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ABSTRACT Biological systems can experience a strong van der Waals interaction
involving electromagnetic fluctuations at the low frequency limit. In lipid-water
mixtures the free energy of this interaction is proportional to temperature, pri-
marily involves an entropy change, and has qualitative features of a “hydrophobic
bond.” Protein-protein attraction in dilute solution is due as much to low fre-
quency proton fluctuation (Kirkwood-Shumaker forces) and permanent dipole
forces as to high frequency (infrared and uv) van der Waals intreactions. These
conclusions are described in terms of numerical calculations via the Lifshitz theory
of van der Waals forces.

INTRODUCTION

In earlier papers (1-3)! we have applied the theory of van der Waals forces as
given by Lifshitz (4) to a detailed study of these forces in systems of biological
interest. In particular, references 1 and 3 were devoted to the attractive forces be-
tween water media interacting across a thin lipid film. Van der Waals forces in
lipid-water systems are qualitatively different from those which exist for condensed
media interactions across a vacuum. The important new feature is that the main
contributions to temperature-independent forces do not come simply from electro-
magnetic fluctuations at Uv frequencies as has been assumed in the past. The in-
frared spectrum is equally significant.

In this paper we extend our earlier analysis to temperature-dependent forces.
We will show that there is a large long-range contribution to the van der Waals
force? from molecular interactions of the permanent dipolar molecules in liquid
water. This interaction occurs at essentially zero frequency and increases almost
linearly with temperature. As discussed by Lifshitz (5), for interactions involving

1 Also Ninham, B. W, and V. A. Parsegian. 1970. Manuscript submitted.

2 We call any forces deriving from electromagnetic fluctuations “van der Waals” interactions. That
component of the interaction which is explicitly temperature independent will be called a “dispersion
force,” and the remainder a “molecular force.”
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most materials this additional contribution to the force is usually quite negligible at
room temperature and at small film thicknesses where the effects of retardation
can be ignored. Indeed in their books, Landau and Lifshitz (6) and Abrikosov,
Gorkov, and Dzyaloshinskii (7) assert that temperature-dependent terms are
always negligible for film thicknesses I << 0 ([hcl/[kT)). ([Ac]/[kT] ~ 10° A at room
temperature.) The inequality is a necessary condition for the neglect of molecular
forces, but is not sufficient.

At least for the special case of lipid-water systems, and probably for some cases
of protein or nucleic acid aggregates in water, the peculiar properties of water
dictate that temperature-dependent intermolecular correlations are always very
important. On the basis of our analysis we shall show that Kirkwood-Shumaker
fluctuation forces (8) can easily be estimated via Lifshitz theory. We suggest further
that the molecular forces examined here may give a quantitative expression for
so-called “hydrophobic bonding” (9).

THE TEMPERATURE-DEPENDENT LIFSHITZ FORMULA

The most general expression for the van der Waals force due to interactions of
media 1 across a planar slab of medium 2 and thickness / has been given by Dzyalo-
shinskii, Lifshitz, and Pitaevskii (4). By integration with respect to / of their result
one has for the free energy of interaction per cm?

6u,1) = XL Z_ I, D), (1)

where

I, 1) = (”’T‘/;)z [ ) pdp{ln [1  Eexp (— 20t \/6_2)]
+In [1 — Aexp (——————‘ 2”‘52"/‘_2)]} (2)

_Se—pa .z _S—p
sez -+ per’ s+p

s =V (61/62) -1 +p2; sn = (21l‘nkT)/h. (3)

Here 2xk is Planck’s constant, k is Boltzmann’s constant, T absolute temperature,
and c¢ the velocity of light. The dielectric susceptibilities ¢ , e are to be evaluated
on the imaginary frequency axis

A

€ = 61(1.51;), € = ez(iE,.), (4)

and the prime on the summation symbol in equation 1 indicates that the term in
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n = 0 is to be taken with a factor 14. In the limit of low temperatures, the sum
in equation 1 can be replaced by an integral through the transformation

27kT

di = dn, (5)

which yields the dispersion force contribution to the free energy

~ h *
6 = pp | 15D, (6)

This approximate expression was analyzed in detail in reference 3 for both large
and small distances of separation /. We found there that for hydrocarbon-water
interactions this limiting form gave strong spectral contributions from the infrared
region besides the expected contribution from uv fluctuations. However, con-
tributions to the integral from the microwave region due to orientation correlation
of polar molecules are neglected in this approximation. To take account of these
correlations it is necessary to return to the general expression equation 1.

At room temperature, T /¢ 293°K, the frequencies £, at which terms in the sum
in equation 1 are to be evaluated are

& = 2.41 X 10¥nrad/sec,n = 0,1,2, -+~ . (7)

The term in n = 0 uses zero frequency dielectric susceptibilities corresponding to
infrared and higher frequencies. Thus, the effects of molecular correlations will
show up primarily in the term n = 0. We therefore consider this term separately
to examine its distinctive properties. To conform with the usual notation we write
the free energy in terms of an effective Hamaker coefficient A(/) such that

_ _AWD
where
A= An-o + An>0- (9)

From equations 1 and 8 we obtain

Anmo kT 1(0,1)

kT fo " gdgIn [ — Ade™]

Blw W BlWw

© Az,’
KT 3 —=-. (10)

=1 J
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where
_ | «(0) — «(0)
S Eoeal ()

and

Anso = 35 kT "Z_l I, D). (12)

For purposes of comparison, we shall also define

3 [°
‘Z=Gfo e 18, 1), (13)

where 4 corresponds with the low temperature integral approximation.

Several remarkable features of the zero frequency n = 0 contribution will now
be presented, and a comparison made with the van der Waals dispersion interaction
considered previously.

TEMPERATURE-DEPENDENT VAN DER WAALS
INTERACTION

Our first observation is that the zero frequency term equation 10 in lipid-water
systems is of comparable magnitude with infrared and uv contributions. Thus,
for kT = 4.04 X 10" erg, we have

_ i [@(0) — )T / s
Apeo = 3.03 X 10 ;[W—;@] /1, (14)

where subscripts w and hc denote water and hydrocarbon respectively. Taking
eno(0) & 2, €,(0) = 80, equation 14 gives

Apmo & 3.2 X 107 erg.

In Table I we summarize numerical estimates of the Hamaker coefficient defined
by equations 8, 9, and 13. These calculations are for water acting across a hydro-
carbon flim of 50 A thickness. Experimental dielectric data for water and hydro-
carbon are fitted to the form

, _ me Ci' Cuv
() = 4 T am ¥ TF @Wany T TF Gan) (1)

as in references 1-3.
Not only is the contribution A,., similar in magnitude to the high frequency
terms, but it is an infinite wavelength contribution. This circumstance assures that
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TABLE I

ESTIMATES OF HAMAKER COEFFICIENTS A.—o, An>0, A FROM EQUATIONS 8-13
Data for water susceptibility ey (i):

Cow = 75.2, Ciy = 3.42, Cyv = 0.78.

wmy = 1.06 X 101, &;, = 5.66 X 10", &, = 1.906 X 10'¢ rad/sec.
Data for hydrocarbon susceptibility enc(if):

Cuw = 0, Cir = 0, Cyy = (nio — 1), @uv as below.
! =5 A, T = 20°C.

Apeo X 101 Ayse X 101 4 X 101

ans Mhe Aeotar X 104 (equation (equation (equation

10) 12) 13)

erg erg erg erg

1.54 X 10%¢ rad/sec 1.9 5.8 3.2 2.6 3.4
Decane ionization po- 2.0 5.5 3.2 2.3 3.

tential 2.143 5.7 3.2 2.5 3.2

2.208 6.1 3.2 2.9 3.5

1.76 X 10 rad/sec 1.9 5.8 3.2 2.6 3.3

Ethane ionization po- 2. 5.8 3.2 2.6 3.3
tential 2.143 6.5 3.2 3.3 4.

2.208 7.1 3.2 4. 4.6

in lipid-water systems the van der Waals energy will have a short-distance or non-
retarded form even at very large distances. This previously neglected feature may
be important in the study of lyophobic colloid flocculation. The low frequency van
der Waals force in this case shows up strongly because the dielectric properties of
water and hydrocarbon are fairly close in the visible to UV region but are vastly
different at £ = 0.

INTERMOLECULAR FORCES IN PROTEIN SOLUTION;
KIRKWOOD-SHUMAKER FORCES

It has been suggested (8) that proton fluctuations in the microwave region can
correlate to produce an effective attractive force between protein molecules. In
fact, any induced orientation or distortion of a molecule can cause local electro-
magnetic fluctuations and contribute to an attractive force between like molecules.
Now the magnitude of these forces can easily be estimated by the Lifshitz formalism,
for the capacity for these electromagnetic fluctuations will increase the effective
dielectric constant ¢,(0) of a protein solution. To calculate the microwave frequency
forces we proceed as follows.

Through the full frequency range the dielectric susceptibility of a dilute protein
solution may be written as (4)

o(i®) = eu(it) + N 22D (16)
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where subscripts p and w denote protein solution and water respectively, while
N is the number density of protein molecules. If we imagine an interaction of
protein molecules acting between two solutions separated by a gap / containing
pure water, the free energy of interaction follows from equations 1-3. Treating
medium 1 as protein solution and medium 2 as water, and using equation 16 we
have

© © 2
G(1,T)=£r_fzz_;o’fo qdqln[l—(lz—vgij\’; e.,,) e_“:l. (17)

To obtain this expression we have made the change of variable ([2pt. Veol/c) = ¢
in equation 2 and ignored retardation effects. Since N(de,/dN) < €, equation 17
reduces to the approximate form

61, 1) = — IV - ["’"(’E") / ealitn) ] . (18)

T 324 £

This is precisely what one would have obtained by a pairwise summation of in-
dividual protein-protein free energies of interaction of the form

s) = - ZL s [ll) /ey . (19)

As in our previous analysis we decompose this free energy of interaction into two
terms and write

g(r) ~ 3 {kT[ae’(o) e.,,(O):l2

16728 oN
4n [ de,(i£) ) ]2 }
+—1;‘ Zrkrlh[a—N Gw(ls) dty . (20)

The first term concerns relaxation in the microwave region, while the second ac-
counts for fluctuations at infrared and uv frequencies. The error in replacing the
second term by an integral is not serious for our present first estimate. It is tanta-
mount to ignoring the absorption of protein solution in the near infrared.

We can now compare the magnitude of these two terms using available data for
the dielectric increment (J¢,(0)/dp) at zero frequency, where p is weight density of
protein in solution, and index of refraction change (9n/dp) at optical frequencies.
For example for hemoglobin we have (10)

ae:;_(p()) ~ 03 liter/g, 2D
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and for most proteins in the visible range

eplil) _ 5, My My _ g o 107 Titer/g. (22)
dp dp dp

These data are for hemoglobin. In order of magnitude the first term in the curly
bracket of equation 20 is k7(3/80)2 &~ 5.6 X 107" apart from the common scaling
factor (p/N)2. The second can be evaluated if we assume that the principal uv
absorption of protein is at A < 200 my, or ¢ 2 10" rad/sec. Thus,

w , 2 1016 2 —8
4h [0€p(l£) ew(ié):l ~ ﬂfo dgwﬁ.;(__lg_% 5 X 107%, (23)
T

T Jo2xkT/h dp v

so that for the data of equations 21 and 22 microwave contributions to the protein-
protein interaction are of the same order of magnitude as high frequency van der
Waals forces in the short-distance regime. To the extent that the dielectric increment
is due to proton fluctuations, the microwave contribution is due to Kirkwood-
Shumaker forces (8). For highly polar protein molecules the dielectric increment
could easily increase by a factor of 10 to make the microwave contribution domi-
nate the interaction by several orders of magnitude. The important observation,
however, is that the magnitude and selectivity of van der Waals forces acting be-
tween macromolecules should be accessible through macroscopic measurements
which are model independent. The necessary modifications of the above argument
required to take account of interaction between dissimilar macromolecules, of
macromolecular adsorption, and effects of solutes are obvious.

LOW DENSITY LIMIT

In the limit of very low density, the contribution to the energy due to the n = 0
term reduces exactly to the old Keesom force (11) acting between permanent di-
polar molecules. To see this, consider two clouds of water molecules interacting
across a vacuum, a planar gap of width / 3> N2 where N is the number density
of water molecules. For water vapor (12), we take

Any’N

Gw(o) =14+ W’

(24)

where u is the dipole moment of an individual molecule. From equations 1, 8, and
10, we then have

G = _£<ew(0) - 1)2
=0 1672 \e,(0) + 1

4572
- _ T N
362 kT ° (25)
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The entropy associated with this free energy is

oG
S = _(ﬁ), = G/T. (26)

Hence the enthalpy H, (or equivalently energy here) is

H = 2G. (27)

This is precisely what one obtains by carrying out a pairwise addition of the Keesom
intermolecular interaction energies

(28)

acting between two permanent dipoles in this configuration. For interactions
across a dilute intermediate substance consisting of nonpolar molecules, the free
energy corresponding to equation 25 includes also the Debye force due to dipole-
induced dipole interactions. We note in passing that the temperature dependence
of the intermolecular force as predicted by pairwise summation is completely
wrong for condensed media interaction, and totally misleading.

ENTROPIC CONTRIBUTIONS TO THE VAN DER WAALS
FORCE

The term in n = O for condensed lipid-water systems is primarily an entropy con-
tribution to the free energy. From equation 10 the zero frequency free energy
change in bringing two hydrocarbon bodies separated by water from infinite sepa-
ration to a distance / is to leading order

Gn=0N -

KT (e(0) — en(0)Y
16x2 (e.,,(O) + ene(0)/° (29)

Here the e refer to static susceptibilities. Since

Gn:-O = Hn-:O - TSn=0 ) (30)

the entropy change corresponding to this free energy change is

- aGn-O
TSy = T 222
_ kT . _ 2T oL,
= T i6ap 20 [l A aT]
N P %
—Gn.o[ 2z aT], (31)
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where

Ao = (w(0) — nc(0))/(en(0) + €nc(0)).
Similarly the enthalpy change is
a(G/T) _ 2T 94

2
= — = - —_——. 2
H, T =% oo 5 o (32)
Now at 20°C,
&(0) =~ 80, anc(0) ~ 2, A¢ =~ 0.95, (33)
and (13)
dens(0) 8e.,(0) _
—7 0.016, T~ 0.37, (34)
whence
o s
T~ 1.8 X 107, (35)
Then from equation 31 we have
—TSn—0 X Guo[l — 0.11] = 0.9G. (36)

This equation implies that the entropy increases upon approach of the lipid bodies,
and that the free energy change is almost all due to an entropy change for then = 0
contribution. The enthalpy contribution in this case is relatively small,

H,_o ~ 11%G, (37)

but is of the same sign as the free energy change.

CONCLUDING COMMENTS

The analysis of lipid-water interactions presented here and in the preceding paper
(3) prove most emphatically the impropriety of the usual assumptions (14-17)
that van der Waals forces are primarily due to electromagnetic fluctuations at uv
frequencies. The peculiar dielectric properties of water insure that at ordinary
temperatures fluctuations at all frequency regions from zero through the micro-
wave, the infrared and the mid-uv are of comparable importance in contributing
to the van der Waals force. There is a strong temperature dependence which has
been neglected entirely in previous studies.

These conclusions are unambiguous since one needs rely on dielectric data in a
range where they are readily available. It is remarkable that mid-to-high uv fre-
quency electric properties, difficult to obtain experimentally, are unimportant
because of similarities in the dielectric properties of hydrocarbon and water in
that range (see reference 3).
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We have dealt here especially with the strong fluctuations in the limit of zero
frequency due to dielectric dispersion in the microwave region. With dielectric
constants ¢,(0) and en,(0) at w = 0, this contribution to free energy of attraction
between two like semi-infinite media separated by a planar gap / is approximately
(equations 8 and 10)

.._kT - ew""ehc>2j 3
Gro = 16112521 (ew F e |’
~ kKT (e — enc)
~ W(T) (38)

This free energy is primarily due to entropy rather than energy or enthalpy changes
with spacing /, strongly reminiscent of ‘“hydrophobic” interactions described in
polar-nonpolar mixtures (9).

In addition, the free energy stemming from the zero frequency van der Waals
interaction maintains the inverse square dependence on [/ at all distances while
contributions from the Uv and then infrared frequencies are systematically damped
out by retardation effects (3). Thus, the van der Waals force in lipid-water systems
has a nearly “short-distance’” form at all distances.

To keep our notation consistent with other presentations we have expressed the
free energies in terms of Hamaker functions A such that ( equation 8 )

A(D
G() = ~T5E

Our estimates for A(50 A) (“Aixa’” entries in Table I) range from 5.5 to 7.1 X
104 erg of which 3.2 X 10—, or about one-half, is a zero frequency contribution.

We expect that the same features of van der Waals forces as studied here will
appear in modified form in protein-protein interactions such as for example viral
assembly and possibly muscle structure. The entropy-driven long-range interaction
requires only that the static frequency dielectric constant of the interacting par-
ticles differ markedly from that of the suspending medium. This interaction will
dominate at large distances and when the indices of refraction of particles and
medium are of similar magnitude.

More important than its ability to predict energies quantitatively, the Lifshitz
theory of van der Waals forces should continue to reveal a rich diversity of un-
expected qualitative features peculiarly pertinent to biological systems.

Requests for reprints should be addressed to Dr. Parsegian.
Received for publication 14 November 1969 and in revised form 3 April 1970.

REFERENCES

1. PARSEGIAN, V. A., and B. W. NINHAM. 1969 Nature (London). 224:1197.
2. PARSEGIAN, V. A, and B. W. NINHAM. 1970. J. Chem. Phys. 52:4578.

PARSEGIAN AND NINHAM Temperature-Dependent van der Waals Forces 673



Svaw

~

PARSEGIAN, V. A, and B. W. NiINHAM. 1970. Biephys. J. 10:646,
Dzyarosninski, 1. E., E. M. Lirstrtrz, and L. P. Prtaevskn. 1961. Advan. Phys. 10:.165.

. LirsHrrz, E. M. 1956. Sov. Phys. J.E.T.P. 2:73.
. LaNDAU, L. D. and E. M. LirsHrrz. 1960. Electrodynamics of Continuous Media. Pergamon Press

Ltd., Oxford. 371.

. ABRIKOSOV, A. A, L. P. Gorkov, and I. E. DzyaLosHINSKIL. 1963. Methods of Quantum Field

Theory in Statistical Physics. Prentice-Hall Inc., Englewood Cliffs. 273.

8. KIRkwooD, J. G., and J. SHUMAKER. 1952. Proc. Nat. Acad. Sci. U.S.A. 38:863.

11.

13.
14

16.
17.

674

. KauzmanN, W. 1959, Advan. Protein Chem. 14:1.
. PARSEGIAN, V. A. 1970. NAS-NRC 1968 Digest of Literature on Dielectrics. R. E. Barker, Jr.,

editor. National Academy of Sciences, Washington, D.C. 32:285.
KAuzMANN, W. 1957. Quantum Chemistry. Academic Press, Inc., New York. 504.

. FroeLicH, H. 1958. Theory of Dielectrics. Oxford University Press, Inc., New York.

Handbook of Chemistry and Physics. 1957. The Chemical Rubber Co., Cleveland. 39th edition.
MoeLwyN-HuGHEs, E. A. 1957. Physical Chemistry. Pergammon Press Ltd., Oxford.

. Krupp, H. 1967. Advan. Colloid Interface Sci. 1:111-239.

ScHENKEL, J. H,, and J. A. KITCHENER. 1960. Trans. Faraday Soc. 56:161.
VERWEY, E. J. W, and J. TH. G. OverBEEK. 1948. Theory of the Stability of Lyophobic Colloids
N. V. Uitgevers Mij. Elsevier, Amsterdam.

BIOPHYSICAL JOURNAL VoLuME 10 1970



