules in the simulation box (and the 10 trajectories for each
system). T = 298 K. (a) Linear−linear scale, similar to Figure 3a of ref
46; (b) log−log scale. The black dashed line is a fit of the Urea_1 data
to eq 6a, whereas the dash-dot lines are fits for the other systems to eq
6b. Parameters collected in Table 2.

Table 2. Parameters for Water Dynamics: for the MSD in eq
6a (Urea_1) and eq 6b (Other Three Systems) and for the
Dipole Autocorrelation Decay from eq 7a

Urea_1 TMU_1 Urea_2 TMU_2

α 1 0.97 0.95 0.895
Dα (Å

2/psα) 0.184 0.151 0.141 0.132
Dw (Å2/ps) 0.184 0.124 0.104 0.063
A1 0.43 0.43 0.5 0.45
τ1 (ps) 4 6 7 11
A2 0.45 0.40 0.31 0.35
τ2 (ps) 9.7 17.5 20.5 43

aDw is the water self-diffusion coefficient obtained by fitting the MSD
at long times. Its values in TMU_ 1 and TMU_2 agree with the
simulation results shown in Figure 6b of ref 29.

Figure 5. A ⟨r2⟩/t representation for the data in Figure 4b. The TMU
results are qualitatively similar to those in Figure 4b of ref 46.
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α decreases from TMU_1 to Urea_2, and particularly in
TMU_2. With it, the time window for the applicability of eq 6b
increases, so that water self-diffusion becomes more anomalous.
Consequently, the main factor leading to the decrease in the
asymptotic Dw value is α rather than Dα (see also Table 2).
Analogous results for self-diffusion of urea and TMU in these
solutions are summarized in Figures S2 and S3 and Table S1 of
the Supporting Information.
Water orientational dynamics is depicted in Figure 6, which

shows the decay of the total water dipole moment (vector M)
autocorrelation function (ACF), ⟨M(t)M(0)⟩. This function
decays to zero approximately biexponentially

τ τ⟨ ⟩ = − + −t A t A tM M( ) (0) exp( / ) exp( / )1 1 2 2 (7)

The amplitudes Ai and time constants τi (i = 1, 2) are collected
in Table 2. These two components account for 80−90% of the
decay, whereas the remainder is a faster component that is not
treated here. We note that previous calculations of water
reorientation ACFs in TMU (Figure 5 in ref 46) are also non-
monoexponential. However, the time scale there was short (20
ps) and the nature of the non-exponential behavior not
resolved. Nevertheless, the average reorientation times reported
there correspond approximately to our τ1. Dielectric relaxation
measurements find two major relaxation times for TMU/water
mixtures (Figure 3 in ref 30), interpreted as reorientational
relaxation of bulk-like water (fast) and hydration water (slow).
We have not probed separately these two populations here.
It is interesting that both time constants correlate with water

diffusivity, Dw, as demonstrated in Figure 7. The linear fits there
are to the equation

τ= + =D l i6 / const, 1, 2i iw
2

(8)

This Einstein-like relationship (with hopping distances li)
corroborates previous findings of strong rotational−transla-
tional coupling in water/amphiphile mixtures (e.g., Figure 6 in
ref 46). We find for l2 a value of ca. 2.9 Å. In the underlying
SPC/Fw water model of MS-EVB3,73 the first peak in the Ow−
Ow RDF is at 2.74 Å and the first minimum at 3.26 Å, so our l2
value is in between. It was previously noted74 that the
experimental values of Debye relaxation times for water are
related to Dw by eq 8 (in which const = 0), with a hopping
distance of 3.29 Å. This was interpreted in terms of a
“tetrahedral displacement” mechanism, in which a water
molecule in the first solvation shell of a tagged water molecule

hops into an interstitial site (at a distance slightly closer than
the first minimum of the RDF), a motion that is coupled to its
rotation. The slower lifetime τ2 of the water ACF here may thus
be interpreted in a similar vein.

C. Proton Mobility. The diffusion coefficients of the
hydrated excess proton can be directly obtained from the MS-
EVB MD simulations. Although the MS-EVB3 model adopted
here does not include the nuclear quantum effects,57,75 and
hence underestimates the experimental diffusion coefficient
values, the qualitative variation in proton properties caused by
the different environments can be reasonably repro-
duced.24,57,76

Figure 8 shows the time dependence of the protonic MSD as
calculated from the coordinates of the CEC in our MS-EVB3
simulations. The statistics here are clearly inferior to what we
have obtained for water in Figure 4, because there is only one
proton per simulation box (as compared with 230 water
molecules). Hence, we obtain reliable results up to about 1 ns.
This suffices for noting that, unlike the MSD of water
molecules in Figure 4, the plots here separate into two distinct
groups: Urea_1 and TMU_1 are close together, separated from
Urea_2 and TMU_2 that are also quite similar to each other.
Hence, if one compares proton mobility in these amphiphile/

Figure 6. Decay of the water dipole moment autocorrelation function in the four studied systems at 298 K. Dash-dotted lines are biexponential fits,
eq 7, with parameters given in Table 2.

Figure 7. Linear correlation exists between the inverse of the two time
constants for the water dipole ACF decay (τi) and the (long-time)
water self-diffusion coefficient (Dw) in the four mixtures. The hopping
distances in eq 8 are l1 = 2.15 Å and l2 = 2.93 Å.
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water mixtures at the same water concentration, instead of the
same solute molarity, the difference between the data for the
two solutes is actually quite small. This is qualitatively
consistent with the experimental data27 when inspected at the
same water concentration; see Figure 1. Overall, the excess
proton in the Urea_2/TMU_2 systems has much slower
mobilities than in the Urea_1/TMU_1 systems, demonstrating
that water concentration is the most important factor
determining proton transport.
The relatively long trajectories afforded by MS-EVB for

protonated aqueous systems also allow one to analyze the CEC
MSD quantitatively, up to nearly 1 ns. For System_2, the
nonlinearity in the MSD is quite conspicuous, and it is fitted to
the abnormal subdiffusion eq 6b (dash-dotted lines). As before,
the accuracy of the data and quality of fits are better appreciated
by a MSD/t plot (Figure 9). In this representation, it is seen
that, while System_1 switches to normal diffusion (zero slope)
by 200 ps, System_2 is still abnormal at 1 ns (nonzero slope).
The parameters (α and Dα) are collected in Table 3. It is

seen that not only the diffusivity but also the power α is similar
for Urea_2 and TMU_2. This establishes an important
connection between the extent of diffusion suppression and
its abnormality, to be discussed in detail below.
Another important observation is that the experimentally

relevant diffusion coefficient (particularly for experiments with
slow time resolution such as those of ref 27) is the one
calculated for long times, rather than what is conventionally
obtained in MD studies from the slope of the MSD on a short
time-scale. When abnormal diffusion is operative, eq 6b implies
that the diffusion coefficient becomes time dependent

= α
α−D t D t( ) 1

(9)

This is readily calculated from the parameters in Tables 2 and
3. When the abnormal behavior is transient, the MSD becomes
asymptotically linear with a long-time diffusion coefficient, D∞.
Let us denote the “switching time” into the normal regime by ts.
Then, we have approximately that

≈∞D D t( )s (10)

For water, where we have accurate data up to 5 ns, we find
that ts ≈ 1 ns. At this time, D∞ calculated from eq 10 matches
Dw calculated from the long-time slope. In contrast, calculations
based on short simulations overestimate D∞. For example, if α
= 0.85 (System_2 in Table 3), D(1 ns)/D(20 ps) = 50α−1 =
0.56.
In Table 3, we report D(1 ns) for the hydrated proton CEC,

which is expected to be an upper bound for D∞ here (if ts > 1
ns). As compared with D = 0.29 Å2/ps for a proton in pure
water for the MS-EVB3 model,57 our MD simulations here
observe more than 5-fold slowdown in the TMU_2 system
(compared to a factor of 10 in ref 27), implying that these
simulations can qualitatively reproduce the tendency observed
in experiment. More significantly, the experimental ratio of
proton diffusivities in 5 M urea vs 5 M TMU (Urea_1 vs
TMU_2) is 5 (see Figure 2 of ref 27), whereas from the
D(1 ns) values in Table 3 we obtain a ratio of 3.2. Given that
MS-EVB3 without nuclear quantum effects underestimates
proton mobility in pure water by a factor ∼3, this is a rather
good agreement.
Finally, to check whether the large CEC mobility suppression

observed in TMU is due to its aggregation, we plot in Figure 10
the CEC distance from the origin (i.e., the square root of its
unaveraged MSD) as a function of time for six arbitrarily chosen
trajectories. Comparing TMU_2 with Urea_1 solutions, we see
that while, in Urea_1, r(t) is typically changing with time, in
TMU_2 there are many time windows during which it hardly
changes. This may be interpreted as proton residing in “water
pools” between aggregated TMU molecules. The distance r(t)

Figure 8. Time dependence of the MSD, ⟨r2⟩, of the protonic CEC in
the four mixtures (Table 1), averaged over the 10 trajectories obtained
for each system. T = 298 K. (a) Linear−linear scale; (b) log−log scale.
The black dashed line is a fit to eq 6a for Urea_1, whereas the dash-
dotted lines are fits to eq 6b for the other three systems. The
parameters are collected in Table 3.

Figure 9. A ⟨r2⟩/t representation for the data in Figure 8b.

Table 3. Parameters for Proton Diffusion: Fits of the MSD
to eq 6a (Urea_1) and eq 6b (Other Three Systems), and Its
Long-Time Limit Calculated at 1 ns

Urea_1 TMU_1 Urea_2 TMU_2

α 1 0.972 0.855 0.87
Dα (Å

2/psα) 0.18 0.175 0.195 0.139
D (1 ns) (Å2/ps) 0.18 0.145 0.072 0.057
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changes only when the proton manages to hop to a new water
pool.

V. DISCUSSION
In this work, we set out to compare the diffusion of water
molecules and hydrated excess protons in aqueous solutions of
amphiphiles using the MSDs obtained from classical MD
simulations with the MS-EVB3 model. We have confirmed our
suspicion, based on reanalysis of the experimental data (section
II), that proton diffusivity depends predominantly on water
concentration, whereas water self-diffusion does not. However,
in addition, we have found that the MSD is sublinear in all
solutions (except, perhaps, Urea_1) for at least 1 ns (“transient
subdiffusion”). Thus, the MSD time dependence is charac-
terized by two parameters: the ultimate (long time) diffusion
coefficient, D∞, and an exponent, α. These should be
considered jointly.
Figure 11 summarizes the two parameters for water (open

symbols) and excess proton (closed symbols) that are diffusing
in the four mixtures (and in pure water). To within
computational error, and the finiteness of the simulation box,
there appears to be a universal interrelation: as D∞ decreases
below its pure water value, α decreases below unity. Therefore,
explanations for the origin of subdiffusion should also explain
the origin of the mobility suppression (and why it differs
between water and excess proton).
Some factors leading to transient subdiffusion have been

discussed in the literature:70

(a) Barriers, namely, obstacles with excluded volume
interactions. Their effect will be pronounced if they are
larger and slower than the diffusing particle.

(b) Traps, namely, reversible binding sites.

Note that these are the factors that also make a solution
nonideal. In an ideal solution, when the interactions and
volumes of the different molecules in the mixture are the same,
we expect equal diffusion constants that are independent of
concentration, and normal self-diffusion.
Let us begin with water self-diffusion. Urea and water form a

near-ideal solution.67 Urea is only about twice the size of water,
and thus, its diffusion coefficient (1.4 × 10−5 cm2/s in D2O)

68

is only moderately smaller than Dw = 2.3 × 10−5 cm2/s. Thus,
urea does not appreciably impede water diffusion, so that Dw
and α reduce only moderately with increasing urea concen-
tration (open triangles in Figure 11).
In contrast, TMU and water do not form an ideal solution.

The hydrophobic interactions and TMU aggregation render
TMU a much greater obstacle for water diffusion. Hence, both
Dw and α are substantially reduced with increasing TMU
concentration (open squares in Figure 11). Concomitantly, the
time window for the power-law behavior increases to a
maximum in TMU_2. This time window, from ca. 20 to 900
ps, corresponds to distances between 3.5 and 19 Å. It is
tempting to interpret these as the obstacle size range to which
the water molecule is sensitive here. The upper limit may,
however, be somewhat distorted by the finite size of the
simulation box.
For the excess proton, this distinction between urea and

TMU nearly disappears, because both are formidable obstacles
for its diffusion, which occurs (via the Grotthuss mechanism)16

almost exclusively in the aqueous phase. As a result, D∞ and α
depend predominantly on the excluded volume occupied by the
organic solute, not on its chemical identity. Water concen-
tration is simply a measure for the available volume (=total
minus excluded), hence the dependence of proton mobility on
it.
If we compare proton mobility with water self-diffusion in

the different solutions (closed vs open symbols in Figure 11),
we see that with increasing solute concentration proton
movement in TMU/water is just slightly more impeded than
in pure water (TMU is an obstacle for both water and proton
motion), whereas it is markedly slowed down in the urea/water
solutions (urea is an obstacle for proton but not for water).

Figure 10. The time dependence of the (unaveraged) distance of the
CEC from the origin in six trajectories of a proton in Urea_1 and
TMU_2 solutions.

Figure 11. A universal correlation is observed between the abnormal
diffusion exponent α and the long-time (>1 ns) diffusion coefficient,
for both water self-diffusion (open symbols) and proton (CEC)
diffusion (closed symbols). The data for the mixtures is from Tables 2
and 3 here, whereas that of pure water is taken from refs 57 and 73.
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Thus, in pure water proton mobility is larger than Dw, in
Urea_1 they are equal, and in Urea_2 proton mobility becomes
slower than Dw.
Proton mobility is thus more sensitive than water transport

to the addition of the cosolvent. The lowest value of α we find
is for proton in Urea_2, where α = 0.85. Banks and Fradin used
fluorescence correlation spectroscopy to study tracer protein
diffusion in dextran solutions.71 They find a limiting value of α
= 3/4 at high dextran concentrations (volume fraction of 0.25).
In the TMU_2 solution, the volume fraction of TMU is larger,
about 0.6, but α is still far from this limiting value.
Although the major factor determining proton mobility is

water concentration, when TMU_2 is compared to the Urea_2
system, or TMU_1 with Urea_1, one notes that proton
diffusion is slightly slower in the TMU than in the urea solution
of the same water content. There are two possible sources for
this difference. First, water molecules are distributed less
uniformly in TMU (Figure 2), so that proton migration
between water pools becomes rate limiting for long-range
proton transport, and it may have to wait (as seen in Figure 10)
for rearrangement of the solvent before it can proceed to the
next pool. In addition, the hydrated excess proton has been
seen to exhibit a small interface preference.77−83 The
association of the hydrated proton with the TMU methyl
groups at the interface (see Figure S4 in the Supporting
Information and ref 24 for water−methanol interfaces) may
thus contribute to the slowdown of proton diffusion.

VI. CONCLUSIONS
In summary, the problem of proton mobility suppression in
TMU solutions was revisited. The MS-EVB3 reactive MD
simulations indicated that water concentration is the dominant
factor determining proton transport, regardless of the hydro-
phobic interactions with the TMU methyl groups. This
contrasts with water self-diffusion, which does depend on the
solute identity. Physically, urea is not a large obstacle for water
diffusion (they form a near-ideal solution) but is an obstacle for
protons, which are restricted to hop between water molecules.
The existence of obstacles for diffusion leads to time-

dependent diffusion coefficients that slow down with time, until
at least 1 ns, becoming constant thereafter. This is known as
transient subdiffusion. For water in heated Nafion, NMR
diffusometry revealed subdiffusion on the 100 ms time scale.84

However, previous simulations of water/TMU solutions have
not observed (or not reported) water subdiffusion on
timescales of hundreds of ps.29,46 With increasing solute
concentration, water diffusion becomes more abnormal, and for
a longer duration, before ultimate normal diffusion takes over.
Interestingly, the ultimate diffusion constant and the power are
correlated, and both jointly decrease with increasing obstacle
concentration.
For protons in amphiphilic solutions, this effect is even more

striking, and both parameters characterizing the abnormal
diffusivity depend on water concentration. To our knowledge,
abnormal proton diffusion has not been studied before neither
experimentally nor theoretically. Due to trajectory length and
simulation box size limitations, we cannot always determine
with certainty when the switch to normal behavior occurs:
presumably when protons sample distances that are larger than
the largest microheterogeneity in the medium. Consequently,
proton subdiffusion may serve as a nanometric gauge for
solution structure. Its long-time mobility is notably lower than
what could be deduced from short molecular simulations, and

this needs to be taken into account in the study of proton
conduction in complex materials.
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