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Molecular simulations have allowed us to probe the atomic details of aqueous solutions of tetramethylammonium (TMA) and
tetrabutylammonium (TBA) bromide, across a wide range of concentrations (0.5 to 3-4 molal). We highlight the space-filling
(TMA™) versus penetrable (TBA™) nature of these polyatomic cations and its consequence for ion hydration, ion dynamics and
ion-ion interactions. A well-established hydration is seen for both TMA™ and TBA™ throughout the concentration range studied.
A clear penetration of water molecules, as well as counterions, between the hydrocarbon arms of TBA™, which remain in an
extended configuration, is seen. Global rotation of individual TBA™ points towards isolated rather than aggregated ions (from
dilute up to 1m concentration). Only for highly concentrated solutions, in which inter-penetration of adjacent TBA™s cannot be
avoided, does the rotational time increase dramatically. From both structural and dynamic data we conclude that there is absence
of hydrophobicity-driven cation-cation aggregation in both TMABr and TBABTr solutions studied. The link between these real

systems and the theoretical predictions for spherical hydrophobic solutes of varying size does not seem straight forward.

1 Introduction

In the field of ionic solutions, those containing tetraalkylam-
monium (TAA, N(CnHan)z) cations occupy a very specific
position. These cations, considered as the archetypal hy-
drophobic cations, bring into play both charge and hydropho-
bicity, a combination of great importance in many environ-
mental and biological processes. As such they are also widely
used in phase transfer catalysis, involving an aqueous and an
organic phase. The series of small symmetric TAA cations,
most often with halide counterions, has been at the core of nu-
merous studies to investigate the effect of hydrophobicity on
ion hydration and ion-ion interactions in aqueous solutions,
for reviews see 3. The hydrophobic character for TAAS is
considered tuneable via the length of the four alkyl chains at-
tached to the central nitrogen atom. The first four members
of the TAA series (referred to from now on as TMA™', TEA™,
TPA™ and TBA™, from the smallest to the largest cation) have
been studied most extensively. They show high solubility lim-
its, comparable to alkali halides, considered as their purely
electrostatic analogues®.
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Despite the wealth of past studies, as of today we are unable
to link the thermodynamic and structural data for TAA ions in
solution into a coherent picture. Thermodynamic data shows
clearly that the transfer of TAA cations from aqueous to non-
aqueous solutions is accompanied by an increasingly negative
Gibbs free energy as the cation size increases (TMA™ fea-
tures however a positive value), which put forward the idea of
larger TAAs being "hydrophobic ions”. Moreover, this Gibbs
free energy is dominated by an increasingly positive entropy
term>. To explain these findings, several structural studies
have focused on providing evidence for a) increased struc-
turing of water in the vicinity of TAA ions, perhaps leading
all the way to clathrate formation, and b) formation of cation-
cation pairs, as the cation size increases. Unfortunately the ev-
idence for either one of them is not clearly established. Neu-
tron diffraction®’, microscopic simulation®® as well as dy-
namic studies by NMR and neutron scattering !, conclude
against increased water structuring and see no clathrate for-
mation, with the possible exception of TBA™ in the low tem-
perature regime only !2. At the same time, neutron diffraction
and microscopic simulation agree on the unusual tangential
orientation of water molecules around individual TAA ions, in
stark contrast to alkali cations®%16. Defining 0 as the angle
between the vector joining the cation (central N atom in case
of TAA) to the oxygen atom of a water molecule and the dipole
moment vector of the same water molecule, tangential orien-
tation refers to cases when these two vectors are at or close to
90 degrees. This is the case for TAA ions and contrast with 0
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close to zero in case of alkali ions. Within the microscopic pic-
ture, this tangential orientation of water molecules has since
been referred to as “hydrophobic hydration”. However, a di-
rect correspondence of this feature and the thermodynamic
classification is not easy, as even the TMA™ (thermodynami-
cally hydrophilic) features this type of unusual hydration. Re-
garding cation-cation aggregation, small angle neutron scat-
tering (SANS) and neutron diffraction do not support it in
TAA halide solutions, though they give evidence for instances
where adjacent TAA cations are not separated by water 719,
Any inferred TAA-TAA association is clearly very weak in
comparison to that seen for larger phenyl containing phospho-
nium based cations in aqueous solution, where phenyl-phenyl
specific interaction is likely to play a non-negligible role?°.
On the contrary, some recent results by small angle X-ray scat-
tering and simulation?! as well as femtosecond infrared spec-
troscopy 2* are interpreted as giving evidence for TAA-TAA
aggregation or cluster formation.

It is clear that TAA halide solutions have some distinct fea-
tures when compared to solutions of alkali halides. How-
ever, which of these features can truly be assigned to their
hydrophobicity? Whereas theoretical studies concerned with
hydrophobic solutes have the power to tune a single param-
eter, such as the solute size?3, clearly, when it comes to real
systems, the transition from an alkali cation towards a TAA
cation is far from an addition of a single parameter. This is
obvious from the polyatomic nature of TAA cations, their size
and the finite distribution of charge among the atoms. With-
out resorting to hydrophobicity, these steric and geometrical
aspects play a significant role by themselves. As has been
highlighted recently for example, it is the substantial excluded
volume fraction occupied by TAA-resembling ions in mod-
erate to concentrated solutions that is the reason behind the
slowing down of water dynamics observed, rather than any
intrinsic hydrophobicity effect of the ions present?*. This rea-
soning revives the obstruction effect mentioned already in the
past!!.

Motivated by highlighting the steric/geometrical aspects of
TAA ions in aqueous solutions, we have resorted to micro-
scopic simulations with a fully-atomic model of the ions (ex-
plicit H atoms). We study a range of concentrations, 0.5 to
3-4 on the molality scale, which includes the moderate to con-
centrated systems studied experimentally in the past. The ex-
act concentrations chosen for a given system were guided by
the concentration of a single hydration shell per TAA cation,
which has been used extensively as a reference3!1:23_ Impor-
tantly, we report upon both structural and dynamic properties
of the ions, we highlight their space-filling (TMA™) versus
penetrable (TBA™) nature and its consequence for ion hydra-
tion, ion dynamics and ion-ion interactions.

2 Simulation Techniques

Classical molecular dynamics (MD) simulations (using the
code DL POLY 2.182%) were performed on a series of aqueous
solutions of TMABr, TBABr and NaBr, spanning a range of
concentrations. The overview of simulated systems is given
in Table 1. An all atom (explicit N, C and H atoms), flex-
ible (bond stretch, bond bending, dihedral interaction), non-
polarizable model was taken for the TMA™ and TBA™ ions.
The non-bonding interactions in the system were described
via the Coulombic and Lennard-Jones (LJ) potentials, with
the use of Lorentz-Berthelot mixing rules for the LJ param-
eters?’. Individual atomic charges within the TMA* and
TBA™ ions were determined by the restrained electrostatic po-
tential (RESP) fitting of Hartree-Fock results included in the
Antechamber library of the AMBER code?®32. Other inter-
action parameters for these ions were taken directly from the
Generalized Amber Force Field (GAFF)2832, Bromide and
sodium ion parameters were taken from literature33-7 and
rigid SPC/E model was used for water®. A compilation of
parameters used in our simulations is provided in Supplemen-
tary Information.

For any given system, a cubic simulation box was filled ini-
tially with regularly spaced ions and water molecules (at ran-
dom orientations). Three dimensional periodic boundary con-
ditions were used, a cutoff radius for short-range interactions
was half of the box-size, long-range part of the electrostatic
interaction was evaluated using the 3D Ewald sum>°, SHAKE
algorithm 740 was used for rigid SPC/E water molecules. The
initial configuration was equilibrated in NpT (p = 1 atm,
T = 298 K) and then NV T ensembles. As an initial check of
the interaction potentials, the simulated density obtained from
the NpT equilibration was compared to the available experi-
mental data. The comparison is given in Supplementary Infor-
mation, the difference in simulated and experimental values is
<0.2%. A production run was further carried out in the NVE
ensemble, with a total length of at least 3.4 ns and a timestep
of 1 fs. Individual atomic trajectories were saved every 0.1 ps,
producing at least 34 x 10° frames in total. Trajectories were
then analysed using nMoldyn*'#2 to obtain both static and dy-
namic properties of ions and water molecules.

3 Results

3.1 Ion hydration

We consider at first the hydration of ions in TMABr, TBABr
and NaBr aqueous solutions and its concentration dependence.
Figure 1 shows the radial distribution functions between cen-
tral nitrogen atoms of the cation and oxygen atoms of water
molecules, gno,,, for TMABr and TBABTr solutions. We ob-
serve that gno,, for TMABTr solutions is very much concen-

2| Journal Name, 2010, [vol] 1-15

This journal is © The Royal Society of Chemistry [year]

Page 2 of 15



Page 3 of 15

Physical Chemistry Chemical Physics

tration independent in the range shown. The first prominent
peak is centered on 4.4 A, with the corresponding coordination
number of 25 water molecules. Thus we see a well-defined
first hydration shell for TMA™, which has been suggested pre-
viously by MD simulation for a very dilute solution using a 5-
site TMA model (no explicit H atoms)?, and also reported by
neutron diffraction at higher concentration '6. We see that this
hydration sphere survives with almost no modification across
a wide concentration range, up to and including the one hy-
dration sphere limit. A weaker secondary shell is also seen
here, centered at a distance of 7.5 A. The gno,, functions for
TBABr show, between 4 and 9 A, a rather complicated struc-
ture, but the notable features are at comparable distances to
those for TMABr. The first part, up to 6.2 A, corresponds
now to water molecules which are closer than the outermost
H atoms of TBA™ (their position is indicated by the vertical
dashed line). In the g(r) representation, the intensity of this
peak is highly concentration dependent, but should not be in-
terpreted automatically as a significant change in the number
of these "inner” water molecules: their number varies slightly
from 20 H,O at 0.06 m down to 17 at 1.98 m (and then fast to
13 at 3.96 m). The strong intensity variation of the first g(r)
peak is a consequence of the significant volume fraction occu-
pied by the TBA™ ions in these solutions (from 2% at 0.06m
to 50% at 3.96m), which leads to strong variation in the num-
ber density of water molecules, i.e. the g(r) normalisation
factor.The well-defined peak between 6.2 and 10 A in the g(r)
shows on the contrary more constant an intensity, thus the rela-
tive density of water molecules in this region is permanently in
excess of the average density (the corresponding coordination
number is 100 water molecules at 0.06m and 50 at 3.96m).

Comparing the details of water orientation between
TMABr, TBABr and NaBr (at 1m concentration), we confirm
the close to tangential orientation in case of TMA™' and TBA™
(see Supplementary Information for the relevant graphs). In
addition, we observe that this orientation is lost in the sec-
ond hydration shell of TMA™. It is retained in case of the
second hydration shell of TBA™, though this is most proba-
bly the effect of an adjacent TBA™. Hydration of Br™ in the
TMABr and TBABr solutions is similar to that of NaBr (data
not shown). The coordination number found for alkali halide
solutions (=7.5) is also found for TMABr and TBABr solu-
tions, it remains almost constant up to concentrations corre-
sponding to the respective one hydration sphere limits, beyond
which the anion is loosing its usual coordination.

3.2 Ion-Ion interactions

Ion-ion correlation functions were inevitably poorer in statis-
tics than ion-water correlation functions, due to the finite num-
ber of ions in the simulation box. In the following we thus
had to omit data for some of the lower concentrations. Figure

2 shows the radial distribution functions between the nitrogen
atom of the cation and Br™~ (gng;) for the series of TMABr and
TBABT solutions as a function of concentration. The main fea-
ture in the gnpr for TMABT is a well-defined intense peak cen-
tered at 5 A, the position of which is concentration indepen-
dent and is 2.8 A away from the hydrogen atoms of the TMA™
(position of these H atoms is indicated by a vertical dashed
line in the figure). Interestingly, the gng; for TBABr solutions
features its first peak at the same distance as for TMABTr solu-
tions, i.e. at 5A. Br™ corresponding to this first peak are closer
to the nitrogen atom than the outermost H atoms, though fur-
ther than the next inner layer of H atoms. The penetration
of Br~ inbetween the last quarter of the hydrocarbon arms of
the TBA™ is thus made clear, a similar observation was re-
ported in the previous section for water molecules themselves.
The coordination number of these inner Br™ ions is about 1/3
and note that this increases dramatically as we move above the
one hydration sphere concentration, we shall discuss this point
later. Further out, the gnp, features a broader double peak.

Figure 3 features the radial distribution functions between
the nitrogen atoms of cations for TMABr and TBABTr solu-
tions, with dotted and dashed-dotted vertical lines indicating,
respectively, position of the outermost hydrogen atoms of the
cation and the first layer of water oxygen atoms (first peak po-
sition in gyo,,). A distinct TMA-TMA correlation peak cen-
tered at 8.4 A is visible at the one hydration sphere concen-
tration. It persists as the system is diluted, with no change in
position, though decreasing in intensity. This peak lies further
than the first correlation peak both in gnow and gnsy. Consid-
ering the position of the hydrogen atoms on a single TMA™,
the first TMA-TMA correlation peak does not correspond to
two adjacent TMA™Ts in contact, rather two TMA™s sharing a
hydration shell, but possibly also a Br~ counterion. In contrast
to TMA™, a broad TBA-TBA correlation peak is visible only
at the highest concentration considered (3.96m, significantly
above the one hydration sphere limit). At the one hydration
sphere limit (1m), the g(r) shows very little correlation. Con-
sidering again the position of the outermost hydrogen atoms
on a single TBA™ (6.2 A), the peak observed at 3.96m has
to correspond to interpenetration of the arms of the adjacent
TBA™s. Note that the hydrocarbon arms are rather rigid and
do not show any bending as the concentration is increased.
This is made obvious from our MD simulations from the ra-
dial distribution functions of the terminal carbon atoms around
the central N atom (data not shown). Moreover, we have also
observed this experimentally via small angle neutron scatter-
ing®. In case of such extended arms, the interpenetration of
adjacent TBA s seems sterically very much feasible as they
are far from space filling objects, as was made obvious al-
ready from the corresponding gnow and gnsr. In the space
between adjacent TBA™s there is again non-zero density of
water molecules and possibly also Br~ counterions, as in the
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case of two adjacent TMA™s. This applies for all concentra-
tions studied.

3.3 Diffusion

The translational diffusion coefficients of TAA ions and water
in our solutions have been calculated from the mean square
displacements (MSD) of the central N atoms for the ions and
O atoms for water, according to:

MSD(t) = (|r;(t) — r;(0)|*) = 6Dt (1)

Figure 4 shows our simulated translational diffusion coeffi-
cients of cations and water molecules in a series of TMABr
and TBABr solutions, together with a compilation of other
experimental and simulated data available from the literature.
Note that in MD, the size of the system has an a priori mea-
surable effect on the measured diffusion coefficients*+*>. We
have however tested this for the 1 m concentration of TBABr
with three box sizes and no dependence has been observed,
certainly because of the high viscosity of the system. For
comparison between data from different techniques, note that
deuterated water is often necessary to measure experimentally
the diffusion coefficient of the hydrogen containing cations (in
NMR and neutron scattering in particular), while tracer exper-
iments (and simulations) are carried out in light water. Sol-
vent deuteration leads to a difference in the solvent viscosity
(D,0O/H;0 viscosity ratio is 1.23 at 298 K), which marks its
effect only at low TAABr concentrations: tracer data consis-
tently above NMR data at low concentration in Figure 4 a) and
b). Already at 1m concentration, this effect seems however in-
significant.

3.4 Local and internal motion of TAA cations

We have chosen to concentrate on two types of local/internal
motions of the TAA ions: 1) global cation rotation, also re-
ferred to in literature as the tumbling motion and 2) rota-
tion of the terminal methyl groups, since they are both well
documented in the literature, mostly using experimental tech-
niques. Global cation rotation was probed using the mean
square displacement (MSD) of the o C atoms (directly bonded
to the central N atom) relative to the central N atom. We con-
sidered this to be the most accurate estimate, as the effects of
arm bending on this MSD play a minimal role. Methyl group
rotation was treated in a similar manner, from the mean square
displacement of H atoms relative to adjacent C atoms, while
correcting for any possible global cation rotation. This cor-
rection is especially important when the characteristic time of
global rotation is similar to that of the methyl group rotation.
We shall see that this is the case for TMA™, contrary to TBA™.

For rigid molecules, rotational dynamics is evaluated from
the orientational correlation function C; (1) = (P;(u(0) - u(z))),

where u is a unit vector indicating the orientation of
the molecule and P, the f-rank Legendre polynomial*®+7.
For a pure global rotational diffusion, we obtain Cy(t) =
(U DDrott) \where Dy is the rotational diffusion coefficient.
The relative MSD displacement is related to C (¢) as follows

MSD(t) 2b%_c (1-Ci(1))
= 20§ ¢ (1—e Prd)

2% (1-e2/5)

@

where bny_c is the length of the N-C bond. Since it has been
derived for rigid molecules, the above equation does not ap-
ply to short correlation times (# < 1 ps), where the fast vibra-
tion and distortion of the bonds play a significant role. Fig-
ure 5 summarizes the relative MSD obtained for the case of
global cation rotation for both TMA™ and TBA™ and it is well
modelled by Equation 2. For TBA™, global rotation is seen
to be strongly concentration dependent, but only beyond the
one-hydration sphere limit (0.99m). The characteristic time is
Trot = 0.54 ns for infinite dilution up to 1 m and then reaches
Trot = 3.1 ns at 3.96 m. The orientational dynamics of every
carbon and hydrogen atom inside TBA™ was investigated for
selected TBABr systems (data not shown). For any atom in
the two most inner methylene (CH,) groups, the characteris-
tic times were close to the global rotation time, as determined
above. This indicates the significant stiffness of the TBA™
core. The global rotation for TMA™ in the range studied (up
to and including its one-hydration sphere limit) is found to be
concentration independent, but with a much smaller character-
istic time, Ty = 5 £ 1.5 ps.

As for methyl dynamics, two main classical descriptions ex-
ist: a continuous diffusion on a circle and a threefold jump
process*’ 9. The corresponding relative MSD, once cor-
rected for the global rotation, can be expressed in a similar
manner to equation 2 :

Page 4 of 15

MSDI(t) =208 _yysin® ¢ (1 — ) =202 _yysin ¢ (1 - e/%)

(€)
where bc_p is the length of the C—H bond and ¢ = 109°5 the
angle between the C—H bonds. For a jump process, the charac-
teristic time between jumps is 7j = %Trot48*50. MSD behaviour
cannot distinguish between the two types of methyl dynamics,
but it is still possible to compare TMA™ and TBA™. Relative
MSD for terminal methyl group rotation shows minimal con-
centration dependence for both TBA™ and TMA™ (see Sup-
plementary information), with somewhat different mean char-
acteristic times T;o; of 6 ps and 2 ps respectively.
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4 Discussion

We shall now summarize our results on ion-hydration, ion-
ion interactions and ion dynamics in TAABr solutions, putting
them into context with previous literature.

Our MD results show TMA™ hydration as a distinct layer-
ing of hydration shells (first shell containing approx. 25 wa-
ter molecules), as in the case of simple monoatomic cations.
‘We confirm the tangential orientation observed experimentally
and in previous simulations®%1216, We see that this orien-
tation is lost in the second hydration shell of TMA™. The
well-defined first hydration shell of TMA™ exists over a wide
concentrations range, up to and including the single hydration
layer reference, with very little variation in the coordination
number. Hydration of TBA™ is dominated by the fact that it is
not an impenetrable species and that its hydrocarbon arms re-
main in an extended configuration across a wide concentration
range. A rather constant number of water molecules (approx.
20) fills the space between the arms, the density of these "in-
ner” water molecules is naturally the result of the space avail-
able and the interactions with the arms of TBA ™. Interestingly
these molecules possess also close to a tangential orientation
with respect to the central N atom.

The charge on any given TAA cation is crucial for hydra-
tion to occur and for the stability of the solution (removal of
charges on TAA results, as expected, in demixing?'). Where
available in the literature, we see that charge distribution in
the microscopic models of TAA cations has been a) +1 charge
distributed equally over the four o C atoms irrespective of the
length of the hydrocarbon arms®? or b) charge more spread
out along the hydrocarbon arms as in our model?®>!. The
difference between these charge distributions does not affect
the water orientation observed, tangential is seen in all. For
coarser models, the entire TAA cation considered as a single
pseudoatom, this type of information is blurred and no prefer-
ential orientation is concluded 2. Spatially extended and non-
spherically distributed charge density on the cation seems then
an important condition for the tangential configuration of wa-
ter molecules. Apart from water molecules, the space between
the arms of TBA™ is also occupied by Br~ counterions (with
a coordination number of 1/3 up to the 1.98m concentration).
These counterions posses their full hydration shell of 7.5 wa-
ter molecules up to the 1m concentration. Beyond this point it
begins to be lost, certainly due to steric effects. Penetration of
Br~ was previously seen in the case of TPA by simulation?
and is consistent with the notion of penetration cation-anion
pairs referred to earlier on the basis of dielectric spectroscopy
measurements>>.

The extent of cation-cation aggregation in TAA halide solu-
tions remains a widely-discussed topic, let us view the ion-
ion correlation functions we have obtained by MD in light
of this aspect. We may start by considering that cation-

cation effective pair potentials in our solutions possess a)
a short-range repulsive part due to steric effects, b) cation-
cation electrostatic repulsion and c) a short-range attractive
(hydrophobicity-driven) part. Regarding electrostatic repul-
sion, we note that in the highly concentrated solutions studied,
it is screened over a few A (the Debye screening length for 1
molar aqueous solution at 298K is only 3 A). If cation-cation
electrostatic repulsion was dominating we would expect to see
the position of the first peak in gyy to be concentration depen-
dent. Further, assuming a simple model of the cations on a
grid, the equilibrium cation-cation distance would be varying
between 9.5A and 14A for 2.52m and 0.63m TMABr solutions
(9.7A and 30.1A for 3.96m and 0.50m TBABr solutions).
However, we observe no shift in the first peak of gy for both
TMABr and TBABr solutions. Apart from the 3.96m TBABr
system, the peak position is at smaller distances than what is
predicted by the simple grid model. Thus the observed cor-
relation peak reflects a short-range interaction, which, with-
out any other knowledge, could have its origin either in short-
range steric repulsion or short-range hydrophobic attraction.

At this point, the information on cation hydration seems
of utmost importance and, as mentioned above, we report a
well-established hydration of both TMA™ and TBA™ persist-
ing throughout the whole concentration range considered. A
hydrophobicity-driven cation aggregation would be accompa-
nied by at least a partial loss of hydration water, but this is
not observed. In case of TMA™, considering the sizes of the
“naked” and hydrated cation, we were brought to conclude
that the clear TMA-TMA correlation peak at 8.4 A does not
correspond to two TMA™s in contact but rather being sepa-
rated by a hydration sphere, albeit incomplete, and possibly
also a Br~ counterion. Thus we trace the first peak in gyy
to the short-range steric repulsion between partially hydrated
TMATs. Further, comparing gyy of TMABr and TBABr so-
lutions at a given concentration (consider 1m), we observe
a clear decrease in the first peak intensity as we move from
TMA™ to TBA™. Indeed, even at 1m, there is only a very
weak peak in the gyy for TBABr. If hydrophobicity was the
underlying interaction, we would expect the opposite trend,
an increase in the correlation peak as we move to TBA™T.
The observed intensity trend reflects in our opinion the rel-
ative hardness/softness of the short-range cation-cation steric
repulsion and is consistent with the space-filling (hard) nature
of the TMA™ and penetrable (soft) nature of TBA™. The tran-
sition from 0.99m to 3.96m for TBABr is then an interesting
case. We observe finally a clear appearance of a TBA-TBA
correlation, also a dramatic increase in TBA-Br correlation at
5 A. Referring to the above simple model of TBA™ ions on
a regular grid, the transition 0.99m to 3.96m corresponds to a
TBA-TBA separation decreasing from 13.0t0 9.7 A. At 3.96m
the TBA™ are effectively at this predicted distance, they are
closely packed, with partially inter-penetrated arms and coun-
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terions as well as water molecules locked inside the region
between the arms. This interpenetration is accompanied by
a decrease in “inner” water molecules (from 17 to 13). The
effective TBA-TBA potential is suddenly “harder”, i.e. even
more repulsive due to steric reasons, and a correlation peak
appears in gyy-

Overall, regarding cation-cation correlations, we observe
some agreement but also differences from the available liter-
ature. Our results agree well with the distance of the most
prominent peaks for both TMA-TMA and TBA-TBA correla-
tions2!. However, in terms of trends in peak intensities, the
results clearly disagree. The only concentration for which we
see a clear TBA-TBA correlation peak is only at 3.96m, while
a clear TMA-TMA peak is present throughout the whole con-
centration range studied. Simulations in ref?! refer to 1m con-
centration and show a strong TBA-TBA correlation, stronger
than the TMA-TMA peak. This is an important point, as it
is interpreted by the authors as evidence for hydrophobicity-
driven TBA aggregation, with which our results seem incon-
sistent. More in line with our results are the data of Krienke et
al, where the first two members of the TAA series were stud-
ied (TMA* and TEA*")3!. A clear decrease in the intensity
of cation-cation correlation peaks was seen on transition from
TMA™ to TEA™ (at roughly 0.6m concentration). Moreover,
hypernetted chain (HNC) calculations made in conjunction
with SANS experiments on TBABr aqueous solutions '® result
in a potential that leads to a very featureless TBA-TBA pair
correlation function at 0.99m (data included in Figure 2 right).
SANS is particularly sensitive to the signal from cation-cation
correlations in TAABTr solutions due to the high concentration
of H atoms in TAA cations (yielding a good contrast with re-
spect to the deuterated solvent) as well as their greater size
in comparison to the anions. In order to assess whether the
atomic configurations in our simulations reproduce scattering
data from TBABTr solutions, we were brought to compare di-
rectly the reciprocal space data from neutron scattering from
ref*? and those calculated from our simulations. This is an-
other very pertinent test of the realistic nature of the force
field used in our simulations. The comparison was made at
Im concentration and is featured in Figure 6. We see that
our simulations reproduce very reliably the experimental neu-
tron scattering data across a wide spatial range. Therefore,
the same atomic configurations leading to a very featureless
TBA-TBA g(r) (Figure 2 right) can reproduce experimentally
measured neutron scattering data. As detailed in ref*3, the
neutron scattering data is dominated by the form factor of the
individual TBA™ ions at low Q values and by the broad solvent
peak centered on 0=1.8 A. The data shows no evidence of a
strong TBA-TBA correlation peak and is in accord with previ-
ous literature using this technique !”1°. Regarding other scat-
tering techniques, reference?! presents SAXS measurements
for TAA halide solutions?! showing an interesting evolution

as a function of increasing TAA cation size: the gradual ap-
pearance of a correlation peak, centered at 0.8 A~! for TBABr
solution. In conjuction with the above-mentioned simulations
from this reference, this peak is again taken as evidence for
TBA-TBA aggregation. Interestingly, we were able to calcu-
late the SAXS signal from our simulated TBABr system at
Im and are able to reproduce the observed peak (see Supple-
mentary Information). The same atomic configurations that
give rise to the SAXS peak show a very featureless TBA-TBA
g(r). In our opinion, the observed SAXS peak cannot reflect
TBA-TBA aggregation. On the grounds of electronic density,
it seems probable that this peak reflects primarily the correla-
tions involving Br~ (anion-anion or anion-cation correlation
or both), but not the cation-cation correlation.

Overall, on the basis of our simulated structural data, we see
no evidence for cation-cation aggregation in the TMABr and
TBABE- solutions studied. This is further supported by the dy-
namic information we were able to obtain, more precisely the
individual global ion rotation. For global ion rotation the com-
pact versus penetrable nature of the two TAA cations could
again have a clear effect. Up to the respective one hydration
sphere limits, we observe a concentration independent global
rotation for both TMA* and TBA™. Beyond the 1m concen-
tration, TBA™ rotation is severely hindered and the origin is in
the increasing inter-penetration of adjacent ions. This would
not occur for the compact TMA™ cation and we expect, be-
yond its one hydration sphere limit, a much weaker (if any)
concentration dependence of its global rotation. Similarly, the
behaviour of the terminal methyl groups is also affected by
the difference in penetrability. For very similar interaction po-
tentials, the characteristic times for methyl group rotation are
indeed different (6ps and 2ps for TBA™ and TMA™ respec-
tively). The environment for terminal methyl groups in TBA™
is likely to be affected by the presence of water molecules (and
counterions) penetrating between the hydrocarbon arms.

The observed evolution of TBA* global rotation from our
simulations is supported by the available experimental data.
The main source of experimental data regarding global rota-
tion of TAA cations are NMR relaxation measurements, where
we measure a correlation time 7., which for rotational diffu-
sion is related to T according to Ty = 67.%°. Even if the
decoupling of the different dynamics is not straightforward
in this technique, the global rotation can often be extracted
using reasonable approximations, since it is the slowest dy-
namic mode*®>*. For low concentrations (< 0.05 mol L™1)
the measured correlation time for TBA™ is in the range of
87-115 ps, depending on the exact concentration, counterion
and nucleus probed>>8. A single measurement is available
at high concentrations for TBACI solution (7.9m) giving a
value of 7. = 0.63 ns. Taking into account the conversion
factor of 6 between 7. and 7., these experimental values
are indeed in a very good agreement with our simulations
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and show the changes occurring beyond the single hydration
sphere limit. Regarding TMA™ rotation, experimental data
suggest T, of the order of 5 ps at low concentrations, with only
a small increase up to Sm concentrations (less than a factor of
1.5)1013.5559.60 Thjs is indeed as we expect from the compact
nature of TMA™. Quantitative agreement with our simulated
data is however not found, our 7, of 5 ps would correspond
to 7. of 0.8 ps. In this case, we consider the experimental
value as less reliable due to the difficulty of decoupling the
TMA™ global rotation and methyl rotation as the characteris-
tic times are very close, unlike for TBA". For completeness,
experimental methyl rotational time (7o ~) is 1-5 ps depend-
ing on the system studied and technique employed 37701 A
difference in terminal methyl group rotation has already been
reported in a low temperature NMR study, leading to a corre-
lation time in case of TBA™ a factor of six larger than in case
of TMA™T %2, The measurements of global as well as termi-
nal methyl group rotation for TAA ions is a priori also avail-
able from quasi-elastic neutron scattering. However, the main
and serious difficulty is, similarly to NMR, the decoupling of
the different types of motion in the measured neutron signal,
without the possibility to resorting to different nuclei (only H
nuclei give measurable signal for these types of neutron scat-
tering experiments). We have addressed this difficulty in detail
in ref*3. In conclusion, we were not able to extract global ro-
tational times from our neutron scattering data.

Lastly, our MD simulations were able to reproduce well
the experimental translational diffusion of TMA™ and TBA™,
as well as water, across the concentration range studied. As
our data show otherwise, the observed slowing down is not
related to any cation aggregate formation, simple steric (ob-
struction) effects must be at the origin, as has already been
suggested ', As it is a common observation that the re-
sults from classical simulations are influenced by the choice
of the force field, overall we have paid a close attention to
assessing the quality of the employed force field. We have
presented three data sets supporting its realistic nature: a) the
experimental density of TAABr solutions over a wide range
is reproduced, b) dynamical properties (translational and ro-
tational diffusion) is within good agreement of experimental
data, c¢) when available neutron and X-ray scattering data is
surprisingly well reproduced (case of 1m TBABr solution).
In our attitude, the direct agreement with several experimental
data sets is a very convincing argument in favour of the chosen
force field.

5 Conclusion

In conclusion, we have discussed the structural and dynamic
properties of aqueous TMABr and TBABr solutions across a
wide range of concentrations (0.5 to 3-4 molal). With the help
of detailed all-atom molecular dynamics simulations we are

able to address aspects of ion hydration, ion dynamics and
ion-ion interactions, while highlighting the steric details of
the cations involved, contrasting the compact nature of TMA™
and the penetrable nature of TBA™. We have presented our
results in light of the controversial cation-cation aggregation.
Based on both structural and dynamic information regarding
the TAA cations, we see no evidence for cation-cation aggre-
gation in the systems studied. A well-established hydration is
seen for both TMA™ and TBA™ throughout the concentration
range studied. Both water molecules and counterions occupy
the space between the hydrocarbon arms of TBA™, which are
found to remain in an extended configuration, whatever the
concentration studied. At a given concentration, we observe
a weaker cation-cation correlation in case of the TBA™ ions
in comparison to TMA™ ions. We interpret this as a “softer”
interaction between the bigger penetrable ions. Up to the re-
spective one hydration sphere limits, we observe a concentra-
tion independent global rotation for both TMA™ and TBA™,
which again points against any cation-cation aggregation. Be-
yond this limit, TBA™ rotation is severely hindered and the
origin is in the increasing inter-penetration of adjacent ions.
Overall, without resorting to hydrophobicity, steric effects of
TMA™ and TBA™ cations seem sufficient to explain to a great
extent the differences in the microscopic (local) behaviour of
their solutions. Other types of local features in concentrated
TAA halide solutions, such as slowing down of water reori-
entation as probed by infrared spectroscopy 22, should also be
viewed along these lines. A more appropriate description of
larger TAA ions could simply be ”bulky non-spherical pene-
trable ions”. If, on top of steric features, hydrophobicity of
the short hydrocarbon arms demonstrates itself, could it be
masked by the effect of charge, at least for certain local prop-
erties? Looking for stark signature of hydrophobicity in local
properties in order to explain the macroscopic thermodynamic
data is perhaps a lost cause. Interestingly, we have observed
recently that for ionene polyelectrolytes (long hydrocarbon
chains with regular TAA charged centers), the effects of hy-
drophobicity are also suppressed to a surprising degree in their
aqueous solutions, at least when certain structural features are
considered ®3.
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System Composition | Box Size | MD length | Molar Ratio | molality (m) molarity (M)
cat - ani - H,O [A] [ns] ions:H,0 [mol kg~ [mol dm—3]
TMABr 8-8-176 18.92 34 1:22 2.52 (%) 2.01
8-8-352 22.93 3.4 1:44 1.26 1.12
8-8-448 24.65 34 1:56 0.99 0.90
8-8-528 25.87 34 1:66 0.84 0.77
8-8-704 28.27 34 1:88 0.63 0.59
TBABr 8-8-112 19.42 3.4 1:14 3.96 1.83
24 -24-336 | 28.17 [L] 16.4 1:14 3.96 1.83
8-8-224 21.97 3.4 1:28 1.98 1.25
8-8-448 25.90 34 1:56 0.99 (*) 0.77
16-16-896 32.54 16.4 1:56 0.99 0.77
24 -24 -1344 | 37.35[L] 34 1:56 0.99 (*) 0.77
8-8-896 31.39 34 1:112 0.50 0.43
1-1-896 30.14 8.2 1:896 isolated (0.06) | isolated (0.06)
NaBr 8-8-448 24.07 3.4 1:56 0.99 0.97

Table 1 Overview of simulated systems. “Composition” indicates the total contents of the simulation box, in terms of the numbers of cations,
anions and water molecules. "Box Size” stands for the length of the side of the cubic box, it is determined by MD simulations in an NPT
ensemble (T=298K, p=1bar). [L] indicates large box simulations for a chosen set of concentrations. ”"MD length” is the length of the collected
simulated trajectory in the NVE ensemble used for further analysis. Asterisk (*) indicates the concentration formally considered to be just
sufficient for the formation of a single hydration shell per cation.
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Fig. 1 Radial distribution function between the nitrogen atoms of cations and the oxygen atoms of water molecules, gyo,y, for TMABr
solutions (left) and TBABT solutions (right) for a series of concentrations as indicated. Vertical dotted lines indicate the position of the
outermost hydrogen atoms of the cation. Symbol [L] indicates the use of large simulation boxes for certain concentrations, refer back to Table
1. Asterisk (*) indicates the concentration formally considered to be just sufficient for the formation of a single hydration shell per cation.
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Fig. 2 Radial distribution function between the nitrogen atom of the cation and the bromide anion, gyp,, for TMABT solutions (left) and

of the cation. Symbol [L] for the TBABr systems indicates the use of large simulation boxes.

TBABET solutions (right) for a series of concentrations as indicated. Vertical dotted lines indicate the position of the outermost hydrogen atoms

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-15 | 11




Physical Chemistry Chemical Physics

Page 12 of 15

2.5F

TMABEr: g(N-N)

—A- 2.52m(¥)
—e- 0.99m
0.63m

Fig. 3 Radial distribution function between the nitrogen atoms of cations, gy, for TMABTr solutions (left) and TBABr solutions (right) for a
series of concentrations as indicated. Symbol [L] indicates the use of large simulation boxes. Dotted and dashed-dotted vertical lines indicate,
respectively, position of the outermost hydrogen atoms of the cation and position of the first peak in gy, . Dashed blue series on the right
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Figure corresponds to data from a TBA-TBA potential derived from hypernetted chain (HNC) calculations in ref 18
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