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Indukovaný dipól - indukovaný dipól
-výpočet vyžaduje kvantovou mechaniku a nemá klasickou analogii  
-odvození pomocí poruchové teorie interakce 1/r a použítím multipólového rozvoje 
-podobné kvantově mechanické teorii pro rozptyl (disperzi) světla 
-poprvé odvozeno Fritz Londonem 
-nazýváno Londonova, disperzní nebo indukovaný dipól-indukovaný dipól interakce 
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Obecnější - Lifschitzova teorie, kvantová electrodynamicka, polarizovatelnosti frekvenčně 
závislé - London = statickému řešení pro nulovou frekvenci   
disperzní interakce v dielektriku je pak:  
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13.7 Theoretical and Experimental Hamaker
Constants for Interactions in a Vacuum or Air

Table 13.2 gives some Hamaker constants for two identical phases interacting across
a vacuum or air as calculated using the approximate equations derived above, putting n3¼ 33
¼ 1, together with more rigorously computed values. Experimentally determined values are

Table 13.2 Nonretarded Hamaker Constants for Two Identical Media Interacting in
a Vacuum (Inert Air) at Room Temperature

Medium
Dielectric
Constant 3

Refractive
Index n

Absorption
Frequency
ne (10

15 sL1)

Hamaker Constant A (10L20 J)
Eq. (13.16)
33 [ 1

Exact
solutionsa Experimentb

Liquid He 1.057 1.028 5.9 0.057

Water 80 1.333 3.0 3.7 3.7–5.5

n-Pentane (C5H12) 1.84 1.349 3.0 3.8 3.75
n-Octane 1.95 1.387 3.0 4.5 4.5
n-Dodecane 2.01 1.411 3.0 5.0 5.0
n-Hexadecane 2.05 1.423 2.9 5.1 5.2
Hydrocarbon (crystal) 2.25 1.50 3.0 7.1 10
Diamond 5.66 2.375 2.6 28.9 29.6

Cyclohexane (C6H12) 2.03 1.426 2.9 5.2
Benzene (C6H6) 2.28 1.501 2.1 5.0
Carbon tetrachloride (CCl4) 2.24 1.460 2.7 5.5
Acetone (CH3)2CO 21 1.359 2.9 4.1
Ethanol (C2H5OH) 26 1.361 3.0 4.2
Polystyrene 2.55 1.557 2.3 6.5 6.6–7.9
Polyvinyl chloride 3.2 1.527 2.9 7.5 7.8
PTFE (Teflon) 2.1 1.359 2.9 3.8 3.8

Silica (SiO2) 3.8 1.448 3.2 6.3 6.5 5–6
Mica 5.4–7.0 1.60 3.0 10 7–10 13.5
CaF2 7.4 1.427 3.8 7.0 7.0

Silicon (Si) 11.6 3.44 0.80 18 19–21
Silicon nitride (Si3N4) 8 1.98 2.45 17 17
Silicon carbide (SiC) 10.2 2.65 1.8 25 25
a-Alumina, sapphire (Al2O3) 10.1–11.6 1.75 3.2 15 15
Zirconia (n-ZrO2) 18 2.15 2.1 18 20
Zinc sulfide (ZnS) 8.5 2.26 1.6 16 15–17
Metals (Au, Ag, Cu) N — 3–5 25–40

Eq. (13.19)
20–50

aExact solutions computed by Hough and White (1980), Parsegian and Weiss (1981), H. Christenson (1983, thesis), Velamakanni (1990,
thesis), Senden et al., (1995), French et al., (1995), Bergström et al., (1996), Bergström (1997), Parsegian (2006).
bExperimental values from Israelachvili and Tabor (1972), Derjaguin et al., (1978), and other literature sources.
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proteiny, membrány, coloidy a polymery jsou velké molekuly/shluky, jejich van der 
Waalsova interakce = integrál přes jednotlivé atomy, aditivnost

atomy kde C je konstanta specifická pro dané atomy a prostředí
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van der Waalsova interakce atomu s povrchem je 1/d3

pokud máme desku (membránu) o konečné tloušce t, integrace od z  do (d, d+t) 
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Interakce kulové částíce s povrchem

objem disku o poloměru x je ⇡x

2
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pro               se výsledek zjednoduší naR � d V•| = �⇡2⇢sph⇢surfCR

6d

van der Waalsova interakce proteinu s povrchem může být dalekodosahová  1/d

Interakce dvou povrchů
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obdobně interakce dvou povrchů na jednotkovou plochu
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Jacob N. Israelachvili: Intermolecular and Surface Forces 3rd ed. Academic press 2011 p.255Note that all three Hamaker constants are similar even though themedia are composed of
molecules differing greatly in polarizability and size. This is not a coincidence. It arises
because the coefficient C in the interatomic pair potential is roughly proportional to the
square of the polarizability a, which in turn is roughly proportional to the volume v of an
atom (Section 5.1). And since r f 1/v, we see that A f Cr2 f a2r2 f v2/v2 f constant. Of
course, this is a gross oversimplification; nevertheless, the Hamaker constants of most
condensed phases are found to lie in the range (0.4 – 4)!10"19 J.

13.2 Strength of Van der Waals Forces between
Bodies in a Vacuum or Air

Taking A ¼ 10"19 J as a typical value, we can now estimate the strength of the van der
Waals interaction between macroscopic bodies in a vacuum (or air). Thus, for two
spheres of radius R¼ 1 cm¼ 10"2 m in contact atDz 0.2 nm, their adhesion force will be

F ¼ "AR=12D2 ¼ "ð10"19 ! 10"2Þ=12ð2! 10"10Þ2

¼ "2! 10"3 N ðor 0:2 gÞ;

while atD¼ 10 nm the force will have fallen by a factor of 2500 to about 10"6 N, or 0.1 mg.
Note that these forces are easily measurable using conventional methods.2

Turning now to the interaction energy, atD¼ 10 nm, the energy is"AR/12Dz"10"14 J,
or about 2 ! 106 kT, and even for particles with radii as small as R ¼ 20 nm their energy
exceeds kT at D ¼ 10 nm.

For two planar surfaces in contact (D z 0.2 nm), the adhesive pressure will be

P ¼ "A=6pD3z" 7! 108 N m"2z7000 atm;

while at D ¼ 10 nm the pressure is reduced by a factor of about 105 to a still-significant
0.05 atm. At contact the adhesion energy will be "A/12pD2 z "66 mJ m"2, which
corresponds to a surface energy of g ¼ "1

2W ¼ 33 mJ m"2. This is exactly of the order
expected for the surface energies and tensions of van der Waals solids and liquids, dis-
cussed later. We see, therefore, that the van der Waals interaction between macroscopic
particles and surfaces is large, and not only when the bodies are in contact. Later we shall

Table 13.1 Hamaker Constants Determined from Pairwise Additivity, Eq. (13.1)

Medium
VDW Constant,
C (10L79 J m6)

Density of Atoms,
r (1028 mL3)

Hamaker Constant,
A [ p2Cr2 (10L19 J)

Hydrocarbon 50 3.3 0.5
CCl4 1500 0.6 0.5
H2O 140 3.3 1.5

2Indeed, they were already being measured in the 1930s, and the results appeared to “agree” with the
theoretical predictions. However, we now know that the glass surfaces used were rough, and that what was
being measured were capillary forces that are of similar magnitude (see Section 17.11).
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přesneji z Lifschitzovy teorie

Thus, in the absence of constraints or other forces the van der Waals interaction alone
may promote the migration of small uncharged particles across liquid interfaces. Note
that repulsion from both sides of the interface never occurs. These effects are entirely
analogous to those previously discussed in Section 10.4 in nonspecific terms. The
application of the Lifshitz theory to explain the engulfing or rejection of particles by
moving solid-liquid interfaces has been extensively studied by Van Oss et al., (1980).

13.5 Nonretarded Hamaker Constants Calculated on
the Basis of the Lifshitz Theory

To obtain the Hamaker constant for any system we first need to know how the dielectric
permittivity of the media vary with frequency, after which we can integrate Eq. (13.10) to
obtain A. The dielectric permittivity 3(in) of a medium varies with frequency n in much the
same way as does the atomic polarizability of an atom, discussed in Section 6.6. Thus, 3(n)
and 3(in) can usually be represented by a complex function of the form (Mahanty and
Ninham, 1976; Parsegian, 2005)

3ðnÞ ¼ 1þ constant

ð1% in=nrotÞ
þ constant

ð1% n2=n2eÞ
; (13.12)

so that 3(in) is a real function of n given by

3ðinÞ ¼ 1þ ð3% n2Þ
ð1þ n=nrotÞ

þ ðn2 % 1Þ
ð1þ n2=n2eÞ

; (13.13a)

3ð0Þ ¼ 1þ ð3% n2Þ þ ðn2 % 1Þ ¼ 3; 3ðNÞ ¼ 1; (13.13b)

where nrot is the molecular rotational relaxation frequency, which is typically at microwave
and lower frequencies (nrot< 1012 s%1), ne is themain electronic absorption frequency in the
UV typically around 3& 1015 s%1, and n is the refractive index of themedium in the visible—
that is, n2 ¼ 3vis(n).

Since n1 z 4 & 1013 s%1 » nrot, the summation of Eq. (13.9) that gives the dispersion
energy is determined solely by the electronic absorption [last term in Eq. (13.13a)]. We
may therefore substitute an expression of the form

3ðinÞ ¼ 1þ ðn2 % 1Þ=ð1þ n2=n2eÞ (13.14)

for each medium into Eq. (13.10) and integrate using the definite integral of Eq. (6.27). If
the absorption frequencies of all three media are assumed to be the same, we obtain the
following approximate expression for the nonretarded Hamaker constant for two
macroscopic phases 1 and 2 interacting across a medium 3:

Atotal ¼ An¼0 þ An>0 z
3
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(13.15)
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je výhodné zadefinovat novou konstantu A

Hamakerova konstanta

A ⌘ ⇡2⇢1⇢2C

A ⇠ ⇢1⇢2↵1↵2 ⇠ 1

v1

1

v2
v1v2 = const.

Hamakerova konstanta je přiblině stejná pro všechny látky neboť                  

hodnoty jsou v rozsahu 1-100kT=0.4-40.0×10−20 J

C ⇠ ↵1↵2
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Ninham and Parsegian (1970), Gingell and Parsegian (1972), and Hough and White
(1980) considered the hydrocarbon-water system in great detail and found that the
theoretical A for this system lies in the range (4–7) ! 10"21 J depending on the refractive
index of the hydrocarbon. Note that as far as van der Waals forces are concerned the
interaction of hydrocarbon across water is the same as for water across hydrocarbon.

Table 13.3 Hamaker Constants for Media 1 and 2 Interacting across Medium 3
at Room Temperature

Interacting Media (Note: For Symmetrical Systems A131 [ A313) Hamaker Constant A (10L20 J)
1 3 2 Eq. (13.15)a Exact Solutionsb Experimentc

Air (water) Water (air) Air (water) 3.7 3.7
Pentane Water Pentane 0.28 0.34
Octane Water Octane 0.36 0.4
Dodecane Water Dodecane 0.44 0.4–0.5 0.5d

Hexadecane Water Hexadecane 0.49 0.4–0.5 0.3–0.6d

PTFE Water PTFE 0.29 0.33
Polystyrene Water Polystyrene 1.4 0.95–1.3
Water Hydrocarbon Water 0.3–0.5 0.34–0.54 0.3–0.9
Silica (SiO2) Dodecane Silica (SiO2) 0.07 0.10–0.15
Fused quartz (SiO2) Octane Fused quartz (SiO2) 0.13 —

Fused quartz Water Fused quartz 0.63 0.5–1.0
Mica Hydrocarbon Mica 0.35–0.81 0.85 0.5–0.8
Mica Water Mica 2.0 1.3–2.9 2.2
a-Alumina (Al2O3) Water a-Alumina (Al2O3) 4.2 2.7–5.2 6.7
Silicon nitride (Si3N4) Water Silicon nitride (Si3N4) 8.2 5–7
Zirconia (n-ZrO2) Water Zirconia (n-ZrO2) 13 7–9
Silicon carbide (SiC) Water Silicon carbide (SiC) 21 11–13
Ag, Au, Cu Water Ag, Au, Cu — 10–40 40 (gold)

Water Pentane Air 0.08 0.11
Water Octane Air 0.51 0.53
Octane Water Air "0.24 "0.20
Fused quartz Water Air "0.87 "1.0
Fused quartz Octane Air "0.7 —

Fused quartz Tetradecane Air "0.4 — "0.5
Silicon nitride Diiodomethanea Fused quartz "1.3 "0.8 “Repulsion”
CaF2, SrF2 Liquid He Vapor "0.59 "0.59 "0.58

aBased on dielectric data of Table 13.2, assuming mean values for ne. Values for diiodomethane: 3¼ 5.32, n¼ 1.76, ne¼ 2.3! 1015 s"1

(Meurk et al., 1997).
bExact solutions computed by Sabisky and Anderson (1973), Hough and White (1980), Parsegian and Weiss (1981), Christenson (1983,
thesis), Horn et al., (1988a), Velamakanni et al., (1990), Senden et al., (1995), Bergström et al., (1996), Bergström (1997), Parsegian (2006).
cExperimental values from Israelachvili and Tabor (1972), Sabisky and Anderson (1973), Requena et al., (1975), Derjaguin et al., (1978),
Israelachvili and Adams (1978), Lis et al., (1982), Ohshima et al., (1982), Horn et al., (1988a), Israelachvili et al., (1989), Velamakanni et al.,
(1990), Meurk et al., (1997), Vigil et al., (1994).
dPure hydrocarbon-water and other hydrophobic-water interfaces experience an additional hydrophobic attraction which is fully or
partially shielded when the interfaces contain hydrophilic groups, as occurs in the interactions between surfactant and lipid bilayers
(see Chapters 14 and 21).
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Spočítejte van der Waalsovu interakci dvou Lysozymů a Lysozymu a mebrány. 
Předpokládejte, že Lysozym  je koule o průměru 20 nm a tloušťka hydrofobní části 
membrány je 4 nm. Hamakerova konstanta pro Lysozym interagující se sebou ve vodě 
je 2.87 x 10−20J, zatím co dvě membrány interagující spolu mají Hamakerovu konstantu 
0.54 x 10−20 J. 
 

Příklad

Řešení
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předpokládali jsme: 

1. aditivnost vdW - ne pro aromatické systémy, ..  

2. okamžité působení - ne rychlost světla

Předpoklady

pro krátkodosahové síly a pro objekty jejichž vzdálenost je menší než jejich zakřivení

Derjaguinova aproximace

kde A je velikost sobě si odpovídajících ploch v objektech 
pro rotačně symetrické objekty - integrace přes protilehlé disky
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Dvě koule
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pro van der Waalsovu interakci
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Základ interakce spočívá v silných vodíkových vazbách vody, které hydrofobní molekuly 
narušují: 

1. Pro velké ploché povrchy se počet vodíkových vazeb sníží, vody na rozhraní nemají 
v okolí stejně partnerů provodíkové vazby - entalpický charakter 

2. U zakřivených povrchů mají vody okolo sebe přibližně stejně vodíkových vazeb, ale 
jejich rozmístění je omezené - snížení počtu možných kofigurací = entropický 
charakter

Hydrofobní interakce

J. Am. Chem. Soc. 2007, 129, 1532

přechod při poloměru zakřivení 1 nm 
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konstanta úměrnosti      je povrchové napětí 

pro voda/olej 7.9 kT/nm2 = 4.7 kcal/mol/nm2 = 
33 dynes/cm 
pro malé molekuly (alkany) to je okolo 4 kT/
nm2

dV = dG = �dA

�

velikost plochy dostupné molekulám vody 
(Solvent Asscesible Surface Area)

Mason P.: Biochem. J. (2013) 454 (387–399

Chandler, D.: Nature 437 640–647 (2005)

hydrofobní interakce
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Spočítejte van der Waalsovu interakci dvou paralelních polymerních molekul (řetězců 
složených z kuliček) na jednotku délky. Pro zjednodušení uvažujte vzdálenost mezi 
molekulami mnohem větší než jejich poloměr. Výsledek aplikujte na molekuly DNA.  

Řešení:

Příklad na doma

V =
�3⇡C

32R2d5


