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The associative behavior of aqueous methanol, ethanol, andtert-butyl alcohol solutions at mole fractions
ranging from 0 to 1 at 273, 283, and 298 K was examined using PGSE NMR measurements of the self-
diffusion coefficients of the alkyl group, water and, depending on the exchange rate, hydroxyl protons. The
results show thattert-butyl alcohol has the greatest ability to stabilize water through hydrophobic hydration
than methanol or ethanol due to the more ideal fit of thetert-butyl group to the structure of water. However,
at higher concentrationstert-butyl alcohol is the least able to cohesively interact with water through hydrogen
bonding. The results provide compelling evidence for alcohol self-association (methanol< ethanol< tert-
butyl alcohol) in very dilute solution. The alcohol molecules can be likened to very short lipid molecules
undergoing complicated solution interactions due to their amphiphilic nature.

Introduction

Many of the anomalous physical properties observed in
liquids are related to inhomogeneities at the microscopic level.1,2

Monohydric alcohol-water mixtures have long attracted atten-
tion due not only to their ubiquitous nature, but also to their
importance as model systems: the amphiphilic nature of alcohol
molecules makes them excellent probes for studying water
structure, since through hydrogen bonding, they strongly interact
with water and modulate the clathrate-like structures that form
in pure water.3-5 Also, depending on the size and arrangement
of their alkyl groups, the alcohol molecules perturb the water
structure through steric and hydrophobic interactions (“hydro-
phobic hydration”).6 Indeed, “premicellar” hydrophobic inter-
actions are the dominant factor in the molecular dynamics of
microheterogeneity.7 Consequently, clarification of the non-
covalent association in monohydric alcohols is useful for
understanding the self-assembly of micelle systems and protein
stabilization and denaturation.

Due to their close structural similarity, methanol (MeOH),
ethanol (EtOH), andtert-butyl alcohol (TBA) is an obvious set
of monohydric alcohols to contrast, with TBA being the most
hydrophobic alcohol that is miscible with water at all alcohol
mole fractions,xA. Solutions of these alcohols have been studied
using a variety of techniques including density,8 dielectric
relaxation,6,9 dynamic light scattering,10 compressibility,11-15

IR,8,12,13,16-18 molecular dynamic (MD) simulations,19-24 mutual
diffusion measurements,25 tracer diffusion,8 neutron diffraction,22

integral equation theory,26 MS and XRD,17,27 thermodynamics

measurements,14,28 and viscosity.29 Yet, the solution behavior
of these monohydric alcohol systems remains controversial.

NMR-based techniques are information rich and noninvasive.
Many of the NMR measurements of these alcohol systems have
involved chemical shift measurements (e.g., refs 16, 18, 30, and
31), but the data interpretation is complicated by the need to
correct for thexA-dependent changes in bulk magnetic suscep-
tibility. 18,31 Since the self-diffusion coefficient of a single
molecule is directly related to molecular size and solute-solvent
interactions, it provides particularly direct information on
solution structure. Pulsed gradient spin-echo (PGSE) NMR32,33

is a very convenient technique for measuring self-diffusion.
From fluorescence measurements, it is known that the mono-
hydric alcohol aggregates have lifetimes of less than 1µs,34

which is much shorter than the PGSE time scale (tens of
milliseconds). Thus, the measured diffusion coefficient of a
species reflects a time-average over all of its association states.
Although some studies have used fully protonated samples, most
have used deuterated species and sometimes in combination with
1H NMR relaxation measurements to calculate the “association
parameter”A22.35-39

Here, PGSE measurements were used to comprehensively
probe these three aqueous alcohol systems over the entire
concentration range at 273, 283, and 298 K. Since undeuterated
alcohols and water were used, the diffusion coefficients of the
water, DW, the hydroxyl proton,DOH, or in the case of fast
exchange between water and hydroxyl protons, the average
diffusion coefficient of the water and hydroxyl protons,DWOH,
were measured in addition to the alcohol diffusion coefficient,
DA. In addition, the1H chemical shifts of the species relative
to that of the methyl group,δdiff, were obtained. The data provide
detailed clarification as to where the alcohol and water stop
behaving like pure liquids, how their hydration shells interact
and how this is affected by the different size and geometry of
the alcohol molecules.
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Experimental Section

Materials. Methanol (absolute grade) was from Sigma,
ethanol (extra pure grade) was from Wako Pure Chemicals, and
tert-butyl alcohol (extra pure grade) was from Nacalai Tesque.
Reverse osmosis water was used to prepare the samples. For
NMR measurements, samples were placed and flame sealed into
5-mm spherical microcells (529A; Wilmad, NJ). The composi-
tions of the samples were verified from the ratio of the integrals
of the resonances in a standard pulse-and-acquire NMR experi-
ment.

NMR Measurements.1H PGSE NMR measurements were
performed as described previously.40 The Hahn spin-echo pulse

sequence containing a “square” magnetic field gradient pulse
of durationδ and magnitudeg in eachτ period was used for
the translational diffusion measurements. The separation be-
tween the leading edges of the gradient pulses,∆, which defines
the time scale of the diffusion measurement was set to 30 ms.
Typically, δ was set to 4 ms and 13 increments ofg in the
range of 0 to 0.5 Tm-1 were used with four scans being averaged
for each value ofg. For a single diffusing species, the echo
signal attenuation,E, is related to the diffusion coefficient,D,
by

Figure 1. Diffusion coefficients (left) and chemical shift differences (right) of the alkyl group (9), hydroxyl (/), water (experimental:b;
calculated:O), and water-hydroxyl (y) peaks with respect to the respective methyl resonance at 298 K at variousxA in the (A) methanol-water,
(B) ethanol-water, and (C)tert-butyl alcohol-water systems. Error bars for the diffusion measurements are included; however, the errors are
typically smaller than the symbols. The water diffusion coefficient atxA ) 0 for each of the three samples was interpolated from the data in ref 40.
The dotted line represents extrapolation of the water-hydroxyl chemical shift calculated from the population-weighted average of the hydroxyl and
water protons.

E ) exp(-γ2g2Dδ2(∆ - δ/3)) (1)
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where γ is the gyromagnetic ratio.D was determined by
regressing eq 1 onto the spin-echo attenuation data (i.e.,
resonance integrals). All of the PGSE data were well described
by a single exponential. In the case of fast exchange where the
water resonance coalesced with the hydroxyl resonance, the
water diffusion coefficient was determined from

Chemical shifts were determined from simple pulse-and-acquire
spectra with respect to the (intramolecular) alcohol methyl
resonances to reduce the errors resulting from sample composi-
tion-dependent magnetic susceptibility differences.

Results and Discussion

Diffusion. The diffusion coefficients of the various species
and the chemical shifts in the three alcohol systems were
measured at 273.1, 283.4, and 298 K. Due to the higher freezing
point of TBA, NMR measurements could not be performed on
neat TBA at 273 K. Some species were not measurable in the
PGSE experiment due to exchange-induced relaxation. As an
example, the diffusion data from the 298 K measurements are
graphed in Figure 1 and some of the characteristic points of
the diffusion data for the three temperatures are summarized in
Table 1. The present data agree well with previous measure-
ments where the experimental conditions are sufficiently close
to allow valid comparisons and/or allowance is made for the
increased viscosity in deuterated systems (e.g., refs 8, 36, 37,
39, 41, and 42). Approximate values for the activation energies
for the translational motion of the alcohol (EA) and water (EW)
molecules were determined using theDA and DW values
obtained at the three temperatures and are given in Figure 2.
The activation energy for pure water,EH2O, (although in reality

non-Arrhenius) ranges from 16.6 kJ mol-1 at 298 K to 21.5 kJ
mol-1 at 273 K,40 or 20 kJ mol-1 if calculated from the diffusion
coefficients at the same temperatures used here.

Apart from the magnitudes of the diffusion coefficients, the
three alcohol systems exhibited similar trends; consequently,
the methanol system is considered in detail and only the points
of distinction of the ethanol and TBA systems are subsequently
discussed. Starting fromxA ) 0, DA rapidly decreases to a
minimum (DA min) at xA ∼ 0.25 and then gradually increases to
the value for neat methanol (DA xA)1). At low xA only DWOH

can be determined experimentally; however,DWcalc is only
slightly greater thanDWOH. The behavior ofDW is similar to
DA, but there are some distinct differences. At lowxA, the
condition DW > DA holds, butDW decreases to a minimum
value (DW min) at xA ∼ 0.4 (i.e., significantly later thanDA) and
almost converges withDA. At xA ) 0.5 and 0.6 the water and
hydroxyl resonances are partially distinct but coalesce again at
xA ) 0.7 and become distinct forxA > 0.7.DW at xA ) 0.5 and
0.6, andDOH atxA ) 0.6 (xA ) 0.5 is unmeasurable) are slightly
but significantly greater thanDA. At xA ) 0.7DWOH andDWcalc

become much greater thanDA (NB DA changed smoothly with
xA). However, byxA ) 0.8DOH ∼ DA and, surprisingly,DW <
DA, DOH. At xA ) 0.9DA ∼ DW, but at lower temperatures the
conditionDW < DA holds at bothxA ) 0.8 and 0.9. Apart from
decreases in magnitude, the overall behavior is largely temper-
ature independent with only a small shift of the position ofDA min

and DW min to lower xA. Starting from lowxA, EA and EW )
EH2O and then increase to reach maxima atxA ∼ 0.2 and then
increasingly divergently decrease to values significantly below
EH2O with EW > EA.

DA and DW converge at largerxA in the EtOH and TBA
systems in order of increasing size of the alkyl group.DA and
DW exhibit clear minima in the ethanol system, but onlyDA

exhibits a minimum in the TBA system. In contrast to the two
smaller alcohols,DA in the TBA system reaches a local
maximum atxA ) 0.8. This maximum has also been noted at
301 K.36 In the ethanol system, it was possible to measure the
diffusion of the trace quantity of water present in the neat sample
(i.e., xA ) 1) and remarkablyDW < DA. In the TBA system,
the water resonance was distinct at all but the lowestxA but
distinct at 273 K at allxA and, in contrast to the smaller alcohols,
the conditionDW > DA always held. Although “macroscopi-
cally” miscible, the greater independence ofDA and DW,
especially at lowxA, in the TBA system implies that this system
might be approaching immiscibility. While the hydroxyl proton
is in fast exchange with the water protons at lowxA in the
methanol and ethanol systems, the exchange is considerably
slower in the TBA system and thusDOH is measurable from
lower xA, where it is close toDW, and asxA increases from 0.2
to 0.4 it converges toDA.

EA andEW increase much more rapidly withxA in the ethanol
and TBA systems. In the ethanol system,EA and EW reach
maxima atxA ∼ 0.1 before decreasing to belowEH2O, but
different than the methanol system,EA andEW do not diverge.

TABLE 1: Characteristic Points in the Diffusive Behavior of the Three Alcohol Systemsa

methanol-H2O ethanol-H2O tert-butanol-H2O H2O

T (K)
DA xA)1

(× 10-9 m2 s-1)
xA of
DA min

xA of
DWmin

DA xA)1

(× 10-10 m2 s-1)
xA of
DAmin

xA of
DWmin

DA xA)1

(× 10-10 m2 s-1)
xA of
DAmin

xA of
DWmin

DW xA)0

(× 10-9 m2 s-1)

298.0 2.44 0.25 (45) 0.40 (55) 10.5 0.20 (59) 0.30 (39) 2.77 0.3 (92) 2.30
283.4 1.88 0.23 (38) 0.35 (53) 7.6 0.20 (46) 0.30 (35) 1.14 0.3 (102) 1.59
273.1 1.59 0.20 (31) 0.30 (52) 5.9 0.20 (36) 0.30 (30) 0.3 (NA) 1.10

a DA xA)1 is the diffusion coefficient of the pure alcohol. The number in brackets following the value ofxA where diffusive minima occur represents
the ratio (DA min/DA xA)1 or DW min/DW xA)0) as a percentage.

Figure 2. Approximate values for the Arrhenius activation energies
for the translational motion of the alcohol (EA; solid) and water (EW;
open) molecules for methanol (circle), ethanol (triangle), and TBA
(square) systems calculated using the values ofDA andDW (see Figure
1).

DWcalc )
(2 - xA)DWOH - xADA

2(1 - xA)
(2)
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Despite the larger error in the estimates ofEA andEW for the
TBA system, it is clear that after the rapid initial increase to
almost twiceEH2O, EA and EW remain roughly constant, in
distinct contrast to the methanol and ethanol systems.

Stokes Radii.Although not strictly applicable due to the close
relative sizes of the species, the Stokes-Einstein equation (stick
boundary condition), viz.

wherek is the Boltzmann constant andη (Pa s) is the solvent
viscosity, provides a framework for discussing the alcohol
diffusion data in terms of solution structure. Assuming that the
effective hydrodynamic radius,r, is proportional tox3Mw, the
equation predicts that in very dilute solution the difference in
diffusion coefficient between the three alcohols should be less
than a factor of 2 (NB the radii of MeOH, EtOH, and TBA
derived from the molar volumes are 2.5, 2.8, and 3.4 Å,
respectively); however, in reality the difference is much larger
as shown in Figure 1 (e.g., at 298 KDA min ) 1.1 × 10-9 m2

s-1 MeOH, 0.6× 10-9 m2 s-1 EtOH, and 2.6× 10-10 m2 s-1

TBA). SinceDW is also drastically decreased at lowxA, although
to different extents in each system, the differences in diffusive
behavior between the three alcohols must result from large
differences in alcohol-water interactions together with some
contribution from alcohol self-association. Alcohol self-associa-
tion alone, however, cannot explain the large stabilizing effect
on the water structure that is revealed by the dramatic decreases
in DW at low xA. Whereas intermolecular interactions should
affect the solution viscosity, increased alcohol self-association
at low xA should only affectDA.

The normalized Stokes radii for the alcoholrA and waterrW

derived from eq 3 and literature values for the viscosities for
the three systems are plotted in Figure 3. In each case, there is
an initial very large increase inη which reaches a maximum at
xA ∼ 0.3 before decreasing in the case of methanol and ethanol
but with a very slight rise in the case of TBA at highxA. In the
case of methanol,rA decreases withxA and reaches a minimum
atxA ∼ 0.3 before increasing to its pure solution (i.e., maximum)
value. WhereasrW initially decreases and then gradually rises
to a value almost 50% larger than the value in pure water.rW

in the ethanol system behaves similarly to that in the methanol
system except that the decrease at lowxA and the subsequent
increase are much more pronounced;rA has a local maximum
at xA ) 0.06. The behavior ofrA and rW in the TBA system
closely follow the ethanol system, and at lowxA there is now
an even more pronounced increase inrA to a value significantly
larger than its value in pure TBA. However, no local maximum
was observed forrA at low xA, although this could be a
consequence of insufficient sampling of the lowxA region.

Alcohol Solution Dynamics.Methanol.The decrease of both
DA andDW at low xA indicates there is significant interaction
between the methanol and water molecules.DA reaching a
minimum before DW implies the formation of hydration
structures around the alcohol molecules. The proportion of the
water that can be stabilized will depend on bothxA and the
number of water molecules that can hydrate around an alcohol
molecule. AsxA increases, a point is reached before all of the
water molecules can be incorporated into such hydration
structures where it is thermodynamically just as favorable for a
water molecule to remain in solution or to enter a hydration
shell. When there are insufficient water molecules to form
hydration shells, alcohol self-association (“micellization”) might
become favorable. Indeed, integral equation theory and MD

simulations26 indicate a slight preference for water molecules
to pack around the methanol oxygen group compared to the
methanol methyl group. Consequently, the hydration structures
become less well-defined, although the water as a whole is still
more structured than pure water andDA starts to increase slightly
beforeDW has reached a minimum. The lowrA values at low
xA indicate that methanol does not undergo significant self-
association, which is as expected since, of the three alcohols,
methanol is capable of forming the strongest hydrogen bonds
with water due to its smaller size and less steric hindrance to
the OH group and thus prefers to form 1:1 compounds with
water.9

MD simulations imply that methanol is strongly solvated by
a cage of water molecules at lowxA and occupies the interstitial

D ) kT
6πηr

(3)

Figure 3. The effective radii of the alcohol (rA, 9) and water (rW, b)
determined fromDA, DW, DWcalc and literature values of the solution
viscosities (MeOH (298 K):49 EtOH (298 K):29 BuOH (301 K):36) using
eq 3 for the methanol, ethanol, and butanol systems. Values of the
solution viscosity at the samexA used in the present work were
determined by interpolation of the viscosity data (×) with a fifth order
polynomial (__). The effective radii are normalized according to the
respective pure solvent values. The value ofrW stemming from thexA

) 0.7 MeOH sample is less definite and is indicated by a solid diamond.
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cavities in the water network, thereby retarding the diffusion
of the water molecules.21,23 The simulations also indicate that
while methanol affects the water hydrogen-bond network, its
influence does not extend past the first hydration shell.23 On
the basis of partial molar enthalpy data,14 it was concluded that
at low xA the solute enhances the hydrogen bond network in its
immediate vicinity, but diminishes the hydrogen bond prob-
ability in the bulk away from the solute, although the hydrogen
bond network is connected throughout the bulk at any instance.
These findings are consistent with the observation ofDW > DA

at low xA.
xA ) 0.7 corresponds to equal numbers of water and hydroxyl

protons and thus the apparently anomalous increase inDOH at
xA ) 0.7 may correspond to the eversion from “methanol in
water” to “water in methanol”. The largeDOH value may simply
be experimental error, but in support of the present data we
note that the sample composition was verified from integrals
of 1D NMR spectra and thatDA changed smoothly withxA.
Further, extrapolation of the calculated water-hydroxyl chemical
shift calculated from the hydroxyl and water proton shifts (dotted
line in Figure 1A) correctly predicts the chemical shift measured
at xA ) 0.7.

At xA g 0.8, the water molecules move independently of the
alkyl group since althoughDA andDOH are very similar,DW is
significantly lower. This is in agreement with MD simulations,21

indicating that at highxA methanol retains most of its pure liquid
structure. At highxA, EW tends to around 15 kJ mol-1 (see
Figure 2), which is significantly less thanEH2O but approaching
the activation energy of isolated water molecules in nitromethane
(10 kJ mol-1);43 thus, at highxA water is present either as
isolated water molecules or as very small clusters.

Ethanol.The even larger decrease inDA andDW at low xA

than in the methanol system indicates even stronger alcohol-
water interactions and again the lag in the decrease ofDW

indicates the formation of clathrate-like hydrates. However, the
spike inrA at xA ) 0.06, which is at a considerably lower mole
fraction than whereDA min occurs (xA ∼ 0.2), is direct evidence
for ethanol self-association. Maximum solution structuring
occurs at the value ofxA corresponding toDW min and conse-
quentlyDA min occurs at higherxA than if the reduction inDA

was due solely to self-association. The strengthening of
hydrogen bonds between water molecules surrounding the alkyl
group and overall stabilization of the water structure with
increasingxA has also been indicated by chemical shift and
molar excess entropy measurements.16,18,28 Compressibility
measurements at 298 K indicate that the ethanol is essentially
monomeric forxA < 0.06, and increasingly self-associated in
the range 0.06< xA < 0.29.11-13 However, A22 parameter
analysis indicates increased self-association with decreasingxA,
especially at higher temperatures.37 This is consistent with the
results of IR, MS, and XRD measurements,17,27which indicate
significant self-association atxA e 0.03 with dimerization being
evident in very dilute solution (xA ≈ 0.001) consistent with a
model of a hydrophobic core structure composed of coherent
ethyl groups with a strong hydrogen-bonded cage of water. The
activation enthalpy and entropy derived from dielectric mea-
surements give a distinct maximum atxA ) 0.22,6 which is,
within experimental error, the same value ofxA whereDA min

occurs. Although mass spectra showed drastic changes forxA

e 0.2, the spectra changed only slowly withxA above this.17,27

Compressibility measurements at 298 K indicate that above
xA ) 0.29 the hydrophobic hydration effects become negligible
and the H2O loses its hydrogen bond network and mixes into
the ethanol solution as a single molecule.11-13 This transition

from water molecules being predominantly involved with other
water molecules to becoming isolated water molecules diffusing
in the “dynamic alcohol matrix” explains the crossover ofDW

andDA at xA ∼ 0.9 and is consistent with the low value ofEW

at highxA. Water and ethanol form an azeotrope atxA ) 0.89
(95.57% ethanol by wt),44 and thus it is interesting to speculate
how the crossover in diffusion coefficients is related to azeotrope
formation. The independence ofDW at high xA supports the
inability to find any evidence for the formation of water adducts
to ethanol chains at highxA,8 but at variance with a report of
the formation of strong hydrogen bonds between the water
proton and hydroxyl oxygens at highxA based on chemical shift
measurements.16,18Thermodynamic measurements of the molar
excess entropy also indicate an increase in the total number of
hydrogen bonds at highxA.28 However, given thatDA ) DOH

> DW at highxA it is reasonable to surmise that the hydrogen
bonds are only between the same species (i.e., presumably
ethanol-ethanol).

tert-Butanol. DA andDW decrease most drastically at lowxA

in the TBA system and again the decrease inDW lags behind
DA. The very largerA value at lowxA indicates significant TBA
self-association. The drop inrW at low xA is much larger than
that for methanol and slightly larger than that observed for
ethanol. MD simulations24 reveal that thetert-butyl group
sterically limits water’s ability to hydrogen bond to the hydroxyl
group and consequently TBA’s hydration structure. Neverthe-
less, the closer fit of the TBA alkyl group than of alkyl groups
of methanol or ethanol to the interstitial cavities in the water
structure provides a more potent source of stabilization as
verified by MD simulations.19,20 Chemical shift,18,31 light
scattering,10 thermodynamic,14 and IR and compressibility
data12-15 have also indicated structural enhancement associated
with an increase in hydrogen-bonding in the immediate vicinity
of the TBA, and that the enhancement tends toward some
energetically favorable ordered structure in the neighborhood
of xA ) 0.1. This is in close agreement with our data. It is noted
that the ratioDA min/DA xA)1 decreases with increasing temper-
ature for the TBA system, which appears to be consistent with
the earlier light scattering study where it was suggested that
the clathrate-hydrate structure breaks down with increasing
temperature.10 Interestingly, this ratio increases with temperature
for the two smaller alcohols (Table 1).

Previous studies, although conflicting in details, indicate that
maximum TBA self-association occurs at very lowxA. A22

analysis indicates that maximum self-association occurs atxA

) 0.02-0.03,39 whereas IR indicates that the aggregation
threshold for TBA isxA ) 0.025,45 while compressibility studies
indicate increasing TBA self-association in the range 0.025<
xA < 0.13.12,13 In contrast, MD simulations indicate that atxA

) 0.02 there was little tendency to aggregate but atxA ) 0.08
aggregates consisting of three or four molecules are formed.24

There is also controversy as to the size of the aggregates with
X-ray diffraction and light scattering studies indicating the
formation of very large clusters (e.g., X-ray: TBA(H2O)28 at
xA ) 0.039; light scattering: TBA(H2O)21 for 0 e xA e 0.05
and (TBA)5 (H2O)105 for 0.05e xA e 0.06).10,46Large clusters
(e.g, TBA(H2O)30 at xA ) 0.032) have also been postulated on
the basis of diffusion data.47 Smaller clusters such as penta- or
hexahydrates of TBA have been inferred from dielectric and
DSC measurements,9 and similarly, neutron diffraction studies
indicate that asxA increases from 0.06 to 0.16 small clusters of
2-3 TBA increasing to 5-6 molecules.48 From the magnitude
of rA, our data indicate the presence of only reasonable small
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clusters. Nevertheless, analysis would be complicated by
polydispersity of cluster size.

Neutron diffraction data indicate that the dominant contact
between the TBA molecules is via headgroups as expected for
a process driven by hydrophobic interactions.48 Previous dif-
fusion based studies47 at very low xA have indicated thatrA

was independent ofxA at very low xA and then decreased
suddenly atxA ) 0.033. Consequently, the valuexA ) 0.032,
which was termed the critical clathrate concentration, would
correspond to the point where all of the water molecules were
incorporated into the hydration shell. AsxA increases past this
point, there is insufficient water to form such hydration shells
and consequentlyrA decreases. In agreement with this, we note
thatrW begins increasing soon afterrA starts to decrease at low
xA. It has been reasoned that if the decrease inrA was smooth
the decrease may result from the formation of short-lived micelle
like species.47 In the present work,rA does decrease smoothly;
however, earlier diffusion measurements at very lowxA

47 give
an abrupt decrease inconsistent with the formation of transient
micellar species. Solute-solute enthalpic interactions,HAA

E ,
which measure the degree of attraction between the alcohol
molecules, peak aroundxA ) 0.04-0.06 and increase dramati-
cally in going from methanol (33 kJ mol-1) to ethanol (73 kJ
mol-1) to TBA (350 kJ mol-1)14 and is consistent with our
diffusion data, as little or no self-association was noted for
methanol, some self-association for ethanol, and very significant
self-association for TBA.

Chemical shift studies have revealed that there is significant
disruption to hydrogen bonding in the rangexA ) 0.63-0.71
in the TBA system,31 and, as for ethanol, this region marks the
transition to isolated water molecules. Thus, the maximum in
DA observed aroundxA ∼ 0.8 may be a consequence of this
concentration providing the weakest intermolecular interactions
as it also marks a local viscosity minimum (see Figure 3C).
Similar to ethanol and methanol, the divergence ofrA and rW

at highxA likely indicate the existence of a “water in oil” type
phase separation.

Conclusions

The results show unequivocally that the alcohols enter into
clathrate-like hydrates at lowxA. This hydration process is
complicated by alcohol self-association, which is most evident
in the TBA system and results from the increased hydrophobic
interactions stemming from its large alkyl group. AsxA

increases, the hydrate structures become less well defined, and
at very highxA the solution dynamics of the water and alcohol
molecules become increasingly independent.
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