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Abstract : The fashionable and stereotype thinking on the concept of the so-called “hydrophobic
bonding” introduced by Kautzmann, Nemethy, Scheraga and Tanford has been examined in light
of comments raised by physical chemists as Hildebrand, Shinoda, Dill, Haymet, Engberts,
Israelachvili, Tinoco, Ball and Baldwin. A comment has been given on harmful influence of the
concept of “hydrophobic bonding” in chemistry and biochemistry. This is a myth in science of our

time.
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Hildebrand @ 33 C[1]1&2#F 5 (—HE6),
A Criticism of the Term “Hydrophobic Bond” *

Sir: The term “hydrophobic bond”, that has come into
use in the literature of polymers, seems to me to be
inappropriate for two reasons.

(..)

Furthermore, the energy of evaporating a mole of n-
butane from its solution at 1 atm and 25° is 5.46 kcal,
greater than it is from its own pure liquid at the boiling
point, 4.81 kcal. This represents attraction, not phobia. Ice
is wet by octane. The fact that octane is nearly insoluble
in water is merely the result of the fact that the attraction
is not strong enough to penetrate the high cohesion of
water.

The noun, bond, seems likewise inappropriate because
the attraction between the alkyl groups of two polymer
chains has none of the characteristics that distinguish
chemical bonds from van der Waals forces. Any “simple
multiple proportions” between such groups result from
regularities in the structures of the two chains, not from
any valence forces between alkyl groups. The alkyl chains
in micelles of soap are not bonded together by phobia for
surrounding water; they stick together just as strongly in
absence of water.

Major workers in this field are surely well aware of the
fact that there is no true bond between alkyl groups of
adjacent polymer chains, and are moreover competent to
calculate the thermodynamic quantities involved in the
interaction between such chains; why, then, should a
terminology continue in use that misleads some into
thinking that the “hydrophobic bond” represents a special
concept that must be mastered in order to deal with these
systems? Why not speak simply of alkyl interaction free
energy, energy, or entropy? I do not find it necessary to
invent “fluorophobic bonds” in order to handle the
thermodynamics of the limited solubility of heptane in
perfluoroheptane.

I thank Nemethy, Scheraga, and Kauzmann for kindly
replying in some detail to my request for their views on
this matter. However, I do not agree with their statement
“... hydrocarbons actually prefer a nonpolar environment
to being surrounded by water.” I say rather that molecules
of water “prefer” to be hydrogen-bonded together rather
than separate to admit alkanes. In order to for these to
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dissolve, a large amount of water must be present per mole
of alkanes in order to supply sufficient entropy to offset
the unfavorable balance of attractive energies.

3. BLEEBE T LoEE

ZAUZH LT hydrophobic bond #E&DIEEH 3
APEL TEZT-NERNIRD ERBY TH D, 4017
IR 2 WVE WS DD TRLERBNTT D,

Comments on the Communication “A Criticism of the
Term ‘Hydrophobic Bond’ ” by Joel H. Hildebrand °

Sir: Hildebrand’s discussion of the nature of the forces
of interaction governing the solubility of hydrocarbons is
incomplete. It is certainly true, as he states, that van der
Waals interactions in themselves are on the balance
favorable between the two substances, and that they
therefore would actually favor mixing. As it was noted
repeatedly before, this is indicated by a direct calculation
of the relevant energies of interaction, just as it is shown
by the data cited by Hildebrand. However, the net free
energy of solution, which determines solubility, is
dominated by a large negative, i.e., unfavorable excess
entropy term. It has been shown that this entropy term
arises owing to changes in the state of water and has to be
attributed to increased ordering of water molecules, i.e.,
to an increase in hydrogen bonding. As a result, in spite
of the favorable interaction energies, the free energy of
solution is positive. This can be expressed by saying that,
in over-all terms, i.e., in /F° hydrocarbons actually
prefer a nonpolar environment to being surrounded by
water. This is implied in the use of the adjective
“hydrophobic”.

Because the source of immiscibility is an entropy factor,
the water-hydrocarbon system differs qualitatively, and in
a unique manner from most systems of low miscibility.
Thus the interactions in this system do represent a special
concept.

We do not wish to argue about the matter of
nomenclature. However, it should be pointed out that the
criticism of the use of the term “bond” in the present
context, where it does not refer to a chemical bond but to
a loose association, has been recognized repeatedly by
various workers in the past, too. Nevertheless, the term

“hydrophobic bond”  has proven to be useful as shown
by its frequent occurrence in recent physical, chemical,
and biochemical nomenclature.

3 Joel Henry Hildebrand (1881-1983) was an American educator and a pioneer chemist. He was a major figure in chemistry
research specializing in liquids and nonelectrolyte solutions. (Wikipedia)
4 Reprinted (adapted) with permission from Hildebrand, Solutions of Inert Gases in Water, J. Am. Chem. Soc., 1968, 90,

3001- 3004. Copyright 1968 American Chemical Society.

3> Reprinted (adapted) with permission from G. Nemethy, H. A. Scheraga and W. Kauzmann, Comments on the
Communication: A Criticism of the Term "Hydrophobic Bond" by Joel H. Hildebrand, J. Phys. Chem., 1968, 72, 1842.

Copvright 1968 American Chemical Society.



4. 7&HOHEH

W CARICAEH O “BUKRS G EIfRtE” LT 5
3] BEX ., BUKS OBRRIRILAEA > T D &
WAz, MO EEZRIC LT, FREOEFIIrN
DEE VK EEIRE] 4t d D,

IKWCEEMR LTy 1. T2 & 203Kk 2 v X 45+
HFORALKFZE IIAE LI, AWZEE
LK B 53 BET DA R, Z O RALKIE 57 R
+:df% A % hydrophobic bonding & FEA TV 5, L
L, ZTORKNEEZEZ D EZORFETEYS 72 H DT
RN EMDND, IRALKFEHEOEEMRIZ I\ T
FREENIEF TN E K R BT H b b P IEMEL
—IT/NE L BRAET Y br E—% S LOW T REE
T MR E—RRERADMEE 2D, THUTREK
FHE L0 F BB T 03K OIRRED B KERIRRE
(2B Th D, Z D=8 1) hydrophobic bonding
T b =R TR 5, 2)KPKEEMEL &
Do uaE—RNED L O DIRMBENS 5
T 5, REOHTHANRINTEL, 205
THERNE ST RS2 bDTH Y  FEBEIZIE ) K
LK BEH DR DG b IIREEDN /NS 72 D572
TIRMRBIS K E < 725.2) LU, WIEOKPIKEE
WiEE L DT OORBBI R L' - THEHT LA
FREAIN /NS K 72D T k| 3) AKDOKME R L HBEO
VHANE—RBADEIIE bo =R E LD b K
% < hydrophobic bonding # T k7 B —Z R L
IDIFIEL L BRI & 4) KRDKMEEE & D791
MA S THRENEST Z &, 5) KOG FHITNPKE
WDIZAR T AT EN, BOIZELSBET 208 Z 07
OThHDHZ ExEHmHLE,

MBI v d & TAKZENT 5] L
DEWIZEND N, MHAEEMONEEZBRT L L
KIS ZBNT 2] Z & Th D, DROBIMAIR)
EREREE, ERZ, TR EWZ DA D
e ALFATBNT [HE) i —fRiCHARE 21
o KFMMEIREFTRHANT L 590G 2Rl
i,

LD 10 RIS, BKEABESIREE O— A
Tanford 23FE V7RV SC[5] & FRRR[6]23 Tz, R
® Abstract D — 5B & RIZHIT 5,

.-+ The hydrophobic effect is a unique organizing force,
based on repulsion by the solvent instead of attractive
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forces at the site of organization. It is responsible for
assembly of membranes of cells and intracellular
compartments, and the absence of strong attractive forces
makes the membranes fluid and deformable. The
spontaneous folding of proteins, however, involves
directed polar bonds, leading to more rigid structures.
Intercellular organization probably involves polar bonds
between cell surface proteins.

5. Hildebrand ® F.fi#

Z A% U C Hildebrand 13Xk D X 9 1ZSSEH L CTuy
2 (7]

In 1968 1 published “A Criticism of the Term
‘Hydrophobic Bond’ ” in which I gave evidence that the
alkyl groups in polymer chains in water are not forced
together by “phobia” for water. In subsequent papers I
gave further evidence that throws light upon the forces
acting between water and alkanes. These facts have been
largely overlooked by biologists, as illustrated by a recent
paper on “The Hydrophobic Effect and the Organization
of Living Matter”. Alfred North Whitehead’ has written:
“An unflinchible determination to take the whole
evidence into account is the only method of preservation
against the fluctuating extremes of fashionable opinion.”
Indeed, no scientist can afford, in the long run, to overlook
any fact that is pertinent to understanding the
phenomenon that he is studying. In this paper I set forth
such facts.

(..)

The loss of entropy when an alkane gas dissolves in
water has been explained by the formation of what has
been facetiously called an “iceberg” around the solute
molecules. Any such assumption is not tenable; the
viscosities of water and carbon tetrachloride at 25°C are
nearly the same, 0.880 and 0.895 cp; and the diffusivity
of methane in water 10°D is 1.72 cm?e sec’!; at 25°C in
CCly it is 2.89 cm?e sec’!. If the molecules of methane
were encased in “icebergs”, they could not diffuse 0.6 as
rapidly in water as in CCl.

(..)

In conclusion, there is no hydrophobia between water
and alkanes; there only is not enough hydrophilia to pry
apart the hydrogen bonds of water so that the alkanes can
go into solution without assistance from attached polar
groups.

THUKRE S ~OHHI ERGROH B E L a2/ L

¢ WEHHE =, BREENZR TEAE R (1927-2014) PRl 26 44 1 15 A#i%

7 Alfred North Whitehead (1861-1947) was an English mathematician and philosopher. He is best known as the defining
figure of the philosophical school known as process philosophy, which today has found application to a wide variety of
disciplines, including ecology, theology, education, physics, biology, economics, and psychology, among other areas.

(Wikiquote)
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L ' = —® concluding remark O —& %7~

- Though diverse factors are involved in determining
the precise specificities of molecular interactions on
biology, the hydrophobic force is energetically dominant
force for containment, adhesion, etc., in all life processes.
This means that the entire nature of life as we know as it
is a slave to the hydrogen-bonded structure of liquid water.

This now commonplace conclusion was not generally
understood by biochemists until after 1960 and it was the
role of the hydrophobic “bond” in the determination of
protein structure that was the watershed in comprehension
for all, for the simple reason that academic biochemistry
departments were less fragmented than now. ...

BUKFEBIROBFFIES & b2 ENDRRTEN?,
TR SWeDEA 9 5y, FATE D Bbeuy, b
NTTZ7 FOMHICEL BIZEZXD T LM
FHCHE S TRz Lo L 5 & LTV 5,

T LY & & 1990 4RI Dill [12] 1d#ediiE —oF
L, FHEEOM LR EI2-OW T Privalov B & 36
TG a3 272 - 72[13], 1993 4£|Z iE@mm%#
BUKAE B ~DE S ISR TWD [14], €D L
B = —® Abstract ' DO —E & FIZRT,

8 B VU T HN=T K5 Berkeley X2
B X, 2aA K- FEfkEFic
9 Z @& % Hildebrand (9 Tz 220,

PO A -7~ 2 5L A%E Hildebrand Hall 23% %, EHO [&1E L AR
BIFo4%E L St RIcE

EEN 72 (Hildebrand DEEEAZFRITIT).

10 W. Blokzijl and J. B. F. N. Engberts, Hydrophobic Effects. Opinions and Facts, Angew. Chem. Int. Ed., 1993, 32, 1545-
1579. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.



The term hydrophobic interactions denote the tendency
of relatively apolar molecules to stick together in aqueous
solution. These interactions are of importance in many
chemical disciplines, including the chemistry of in vivo
processes. Enzyme-substrate interactions, the assembly of
lipids in biomembranes, surfactant aggregation, and
kinetic solvent effects in water-rich solutions are all
predominantly governed by hydrophobic interactions.

Despite extensive research efforts, the hydration of
apolar molecules and the noncovalent interactions
between these molecules in water are still poorly
understood. In fact, the question as to what the driving
force for hydrophobic interactions is shifts the study into
a quest for a detailed understanding of the remarkable
properties of liquid water.

... Several traditional views have been found to be
deeply unsatisfactory, and courageous attempts have been
made to conceptualize the driving force behind pairwise
and bulk hydrophobic interactions. The review presents
an admittedly personal selection of the recent
experimental and theoretical developments, and when
necessary, reference is made to relevant studies of earlier
date.

BKAE S ICHEHIR i IR 2 0% b ol &k & &
5biiz, 2002 40 Haymet 5D L E = — [15] IE
BILIER 57500, Ball 1 2003 4E[16] & 2011 AE[17] (ZH#
FEPNIZ 1T D KO X I DOWTHEFDELZ AR~
TW5, Lazaridis DL E=2—4 H H[18],

Haymet!! & OFRFHIZIR OFLIR D 8 5

In 1954, Walter Kauzmann coined the term
“hydrophobic bonding” to refer to the tendency of oils to
associate in aqueous solutions. Although he emphasized
that the driving force was the avoidance of the aqueous
phase by the oil, his terminology drew criticism. Joel
Hildebrand objected to the term “bonding”, which he
preferred to reserve for covalent interactions. Hildebrand
also objected to the term “hydrophobic” on the grounds
that oil has a favorable enthalpy of interaction with water.

However, the alternative view has ultimately prevailed,
namely (1) that it is the free energies, not enthalpies, that
define affinities, (2) that “bond” is a term that is widely
accepted to also refer to certain types of noncovalent
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interactions, and (3) that it is useful to have a word for the
types of interactions between nonpolar molecules and
water. “Hydrophobic” has now become common usage.

Israelachvili? & 2% 2006 HEICE WL E 2 —D
Abstract’ Z 45T 5[19] .

We present here a brief review of direct force
measurements between hydrophobic surfaces in aqueous
solutions. For almost 70 years, researchers have attempted
to understand the hydrophobic effect (the low solubility
of hydrophobic solutes in water) and the hydrophobic
interaction or force (the unusually strong attraction of
hydrophobic surfaces and groups in water). After many
years of research into how hydrophobic interactions affect
the thermodynamic properties of processes such as
micelle formation (self assembly) and protein folding, the
results of direct force measurements between
macroscopic surfaces began to appear in the 1980s.

Reported ranges of the attraction between variously
prepared hydrophobic surfaces in water grew from the
initially reported value of 80-100 A to values as large as
3,000 A. Recent improved surface preparation techniques
and the combination of surface force apparatus
measurements with atomic force microscopy imaging
have made it possible to explain the long-range part of this
interaction (at separations >200 A) that is observed
between certain surfaces. We tentatively conclude that
only the short-range part of the attraction (<100 A)
represents the true hydrophobic interaction, although a
quantitative explanation for this interaction will require
additional research. Although our force-measuring
technique did not allow collection of reliable data at
separations <10 A it is clear that some stronger force must
act in this regime if the measured interaction energy curve
is to extrapolate to the measured adhesion energy as the
surface separation approaches zero (i.e., as the surfaces
come into molecular contact).

FOBEEIZHD XS, Bk E Wb b B
W3PS (microscopic : <10 A) 72 b & B
[20] (macroscopic) 72 b DM & 5, EMAYR, Mk
DOHLZ (>200 A) 1XZFEH W ELEEE surface force
apparatus (SFA) <> Jit 7-[i] /7 B 8% atomic force
microscopy (AFM) THFZENRHED HAIL TV D23, 517
DEPLCHEEH KA TR ICTHA S h Ty
[21]e ARG TS DI, X NI ED T —NT 4

11" Reprinted (adapted) with permission from N. T. Southall, K. A. Dill and A. D. J. Haymet, A view of the
Hydrophobic Effect, J. Phys. Chem. B, 2002, 106, 521-533. Copyright 2002 American Chemical Society.

12 Israelachvili i%, FEDZ A bV [5FMERE ) o005 8512, RERFITEIT D &4 2 50E
T, I Z T hydrophobic effect & FEA TWARNEIL, KF T2 O BRVEEROSI 1 ZIEL T3,

13 Reprinted (adapted) with permission from E. E. Meyer, K. J. Rosenberg and J. Israclachvili, Recent progress in
understanding hydrophobic interactions, Proc. Natl. Acad. Sci. USA, 2006, 103, 15739—15746.Copyright (2006)

National Academy of Sciences, U.S.A.
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Water plays a wide variety of roles in biochemical
processes. It maintains macromolecular structure and
mediates molecular recognition, it activates and
modulates protein dynamics, it provides a switchable
communication channel across membranes and between
the inside and outside of proteins. Many of these
properties do seem to depend, to a greater or lesser degree,
on the “special” attributes of the H,O molecule, in
particular its ability to engage in directional, weak
bonding in a way that allows for reorientation and
reconfiguration of discrete and identifiable three-
dimensional structures. Thus, although it seems entirely
likely that some of water’s functions in biology are those
of a generic polar solvent rather than being unique to
water itself, it is very hard to imagine any other solvent
that could fulfill all of its roles — or even all of those that
help to distinguish a generic polypeptide chain from a
fully functioning protein. The fact that fully folded
proteins moved from an aqueous to a nonaqueous
environment may retain some of their functionality does
not alter this and does not detract from the centrality of
water for life on earth.

2011 FEIZ BallS BRENW-I =L P a—DEERI|IZ
WDEHITHD, Ky FITERDIEE TR, E
TR TEKD—D>THD EBRITND,

The tendency of hydrophobic surfaces to aggregate in
water is often invoked to explain how biomolecules
recognize and bind to each other. Water seems to have a
much more active role in these processes than had been
thought.

2013 4E{Z 1% Baldwin 23 dr Ok s & AFFE 15 B
OMBESEFEL <R [22],
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CBI %43 E3& F3 5, 39—, 20155
%D?Eﬂi&ﬁ%jj?ﬁTEb F OB 72\ )5, Hildebrand
CEROBRITFEICEHMTE D, ZHUTHR LT
SIREE T B O KGRI S W1 232 < Hildebrand O
HENCIE@mNAHEZ TV L, BEEMEL TV
HEINCHRD, BHHEIZEIEDLNDIEA S D,

“Hydrophobic” # Hike L CAR@EUIZE &35 5
fRITIENICHS 5 D 10 [23], “Iceberg” DIFfE%E
FEEBRHIZFEA L L 9 & T 2RI L TV 0y
[24], D ZAZHST L?il/tnﬁ% SHATEINED TY
RREIZINIEE H 0 . EOFMIZITIZ EEVIRIO X
5ﬁom@\ﬁﬂ@@ﬁkiﬁﬁé@%@&5iw
IZOWTEBREED DLNENDHDHTEAI[25], ZD
LEa—DOEEE NIRRT, RO TEZREL
“C %WJP‘V BB KOEE| ZGESTWD, BUKIE
AIREET-HNROL @B”Dj'tfei%@ﬁﬂi%ﬁl g7
zf%tioto ARFEZEE (E23E8ER) 267z
Nlcimt#ld, E2DRFEICEES > TUE LY,

Solvent dynamics can play a major role in enzyme
activity, but obtaining an accurate, quantitative picture of
solvent activity during catalysis is quite challenging. Here,
we combine terahertz spectroscopy and X-ray absorption
analyses to measure changes in the coupled water-protein
motions during peptide hydrolysis by a zinc-dependent
human metalloprotease. These changes were tightly
correlated with rearrangements at the active site during
the formation of productive enzyme-substrate
intermediates and were different from those in an
enzyme—inhibitor =~ complex. = Molecular  dynamics
simulations showed a steep gradient of fast-to- slow
coupled protein-water motions around the protein, active
site and substrate.

Our results show that water retardation occurs before
formation of the functional Michaelis complex. We propose
that the observed gradient of coupled protein-water motions
may assist enzyme-substrate interactions through water-
polarizing mechanisms that are remotely mediated by the
catalytic metal ion and the enzyme active site.

HOBERZERE S, BKBEIIHRABZECE T
SHEETH D, TG 020 o b OENHEETZ 1,
EEL LS ZRWHFEOE IR - 7ofim 28 <. TBUK

14 Reprinted (adapted) with permission from P. Ball, Water as an Active Constituent in Cell Biology, Chem. Rev., 2008, 108,

74-108. Copyright 2008 American Chemical Society.

15 Reprinted (adapted) with permission from P. Ball, Biophysics: More than a bystander, Nature, 2011, 108, 467-468.
Copyright 2011, Rights Managed by Nature Publishing Group.
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‘--+ Tt is for this reason, and perhaps especially because of

the consequences for biological organization, that a special term to describe hydrocarbon-water antipathy has proved

convenient, which does not mean that

BREEEBITTICHERNR,

“hydrophobic” is a good word for it. ...”
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