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The hydration of the lipid 1-palmitoyl-2-oleoylphosphatidylcho-
ine (POPC) and of the cationic detergent dodecyltrimethylammo-
ium bromide (DTAB) has been studied by means of isothermal
itration calorimetry (ITC), gravimetry, and infrared (IR) spec-
roscopy. During the experiments films of the amphiphiles are
erfused by an inert gas of variable relative humidity. The mea-
urement of adsorption heats using ITC represents a new adap-
ation of adsorption calorimetry which has been called the humid-
ty titration technique. This method yields the partial molar
nthalpy of water upon adsorption. It is found to be endothermic
ith respect to the molar enthalpy of water on condensation for

he water molecules which interact directly with the headgroups of
OPC and DTAB. Consequently, the spontaneous hydration of

he amphiphiles is entropy driven in an aqueous environment. IR
pectroscopy shows that hydration is accompanied by the increase
n the conformational and/or motional freedom of the amphiphilic

olecules upon water binding. In particular, a lyotropic chain
elting transition is induced at a certain characteristic relative

umidity. This event is paralleled by the adsorption of water. The
orresponding exothermic adsorption heat is consumed com-
letely (POPC) or partially (DTAB) by the hydrocarbon chains
pon melting. Differential scanning calorimetry was used as an

ndependent method to determine transition enthalpies of the
mphiphiles at a definite hydration degree. Water binding onto the
eadgroups is discussed in terms of hydrogen bonding and polar

nteractions. The adsorption isotherms yield a number of ;2.6
ightly bound water molecules per POPC and DTAB
olecule. © 1999 Academic Press

Key Words: lipid membranes; water adsorption; water–head-
roup interactions; enthalpy of dehydration; ITC; FTIR.

INTRODUCTION

Amphiphilic molecules such as detergents and lipids ag
ate spontaneously in an aqueous environment. The hyd
eadgroups form a polar/apolar interface which screen
ydrophobic part of the molecules from the bulk water. T
olar surface is an interphase rather than an interface be

he polar residues are distributed throughout a meshlike re

1 To whom correspondence should be addressed. E-mail: binder@
eipzig.de; Fax: 49-341-9732479.
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1). It exerts a strong repulsive force toward other hydr
urfaces preventing their close attachment and fusion
hough a basic phenomenon in physical chemistry, the dr
orces and structural consequences of hydration have not
nderstood yet in many details (2, 3). For example, hydra
ffects can be explained in terms of local ordering of wate

he interface (4, 5) or, alternatively, as a disordering phen
non of the headgroups which is the manifestation of
creening of inter-headgroup interactions (1, 6).
One problem arises from the fact that only rough estim

f hydration energies of amphiphiles, frequently based
heoretical calculations, are available in most cases (see
3) for an overview and references cited therein). Hence
eficiency of experimental data impedes the quantitative
ation of the thermodynamic forces that drive the hydratio

ipids and detergents.
Unfortunately, the experimental study of the thermodyn

cs of hydration is up to now a difficult approach becaus
imitations of available calorimetric methods. Considera
rogress has been achieved in applying isothermal titr
alorimetry (ITC) to aggregation phenomena of amphiphile
queous solution during the past decade (see Ref. (7
eferences cited therein) because the sensitivity of ava
nstruments was improved drastically at the end of the 1
8). We have used this method by pursuing the concept o
ystematic variation of the polar/apolar interface by mean
he addition of detergents to lipid membranes (9, 10).
hermodynamic data could be interpreted in terms of a st
orrelation between mixing properties and the hydration o
eadgroups, the water exposure of the hydrophobic core
acking effects of the hydrocarbon chains. Similar results
btained by means of differential scanning calorimetry (D

n combination with infrared (IR) spectroscopy (11). Unfor
ately, these investigations are restricted to excess wate
itions enabling only indirect conclusions about local hy

ion properties.
A more direct approach to the hydration of amphiphile

chieved when exposing the samples to an atmosphe
ariable relative humidity (RH). In this way, the degree
ydration of the polar/apolar interface can be varied con

ni-
0021-9797/99 $30.00
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236 BINDER, KOHLSTRUNK, AND HEERKLOTZ
usly between the anhydrous and fully hydrated state o
mphiphiles. We used this sample conditioning metho
tudy structural details of the lyotropic phase behavior of li
y means of infrared spectroscopy and X-ray analysis (12
he results show that the properties of the amphiphilic ag
ates decisively depend on the amount of water which fo

he hydration shell.
One logical continuation of these studies was the d
easurement of hydration enthalpies using a combinatio

TC instrumentation with a technique which realizes w
dsorption onto amphiphiles via the gas phase (15). Thi
erimental approach represents an adaptation of classic
orption calorimetry. It makes use of the ability of ITC
easure mixing heats. In the usual ITC application the mi

s realized by a series of injections of a small amoun
olution/dispersion from a syringe into a reaction cell cont
ng a solution/dispersion of different composition. In analo
ur technique has been called humidity titration because
ous water” is “injected” in definite portions of RH to a sam
lm of amphiphilic molecules (15).
It is important to note that hydration affects not only

olar region of the aggregates but involves changes withi
ydrophobic part as well (16). In other words, the amphiph
epresent a sorbate the properties of which vary upon sorp
hat means the measured heat response yields a kind of m
nthalpy of the two-component system sorbate (water)1 sor-
ent (amphiphile). Consequently, the hydration of amphip
an be treated in analogy to the thermodynamics of two c
onent mixtures. On the other hand, the composition, and

he physical properties of the system, change in direction o
ormal of the adsorption layer. Hence, the hydrated am
hiles represent a mixture which is anisotropical on a m
copic length scale. A thermodynamic approach should t
ore combine classical thermodynamics of binary mixtu
ith elements of an adsorption theory which treats, e.g.
dsorption of a sorbate in terms of distinct adsorption laye
solid surface.
The aim of the present paper is threefold: At first we

cribe humidity titration calorimetry which is expected to o
ew perspectives in adsorption microcalorimetry. Second
resent the basic formulae of data analysis in terms of
ontributions of the components of the system. Third,
haracterize the hydration of two selected amphiphiles
ipid POPC and the ionic detergent DTAB, in order to de
nstrate the capabilities and limitations of the method an
iscuss thermodynamic aspects of hydration on a mole

evel.
The choice of the amphiphiles was motivated by their p

rty to transform from a solid into a fluid state upon hydra
t room temperature (17, 18). The chain melting trans
epresents a sort of internal heat standard. The correspo
ransition enthalpy can be independently measured by DS
he purpose of direct comparison with the ITC results
ddition, we have determined the isosteric heat of adsor
e
to
s
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y means of gravimetry at different temperatures. IR spec
opy is used for a qualitative characterization of intermolec
nteractions.

EXPERIMENTAL

umidity Titration Calorimetry

For sample preparation we used methanolic stock solu
;5–20 mM) of the lipid POPC (1-palmitoyl-2-oleoylpho
hatidylcholine; Avanti Polar Lipids, Birmingham, AL) and

he cationic surfactant DTAB (dodecyltrimethylammoni
romide, Aldrich, Steinheim, Germany). Definite volum
;50ml) were filled into the body of a cylindrical solid partic
nsert cell (;2 3 20 mm) of the MCS ITC calorimeter (M
roCal, Northampton, MA). The solvent was evapora
lowly under a stream of nitrogen by permanently rotating
ell. This procedure ensures the spreading of the stock so
t the inner wall of the cell. In this way the amphiphi
;50–200mg) are assumed to form a uniform film of a me
hickness on the order of;1–5 mm.

The solid sample cell was thoroughly sealed and inse
hrough the access tube into the standard sample cell filled
ater. Two steel capillaries are led out of the calorim

hrough the cover of the insert cell to allow for the perfusio
he cell content. The access capillary was connected thro
omebuilt adapter and a thermostated tube (flowing-water
ostat, Haake, Germany) to a moisture regulating device
iVar, Leipzig, Germany) that supplies a continuous flow
igh-purity N2 gas of a definite relative humidity (RH, absol
ccuracy6 0.5% at 5%, RH , 95%) and temperatu
absolute accuracy6 0.1 K, short-time stability, 61022 K).
he gas passes through the access capillary and, additio
re-equilibrates thermally before it enters the cell (tempera
tability , 61023 K). After flowing over the sample film, th
itrogen and the surplus vapor leave the cell through the o
apillary into the room atmosphere.
The samples were investigated by means of increasing

ration scan) as well as decreasing (dehydration scan) R
5 25°C. The RH was varied between 2 and 92% in step
RH 5 2% (see Fig. 1 for illustration). Practically, the R

umps were realized abruptly (t step ' 20 s) when compare
ith the response time of the sample (see below). The RH
djusted with a stability of,60.15% in the interval betwee

wo steps as has been checked by means of a capacitiv
ensor (cf. Fig. 1).
The change of RH typically results in the sorption/des

ion of water onto/from the sample film. The correspond
eat of adsorption is detected as a power peak of the

eedback circuit (CFB) to balance temperature difference
ween the sample and the reference cell, both residing w
n adiabatic jacket. The time interval between two subseq
H steps (twait ' 15 min) was chosen to exceed the charac

stic relaxation time of the system (teq , 5 min) to ensur
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eequilibration after sorption (see Fig. 1). The equilibra
ime,teq, is nearly independent of the flow rate of the gas,vflow,
hen choosingvflow in the intervalvflow ' (10–50) ml/s. At
maller flow rates, the width of the CFB pulses increa
onsiderably, obviously, because the transport of the so
nto the sample cell becomes rate limiting. Note, thatvflow 5 10
l/s realizes the access of;2 3 1028 mol water/s at RH5
8%. This amount of water corresponds to;1% of the respec

ive hydration capacity of 100mg of a lipid (;12 mol water
ol lipid, see below).
In a series of preexperiments, we varied the amount of sa

n the rangemsample 5 (50–400)mg. It turns out thatteq and the
ntegrated heat of the CFB pulses per mol of sorbent are e
ially independent onmsample at msample , 400 mg. teq increase
ypically with increasing RH from, e.g., less than 2 min at RH,
2% to;10 min at RH. 85% for POPC (see Fig. 1). A simil

endency has been reported previously by equilibrating lipids
umid atmosphere (17). The slowing-down of the heat resp
lso occurs when the sample passes a melting transition. A
nce measurement using an empty insert cell shows that
round effects can be neglected (Fig. 4).

ravimetric Measurements

The surfactant in methanolic stock solution (;0.5 ml) was
pread on the surface of a circular quartz slide (diamete

FIG. 1. Humidity titration calorimetry: Relative humidity (RH) (a), the
erivative (b), and the power peaks of the cell feedback circuit (CFB
easured upon hydration of POPC as a function of time. The three c
epicted in (c) correspond to different RH ranges starting with the RH
iven at the plots. A capacitive sensor (Vaisala, Finnland) has been used
etermination of RH of the gas immediately before it enters the calorim
ell.
s
te

le

en-

a
se
er-
ck-

5

m) and allowed to dry under a stream of nitrogen.
ample was placed into a twin microbalance system (Sarto
ermany) which has been equipped with a moisture regul
evice (see above and (12)). The relative humidity was

usted by flowing moist, high-purity N2 gas through the samp
hamber. Before starting the experiments, the surfactan
ried by flowing dry N2 for 12–24 h through the chamber (T 5
5°C) until the mass of the sample attained some con
alue (;0.5 mg). Infrared spectra of lipid films which we
ncubated at identical conditions show nearly no absorptio
he spectral range of then13(OH) stretching band of water (vid
nfra). We cannot exclude, however, that 1–2 “invisible” wa

olecules remain strongly bound after drying. Note that
alorimetric data were calibrated using the incremental ad
ion of water (R9W/L, cf. Eq. [4] below) instead of the molar ra
ater-to-lipid (RW/L). Consequently, the absolute amount
dsorbed water is of less importance in this context.

ntegral enthalpy, entropy, and free enthalpy of complete
ydration (vide infra) and theRW/L scale used refer to th
escribed drying procedure.
Adsorption isotherms were recorded in the continuous m

y scanning the RH with a constant rate of,610% per hou
hroughout the range 0–98% and recording the mass i
ent. The samples were investigated by means of incre

hydration scans) as well as decreasing (dehydration scan
t constant temperature in analogy to the ITC experimen

nfrared and DSC Measurements

Films of the amphiphiles were prepared on the surface
nSe-attenuated total reflection (ATR) crystal using the s
rocedure, solvent, and conditions as described above
amples for ITC, gravimetry, and FTIR measurements
ssumed to possess virtually identical physicochemical p
rties owing to the very similar conditions of preparation.
TR crystal was mounted into a BioRad FTS-60a Fou

ransform infrared spectrometer (Digilab, MA) using a co
ercial horizontal Benchmark unit (Graseby Specac, U
hich has been modified to realize a definite relative hum

RH) and temperature at the crystal surface coated with
ample (12). Absorption spectra were recorded as a functi
H in steps of 3% at constant temperature.
For DSC measurements;10 mg of the amphiphiles we

ydrated by adding a constant amount of water (see be
easurements were performed with a Perkin–Elmer DS

nstrument (Germany) using heating and cooling rates of
/min. The transition enthalpies,DHm

DSC, were obtained b
ntegrating the thermograms over the phase transition ra

THEORY

bserved Heats and the Enthalpy of Dehydration

We consider an ensemble ofNL moles of hydrated am
hiphilic molecules under isothermal and isobaric condition
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238 BINDER, KOHLSTRUNK, AND HEERKLOTZ
n atmosphere of vapor pressurep which represents the so
ate1 sorbent system within the sample cell of the calor
ter. Assuming an ideal gas phase and choosing the atmo
t saturation pressure,p0, as reference state, then the activity

he water is defined byaW [ p/p0 5 RH/(100%). The chang
f aW induces the variation of the number of moles of w
dsorbed onto the sample:

DNW
g3s 5 NL z DRW/L 5 NL z R9W/L z DaW. [1]

RW/L(aW) 5 NW/NL represents the adsorption isotherm
ater andR9W/L 5 (­RW/L/­aW) its slope. The change of th
nthalpy of the sample which is caused by the variation oaW

s given by

DHsample~aW! 5
­Hsample

­aW
z DaW 5

­Hsample

­NW
z DNW

g3s. [2]

The derivative ­H sample/­NW [ hW
s is the partial mola

nthalpy of water in the adsorbed state.
The heat,Q, consumed (.0) or released (,0) upon reequili

ration of the system sorbent1 sorbate after changingaW is
ust the enthalpy difference between the previous and the
quilibrium state of the sample minus the enthalpy chang

he gaseous water which is sorbed:

Q 5 DHsample2 DHgas. [3]

With DH gas 5 DNW
g3s z hW

g and making use of Eq. [2] on
btains after normalization with respect to the experime

nput, NL z DaW,

qITC ;
1

NL
z

Q

DaW
5 R9W/L z DhW

g3s. [4]

The difference of the partial molar enthalpy of water u
ransfer from the gas into the sorbed phase is defined asDhW

g3s

hW
s 2 hW

g . The partial molar enthalpy of the vapor,hW
g , is

ndependent of RH when assuming an ideal gas phase, i.hW
g

const. Integration yields the total heat of adsorption per m
f sorbent

QITC~aW! ; E
0

aW

qITC z daW. [5]

Rearrangement of Eq. [4] yields

DhW
g3s 5

Q

DNW
g3s 5

qITC

R9W/L
[6]

hich represents the heat per mole sorbate which is trans
-
ere

f

r

f

w
of

al

le

ed

o the surroundings upon transferring of a differential qua
f sorbate from the vapor phase to the adsorbed phase.
Amphiphiles are usually studied under excess water co

ions. It is therefore convenient to calculate the enth
hange of water,DhW

b3s, upon transfer from the aqueous b
hase into the hydration shell of the amphiphiles

DhW
b3s 5 DhW

g3s 2 DhW
g3b [7]

hereDhW
g3b 5 hW

b 2 hW
g denotes the condensation hea

bulk) water (e.g.,;244.6 kJ/mol atT 5 25°C). The inte
rated heat of dehydration is given by

DH s3b~aW! ; E
1

aW

DhW
b3s z R9W/L z da

5 DQ ITC
s3b~aW! 2 DhW

g3b z DRW/L
s3b~aW! [8]

ith DRW/L
s3b(aW) [ RW/L(aW) 2 RW/L(1) and DQITC

s3b [

ITC(aW) 2 QITC(1). Note thatDH s3b and DhW
b3s refer to

pposite directions of the transfer of water. The enthalp
ehydration,DH s3b, gives the overall enthalpic effect per m
mphiphile when (hypothetically) reducing the hydration s
y transferring the adsorbed water into the bulk water. It ca

llustrated in terms of a two-step transfer of water including
he desorption from the sorbed into the gas phase and (i
ubsequent condensation onto bulk water (cf. Fig. 2).

ree Enthalpy of Dehydration

The chemical potential of the water adsorbed onto the
hiphile is adjusted by the activity of the vapor surrounding
ample,mW 5 mW

s 5 mW
g :

mW ; NL
21 z S­Gsample

­RW/L
D

T5const
p5const

5 m W
b 1 RT z ln aW. [9]

denotes the gas constant andmW
b is the chemical potential o

aturated vapor which is equal to that of bulk water. Follow
he same logic as in the previous paragraph one obtains th
nthalpy of dehydration per mole amphiphile (3).

DG s3b~aW! 5 RT z E
1

aW

ln aW z R9W/L z daW [10]
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aking use of

DG s3b 5 DH s3b 2 T z DSs3b [11]

(DSs3b is the corresponding entropy change), ofDmW
b3s 5

­(DGs3b)/­RW/L, and of DhW
b3s 5 2­(DH s3b)/­RW/L one

btains after differentiation of Eq. [9] atRW/L 5 const

DhW
b3s 5 S­~Dm W

b3s z T21!

­T21 D
RW/L5const

5 R z S­ ln aW

­T21 D
RW/L5const

.

[12]

ote thath iso(aW) 5 2DhW
b3s is commonly referred to as th

sosteric heat of adsorption (19, 20). Hence, gravimetric m
urements at different temperatures reveal an indepe
ethod to determine the change of the partial molar enth
f water on hydration.

FIG. 2. Schematic illustration of a fully hydrated lipid layer (above,
ext) and of the heat contributions to the enthalpy of dehydration,DH s3b

below). (1) Fully hydrated amphiphile in equilibrium with bulk water;
esorption ofDRW/L water molecules per amphiphile into the gas phase
hypothetical) condensation of the vapor onto bulk water. The heatsDQITC and
RW/L z DhW

g3b release at the first and second step within the sequence3
2) 3 (3), respectively, whereasDH s3b gives the enthalpy of the dire
ransformation between (1) and (3). The rectangle encloses a constant a
f material which yields the heat contributions, namely one amphiphile

he amount of adsorbed water at full hydration.
a-
ent
y

nthalpic Contributions of the Components

Let us decompose the enthalpy of the sample,H sample, into
ontributions of the amphiphile and the water in analogy
inary mixture (10):

Hsample~aW! 5 NL z ~hL~aW! 1 RW/L~aW! z hW
s ~aW!!. @13#

L [ ­H sample/­NL and hW
s are defined as the partial mo

nthalpies of the components. One should note thathL andhW
s

re not independent of each other. Differentiation of Eq.
ith respect toRW/L yields ­hL/­RW/L 5 2RW/L z ­hW

s /­RW/L.
ntegration of­DhW

b3s/­RW/L 5 ­hW
s /­RW/L gives the differenc

f hL between the fully and partially hydrated state:

DhL
b3s ; hL~aW! 2 hL~1! 5 2E

RW/L~1!

RW/L~aW!

RW/L z
­DhW

b3s

­RW/L
dRW/L.

[14]

ote thatDhL
b3s refers to the removal of adsorbed water fr

he amphiphile. The fully hydrated state is defined by
ondition of phase coexistence between the hydrated am
hiles and bulk water ataW 5 1. The partial molar enthalpie
f bulk and bound water can differ at full hydration, i
W
s (1) Þ hW

b , in contrast to the chemical potential of wa
hich is equal in the coexisting phases, i.e.,mW

s (1) 5 mW
b .

Figure 3 illustrates the correlation betweenDhL
b3s andDhW

b3s

s a function ofRW/L for several characteristic cases. Figure
efers to continuous (e.g., exponential) and Fig. 3b to step
hanges ofDhW

b3s andDhL
b3s. The latter situation should app

o hydration in terms of discrete adsorption layers. Figure
nd 3d show the expected changes ofDhL

s3b and ofDhW
b3s when

he amphiphile undergoes a lyotropic phase transition

FIG. 3. Schematic illustration of the correlation between the partial m
ransfer enthalpies of the water,DhW

b3s (solid line), of the amphiphile,DhL
b3s

dashed line), and of the enthalpy of dehydration,DH s3b, (thick solid line, Eq
8]) in four characteristic cases (see text).
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240 BINDER, KOHLSTRUNK, AND HEERKLOTZ
elow). For sake of simplicity, we have assumed that
nthalpy of water binding remains unchanged before and

he phase transition whereDhW
b3s is slightly positive (3c) o

egative (3d). Figures 3c and 3d mainly differ in the amoun
ater,DRm, adsorbed at the phase transition.

RESULTS

ater Adsorption and Measured Heats

Figure 4 depicts typical raw data obtained in the humi
itration experiment. Each jump of RH causes a CFB p
hich is endothermic upon dehydrating and exothermic u
ydrating the sample. Integration of the pulses yields the
ITC, released (hydration) or consumed (dehydration) in
H step (see Fig. 6a).
Figure 5 displays the raw data of the corresponding g
etric experiment and Fig. 6b the corresponding adsor

sotherms. Its first derivative,R9W/L, is proportional to the num
er of water molecules adsorbed/desorbed from the sam
given RH. The virtually parallel dependencies ofR9W/L and of

ITC (cf. Fig. 6) indicate that the shape ofqITC(aW) is mainly
etermined byR9W/L and only to a less extent by the change

he partial molar enthalpy of water upon adsorption,DhW
g3s (cf.

q. [4]).
At low and intermediate RH, the detergent, DTAB, for

early anhydrous, crystalline lamellae where the all-transalkyl

FIG. 4. Experimental raw data collected by a humidity titration exp
ent: RH “staircase” (right axes) and the CFB pulses caused by the hyd

a) and dehydration (b) of 45mg DTAB at T 5 25°C. The CFB response
blank experiment are shown in (a).
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hains pack into a paraffin-like structure (18). The variatio
H has essentially no effect onRW/L and consequently the he

esponse of the sample is very small. At a threshold valu
H, the solid surfactant melts. This event is paralleled by
dsorption of 2–3 water molecules per DTAB molecule c

ng intense exothermic CFB pulses. In accordance with
hase diagram of dodecyltrimethylammonium chloride,

ion

FIG. 5. Experimental raw data collected by gravimetry: RH ramp (r
xes) and mass of DTAB1 adsorbed water at increasing (a) and decreasin
H at T 5 10, 25, and 40°C.

FIG. 6. Measured heats,qITC (a, symbols), and molar ratio water p
mphiphile,RW/L (b, lines), of DTAB atT 5 25°C as a function of RH upo
ydration (solid lines) and dehydration (dotted lines). The integrated he
orption,QITC (lines), and the first derivative ofRW/L, R9W/L (symbols), are als
hown in (a) and (b), respectively.
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ssign the liquid state of DTAB to a nonlamellar, hexago
middle” phase where cylindrical micelles align parallelly w
heir long axes (21).

The calorimetric and gravimetric dehydration scans rev
onsiderable hysteresis when compared with the hydr
cans. The sample undergoes the freezing transition at
hich is distinctly reduced in comparison with that of
elting transition. The formation of crystalline structures

ong chain amphiphiles is typically accompanied by mar
onequilibrium effects such as “phase transitions upon
ge” and freezing/melting hystereses (12, 22–24). We did
tudy this effect systematically by, e.g., the variation of
can rate, because the phase behavior of DTAB in therm
amic equilibrium is not in the center of interest of the pre

nvestigation. FTIR measurements on DTAB spread on a Z
rystal show a melting/freezing hysteresis at RH5 69/75%
18), i.e., at a position which is intermediate between
elting and freezing humidity obtained by means of grav
try and ITC. We suggest that melting and freezing are de
nd/or shifted in these experiments owing to unknown fac
ote that also DSC heating and cooling scans of part
ydrated DTAB show a considerable melting/freezing hys
sis of more than 15 K (see below, Table 2). From a metho
oint of view the hysteresis attracts interest because the r
f weak and stronger hydration of DTAB extend to higher

ower RH in the hydration and dehydration scans, respecti
n this way, metastability effects of water adsorption
esorption can be judged thermodynamically.
The lipid POPC continuously adsorbs water throughou
hole RH range. After the initial binding of;1 water mole
ule at RH, 10%, the lipid swells already in the gel state a

FIG. 7. Measured heats,qITC (a), and molar ratio water per amphiph

W/L (b), of POPC atT 5 25°C as a function of RH. See legend of Fig. 6
ssignments. The thin lines in (b) denote isotherms which are recordedT 5
0 and 30°C.
l
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hus, each RH step gives rise to a considerable CFB puls
ig. 1). No significant hysteresis effects could be detecte

he corresponding dehydration scan (not shown). The ad
ion isotherm shows the typical shape which has been rep
reviously for lipids with PC headgroups (25) (Fig. 7b).
The slight step ofRW/L at RH ' 40% is caused by th

yotropic chain melting transition of POPC which transfor
rom the gel into the liquid-crystalline phase (17). Note
his detail of the adsorption isotherm has not been detect
previous study on water adsorption onto POPC where RH
een adjusted using saturated salt solutions (26). The
ependence of the integrated pulses,qITC, resembles close

hat of R9W/L as in the case of DTAB (cf. Fig. 7). The pha
ransition of the lipid proceeds, however, without signific
eat effects (compare Figs. 7a and 7b). The condensatio
f the water which is imbibed by the lipid at the phase tra

ion obviously completely compensates the heat which is
umed by the chains upon melting (vide infra).
The phase transitions of DTAB and POPC shift to sma
H values with increasing temperature (cf. Figs. 4 and 6

nthalpy and Entropy of Dehydration

Figure 8 depicts the partial molar transfer enthalpy of w
n hydration,DhW

b3s, of POPC and Fig. 9 the enthalpy
ehydration,DH s3b, of both amphiphiles as a function ofRW/L.
o significant enthalpic effects exceeding the condens
eat of water could be detected in the ITC experimen
W/L . 4–5 (hydration scan) and.2 (dehydration of DTAB)

.e., DhW
b3s ' 2DH s3b ' 0 6 4 kJ/mol. However,DhW

b3s

ncreases distinctly upon further dehydration of the li
ence, the transfer of water from the bulk into the hydra
hell of POPC is endothermic. The corresponding integr
eat of dehydration,DH s3b, gets negative because the sys
hydrated amphiphile1 bulk water) gains enthalpy when wa
s released from the sorption layer into the bulk (cf., Fig.
ote that the enthalpy functions of POPC can be understo

FIG. 8. Partial molar transfer enthalpyDhW
b3s (open squares, cf. also Eq

6] and [7]) and chemical potential of waterDmW
b3s adsorbed on to POPC as

unction of water molecules per amphiphile,RW/L (T 5 25°C). The solid curv
epicts the isosteric heat of adsorption,2h iso (cf. Eq. [12]).
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242 BINDER, KOHLSTRUNK, AND HEERKLOTZ
superposition of the schematic dependencies shown in
a and 3c whereasDH s3b of DTAB qualitatively resembles th
espective curve in Fig. 3d.

For an independent determination, we have calculatedDhW
b3s

ndDH s3b by means of the isosteric heat of adsorption u
he adsorption isotherms of DTAB atT 5 25 and 40°C an
hat of POPC atT 5 20 and 30°C (cf. Eq. [12] and lines
igs. 8 and 9). The variation ofRW/L with temperature is rath
eak except the shift of the RH jump which is observed a
hase transition (cf. Figs. 5 and 7). To estimate the accura

he measurement in terms of enthalpy, let us assume a co
ncertainty ofdRH ' 61% for the isotherms measured. T
rror of RH entails an error of the isosteric heat ofdh iso ' 61
J/mol at RH5 80% and ofdh iso ' 65 kJ/mol at 20% for th
emperature interval of (10–15)K in whichDhW

b3s is assumed t
e a constant. The agreement between the results of the
nd indirect determination ofDhW

b3s and DH s3b by means o
TC and temperature variation is satisfactory in view of
ncertainty.
The chemical potential of hydration,DmW

b3s, is given by the
dsorption isotherms (cf. Eq. [9] and Fig. 8 for POPC). I
ration yields the free energy of dehydration,DGs3b, and the
ntropic contribution,2T z DSs3b as a function ofRW/L (Fig. 9
nd Eqs. [10] and [11]). The negative slope of2T z DSs3b

ndicates that hydration is entropically driven for the am
hiles investigated. From the measurement of the isos
eats of lecithins Elworthy concluded 37 years ago that mi
ffects between the sorbed water and the polar headg
redominates over any effect due to a specific arrangeme
ater molecules near these groups (20). Beside this m
ntropy also the configurational disordering of the headgr
13, 27) and the melting of the hydrocarbon chains (see be

FIG. 9. Free energy, enthalpy, and entropy of dehydration of POPC
TAB as a function of the molar ratio water-to-amphiphile,RW/L. The en-

halpy, DH s3b (circles), and the free enthalpy,DGs3b (squares), were dete
ined by means of ITC and gravimetric measurements atT 5 25°C (Eqs. [8
nd [10], resp.). AlternativelyDH s3b (lines) and the corresponding entro

erm, 2TDSs3b (crosses), were calculated from the adsorption isoth
easured atT 5 25 and 40°C (DTAB) and at 20 and 30°C (POPC) (cf. E

11] and [12]). Small symbols and the thin lines in the right part (DTA
orrespond to the dehydration scan. The inset in the right part enlarg
angeRW/L , 0.3 as indicated.
gs.
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re expected to increase the entropy upon hydrating amp
ic molecules.

ydration Sites and Molecular Order: Infrared
Measurements

Among other factors, the frequency of a stretching vibra
epends on the molecular conformation and on the inte

ecular potential which acts on the vibrating atoms. Co
uently, infrared spectroscopy provides microscopic infor

ion about the structure and specific interactions wi
olecular assemblies of long chain amphiphiles at hydra
ehydration (12, 14, 18).
For example, the marked frequency increase in the anti
etric methylene stretching band,nas(CH2), of DTAB and
OPC represents a diagnostic signature of the chain m

ransition (28, 29) (see Fig. 10). The frozen alkyl chain
TAB adopt the extended all-trans conformation and arrang
ensely into an orthorhombic perpendicular packing mod

he solid state (18). The regular packing of the acyl chain
olid POPC is perturbed by several effects. First, both chai
ach lipid molecule are subjected to restrictions of their

ormation near their linkage to the glycerol moiety (30). S
nd, thecis-double bonds give rise to a considerable resi
onformational disorder of the polymethylene segments o
leoyl chain which are not strictly all-trans and, furthermore
re prevented from arranging together with the palm

FIG. 10. Position of the antisymmetric methylene stretching b

as(CH2) (a), of POPC (open symbols) and DTAB (solid) and the positio
he antisymmetric phosphate,nas(PO2

2) (open), and of the carbonyl,n(C 5 O)
solid), stretching bands of POPC (b) as a function of the number of
olecules bound per lipid. The wavenumbers were calculated by means

enter of gravity of the respective absorption bands (12).
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243HUMIDITY TITRATION CALORIMETRY OF AMPHIPHILES
hains into a paraffin-like structure (31). The gel-like chara
f the solid lipid is reflected in the wavenumber of thenas(CH2)
and which is shifted by;2.5 cm21 to larger values whe
ompared with that of crystalline DTAB (Fig. 10). An upwa
hift of the nas(CH2) band can be interpreted in terms
ecreased attractive interactions between the hydroc
hains (32). Following this interpretation the slight increas
as(CH2) in the gel and liquid-crystalline phases of POPC w

ncreasing hydration reflects the weakening of intermolec
nteractions and the gradual decrease in the degree of co

ational order (see below).
The positions of the antisymmetric PO2

2 and of the C5 O
tretching bands,nas(PO2

2) andn(C 5 O), respectively, can b
nterpreted as a qualitative measure of hydrogen bondin
ween water and the phosphate and carbonyl groups, re
ively (33, 34). The almost regular variation of the position
oth bands indicates that the degree of water–phosphate
ater–carbonyl interactions changes continuously throug

he whole range of water adsorption onto POPC. The ste
lope ofnas(PO2

2) at RW/L , 3 can be attributed to the hig
ffinity of the phosphate group to the adsorption of water.
hase transition of POPC only weakly affects the polar m
ties. A certain shielding of the C5 O group from the water i

he gel state can be deduced from the break of then(C 5 O)
ourse at the onset of the chain melting transition in agree
ith the results of IR investigations on lipids at full hydrat

11).
The width and position of the OH stretching band
ater,n13(OH), adsorbed onto lipids yield qualitative info
ation about water–lipid interactions (12). An unambigu

nterpretation of then13(OH) band is difficult because i
hape and frequency can reflect (i) different energetic c
cteristics of adsorbed water molecules, (ii) intra- and

ermolecular couplings between the OH stretching vi
ions, and/or (iii) Fermi resonance with 2z n2, the H–O–H
ending mode (35, 36). The vibrational mixing can
liminated to a great extent by means of isotopic dilutio
2O by D2O. The low-frequency shoulder of then13(OH)
and (;3270 cm21) of H2O adsorbed onto POPC disappe
ompletely in a mixed vapor atmosphere of composi
2O/D2O 5 1:10 (mol/mol). We conclude that this featu

s caused by vibrational coupling and, thus, reflects pro
ies of the water structure. A similar conclusion has b
rawn on the basis of the IR linear dichroism of then13(OH)
and of water adsorbed onto a PC headgroup (13). O
ther hand, the maximum position of then13(OH) band nea
400 cm21 remains unaffected by isotopic dilution (cf. Fig
1b and 11c). Consequently, this frequency is assum
ive a rough measure of the strength of water binding.
aximum shifts to smaller wavenumbers by about 20 c21

t dehydration, suggesting stronger water– headgroup
ctions when compared with water–water interactions (F
1b and 11c). The slight narrowing of the band refle
r
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ossibly, the narrowing of the distribution of the respec
nteraction energies.

The maximum intensity of then13(OH) band is significantl
nhanced relative to the shoulder near 3270 cm21 when wate

s adsorbed onto DTAB (cf. Fig. 11a). This effect can
nterpreted in terms of the partial breakdown of the w
tructure (37). Note that hydrogen bond formation betw
ater and the N1(CH3)3 site cannot occur. Instead, the wa
ipoles are expected to associate with the charged trime
mmonium (TMA) moieties via weaker polar interactions (3
he bandshape remains nearly constant upon dehydratio
ept a feature near 3330 cm21 which appears at a very low lev
f hydration (RW/L , 0.5). It originates probably from vibr

ions of Br2 . . . H–O units (37).
The conformation of the C–C–N(CH3)3 fragment of DTAB

n the crystalline state istrans as revealed by the stro
bsorption band near 920 cm21 (not shown). It can be assign

o the symmetric C–C–N(CH3)3 stretching vibration of th
ransconformer (39). This feature disappears completely in
iquid state reflecting the increase of conformational free
f the TMA-moiety. This result is confirmed by the N–(CH3)3

ntisymmetric stretching band which protrudes as a b
eature at 3027 cm21 in the liquid phase (not shown). In t
rystalline state the methyl stretching vibration splits, howe
nto three clearly resolved peaks at 3008, 3017, and 303121

robably due to the nonequivalence of the three methyl gr
nd of their antisymmetric C–H stretches in an immobili
tructure (40).

FIG. 11. Normalized absorbance spectra of the OH stretching regio
ater bound to DTAB (a) and POPC (b and c). Thin and thick lines corres

o the solid and liquid states of the amphiphiles withRW/L ' 0.5 and 5 (DTAB)
ndRW/L ' 1 and 10 (POPC), resp. (c) corresponds to the same conditio
b) except the composition of the atmosphere surrounding the sample
as been modified as indicated in the figure.
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DISCUSSION

olecular Origin of Hydration Enthalpies

Extensive work has been devoted in the past to the mole
rigin of amphiphilic hydration (2–5, 41). On the one ha
ydration phenomena can be attributed to the properties o
ater subphase (4, 5, 16, 42). For example, the water m
ules are assumed to orient within the electric field of
urface dipoles and local excess charges of the headg
42). On the other hand, hydration is viewed as a solva
henomenon that causes several disordering processes

he lipid aggregates such as, e.g., the increase in the flex
f the headgroups and undulations of the polar surface (

n a general sense, “hydration” means the creation of a p
polar interface between the water and the hydrocarbon c
f the amphiphiles. It represents the net result of an intr

nterplay between different inter- and intramolecular inte
ions. Each of them will contribute to the enthalpy of
ystem. Let us express the enthalpies of the amphiphile,hL, and
f its hydration shell,RW/L z hW

s , in terms of intermolecula
air-interaction energies,uX-Y, and of the intramolecular e
rgy of the amphiphile,u intra (see Eq. [13] and Fig. 2 fo

llustration):

L < uL 5 uCH-CH 1 uHG-HG 1 UW-HG 1 uintra and

RW/L z hW
s < UW 5 UW-W 1 UW-HG [15]

ith

uCH-CH 5
1

2
^O

iÞj

NL

uCH-CH
ij & i; uHG-HG 5

1

2
^O

iÞj

NL

uHG-HG
ij & i

UW-W 5 O
j

RW/L

uW-W~ j !; UW-HG 5 O
j

RW/L

uW-HG~ j !

uW-W~ j ! 5
1

2
^O

jÞk

NW

uW-W
jk & i; uW-HG~ j ! 5

1

2
^O

k

NL

uW-HG
jk & i. [16]

We consider interactions between the hydrocarbon ch
subscript CH-CH), between the headgroups (HG-HG)
etween the water molecules (W-W). For the sake of sim

ty, only cross interactions between the water and the h
roups (W-HG) within the polar region of the molecular
regates are taken into account. The angular brackets d
nsemble averaging over the amphiphiles. TheuX-Y

ij terms in-
lude dispersive, electrostatic, and “chemical” interact
uch as hydrogen bonding. Making use ofhW

s 5 ­(H sample/NL)/
RW/L, hW

b ' uW-W
b , and of Eqs. [13], [15], and [16] one obta

he change of the partial molar enthalpy of water on hydra
s the sum of the energy terms:
lar
,
he
le-
e
ps
n
thin
ity
).
r/

ins
te
-

ns
d
-
d-
-
ote

s

n

DhW
b3s < u9CH 1 u9HG 1 DUW

ith

u9CH 5 u9CH-CH 1 u9intra, u9HG 5 u9HG-HG 1 U9W-HG 1 uW-HG,

nd

DUW 5 U9W-HG 1 U9W-W 1 ~uW-HG 1 uW-W
s 2 uW-W

b ! @17#

The terms within the parentheses (. . .) give the change i
nteraction energies of the transferred water. The derivat
. . .)9 [ ­(. . .)/­RW/L, express the fact that the transfer o
ifferential quantity of water potentially perturbs the inter

ions within whole system sorbent1 sorbate due to interm
ecular couplings.

nteractions within the Polar Region of the Aggregates

The wavenumbers of the IR absorption bands of the
onyl and the phosphate groups of the lipid continuously
pward at dehydration indicating the subtle variation of wa

ipid interactions (cf. Fig. 10). The blue shift of these stretch
ibrations can be attributed to a weakening of the corresp
ng interaction term, i.e.,u9HG , 0 (cf. Eq. [17] and Fig. 12 fo
llustration), although the magnitude of this energy chang
ifficult to assess.
Because of sterical arguments the water molecules w

esorb atRW/L . 4.5–5.5 (POPC) andRW/L . 1.5–2.5 (DTAB)
an be assumed to possess no direct contacts with the
roups. The corresponding energy changes of the headg
re probably mediated through the water molecules o
rimary hydration shell which bind directly to the headgro
ia H bonds and/or they are due to long-range electros
nteractions arising, e.g., from the dipole potential of the m
rane. Also the melting/freezing hysteresis of DTAB is ob
usly correlated to a solvent mediated influence of the se
ydration layer on the arrangement of the detergent molec
ote that DTAB instantly imbibes water up toRW/L . 3 at the
elting transition whereas chain freezing starts only atRW/L ,
, i.e., after the removal of the water which directly intera
ith the headgroups.
At RW/L , 4.5–5.5 (POPC) andRW/L , 2–2.5 (DTAB) direc

nteractions between the headgroups are expected to re
ater–headgroup contacts when water is removed from

nterface. In fact, the considerable shift of thenas(PO2
2) absorp

ion bands of POPC gives strong indication that H bo
etween water and the phosphate groups are progres
roken up at dehydration (38). It is known that the phosp
roups tend to interact directly with the trimethylammon
TMA) groups at a low level of hydration (13, 43). T
ydrogen bonds between the water and the PO4

2 moiety can
owever, not be replaced by energetically equivalent inte
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245HUMIDITY TITRATION CALORIMETRY OF AMPHIPHILES
ions between the polar moieties of the lipid. Its forma
eads to a loss of energy of the phosphate groups (3) be
MA–phosphate interactions do not possess the characte
f hydrogen bonding. On the other hand, the water dip
ssociate with the charged TMA moieties via relatively w
olar interactions (38, 44). Therefore the TMA groups e
etically gain slightly when replacing the polar TMA–wa
ith stronger TMA–phosphate contacts (43). Despite this

he overall enthalpic balance of the PC group is suggest
ecome progressively exothermic in terms ofDhb3s as illus-

rated schematically in Fig. 12 (i.e., 0. u9HG).
The measured heats possess, however, opposite sign

ompared with this expectation, i.e.,DhW
b3s . 0. Hence, th

nergetic loss of the PC group upon dehydration is obvio
vercompensated by the endothermic contribution of the
rocarbon chains,u9CH . 0, and/or of the water,DUW . 0 (cf.
q. [17]). The right-hand shift of then13(OH) absorption ban
pon dehydration has been suggested to reflect the stren

ng of the interaction energies of water (cf. Fig. 11). App
ntly, the change of this IR parameter contradicts the mea
eats. Note however that then13(OH) band virtually represen
spectroscopic average over the energetic characteristics
ater molecules sorbed. Local effects such as the stro
onding between selected water molecules and the phos
xygens of the lipid can give the leading contribution to
pectral shift. As a consequence, then13(OH) frequency mus
ot necessarily correlate with the mean enthalpy of the w
On the other hand, one should take into account tha

13(OH) spectrum shown in Fig. 11 corresponds toRW/L ' 1,

FIG. 12. Schematic representation of the contributions of the water,DUW,
f the headgroups,u9HG, and of the acyl chains,u9CH, of POPC (a) to the parti
olar enthalpy of water,DhW

b3s (b, solid line), which is drawn together with t
artial molar enthalpy of the lipid,DhL

b3s (dashed), and the integrated entha
f dehydration,DH s3b (thick solid line). See Eq. [17] and text for explanati
se
ics
s

k
r-

t,
to

hen

ly
y-

en-
-
ed
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H
ate

r.
e

.e., to the first water molecule which binds on the averag
ach lipid molecule. It can be assumed to interact preferen
ith the phosphate moiety which is known to represent
rimary hydration site of lipids with PC headgroups. Quant
hemical calculations yield interaction energies of water bo
o (CH3)2PO4

2 ranging from2110 to 243 kJ/mol (45, 46
hereas the energy gain from the association of water
.g., N1(CH3)4 is distinctly smaller,2(40–30) kJ/mol (47)
hese values agree with the results of computer simulatio
ater sorbed onto PC headgroups (48). It was found tha
rst two water molecules interact strongly with the phosp
oiety with uW-HG(1) ' uW-HG(2) , 270 kJ/mol. Hence, th
aximum position of then13(OH) band atRW/L ' 1 can be in

act interpreted as an indication of the stronger binding o
rst water when compared with the next ones. Unfortuna
he precision of the calorimetric data decreases considera

W/L , 2 (cf. Fig. 8), and thus the reliable estimation of
espective interaction energies is prevented at present b
ncertainty of the method.
To summarize, strong H bonds of the water to one or se

inding sites of the headgroups do obviously not compen
or the overall endothermic enthalpic balance accompan
he hydration of the amphiphiles. It should be concluded th
s the entropy which drives hydration by an overcompensa
f the enthalpic penalty. Hence, solvating water molec
robably screen direct interactions between the headg

eading to the increase in their conformational and/or moti
reedom. Molecular dynamics simulations show that, e.g.
arization due to water molecules almost completely cance
olarization due to lipid headgroups, and thus the water o
usly behaves like a classical medium with high dielec
onstant (44, 46, 48, 49).

he Hydrophobic Region: Thermodynamics of the Lyotro
Melting Transition

The position of the stretching bands of the polar moie
nd of the methylene groups of POPC shift in opposite d

ions upon dehydration (cf. Fig. 10). The effective shift of
as(CH2) band in the fluid and gel states of lipids depends
he balance between repulsive and attractive contributio
he intermolecular potential and on the conformation of
ydrocarbon chain, i.e., onuCH-CH and onu intra, respectively
50). Measurements at increasing hydrostatic pressure
hown that the wavenumber of the CH2 stretching bands d
reases at pressures up to;0.5 GPa but increases at high
ressures (31). Attractive or repulsive interactions see
ominate the respective compression ranges. The water

ties which are used to dehydrate the amphiphiles correspo
hydration pressure,P 5 2RT z ln aW/vW, of up to;0.5 GPa

vW ' 1.8 3 1025 m3/mol, the molar volume of water
ecently, we found that the methylene stretching frequen
irectly proportional to the area requirement of lipid molec
t the water/air interface,AL (51). Note that the attractiv
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an-der-Waals potential between parallel CH2 chains is relate
o the mean molecular cross section by a} AL

23 dependence
hese facts give rise to the conclusion that the red shi
as(CH2) at dehydration reflects the continuous decreas
CH-CH and of u intra as well, because lateral compression
reases the conformational order of the polymethylene ch
ence, the hydrophobic core is expected to give a pro
ively increasing endothermic contribution toDhW

b3s as illus-
rated in Fig. 12.

The melting transition of the amphiphiles represents
ost prominent structural change observed. Humidity titra

alorimetry detects this event as an endothermic peak
isplaying the transfer enthalpy of hydration,DhW

b3s, as a
unction of RW/L (cf. Fig. 8). This result is reasonable beca
he accompanyingtrans–gaucheisomerization consumes e
rgy (i.e., u9intra . 0, cf. Eq. [18]). The increment of th

ntegrated enthalpy of dehydration at the phase transition
he corresponding transition enthalpy,DH ITC

m 5 DH s3b(fluid)
DH s3b(solid) (see Fig. 9). Table 1 compares these va

ith the transition enthalpies which are obtained by (i)
pplication of the Clausius–Clapeyron relation to the tem
ture shift of the lyotropic phase transition (see Appendix)
ii) by DSC measurements on definitely hydrated amphiph
he results of the three independent methods agree with
rror limits.
The melting of the hydrocarbon chains is accompanie

he adsorption ofDRm 5 0.4 –3 water molecules per amp
hile (cf. Figs. 6 and 7 and Table 1). This fact obviou
eflects the increased exposure of the polar residues o
mphiphiles to the water in the fluid phase. The Claus
lapeyron relation predictsDRm . 0 if the water activity o

he phase transition,aW
m, decreases with increasing temp

ture in agreement with the experimental findings (see
endix).
The free energy decreases at the chain melting transitio

Gm ' 2(1–2) kJ/mol owing to the adsorption of water (
ppendix, Eq. [A2], and Table 1). Note that the endother

ransition enthalpy,DHm, is overcompensated by a posit

TAB
Thermodynamic Data of the Lyotropic

Method: System

Gravimetrya

DRm

mW
m

(kJ/mol)
DHm

g3b

(kJ/mol)
DHm

(kJ/mol)

OPC 0.46 0.1 22.34 2186 4 196 3
TAB hydr.scan 3.26 0.2 20.46 21436 10 336 10
TAB dehydr.scan 1.56 0.2 21.44 2676 10 216 10

a See Appendix.
b DHm

ITC 5 2DH s3b(fluid) 2 DH s3b(solid) andDSm
ITC 5 (DHm

ITC 2 DGm)
c Measured at constantRW/L 5 3; DSm 5 DHm/Tm. The rows “hydration”

orresponding transition temperatures areTm 5 33 and 15°C, respectively.
d G. Klose, H. Binder, and H. Pfeiffer, to be submitted.
f
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ntropic contribution,TDSm, to yield DGm , 0. The enthalp
nd entropy of melting of long chain compounds depend n

inearly on the number of methylene groups per molecule,nchain

52). The almost equalDSITC
m values of DTAB (nchain 5 12) and

f POPC (nchain 5 28) show that the entropic effect per C2
egment is much more pronounced for the detergent.
ifference can be rationalized by the fact that DTAB tra

orms from a more ordered solid (crystals) into a more di
ered fluid (micelles) state when compared with the gel

iquid-crystalline phases of the lipid (30) (vide supra).
Interestingly, the melting/freezing hysteresis of the deter

as no significant effect onDSm andDHm. That means that th
rrangement of the alkyl chains in the crystals before mel
fter freezing seems to be similar although the scan dire
ives rise to a pronounced variation of water binding.
The integral heat which is measured in the ITC experim

t the melting transition,DQITC
m 5 QITC(fluid) 2 QITC(solid),

an be understood as the balance of two enthalpic con
ions, namely the heat which is released upon condensat
aseous water onto the headgroups and the heat wh
onsumed by the hydrocarbon chains to transform into a
isordered state (cf. Eqs. [8]). The phase transition of P
roceeds without significant net heat effect, i.e.,DQ 5 DQITC

m

0 (cf. Fig. 7). The exothermic heat of water binding ob
usly compensates the endothermic heat of chain meltin
entially in this special case. For DTAB the former eff
xceeds the latter considerably and, thus, the calorim
ecords intense CFB pulses when the system passes the
ransition (cf. Figs. 4 and 6). Table 1 lists the heatDHm

g3b

hich corresponds to the condensation ofDRm water mole
ules onto bulk water. The transition enthalpy of the am
hiles is given to a good approximation byDHm ' DQITC

m 2
Hm

g3b.

Range and Strength” of Hydration

Equation [10] transforms the water activity into the energ
cale of the free enthalpy of dehydration,DGs3b. Figure 13

1
elting Transition of POPC and DTAB

ITCb DSCc

DGm

J/mol)
DHm

(kJ/mol)
DSm

(J/mol z K)
DQITC

m

(kJ/mol)
DHm

(kJ/mol)
DSm

(J/mol z K)

20.9 176 3 60 06 1 156 1d 50d

21.4 186 10 92 21256 5 106 1 33
21.6 176 10 99 2506 5 146 1 49

T 5 25°C.
“dehydration” scans of DTAB refer to heating and cooling, respectivel
LE
M

(k

/Tm;
and
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epictsDGs3b in a logarithmic representation as a function
W/L. The fit of

DG s3b 5 DG0 z expS2
RW/L

RW/L
0 D [19]

o the experimental data atRW/L , 6 (POPC) and,3 (DTAB)
ields the corresponding free enthalpy of complete dehy
ion, DG0, and the decay constant,RW/L

0 , which gives a char
cteristic number of tightly bound water molecules within
ange of primary hydration (cf. Table 2).

The free energy of total dehydration,DG0, and the expense
f free enthalpy to remove the first water from the amphiph
G(1), differ considerably between the lipid and the deterg

Table 2). The nearly equal values ofRW/L
0 seem to, howeve

ontradict the potency of the PC groups to form H bonds to
ater in contrast to the N1(CH3)3 sites of DTAB. Hence, thi
arameter is obviously not directly correlated to the streng

ocal headgroup–water interactions.RW/L
0 characterizes the d

ay of the free enthalpy of dehydration. It represents ther
measure of the work that has to be applied to remove w

rom the amphiphiles. It includes enthalpic (energetic)
ntropic contributions as well. The exponential decay law
escribes the hydration of a number of lipids with differ
eadgroups (2).RW/L

0 decreases considerably from values ab
2.86 0.3 to;1.86 0.3 when the methyl groups of the TM
oiety of lipids with a PC headgroup were replaced by hy
ens (2). The smaller values ofRW/L

0 correlate with the fact tha
he corresponding phosphatidylethanolamine (PE) headg
orm a rigid network which does not require water molec
wing to the formation of direct H bonds between the am
ium and phosphate groups (53).
In contrast, the TMA and PC moieties are not stabilized
bonds in the anhydrous state. Their nearly equalRW/L

0 values
an be understood if this parameter reflects the poten
ater to solvate (“lubricate”) the headgroups. If one consi

FIG. 13. Free energy of dehydration,DGs3b (cf. Eq. [10]) of POPC (F)
nd of DTAB (E, hydration scan;h, dehydration scan) as a function of wa
olecules per amphiphile,RW/L (T 5 25°C). The lines are linear regressio

or RW/L , 6 (POPC) and,3 (DTAB, see Table 2).
f
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s,
t

e
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ter
d
]
t
t

-
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s
-

y

of
rs

hat RW/L
0 is directly proportional to the decay length of

epulsive “hydration” forces acting between polar interfa
2) then our interpretation is in correspondence with tha
sraelachvili and Wennerstro¨m (6) who stated that “genuin
ydration effects in fact determine the hydrated sizes of p
roups but probably play only an indirect role in the interac
etween amphiphilic surfaces. It seems to be more ak
teric repulsion which is caused by entropic effects.

SUMMARY AND CONCLUSIONS

It is demonstrated that isothermal titration calorimetry
e successfully applied to study the thermodynamics o
dsorption of a gaseous sorbate onto a sorbent existing

iquid-crystalline or solid phase. We have presented a hum
itration technique to investigate hydration phenomena of
hiphilic molecules such as lipids and detergents. This me
ields the partial molar enthalpy of water on adsorption
unction of the number of water molecules bound per am
hile.
The amphiphiles assemble into aggregates the physica

f which depend on the degree of hydration. Consequentl
orbent1 sorbate system has been considered as a b
ixture where the enthalpy of both components varies u

hanging the composition.
The lyotropic melting of the hydrocarbon chains unequ

ally demonstrates that water adsorption onto amphiphil
ot an effect which is only localized to the polar/apolar in

ace but it involves the whole amphiphilic aggregates inclu
he hydrophobic core. The lyotropic phase transition ca
nderstood in terms of an enthalpic balance where the exo
ic heat of adsorption is partially or completely consume

he hydrocarbon chains upon melting.
Typically, the amphiphiles are dispersed in water. I

herefore convenient to compare the enthalpy of adsor
ith the condensation heat of water to characterize the h

ion of the amphiphiles in an aqueous environment therm
amically. It turns out that hydration of DTAB and POPC

TABLE 2
Free Enthalpy of Complete Dehydration, DG0, Decay Constant

W/L
0 and DG(1), the Free Enthalpy of the First Watera Bound to
OPC and DTAB (cf. Eq. [19] and Fig. 13)

DG0

(kJ/mol) RW/L
0

DG(1)
(kJ/mol)

OPC 17 6 2b 2.66 0.2 5.4b

TAB (hydration scan) 2.86 0.3 2.76 0.2 0.9
TAB (dehydration scan) 5.26 0.5 2.16 0.3 2.0

a DG(1) 5 DGs3bulk(0) 2 DGs3bulk(1) ' DG0 z (1 2 exp(1/RW/L
0 )) (cf. Eq.

19]).
b DG0 andDG(1) increase to 25 and 8 kJ/mol, respectively, if one assu

hat 1 water cannot be removed by the drying procedure used (vide su
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248 BINDER, KOHLSTRUNK, AND HEERKLOTZ
oom temperature is endothermic because the water o
verage looses enthalpy upon binding to the headgroups
mphiphiles investigated. One can suggest that the ster
triction and the polarization of the surface prevents the
ation of a network of hydrogen bonds such as in bulk w
ydration appears to be driven by the gain of entropy w
ccompanies the disordering of the polar and apolar regio

he aggregates.

APPENDIX

ariation of Thermodynamic Functions at the Lyotropic
Phase Transition

The molar free energy of the hydrated amphiphile is g
y G 5 m L 1 RW/L z mW. The liquid and solid phases coex
t the water activity,aW

m, at which the phase transition tak
lace. The thermodynamic criterion of phase coexistenc
uires equal chemical potentials of the water and the lip

he coexisting phases, i.e.,

L
solid 5 m L

liquid and

mW
m 5 m W

solid 5 m W
liquid 5 m W

b 1 RT z ln~aW
m!. [A1]

he variation ofDGs3b at the phase transition,

DGm
solid3liquid ; DG s3b~liquid! 2 DG s3b~solid!

5 DRW/L
solid3liquidRT z ln~aW

m!, [A2]

s solely caused by the adsorption ofDRm [ DRW/L
solid3liquid water

olecules because ofDmL 5 DmW
m 5 0. This process corre

ponds to a condensation heat of

DH m
g3b 5 DRm z DhW

g3b [A3]

hich would be released if the adsorbed water behaves e
ically like bulk water (DhW

g3b 5 244.6 kJ/mol at 25°C). Th
hain melting is first order and, thus, the changes of
xtensive parameters of the system are related to the
oexistence line by the Clausius–Clapeyron relation

DPm

DTm
5

DSm

DVm
, [A4]

hereDPm 5 R(Tm1 z ln aW
m1 2 Tm2 z ln aW

m2)/vW is the shift of
he hydration pressure of the phase transition upon varyin
emperature byDTm 5 Tm1 2 Tm2. Assuming volumetricall
ncompressible amphiphiles the change of the volume a
hase transition is given by the volume of the adsorbed w
Vm ' DRm z vW (vW 5 1.83 1025 m3/mol, the molar volum
f water). Insertion into Eq. [A4] and making use ofDGm 5
he
the
re-
r-
r.
h
of

n

e-
n

al-

e
ase

he

e
er

Hm 2 TmDSm yields the enthalpy change at the phase t
ition

Hm 5 DRm z R z $Tm z ln aW
m

1 DTm
21 z ~Tm1ln aW

m1 2 Tm2ln aW
m2!%. [A5]
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