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The associative behavior of agueous methanol, ethanolieatiutyl alcohol solutions at mole fractions
ranging from O 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 thatert-butyl alcohol has the greatest ability to stabilize water through hydrophobic hydration
than methanol or ethanol due to the more ideal fit oftérébutyl group to the structure of water. However,

at higher concentratiortert-butyl alcohol is the least able to cohesively interact with water through hydrogen
bonding. The results provide compelling evidence for alcohol self-association (methatbhnol < 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 measurements;28 and viscosity?® Yet, the solution behavior

) ) . of these monohydric alcohol systems remains controversial.
Many of the anomalous physical properties observed in

liquids are related to inhomogeneities at the microscopic fedvel. NMR-based techniques are information rich and noninvasive.
Monohydric alcohotwater mixtures have long attracted atten- Many of the NMR measurements of these alcohol systems have
tion due not only to their ubiquitous nature, but also to their iNvolved chemical shift measurements (e.g., refs 16, 18, 30, and
importance as model systems: the amphiphilic nature of alcohol 31), but the data interpretation is complicated by the need to
molecules makes them excellent probes for studying water correct for thexa-dependent changes in bulk magnetic suscep-
structure, since through hydrogen bonding, they strongly interact tibility. 83! Since the self-diffusion coefficient of a single
with water and modulate the clathrate-like structures that form molecule is directly related to molecular size and selstalvent
in pure wate® > Also, depending on the size and arrangement interactions, it provides particularly direct information on
of their alkyl groups, the alcohol molecules perturb the water solution structure. Pulsed gradient spicho (PGSE) NMR&:33
structure through steric and hydrophobic interactions (“hydro- is a very convenient technique for measuring self-diffusion.
phobic hydration”): Indeed, “premicellar” hydrophobic inter-  From fluorescence measurements, it is known that the mono-
actions are the dominant factor in the molecular dynamics of hydric alcohol aggregates have lifetimes of less thams 3
microheterogeneity.Consequently, clarification of the non-  \which is much shorter than the PGSE time scale (tens of
covalent association in monohydric alcohols is useful for mijliseconds). Thus, the measured diffusion coefficient of a
understanding the self-assembly of micelle systems and proteingpeies reflects a time-average over all of its association states.
stabilization and denaturation. Although some studies have used fully protonated samples, most
Due to their close structural similarity, methanol (MeOH), nave used deuterated species and sometimes in combination with

ethanol (EtOH), andert-butyl alcohol (TBA) is an obvious set 1 NVIR relaxation measurements to calculate the “association
of monohydric alcohols to contrast, with TBA being the most 53 metera,, 352

hydrophobic alcohol that is miscible with water at all alcohol

mole fractionsxa. Solutions of these alcohols have been studied ~ H€re, PGSE measurements were used to comprehensively

using a variety of techniques including densitgielectric probe these three aqueous alcohol systems over the entire
relaxation®? dynamic light scattering® compressibilityt1-15 concentration range at 273, 283, and 298 K. Since undeuterated
IR,81213.1618 molecular dynamic (MD) simulatiori€; 24 mutual alcohols and water were used, the diffusion coefficients of the
diffusion measurement8racer diffusiorf neutron diffractiorf2 water, Dw, the hydroxyl protonDon, or in the case of fast

integral equation theorsf, MS and XRD!7-2’thermodynamics ~ exchange between water and hydroxyl protons, the average
diffusion coefficient of the water and hydroxyl protom®yon,
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Tokyo Metropolitan University, 1-1 Minami-Ohsawa, Hachioji, Tokyo 192-  D,. In addition, the'H chemical shifts of the species relative
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# Ajinomoto Co,, Inc. behaving like pure liquids, how their hydration shells interact
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Figure 1. Diffusion coefficients (left) and chemical shift differences (right) of the alkyl grom, thydroxyl (¢), water (experimental:@®;
calculated: O), and water-hydroxyl®) peaks with respect to the respective methyl resonance at 298 K at vakiouthe (A) methanotwater,

(B) ethanot-water, and (C)ert-butyl alcohot-water systems. Error bars for the diffusion measurements are included; however, the errors are
typically smaller than the symbols. The water diffusion coefficientxat 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.

Experimental Section

sequence containing a “square” magnetic field gradient pulse
Materials. Methanol (absolute grade) was from Sigma of durationd and magnitudey in eacht period was used for
ethanol (extra pure grade) was from Wako Pure Chemicals a’ndthe translational diffusion measurements. The separation be-
tert-butyl alcohol (extra pure grade) was from Nacalai Tesque. twee_n the leading edge_s of_the gradient puldesyhich defines
Reverse osmosis water was used to prepare the samples. rdhe Flme scale of the diffusion measur(_ament was set to 30 ms.
NMR measurements, samples were placed and flame sealed intd YPically, 0 was set to 4 ms and 13 incrementsgfn the
5-mm spherical microcells (529A; Wilmad, NJ). The composi- ange of 0 to 0.5 Tm" were used with four scans being averaged
tions of the samples were verified from the ratio of the integrals fO" €ach value ofg. For a single diffusing species, the echo
of the resonances in a standard pulse-and-acquire NMR experiSignal attenuationt, is related to the diffusion coefficiend,
ment. by

NMR Measurements.’H PGSE NMR measurements were

performed as described previoudhThe Hahn spir-echo pulse E = exp(—y*g’Do%(A — 6/3)) Q)
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TABLE 1: Characteristic Points in the Diffusive Behavior of the Three Alcohol System3
methanol-HO ethanol-HO tert-butanol-HO H0O
Dasxa=1 Xa Of Xa Of Da xa=1 Xa Of Xa Of Da xa=1 Xa Of Xa Of Dw xs=0

T (K) (X 109 m? S_l) Da min Dwmin (X 10710 m? S_l) D amin Dwmin (X 10°10m2 S—l) Damin Dwmin (X 10°9 m?2 S—]_)
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 xs=1 IS the diffusion coefficient of the pure alcohol. The number in brackets following the valkievdfiere diffusive minima occur represents

the ratio Damin/Da xa=1 OF Dw min/Dw x,=0) @S @ percentage.
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Figure 2. Approximate values for the Arrhenius activation energies
for the translational motion of the alcohdt4; solid) and water Ew;
open) molecules for methanol (circle), ethanol (triangle), and TBA
(square) systems calculated using the valud3,0dndDy (see Figure
1).

where y is the gyromagnetic ratioD was determined by
regressing eq 1 onto the spiecho attenuation data (i.e.,
resonance integrals). All of the PGSE data were well describe

by a single exponential. In the case of fast exchange where the

water resonance coalesced with the hydroxyl resonance, th
water diffusion coefficient was determined from

_ (2= X))Dyon ~ XaDa
DWcaIc - 2(1 _ XA)

)

Chemical shifts were determined from simple pulse-and-acquire

spectra with respect to the (intramolecular) alcohol methyl

e

non-Arrhenius) ranges from 16.6 kJ méhat 298 K to 21.5 kJ
mol~1 at 273 K#0 or 20 kJ mot? 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 froma = 0, Da rapidly decreases to a
minimum (Da min) atXa ~ 0.25 and then gradually increases to
the value for neat methanoDf x,=1). At low Xa only Dwon
can be determined experimentally; howevBKycac iS only
slightly greater tharDwon. The behavior oDy is similar to
Da, but there are some distinct differences. At low, the
condition Dy > Da holds, butDy decreases to a minimum
value Dw min) atxa ~ 0.4 (i.e., significantly later thabB,) and
almost converges witDa. 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 foi > 0.7.Dw atxa = 0.5 and
0.6, andDon atxa = 0.6 (ka = 0.5 is unmeasurable) are slightly
but significantly greater thabDa. At xa = 0.7 Dwon andDwcalc
become much greater th&p (NB Da changed smoothly with

dXA)' However, byxa = 0.8 Doy ~ Da and, surprisinglyDy <

Da, Don. At xa = 0.9Da ~ Dy, but at lower temperatures the
< Da holds at bottxa = 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 positioD@fnin
and Dy min to lower xa. Starting from lowxa, Ea andEyw =
En,0 and then increase to reach maximacat~ 0.2 and then
increasingly divergently decrease to values significantly below
EHZO with Ew > Ea.

Da and Dy converge at largera in the EtOH and TBA
systems in order of increasing size of the alkyl grobp.and

conditionDy

resonances to reduce the errors resulting from sample composiD,, exhibit clear minima in the ethanol system, but oy

tion-dependent magnetic susceptibility differences.

Results and Discussion

Diffusion. The diffusion coefficients of the various species

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 K38 In the ethanol system, it was possible to measure the

and the chemical shifts in the three alcohol systems were diffusion of the trace quantity of water present in the neat sample
measured at 273.1, 283.4, and 298 K. Due to the higher freezing(i-€-, Xa = 1) and remarkablDy < Da. In the TBA system,
point of TBA, NMR measurements could not be performed on the water resonance was distinct at all but the lowasbut

neat TBA at 273 K. Some species were not measurable in thedistinct at 273 K at alka and, in contrast to the smaller alcohols,
PGSE experiment due to exchange-induced relaxation. As anthe conditionDw > Da always held. Although “macroscopi-
example, the diffusion data from the 298 K measurements arecally” miscible, the greater independence Dh and Dw,
graphed in Figure 1 and some of the characteristic points of €specially at lovka, in the TBA system implies that this system
the diffusion data for the three temperatures are summarized inmight be approaching immiscibility. While the hydroxyl proton
Table 1. The present data agree well with previous measure-is in fast exchange with the water protons at lewvin the
ments where the experimental conditions are sufficiently close Mmethanol and ethanol systems, the exchange is considerably

to allow valid comparisons and/or allowance is made for the

slower in the TBA system and thu3on is measurable from

increased viscosity in deuterated systems (e.g., refs 8, 36, 37/0wWerxa, where itis close t@w, and a increases from 0.2
39, 41, and 42). Approximate values for the activation energies 0 0.4 it converges t®a.

for the translational motion of the alcohdt{) and water Ew)
molecules were determined using ti and Dy values

Ea andEw increase much more rapidly witta in the ethanol
and TBA systems. In the ethanol systeB) and Ew reach

obtained at the three temperatures and are given in Figure 2.maxima atxa ~ 0.1 before decreasing to belof,o, but

The activation energy for pure watdt,,o, (although in reality

different than the methanol systeBy andEy do not diverge.
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Despite the larger error in the estimatestaf and Ew for the 2.00 ——— — i —5
TBA system, it is clear that after the rapid initial increase to sl MeOH
almost twiceEn,0, Ea and Ew remain roughly constant, in ’ 14
distinct contrast to the methanol and ethanol systems. 150 - . o
Stokes Radii.Although not strictly applicable due to the close S 125t R 13 2
relative sizes of the species, the StokEinstein equation (stick Y 100l I . - %
.. . - o0 b o n
boundary condition), viz. PR L B 1, ;
_ kT 3) 0.50
Ll 0.25
wherek is the Boltzmann constant and(Pa s) is the solvent 0.00

viscosity, provides a framework for discussing the alcohol
diffusion data in terms of solution structure. Assuming that the

effective hydrodynamic radius, is proportional tovMw, the

equation predicts that in very dilute solution the difference in 200
diffusion coefficient between the three alcohols should be less L75
than a factor of 2 (NB the radii of MeOH, EtOH, and TBA 1.50
derived from the molar volumes are 2.5, 2.8, and 3.4 A, 125 5
respectively); however, in reality the difference is much larger s §
as shown in Figure 1 (e.g., at 298 min = 1.1 x 1079 m? <F 1.00] ol
s1MeOH, 0.6x 10°m? s 1 EtOH, and 2.6x 10 19m? st 7. 075 -
TBA). SinceDy is also drastically decreased at layy although s =~
to different extents in each system, the differences in diffusive ’
behavior between the three alcohols must result from large 0.25
differences in alcohetwater interactions together with some 0.00 - . . . . 0
contribution from alcohol self-association. Alcohol self-associa- 00 02 04 06 08 10
tion alone, however, cannot explain the large stabilizing effect x,
on the water structure that is revealed by the dramatic decreases
in Dw at low xa. Whereas intermolecular interactions should 200
affect the solution viscosity, increased alcohol self-association 1.75
at low xa should only affecDa. 1.50

The normalized Stokes radii for the alcolgland waterry o 125 o
derived from eq 3 and literature values for the viscosities for ez r =
the three systems are plotted in Figure 3. In each case, there is _ - 100 g
an initial very large increase ipwhich reaches a maximum at ";< 0.75 >
xa ~ 0.3 before decreasing in the case of methanol and ethanol 0.50 =~
but with a very slight rise in the case of TBA at higk. In the
case of methanot, decreases witka and reaches a minimum 0.25 I
atxa ~ 0.3 before increasing to its pure solution (i.e., maximum) 0.00 L : : : L 1o
value. Whereasy initially decreases and then gradually rises 00 02 04 06 08 10
to a value almost 50% larger than the value in pure waigr. XA

in the ethanol system behaves similarly to that in the methanol gigyre 3. The effective radii of the alcohot{, W) and water gy, ®)
system except that the decrease at lawand the subsequent  determined fronDa, Dw, Dweac and literature values of the solution
increase are much more pronouncegdhas a local maximum  viscosities (MeOH (298 K}° EtOH (298 K)2° BUOH (301 K)2®) using

at xa = 0.06. The behavior ofs andry in the TBA system eq 3 for the methanol, ethanol, and butanol systems. Values of the
closely follow the ethanol system, and at lowthere is now  Solution viscosity at the sames used in the present work were
an even more pronounced increasesiio a value significantly determined by interpolation of the viscosity datg) vith a fifth order

. . . polynomial (). The effective radii are normalized according to the
larger than its value in pure TBA. However, no local maximum  respective pure solvent values. The valugptemming from the

was observed fora at low xa, although this could be a  =0.7 MeOH sample is less definite and is indicated by a solid diamond.
consequence of insufficient sampling of the lawregion.

Alcohol Solution Dynamics.Methanol.The decrease of both  simulationd® indicate a slight preference for water molecules
Da andDy at low xa indicates there is significant interaction to pack around the methanol oxygen group compared to the
between the methanol and water moleculPg. reaching a methanol methyl group. Consequently, the hydration structures
minimum before Dy implies the formation of hydration  become less well-defined, although the water as a whole is still
structures around the alcohol molecules. The proportion of the more structured than pure water &bgl starts to increase slightly
water that can be stabilized will depend on bathand the beforeDy has reached a minimum. The law values at low
number of water molecules that can hydrate around an alcoholxa indicate that methanol does not undergo significant self-
molecule. Asxa increases, a point is reached before all of the association, which is as expected since, of the three alcohols,
water molecules can be incorporated into such hydration methanol is capable of forming the strongest hydrogen bonds
structures where it is thermodynamically just as favorable for a with water due to its smaller size and less steric hindrance to
water molecule to remain in solution or to enter a hydration the OH group and thus prefers to form 1:1 compounds with
shell. When there are insufficient water molecules to form water?
hydration shells, alcohol self-association (“micellization”) might MD simulations imply that methanol is strongly solvated by
become favorable. Indeed, integral equation theory and MD a cage of water molecules at low and occupies the interstitial
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cavities in the water network, thereby retarding the diffusion from water molecules being predominantly involved with other
of the water molecule®:?3 The simulations also indicate that ~water molecules to becoming isolated water molecules diffusing
while methanol affects the water hydrogen-bond network, its in the “dynamic alcohol matrix” explains the crossoverDyf
influence does not extend past the first hydration si¥e®n andDp atxa ~ 0.9 and is consistent with the low value Bj

the basis of partial molar enthalpy dafdt was concluded that  at highxa. Water and ethanol form an azeotropexat= 0.89

at lowxa the solute enhances the hydrogen bond network in its (95.57% ethanol by wt}* and thus it is interesting to speculate
immediate vicinity, but diminishes the hydrogen bond prob- how the crossover in diffusion coefficients is related to azeotrope
ability in the bulk away from the solute, although the hydrogen formation. The independence 8fy at high xa supports the
bond network is connected throughout the bulk at any instance.nability to find any evidence for the formation of water adducts

These findings are consistent with the observatioR@f> Da to ethanol chains at higka,8 but at variance with a report of

at low xa. the formation of strong hydrogen bonds between the water
xa = 0.7 corresponds to equal numbers of water and hydroxyl proton and hydroxyl oxygens at high based on chemical shift

protons and thus the apparently anomalous increaSejinat measurement$:18 Thermodynamic measurements of the molar

Xa = 0.7 may correspond to the eversion from “methanol in excess entropy also indicate an increase in the total number of
water” to “water in methanol”. The largeon value may simply hydrogen bonds at higkn.28 However, given thaDa = Doy

be experimental error, but in support of the present data we > D,y at highxa it is reasonable to surmise that the hydrogen
note that the sample composition was verified from integrals honds are only between the same species (i.e., presumably
of 1D NMR spectra and thaD, changed smoothly wittxa. ethanot-ethanol).

Fu_rther, extrapolation of the calculated water-hydroxyl chemical tert-Butanol. D\ andDw decrease most drastically at low
s_,h|ft_calc_:ulated from the hydroxyl and water proton s_hlfts (dotted in the TBA system and again the decreas®in lags behind

line in Figure 1A) correctly predicts the chemical shift measured Da. The very largea value at lowxs indicates significant TBA

atxa = 0.7, . self-association. The drop iy at low xa is much larger than
At xa = 0.8, the water molecules move independently of the {hat for methanol and slightly larger than that observed for
alkyl group since althougba andDoy are very similarDy is ethanol. MD simulatior® reveal that thetert-butyl group
§|gn|f|qantly |0W€I’..ThIS ISin agreemept with MD 'S|mulat|(.)ﬁs., sterically limits water’s ability to hydrogen bond to the hydroxyl
indicating that at highxa methanol retains most of its pure liquid group and consequently TBA's hydration structure. Neverthe-

Et_ructurze. A;]_hlhg_th_, E‘.’}’. tentclislto atrr:)und éSth mod (i’]‘?e less, the closer fit of the TBA alkyl group than of alkyl groups
thlguret_ ),t'W Icnis S|grf1|_ |c?nt 3(’, esi &fo lIJ a_pprfzac mt% of methanol or ethanol to the interstitial cavities in the water
€ activation energy of Isp'ated water molecuies In NIrOMEINANE gy, rre provides a more potent source of stabilization as

.43 . : .
(10 kJ moP);* thus, at highx, water is present either as g ifieq by MD simulations®2° Chemical shift®3! light

isolated water molecules or as very small clusters. scattering® thermodynamié® and IR and compressibility
Ethanol. The even larger decrease ) andDw at low xa datd? 15 have also indicated structural enhancement associated
than in the methanol system indicates even stronger aleohol - yith an increase in hydrogen-bonding in the immediate vicinity

yvg’ger interr]acftions and :?g.lslinhthe Il‘_ﬂ’ll(g ir?(;he decHreast)f H of the TBA, and that the enhancement tends toward some
indicates the formation of clathrate-like hydrates. However, the energetically favorable ordered structure in the neighborhood

spike inra atx = 0.06, which is at a considerably lower mole ¢, "~ 4 1 This is in close agreement with our data. It is noted

fraction than wher@, min OCCUIS & - 0.2),is dlrgct ewdencg that the ratioDa min/Da x,=1 decreases with increasing temper-

for ethanol self-association. Maxwpum solution structuring ature for the TBA system, which appears to be consistent with
OEerJ]rtls ?)t th.e ggéﬂ?soé’; ﬁiorrr]eesmmg':(‘i}f :ﬂ)ewrgguirggﬁ?rrse- the earlier light scattering study where it was suggested that
d Y DA min gneka A the clathrate-hydrate structure breaks down with increasing

was due solely to self-association. The strengthening of temperaturd? Interestingly, this ratio increases with temperature
hydrogen bonds between water molecules surrounding the aIkyIfor the two smaller alcohols (Table 1).

group and overall stabilization of the water structure with _ i N o
increasingxa has also been indicated by chemical shift and Previous studies, although conflicting in details, indicate that
molar excess entropy measureméfis:28 Compressibility maximum TBA self-association occurs at very low. Az
measurements at 298 K indicate that the ethanol is essentiallyanalysis indicates that maximum self-association occurg at
monomeric forxa < 0.06, and increasingly self-associated in = 0.02-0.03° whereas IR indicates that the aggregation
the range 0.06< X, < 0.2911-13 However, Ay, parameter threshold for TBA isxa = 0.0257° while compressibility studies
analysis indicates increased self-association with decreaging indicate increasing TBA self-association in the range 0.625
especially at higher temperatur@sThis is consistent with the ~ xa < 0.13!213In contrast, MD simulations indicate that
results of IR, MS, and XRD measuremehtd! which indicate = 0.02 there was little tendency to aggregate buaat= 0.08
significant self-association &t < 0.03 with dimerization being ~ aggregates consisting of three or four molecules are fofthed.
evident in very dilute solutionxg ~ 0.001) consistent with a  There is also controversy as to the size of the aggregates with
model of a hydrophobic core structure composed of coherent X-ray diffraction and light scattering studies indicating the
ethyl groups with a strong hydrogen-bonded cage of water. The formation of very large clusters (e.g., X-ray: TBA{Bl),s at
activation enthalpy and entropy derived from dielectric mea- xa = 0.039; light scattering: TBA(kD)z; for 0 < xa < 0.05

surements give a distinct maximum xat = 0.225 which is, and (TBA)s; (H20)10s for 0.05< xa < 0.06)1046arge clusters

within experimental error, the same value>af whereDa min (e.g, TBA(H:O)30 at xa = 0.032) have also been postulated on
occurs. Although mass spectra showed drastic changes for  the basis of diffusion datd. Smaller clusters such as penta- or
< 0.2, the spectra changed only slowly with above thist?27 hexahydrates of TBA have been inferred from dielectric and

Compressibility measurements at 298 K indicate that above DSC measuremenfsand similarly, neutron diffraction studies
xa = 0.29 the hydrophobic hydration effects become negligible indicate that aga increases from 0.06 to 0.16 small clusters of
and the HO loses its hydrogen bond network and mixes into 2—3 TBA increasing to 56 molecules'® From the magnitude
the ethanol solution as a single molectiie!® This transition of ra, our data indicate the presence of only reasonable small



Association in Aqueous Monohydric Alcohols J. Phys. Chem. A, Vol. 107, No. 24, 2008789

clusters. Nevertheless, analysis would be complicated by  (6) Petong, P.; Pottel, R.; Kaatze, U. Phys. Chem. 2000 104,
i . : 7420-7428.
polydispersity of cluster size. .
: . L : 7) R ht, A.; Kaatze, W. Phys. Chem. A999 103 6485-
Neutron diffraction data indicate that the dominant contact 649(1.) Hppree aalze ys. ~hem 9103

between the TBA molecules is via headgroups as expected for  (8) Harris, K. R.; Newitt, P. J.; Derlacki, Z. J. Chem. Soc., Faraday

a process driven by hydrophobic interactiéd®revious dif- Tfafz;-)ll?ﬂ98tg4' é9§53—’\1‘%7%h Chemi999 103 76277937

; ; P urthy, S. S. NJ. Phys. Che — .
fu5|orj based studiésat very low x, have indicated thata (10) Iwasaki, K.. Fujiyama, TJ. Phys. Cheml977, 81, 1908-1912.
was independent oka at very low x, and then decreased (11) Onori, G.J. Chem. Phys198§ 89, 4325-4332.
suddenly atxa = 0.033. Consequently, the valug = 0.032, (12) D’Angelo, M.; Onori, G.; Santucci, Al. Chem. Phys1994 100,

which was termed the critical clathrate concentration, would 31((’175)3%156” G.: Santucei, AJ, Mol, Lig, 1996 68, 161181
correspond to the point where all of the water molecules were  (14) Tanaka, S. H.; Yoshihara, H. I.; Ho, A. W. C.; Lau, F. W.; Westh,

incorporated into the hydration shell. &g increases past this  P.; Koga, Y.Can. J. Chem1996 74, 713-721.

point, there is insufficient water to form such hydration shells 1 §1251) I;énura, K.; Osaki, A.;; Koga, YPhys. Chem. Chem. Phyk999

and conseque_ntIyA depreases. In agreement with this, we note ™ (16) Mizuno, K.: Miyashita, Y.; Shindo, Y.: Ogawa, . Phys. Chem.

thatrw begins increasing soon aftey starts to decrease at low 1995 99, 3225-3228.

Xa. It has been reasoned that if the decrease iwas smooth (k17) Eishi, N.; Takahars]hi, S, I\rﬁlatsurﬂoto, M.; Tanaka, A.; Muraya, K.;
; _li ; Takamuku, T.; Yamaguchi, T. Phys. Chem1995 99, 462—-468.

the decre_asg,g may result from the formation of short-lived micelle =g "Cu 0 " i e V' Morichika, H.: Nishimura, .. Shimada,

like species'’ In the present workia does decrease smoothly; s -'Maeda, S.; Imafuji, S.; Ochi, T. Mol. Lig. 2000 85, 139-152.

however, earlier diffusion measurements at very la#’ give (19) Tanaka, H.; Nakanishi, K.; Touhara, B.Chem. Phys1984 81,

an abrupt decrease inconsistent with the formation of transient406§64(gs- K. S.: Touhara, H.: Nakanishi K.Chem. PhysL984 81
micellar species. Solutesolute enthalpic interactionsiy,, 89(()_8)94_ azait, 5., Touhara, H.; Nakanishi, .&hem. Fhy

which measure the degree of attraction between the alcohol (21) Laaksonen, A.; Kusalik, P. G.; Svishchev, I. 84.Phys. Chem. A
molecules, peak around = 0.04-0.06 and increase dramati- 19?;2)10é 5910‘55(931%- Loh. Y. L1. Chem. Phy<2000 112 58775883

H H ITI_Cill) enmore, C. J.; Lon, Y. Ll. em. Y .
Ca”ylm going from methanoll(1343 kJ . to (_athanol (_73 kJ (23) Dlugoborski, T.; Hawlicka, E.; Swiatla-Wojcik, Dl. Mol. Lig.
mol~) to TBA (350 kJ mof')* and is consistent with our  200q 85, 97-104.
diffusion data, as little or no self-association was noted for  (24) Kusalik, P. G.; Lyubartsev, A. P.; Bergman, D. L.; Laaksonen, A.

3 iafi L nifi J. Phys. Chem. R00Q 104, 9533-9539.
methanol, some self-association for ethanol, and very significant (23) Harris, K. R.; Goscinska, T.. Lam, H. . Chem. Soc. , Faraday

self-association for TBA. Trans.1993 89, 1969-1974.
Chemical shift studies have revealed that there is significant  (26) Kvamme, BPhys. Chem. Chem. Phy2002 4, 942-948. _
disruption to hydrogen bonding in the range = 0.63-0.71 (27) Nishi N.; Matsumoto, M.; Takahashi, S.; Takamuku, T.; Yamagami,

: 1 : : M.; Yamaguchi, T.Structures and Dynamics of Clusterbniversal
in the TBA systen?! and, as for ethanol, this region marks the Academy Press: Tokyo, 1996; pp H3820.

transition to isolated water molecules. Thus, the maximum in (28) Larkin, J. A.J. Chem. Thermodynamid975 7, 137—148.
Da observed arounds ~ 0.8 may be a consequence of this (29) Harris, K. R.; Lam, H. NJ. Chem. Soc., Faraday Tran$995
concentration providing the weakest intermolecular interactions 91 4071-4077.
. . . . . (30) Kuppers, J. R.; Carriker, N. B. Magn. Reson1971, 5, 73—77.

as it also marks a local viscosity minimum (see Figure 3C).  (31) Kuppers, J. RJ. Magn. Resonl971, 4, 220-225.
Similar to ethanol and methanol, the divergence oandry (32) Stilbs, P.Prog. NMR Spectrosd 987, 19, 1—45.
at highxa likely indicate the existence of a “water in oil” type (33) Price W. S.Annual Reports on NMR Spectroscopycademic

hase separation Press: London, 1996; pp 5142.
P ’ (34) zZana, R.; Eljebari, M. JI. Phys. Cheml1993 97, 11134-11136.
. (35) Kida, J.; Uedaira, HJ. Magn. Resonl977, 27, 253—-259.
Conclusions (36) Kipkemboi, P. K.; Easteal, A. Bull. Chem. Soc. JpriL994 67,

) . 2956-2961.

The results show unequivocally that the alcohols enter into  (37) Sacco, A.; Holz, MJ. Chem. Soc., Faraday Trar997, 93, 1101
clathrate-like hydrates at lowa. This hydration process is  1104. ) )
complicated by alcohol self-association, which is most evident __(38) Harris, K. R.; Newitt, P. JJ. Phys. Cheml1998 B 102 8874~
in the TBA system and results from the increased hydrophobiC "~ (39) Mmayele, M.; Holz, M.; Sacco, APhys. Chem. Chem. Phyt999
interactions stemming from its large alkyl group. Ag 1, 4615-4618.
increases, the hydrate structures become less well defined, and _(40) Price, W. S.; Ide, H.; Arata, \d. Phys. Chenl999 A 103 448~

at very highxa the solution dynamics of the water and alcohol (41) Derlacki, Z. J.; Easteal, A. J.; Edge, A. V. J.; Woolf, L. A.;

molecules become increasingly independent. Roksandic, ZJ. Phys. Chem1985 89, 5318-5322.
(42) Hawlicka, E.Ber. Bunsen-Ges. Phys. Cheh983 87, 425-428.
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