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The classical concept of “iceberg formation” is modified by our recent thermodynamic studies. The local
enhancement of the hydrogen-bond network gdhh the immediate vicinity of small nonelectrolyte solutes

(i.e., the “iceberg formation”) is still correct. However, the hydrogen-bond probability of bulk &ivay

from solutes is reduced progressively, as the solute composition increases. When the hydrogen-bond probability
of bulk H,O is reduced to the bond percolation threshold of the hexagonal ice connectivity, the hydrogen-
bond percolation is lost and a qualitatively different mixing scheme sets in, whereby the solution consists of
two kinds of clusters. In the solute-rich region, solute molecules form clusters of its own kind. Thus, the
“iceberg formation” is basically correct within a narrow range in th@®Hlch region for small nonelectrolyte
solutes. Thus, reference made to the “iceberg” concept in recent literatures should be clarified in terms of the
concentration range and the size of solute in question.

Introduction called dewetting® An atomic force microscopy revealed an
extreme depletion to the point of formation of “nanobubbles”
on flat hydrophobic surfacéd.On the other hand, a molecular
dynamic simulation study of #D confined in carbon nanotubes
narrower than the critical diameter could be in a state having
an ice-like mobility with an amount of hydrogen bonding similar
to that of liquid HO.12 The present status of studies opQHin

rghe vicinity of flat hydrophobic surfaces is tersely reviewed
recently’® Thus, the iceberg concept appears to be in turmoil
at present, which we believe could be sorted out by clarifying
the conditions under which consideration is given.

For the last half a century, the concept of “iceberg formafion”
has played an important role in understanding the nature of
aqueous solutions of a variety of nonelectrolytesThe original
conceptt however, was formulated using the partial molar
entropy at infinite dilution data available at the time (1945). It
is therefore applicable only in dilute aqueous solutions. None-
theless, this concept has been taken overly seriously, and eac
time an experimental observation is made contrary to this
concept, it has been criticized or challenged, irrespective of the
concentration of solute nonelectrolytAnother confusion arises L .
from the size of hydrophobic moiety in question. The original Here we limit our attention to small nong‘llectrolyt’?s, mono-

ols in particular, and defend the concept of “iceberg” formation

suggestion was based on the data for nonelectrolytes of. - . L -~ .
molecular weight about 100 at most. Thus, application of this in the FO-rich region by reviewing our recent findings using

concept for function and structure of macromolecules, including the methodology in solution thermodynamics introduced by us.

biopolymers, is an overinterpretation. Indeed, there is a theoreti-
cal work suggesting that the “iceberg” concept is applicable
for small hydrophobic moieties. For moieties with large surface ~ Since 1986 we have started a methodology in solution
areas and curvatures, the hydrogen bonds,Gf Bre broken at thermodynamics, on which detailed review articles are avail-
all temperature&For aqueous lysozyme, a combination of X-ray ~able!>17 A brief account is given here. Primary thermodynamic
and neutron-scattering study suggests that the first hydrationquantities in solution systems that are conventionally determined
shell has an average density about 10% higher than bglx’H  areHE, &, andVE, all of which contain a first-order derivative
hinting no “icebergs”. We note, however, that lysozyme under of Gibbs energyG. HE, for example, is the excess enthalpy of
the conditions of this study is in the native form and that 39% a solution as a whole. AlthougHE reflects nonideality resulting

Our Methodology of Solution Thermodynamics

of the outer surface is covered by hydrophilic moiefi¢sor from enthalpic interactions among constituents, it signifies the
flat hydrophobic surfaces, vibrational studies that probe mo- net results of all interactions. Thus, the information gained is
lecular structure at C@H,0, and hydrocarbon/® interfaces limited to a macroscopic average behavior. To advance a step
showed that the hydrogen bonding between adjace@ H toward molecular level understanding, we determine experi-
molecules is weaRAn X-ray reflectivity measurement on@/ mentally the excess partial molar enthalpy of solute B in aqueous

paraffin interfaces indicated depletion of®i density, i.e., so-  solution,HgE, which is defined as
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with the total amouniN = ng + ny. In practice, we titrate a
small amount of Bong, and measure the enthalpic response in o4
HE, 0HE. We then approximate the quotiedti¥/ong to HgF,

eq 1. The goodness of the approximation is checked by reducing
the size ofdng and seeing the quotient to converge. Sikte
contains the first-order derivative of the Gibbs enel@yHg®
represents a second derivative. As its definition, eq 1, implies,
HgE is the actual contribution of solute B in terms of enthalpy
of the entire system. Hence it provides the information about
B’s actual enthalpic situation in the solution, which is clearly
more detailed thahiE.

We determineHgE accurately and in small increments in
composition, and we can take one more compositional derivative ™ w
graphically without resorting to a fitting function. Thus we
obtain purely experimentally the third derivative quankiy_gF
as
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Hg g™ = N(@Hg7ans) = (1 — xg)(0HToxs)  (2)

wherexg is the mole fraction of B. We calgz_gF the B—B -
enthalpic interaction function, since it signifies the effect of 207
additional B on the actual enthalpic situation of B in the mixture. "
Thus,Hs-gF provides a measure of the-8 interaction in terms
of enthalpy and contains in turn more detailed information than =20 ' '
HgE. Analogous quantities to eq 2 can also be obtained for 2.0 0:05 0:419 G:15
entropy,$-gF, and volume Vg_gF. We emphasize that these
interaction functions are obtained purely experimentally and  Fig. 1 Koga et al.
completely model free. According to thermodynamic stability Figure 1. Excess partial molar enthalpy and entropy of BigeE and
criteria, the sign oHg_gF or $s—gF can indicate that the BB TSeE, against mole fraction of BEge, at 25°C. (@) HgeF; (M) TS:E.
interaction is favorable or not. The arrows indicate probable loci where change over occurs in mixing
We have used these and other second- and third-orderScheme.
derivatives ofG and revisited aqueous solutions of nonelectro-
lytes15-17 We summarize our findings below. The more detailed
account has been given elsewh&ré’ "
Mixing Schemes in Aqueous 2-ButoxyethanolWe show 14 e HW
our findings for aqueous 2-butoxyethanol (BE). This solute
contains the largest hydrophobic moiety that we have studied,
but may still be small enough (MW 118) to fall in the group
that was considered by Frank and Evamrthermore, BE is 0
probably the largest mono-ol miscible with,® in the entire \o °
composition range at about the room temperature, although thew [ ] ® o e © e© ©® @0
liquid—liquid-phase separation occurs above°®) the lower
critical solution temperature (LCST). ~ - =
Figure 1 shows the plots éfgeF andTSeF againstxge 1517 5 -
Note that the product SeF is used and the units are the same - m| g BE
with HggF. Xge is the mole fraction of BE. Conspicuous changes _ = 5 -
in thexge dependence in Figure 1 immediately suggest that there
are three regions approximately bound by arrows in the figure,
in each of which the thermodynamic behavior and hence the
mixing scheme, or the solution structure, is qualitatively different -3 . T :
from other regions. The excess partial molar enthalpy and 0.0 0.2 0.4 0.6 0.8 1.0
entropy of HO, HwF, andTSyF, are plotted in Figure 2. They X
are related tdHgeE and TSeE via the Gibbs-Duhem relation. BE
In the most BE-rich region, the zero valuesHy:F and SeE Figure 2. Excess partial molar enthalpy and entropy ofOh Hw®
suggest that BE molecules in the mixture is in the same @ndTSWF, againstee at 25°C. (@) Hw™ (M) TSy
environment locally as in the pure state, and hence they must
exist as clusters, perhaps in a micellar formOHmolecules, istics of AL. The details of mixing scheme Il for other alcohols
on the other hand, seem to interact with BE clusters as a singleare under investigation.
molecule, sincédyF stays constant angyF is almost constant In the intermediate region, BEH,O phase separates with
in this composition region. We call this mode of mixing mixing the LCST at 50°C andxgg = 0.0618 At 25 °C, therefore, this
scheme Ill. For aqueous solutions of other smaller alcohols (AL), composition region is supercritical. Indeed, the intensities of
AL molecules also tend to cluster together with their own kinds light scattering® and small-angle X-ray scatteriffgincrease
in the AL-rich region. However, how ¥ molecules interact  sharply near the LCST, indicating existence of clusters. Fur-
with AL clusters depends strongly on the individual character- thermore, the fact thatlge® and SeF have positive slopes as

Xge

(kJ mol ")
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“Icebergs” or No “Icebergs” in Aqueous Alcohols?

xge increases (i.eklge—gef > 0 andSge—get > 0) in this region

is consistent for the system having phase separation with an
LCST 516 |ntuitively, Hg_gE > 0 drives B and W to mix and

S gF > 0 to unmix. SinceG = H — TSdictates the fate of an
equilibrium system, the entropy contribution is more dominant
at higher temperatures, and hence the enthalpy effect is
important at lower temperatures. At higher temperatures than
50 °C, B and W unmix becaus&_gF > 0, while at lower
temperatures, they mix becaust_gF > 0. More detailed
arguments on this have been given elsewhéfeand in a
reference cited therein. Thus, we conclude thatBEO in this
composition range consists of two kinds of clusters, one rich in
H,O and the other in BE. These clusters grow in size to a
macroscopic scale when temperature is raised above the LCST.
We call this mixing scheme II.

For other smaller alcohols, sharp increases in scattering
intensities were also observéd?3 although there is no apparent
phase separation before vaporization occurs. The sigHs @
and S;_gF are also positive in this region for all the mono-ol
cases studie®1724We conclude that the same mixing scheme
is operative for other alcohols. In these systems, an LCST might
be hidden above the vaporization temperature.

The H,O-Rich Region of Aqueous BEWe now turn to the
H,O-rich region, where the “iceberg” concept is originally
formulated! As shown in Figure 1B, a small amount of BE is
introduced into HO with a large enthalpy gain; 17 kJ mof?,
and a larger entropy 10ss,26 kJ mot L. This magnitude is only
discernible if we consider some effect of BE on the molecular
organization of solvent D, in particular, the “iceberg”
formation induced by BE. An isotope effect bfseF clearly
indicated that it is the solvent @& or D,O) that affects the
value ofHggF, while there was no effect by changirgOH to
—OD in BE in this composition rang®.1t is also striking that
the thermodynamic situation is rapidly changing@sincreases.

In the first place, Figure 1 shows that the absolute value of
HgeF is progressively decreasing and exerting lesser effect as
more BE is added. This suggests that the effect of BE is of a
long range. Since the first BE has already made some changes —~
in H,O, the second BE exerts lesser effects. When such a process‘_'_
completes its course and reaches the threshold, mixing scheme g
Il sets in. At first sight, therefore, the iceberg formation may

be complete at about the locus of the arrow in Figure 1B, and
there is no room for further accommodation of BE in the same
manner. BE molecules are then forced to cluster together, N
pertinent to the BE-rich clusters in mixing scheme Il discussed
above. This may hint that the aqueous part of the system consists
entirely of icebergs at the boundary. If so, the ionic conductivity
of H* and OH is expected to increase in BEH,O asxge
increases to the boundary due to proton hopping along the
completed hydrogen bond network. Contrary to this expectation,
the ionic conductivity in fact decreas&iThis was the first
hint that the iceberg does not fill the entire system but rather
the hydrogen bond probability of bulk,® away from icebergs
may in fact be decreasing. This issue will be discussed
throughout the remainder of this section.

Figure 3 shows the excess partial molar volume of BgE,
and that of HO, V\wE.2728 If the entire system is filled with
iceberg at the boundary, the value \8fF would be close to
that for ice, about 1.5 cfrmol~1! Figure 3B indicates a small
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Figure 3. (A) Excess partial molar volume of BEgeF, againsixse at
25°C. (B) Excess partial molar volume of,8, VwF, againsixge at 25
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Figure 4. Enthalpic interaction functiontlg_gF, for B = BE, TBA,
or ME against mole fractioms at 25°C. (@) BE; (H) TBA; (o) ME.

Before settling this issue, we turn to the third-derivative

increase invwE, hinting iceberg formation, but the increase is quantities. The enthalpic interactiodge—geF, eq 6, for BE-

some thousandths of the above value. There must therefore beH,0 is shown in Figure 4. The entropic interactions are almost
identical to Hge—geF 1517 because of the entropyenthalpy
compensation effect. In Figure 4, the equivalent dgla,gF,

an additional mechanism operating to red\ge progressively
asXge increases.
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Figure 5. Mixing-scheme diagram for BEH.O. S is an addition Figure 6. Mixing-scheme diagram for TBAH,O. S is an addition
compound BE(i0)ss. te is the incongruent melting point of S. ' and  compound TBA(HO).. See text fom. tp is the incongruent melting
Il signify the regions of mixing schemes | and Il, respectively. point of S. S is TBA(H,0),. | and Il signify the regions of mixing
schemes | and Il, respectively.
are also shown for aqueous methanol (ME) and aquéatis
butyl alcohol (TBA), i.e., for B= TBA or ME. As is evident called “ice-like patches”. In the appendix of ref 29, the authors
from the figure, these alcohols behave in a similar manner in gave an estimate of the global average of hydrogen-bond
this region even in the third derivative quantities. Indeed, all probability as a function of temperature. This estimate shows
the other HO-miscible mono-ols we have studied, ethanol and  the hydrogen-bond probability reaches 0.39, the bond percolation
1- and 2-propanol, have qualitatively similar thermodynamic threshold for the hexagonal ice-type connecti#figt about 85
behaviors. It is the size of hydrophobic moiety that makes °C. This coincidence of 88C may suggest that the boundary
quantitative variations, and its effect is stronger for a larger size |ine shown in Figure 5 is in fact the hydrogen-bond percolation
in terms of the value oHg-g". A larger hydrophobic moiety  threshold for a bulk KO in solution. Namely, mixing scheme
also requires a lesser amount of solute to drive the mixture 10| js sych that the hydrogen-bond network ofHis enhanced
the boundary to mixing schemeff. 1/ . in the vicinity of BE (“iceberg formation”), but at the same
‘The xs dependence dfls-g® for B = BE, TBA, or ME in time the hydrogen-bond probability of bulk,& away from
Figure 4 resembles anomalies in heat capacity (a secondine “iceperg’-clad BE is progressively reduced until it reaches

derivative ofG) associated with phase transitions. “Phase” is a ( 39 Thereupon, the system loses the hydrogen-bond network
macroscopic entity, and its transition is accompanied by an and consists of t;/vo kinds of clusters

anomaly in second-order derivatives & In contrast, the . .
present transition from mixing schemes | to Il is more subtle Prior to this threshold, the balance of the hydrogen bond

and associated with anomalies in third derivatives. Figure 3 enhancement in the vicinity of I_3_E and the concomitant reduction
shows that the boundary e = 0.017 corresponds also to the  ©f the hydrogen-bond probability of bulk® away from BE
inflection point of VeeE, and hencéVee_gef = N(3VaeE/anse) dictates thexge dependence OflgF and SF in mixing scheme

will show the maximum at this poire While we learn from | Figure 1. A very small increase ", Figure 3B, is thus
Figure 4 that the boundary between mixing schemes | and 11 the result of this balance between an increase due to “iceberg”
should actually be a boundary region denoted as X and Y in @nd a decrease by reduced hydrogen-bond probability of bulk
the figurel” we collected the loci of the maxima (point X) in  H20. The initial decrease iNgeS, Figure 3A, is of course the
various third derivatives and plotted them in Figure 5, together consequence of the Gibb®uhem relation. Its molecular level
with the phase diagradf.See review articlég 17 for details interpretation can be given as follows. The negative value of
about a variety of third derivatives and types of their anomalies. Vee™ at the infinite dilution is caused primarily by the “sand-
These plots seem to form a single line, sometimes called theand-pebble” effect. However, # is a bulky “sand” due to
“Koga line”,*” which seems to cut the ordinate at about’85 hydrogen bonds, which give a positive contribution to the net
We recall the site-correlated percolation model for liquigbDH result. Asxge increases, this positive contribution decreases,
by Stanley et al?? in which the hydrogen bond network is and hencé/gF decreases, since the hydrogen bond probability
understood to be bond percolated at about room temperatureof bulk H,O and bulkiness of the “sand” is progressively
with the observation that the water oxygens with four hydrogen reduced. Thus, the decrease in ionic conduction in-BEO
bonds tend naturally to cluster together, resulting in the so- mentioned above was due to the reduction of the hydrogen-
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bond probability of bulk HO, through which ionic conduction  available, as mentioned in the Introduction, pending, however,

takes place. the fact that the so-called “flat” interfaces between two phases,
Another notable feature in Figure 5 is that the mixing-scheme H20 and an organic liquid, are surely not flat at the molecular

boundary ends at the incongruent melting point of an addition level. Furthermore, there may be mutual dissolution across the

compound, BE(HO)sg (a clathrate?}® This suggests that mixing  interface of two phases.

scheme | is preparing for the formation of the addition
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