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The hydration of the lipid 1-palmitoyl-2-oleoylphosphatidylcho-
line (POPC) and of the cationic detergent dodecyltrimethylammo-
nium bromide (DTAB) has been studied by means of isothermal
titration calorimetry (ITC), gravimetry, and infrared (IR) spec-
troscopy. During the experiments films of the amphiphiles are
perfused by an inert gas of variable relative humidity. The mea-
surement of adsorption heats using ITC represents a new adap-
tation of adsorption calorimetry which has been called the humid-
ity titration technique. This method vyields the partial molar
enthalpy of water upon adsorption. It is found to be endothermic
with respect to the molar enthalpy of water on condensation for
the water molecules which interact directly with the headgroups of
POPC and DTAB. Consequently, the spontaneous hydration of
the amphiphiles is entropy driven in an aqueous environment. IR
spectroscopy shows that hydration is accompanied by the increase
in the conformational and/or motional freedom of the amphiphilic
molecules upon water binding. In particular, a lyotropic chain
melting transition is induced at a certain characteristic relative
humidity. This event is paralleled by the adsorption of water. The
corresponding exothermic adsorption heat is consumed com-
pletely (POPC) or partially (DTAB) by the hydrocarbon chains
upon melting. Differential scanning calorimetry was used as an
independent method to determine transition enthalpies of the
amphiphiles at a definite hydration degree. Water binding onto the
headgroups is discussed in terms of hydrogen bonding and polar
interactions. The adsorption isotherms yield a number of ~2.6
tightly bound water molecules per POPC and DTAB
molecule.  © 1999 Academic Press

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

INTRODUCTION

Amphiphilic molecules such as detergents and lipids agg
gate spontaneously in an aqueous environment. The hydr

headgroups form a polar/apolar interface which screens %ﬁ
hydrophobic part of the molecules from the bulk water. Thi
polar surface is an interphase rather than an interface becau
the polar residues are distributed throughout a meshlike regi

(2). It exerts a strong repulsive force toward other hydrate
surfaces preventing their close attachment and fusion. Z
though a basic phenomenon in physical chemistry, the drivil
forces and structural consequences of hydration have not b
understood yet in many details (2, 3). For example, hydratic
effects can be explained in terms of local ordering of water .
the interface (4, 5) or, alternatively, as a disordering phenor
enon of the headgroups which is the manifestation of tt
screening of inter-headgroup interactions (1, 6).

One problem arises from the fact that only rough estimat
of hydration energies of amphiphiles, frequently based c
theoretical calculations, are available in most cases (see R
(3) for an overview and references cited therein). Hence, t
deficiency of experimental data impedes the quantitative es
mation of the thermodynamic forces that drive the hydration «
lipids and detergents.

Unfortunately, the experimental study of the thermodynan
ics of hydration is up to now a difficult approach because
limitations of available calorimetric methods. Considerabl
progress has been achieved in applying isothermal titrati
calorimetry (ITC) to aggregation phenomena of amphiphiles |
aqueous solution during the past decade (see Ref. (7) &
references cited therein) because the sensitivity of availal
instruments was improved drastically at the end of the 198
(8). We have used this method by pursuing the concept of t
systematic variation of the polar/apolar interface by means
the addition of detergents to lipid membranes (9, 10). Tt
thermodynamic data could be interpreted in terms of a strol
correlation between mixing properties and the hydration of tt
headgroups, the water exposure of the hydrophobic core, ¢
packing effects of the hydrocarbon chains. Similar results we
obtained by means of differential scanning calorimetry (DSC

riﬁ'{{ombination with infrared (IR) spectroscopy (11). Unfortu:

& ely, these investigations are restricted to excess water ¢
ons enabling only indirect conclusions about local hydre
Fon properties.

OSE more direct approach to the hydration of amphiphiles i
SChieved when exposing the samples to an atmosphere

L To whom correspondence should be addressed. E-mail: binder@rz.¥@riable relative humidity (RH). In this way, the degree o
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hydration of the polar/apolar interface can be varied contin
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ously between the anhydrous and fully hydrated state of thg means of gravimetry at different temperatures. IR spectrc
amphiphiles. We used this sample conditioning method tmpy is used for a qualitative characterization of intermolecul
study structural details of the lyotropic phase behavior of lipideteractions.
by means of infrared spectroscopy and X-ray analysis (12—14).

The results show that the properties of the amphiphilic aggre-

gates decisively depend on the amount of water which forms

the hydration shell. , _ Humidity Titration Calorimetry

One logical continuation of these studies was the direct
measurement of hydration enthalpies using a combination ofFor sample preparation we used methanolic stock solutio
ITC instrumentation with a technique which realizes watgr~5-20 mM) of the lipid POPC (1-palmitoyl-2-oleoylphos-
adsorption onto amphiphiles via the gas phase (15). This ghatidylcholine; Avanti Polar Lipids, Birmingham, AL) and of
perimental approach represents an adaptation of classical thé- cationic surfactant DTAB (dodecyltrimethylammoniun
sorption calorimetry. It makes use of the ability of ITC tdoromide, Aldrich, Steinheim, Germany). Definite volume:
measure mixing heats. In the usual ITC application the mixir{g-50 ul) were filled into the body of a cylindrical solid particle
is realized by a series of injections of a small amount a@fsert cell -2 X 20 mm) of the MCS ITC calorimeter (Mi-
solution/dispersion from a syringe into a reaction cell contaicroCal, Northampton, MA). The solvent was evaporate
ing a solution/dispersion of different composition. In analogylowly under a stream of nitrogen by permanently rotating tt
our technigue has been called humidity titration because “ga®ll. This procedure ensures the spreading of the stock solut
eous water” is “injected” in definite portions of RH to a samplat the inner wall of the cell. In this way the amphiphiles
film of amphiphilic molecules (15). (~50-200ug) are assumed to form a uniform film of a meat

It is important to note that hydration affects not only thé¢hickness on the order of 1-5 um.
polar region of the aggregates but involves changes within theThe solid sample cell was thoroughly sealed and insert
hydrophobic part as well (16). In other words, the amphiphiléerough the access tube into the standard sample cell filled w
represent a sorbate the properties of which vary upon sorptiarater. Two steel capillaries are led out of the calorimete
That means the measured heat response yields a kind of miximgpugh the cover of the insert cell to allow for the perfusion ¢
enthalpy of the two-component system sorbate (wategopr- the cell content. The access capillary was connected throug
bent (amphiphile). Consequently, the hydration of amphiphilé®mebuilt adapter and a thermostated tube (flowing-water th
can be treated in analogy to the thermodynamics of two comostat, Haake, Germany) to a moisture regulating device (H
ponent mixtures. On the other hand, the composition, and thagvar, Leipzig, Germany) that supplies a continuous flow ¢
the physical properties of the system, change in direction of thgh-purity N, gas of a definite relative humidity (RH, absolute
normal of the adsorption layer. Hence, the hydrated amplaiecuracy = 0.5% at 5% < RH < 95%) and temperature
philes represent a mixture which is anisotropical on a micr¢absolute accuracy 0.1 K, short-time stability< =102 K).
scopic length scale. A thermodynamic approach should thefidre gas passes through the access capillary and, additione
fore combine classical thermodynamics of binary mixturgze-equilibrates thermally before it enters the cell (temperatu
with elements of an adsorption theory which treats, e.g., tetability < =107° K). After flowing over the sample film, the
adsorption of a sorbate in terms of distinct adsorption layers aitrogen and the surplus vapor leave the cell through the out
a solid surface. capillary into the room atmosphere.

The aim of the present paper is threefold: At first we de- The samples were investigated by means of increasing (t
scribe humidity titration calorimetry which is expected to offedration scan) as well as decreasing (dehydration scan) RH
new perspectives in adsorption microcalorimetry. Second, We= 25°C. The RH was varied between 2 and 92% in steps
present the basic formulae of data analysis in terms of heeRH = 2% (see Fig. 1 for illustration). Practically, the RH
contributions of the components of the system. Third, wemps were realized abruptiyt{, ~ 20 s) when compared
characterize the hydration of two selected amphiphiles, théth the response time of the sample (see below). The RH w
lipid POPC and the ionic detergent DTAB, in order to demadjusted with a stability 0&<+0.15% in the interval between
onstrate the capabilities and limitations of the method and t@wo steps as has been checked by means of a capacitive
discuss thermodynamic aspects of hydration on a molecusmnsor (cf. Fig. 1).
level. The change of RH typically results in the sorption/desory

The choice of the amphiphiles was motivated by their propion of water onto/from the sample film. The correspondin
erty to transform from a solid into a fluid state upon hydratioheat of adsorption is detected as a power peak of the c
at room temperature (17, 18). The chain melting transitideedback circuit (CFB) to balance temperature differences k
represents a sort of internal heat standard. The correspondingen the sample and the reference cell, both residing witt
transition enthalpy can be independently measured by DSC & adiabatic jacket. The time interval between two subsequ
the purpose of direct comparison with the ITC results. IRH steps (... = 15 min) was chosen to exceed the characte
addition, we have determined the isosteric heat of adsorptistic relaxation time of the systenr{, < 5 min) to ensure

EXPERIMENTAL
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L a mm) and allowed to dry under a stream of nitrogen. Th
sample was placed into a twin microbalance system (Sartoril
7. S W—— R N ARH=2% Germany) which has been equipped with a moisture regulati
device (see above and (12)). The relative humidity was a
justed by flowing moist, high-purity Ngas through the sample
chamber. Before starting the experiments, the surfactant w
b dried by flowing dry N for 12—24 h through the chambér &
25°C) until the mass of the sample attained some const:
value (~0.5 mg). Infrared spectra of lipid films which were

22—

drRH/idt RH / %

— AR Ry incubated at identical conditions show nearly no absorption
Y \f \[RH:ZZ% the spectral range of the,(OH) stretching band of water (vide
= 0 infra). We cannot exclude, however, that 1-2 “invisible” wate
= 76% molecules remain strongly bound after drying. Note that tf

calorimetric data were calibrated using the incremental adsol
tion of water Ry, cf. Eq. [4] below) instead of the molar ratio
water-to-lipid (Rw,.). Consequently, the absolute amount o
adsorbed water is of less importance in this context. Tt
C integral enthalpy, entropy, and free enthalpy of complete d
0 . 1'0 . 2'0 . 3'0 hydration (vide infra) and th&},, scale used refer to the
} . described drying procedure.
time / min Adsorption isotherms were recorded in the continuous mo
FIG. 1. Humidity titration calorimetry: Relative humidity (RH) (a), their by scanning the RH with a constant rate<0f-10% per hour
derivative (b), and the power peaks of the cell feedback circuit (CFB) (firoughout the range 0-98% and recording the mass inc
measured upon hydration of POPC as a function of time. The three curveent. The samples were investigated by means of increas
depicted in (c) correspond to different RH ranges starting with the RH val hydration scans) as well as decreasing (dehydration scan) |

given at the plots. A capacitive sensor (Vaisala, Finnland) has been used for the . :
determination of RH of the gas immediately before it enters the calorimeter constant temperature in analogy to the ITC experiments.

cell.

CFB |/
5

86%

Infrared and DSC Measurements

reequilibration after sorption (see Fig. 1). The equilibration Films of the amphiphiles were prepared on the surface of
time, 7.,, is nearly independent of the flow rate of the gas,, ZnSe-attenuated total reflection (ATR) crystal using the san
when choosing/y,, in the intervalvy,, ~ (10-50) ul/s. At procedure, solvent, and conditions as described above. T
smaller flow rates, the width of the CFB pulses increasé@mples for ITC, gravimetry, and FTIR measurements a
considerably, obviously, because the transport of the sorb@&sumed to possess virtually identical physicochemical prc
into the sample cell becomes rate limiting. Note, thgt = 10 erties owing to the very similar conditions of preparation. Th
ul/s realizes the access ef2 x 10 mol water/s at RH= ATR crystal was mounted into a BioRad FTS-60a Fourie
98%. This amount of water corresponds-ta% of the respec- fransform infrared spectrometer (Digilab, MA) using a com
tive hydration capacity of 10Q.g of a lipid (~12 mol water/ mercial horizontal Benchmark unit (Graseby Specac, U.K
mol lipid, see below). which has been modified to realize a definite relative humidif
In a series of preexperiments, we varied the amount of samgié) and temperature at the crystal surface coated with t
in the rangem.mye = (50—400)ug. It turns out thatr,, and the sam_ple (12). Absorption spectra were recorded as a function
integrated heat of the CFB pulses per mol of sorbent are ess@ht in steps of 3% at constant temperature.
tially independent oM,y at Mynye < 400 ug. 7., iNncreases For DSC measurements10 mg of the amphiphiles were
typically with increasing RH from, e.g., less than 2 min at RH hydrated by adding a constant amount of water (see belo\
22% to~10 min at RH> 85% for POPC (see Fig. 1). A similar Measurements were performed with a Perkin—Elmer DSC
tendency has been reported previously by equilibrating lipids ifizstrument (Germany) using heating and cooling rates of 1-
humid atmosphere (17). The slowing-down of the heat resporfsénin. The transition enthalpies\Hp™, were obtained by
also occurs when the sample passes a melting transition. A refétegrating the thermograms over the phase transition rang
ence measurement using an empty insert cell shows that back-
ground effects can be neglected (Fig. 4). THEORY

Gravimetric Measurements Observed Heats and the Enthalpy of Dehydration

The surfactant in methanolic stock solution@.5 ml) was We consider an ensemble &f, moles of hydrated am-
spread on the surface of a circular quartz slide (diameter fBiphilic molecules under isothermal and isobaric conditions
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an atmosphere of vapor pressyravhich represents the sor-to the surroundings upon transferring of a differential quanti
bate + sorbent system within the sample cell of the calorinef sorbate from the vapor phase to the adsorbed phase.
eter. Assuming an ideal gas phase and choosing the atmosphefanphiphiles are usually studied under excess water con
at saturation pressurg,, as reference state, then the activity ofions. It is therefore convenient to calculate the enthal
the water is defined by, = p/p, = RH/(100%). The change change of waterAh{,”, upon transfer from the aqueous bulk
of a,, induces the variation of the number of moles of watgrhase into the hydration shell of the amphiphiles

adsorbed onto the sample:

AN = N_- ARy = N - Ry - Aay,. (1] Ah%S = Ah%S — Ah%™ [7]

Rwi(aw) = Ny/N_ represents the adsorption isotherm of
water andRy,, = (dRy./0ay) its slope. The change of the
enthalpy of the sample which is caused by the variatioa,pf
is given by

where Ah%™ = hd — hg denotes the condensation heat o
(bulk) water (e.g.,~—44.6 kd/mol atT = 25°C). The inte-
grated heat of dehydration is given by

oH sample.

oH sample.

AH sample(aw) = A Ay = AN 3\73. [2]

The derivative dH,nd 0Ny, = h§, is the partial molar AH""(ay) = f Ahy - Ry, - da
enthalpy of water in the adsorbed state. 1
The heatQ, consumed>*0) or released<<0) upon reequili-
bration of the system sorbert sorbate after changina,, is
just the enthalpy difference between the previous and the new
equilibrium state of the sample minus the enthalpy change of

= AQi(aw) — Ah§™- AR (aw) | [8]

the gaseous water which is sorbed: with AR(@w) = Rwi(aw) — Rwi(l) and AQSY =
Qic(aw) — Qic(1). Note thatAH*™ and Ahy,™ refer to
Q = AHgampe— AHgas [3] opposite directions of the transfer of water. The enthalpy

dehydrationAH®™, gives the overall enthalpic effect per mole

With AH s = ANJ™ - hy, and making use of Eq. [2] one amphiphile when (hypothetically) reducing the hydration she

obtains after normalization with respect to the experimentay transferring the adsorbed water into the bulk water. It can |

input, N, - Aay, illustrated in terms of a two-step transfer of water including (i

the desorption from the sorbed into the gas phase and (ii) t
subsequent condensation onto bulk water (cf. Fig. 2).

10 o
NL Aaw_ WI/L w -

Airc
Free Enthalpy of Dehydration

The difference of the partial molar enthalpy of water upon
transfer from the gas into the sorbed phase is definexhgds®
= hy, — h{. The partial molar enthalpy of the vapdry, is
independent of RH when assuming an ideal gas phasehj,e.,
= const. Integration yields the total heat of adsorption per mole

The chemical potential of the water adsorbed onto the ar
phiphile is adjusted by the activity of the vapor surrounding th
sample,uw = pw = pw!

of sorbent . { 9Gsampie .
Krw = N_*- aRwu_) T=cons§_ Mmw + RT-In Ayy. [9]
aw p=cons
Qrclaw) = j Qrrc - daw. [5]
0 R denotes the gas constant gu§l is the chemical potential of
saturated vapor which is equal to that of bulk water. Followin
Rearrangement of Eq. [4] yields the same logic as in the previous paragraph one obtains the f
enthalpy of dehydration per mole amphiphile (3).
Q Qirc
g—s = =
ANV NG T Rin =

aw
AGS™(a,) = RT-J In ay - Ry, - day [10]
which represents the heat per mole sorbate which is transferred 1
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Enthalpic Contributions of the Components

Let us decompose the enthalpy of the samplg,,. into
contributions of the amphiphile and the water in analogy to
binary mixture (10):

Heampd@w) = Np* (hi(ayw) + Rw(aw) - hy(aw)). [13]
h. = dHamud 9N, and hy, are defined as the partial molar
enthalpies of the components. One should notelihandhy,
are not independent of each other. Differentiation of Eq. [1:
with respect toRy,, yields dh /Ry, = —Rw. * 9hy/dRw,..
Integration ofd AhS, /Ry, = dh3/dRw,. gives the difference
of h, between the fully and partially hydrated state:

b Rwi(aw) 9Ah 3\75
Ah{™*=h(ay) — h (1) = — Ry “ORwn dRy,.-
RwL(1) Wit

[14]

Note thatAh{™ refers to the removal of adsorbed water fron
the amphiphile. The fully hydrated state is defined by th
condition of phase coexistence between the hydrated amp
philes and bulk water a,, = 1. The partial molar enthalpies

FIG. 2. Schematic illustration of a fully hydrated lipid layer (above, se@f Dulk and bound water can differ at full hydration, i.e..

text) and of the heat contributions to the enthalpy of dehydra

s—b
)

hi(1) # hy, in contrast to the chemical potential of watel

(below). (1) Fully hydrated amphiphile in equilibrium with bulk water; (2which is equal in the coexisting phases, ij@}(1) = H«\k/)v-
desorption ofAR,, water molecules per amphiphile into the gas phase; (3) Figure 3 illustrates the correlation betW&th_Hs andAh\t,'\fS

(hypothetical) condensation of the vapor onto bulk water. The He@ts. and
ARy, + Ahg™ release at the first and second step within the sequence (1)

as a function oRy,,_ for several characteristic cases. Figure 3

(2) — (3), respectively, whereadH>™ gives the enthalpy of the direct '€f€rs to continuous (e.g., exponential)_and_Fig. 3b to stepwi
transformation between (1) and (3). The rectangle encloses a constant amalranges of\hy,® andAh{ . The latter situation should apply
of material which yields the heat contributions, namely one amphiphile plgg hydration in terms of discrete adsorption layers. Figures :

the amount of adsorbed water at full hydration.

Making use of

and 3d show the expected changedbf ™ and ofAh{, when
the amphiphile undergoes a lyotropic phase transition (s

AGSﬁb: AHsab_ T,Assab [11]

(AS*™ is the corresponding entropy change),iy ™ = -
—3(AG™)/oRuy, and of Ahy”™ = —3(AH™)/oR,, one &
obtains after differentiation of Eq. [9] &, = const £

g o

ApEs = (a(AMTS- Tl)) - (a In aw>

v aTil Rw/L=const aT*l RW/L:COHSII

(12]

Note thath®™(a,) = —Ahy,® is commonly referred to as the water per lipid, R,

isosteric heat of adsorption (19, 20). Hence, gravimetric mea- . ) i )
FIG. 3. Schematic illustration of the correlation between the partial mola

surements at different temperatures reveal an independefi. entnaipies of the watexh®, (solid line), of the amphiphileAh®*
method to determine the change of the partial molar enthalgished line), and of the enthalpy of dehydratitki>>, (thick solid line, Eq.

of water on hydration. [8]) in four characteristic cases (see text).
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FIG. 5. Experimental raw data collected by gravimetry: RH ramp (righ
axes) and mass of DTAB adsorbed water at increasing (a) and decreasing (I
RH atT = 10, 25, and 40°C.

time / h

FIG. 4. Experimental raw data collected by a humidity titration experi-
ment: RH “stairca_lse” (right axes) and the CFB pulses caused by the hydratigiains pack into a paraffin-like structure (18). The variation ¢
(a) and dehydration (b) of 4ag DTAB at T = 25°C. The CFB response of RH has essentially no effect &, and consequently the heat
a blank experiment are shown in (a). . -
response of the sample is very small. At a threshold value
RH, the solid surfactant melts. This event is paralleled by tt

below). For sake of simplicity, we have assumed that tFf\éjsorption of 2—-3 water molecules per DTAB molecule cau

enthalpy of water binding remains unchanged before and affa§ intense exothermic CFB pulses. In accordance with t

the phase transition whergh?,” is slightly positive (3c) or phase diagram of dodecyltrimethylammonium chloride, w

negative (3d). Figures 3c and 3d mainly differ in the amount of

water,AR,,, adsorbed at the phase transition. 20 40 60 80
RESULTS 3 g
£ S5
5 X
Water Adsorption and Measured Heats ; ‘”2
Figure 4 depicts typical raw data obtained in the humidity :o \0
titration experiment. Each jump of RH causes a CFB pulse 0': r}:
which is endothermic upon dehydrating and exothermic upon '
hydrating the sample. Integration of the pulses yields the heat,
Qirc, released (hydration) or consumed (dehydration) in each
RH step (see Fig. 6a). l o
Figure 5 displays the raw data of the corresponding gravi- j o N
metric experiment and Fig. 6b the corresponding adsorption 2] o 0.5 mg
isotherms. Its first derivativd}y,, , is proportional to the num- /
ber of water molecules adsorbed/desorbed from the sample at 0 o anll PN

a given RH. The virtually parallel dependencieRyf, and of - 20 4 30
Qirc (cf. Fig. 6) indicate that the shape qfc(ay) is mainly RH | %
determined byR},,. and only to a less extent by the change of

the partial molar enthalpy of water upon adsorptia g (cf. FIG. 6. Measured heatsjc (a, symbols), and molar ratio water per

Eq. [4 ampbhiphile,Ry,. (b, lines), of DTAB atT = 25°C as a function of RH upon
q- [4])- . . hydration (solid lines) and dehydration (dotted lines). The integrated heat
At low and intermediate RH, the detergent, DTAB, formsorption,Q.rc (lines), and the first derivative &, Riw. (symbols), are also

nearly anhydrous, crystalline lamellae where theralksalkyl shown in (a) and (b), respectively.
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assign the liquid state of DTAB to a nonlamellar, hexagonal
“middle” phase where cylindrical micelles align parallelly with
their long axes (21).

The calorimetric and gravimetric dehydration scans reveal a
considerable hysteresis when compared with the hydration
scans. The sample undergoes the freezing transition at a RH
which is distinctly reduced in comparison with that of the
melting transition. The formation of crystalline structures of
long chain amphiphiles is typically accompanied by marked
nonequilibrium effects such as “phase transitions upon stor-
age” and freezing/melting hystereses (12, 22—-24). We did not
study this effect systematically by, e.g., the variation of the
Scan_ rate, ,k?e‘?aus,e the Phase behawor.of DTAB in thermOdyIEIG. 8. Partial molar transfer enthalpyhy, (open squares, cf. also Egs.
namic equilibrium is not in the center of interest of the presepyj and [7]) and chemical potential of watdy.’;* adsorbed on to POPC as a
investigation. FTIR measurements on DTAB spread on a Znfection of water molecules per amphiphiR,,. (T = 25°C). The solid curve
crystal show a melting/freezing hysteresis at RH69/75% depicts the isosteric heat of adsorptienh™ (cf. Eq. [12]).

(18), i.e., at a position which is intermediate between the

melting and freezing humidity obtained by means of gravim- _ i )

etry and ITC. We suggest that melting and freezing are delaydS: €ach RH step gives rise to a considerable CFB pulse |
and/or shifted in these experiments owing to unknown factofgd- 1)- NO significant hysteresis effects could be detected
Note that also DSC heating and cooling scans of partiai})¢ corresponding dehydration scan (not shown). The adso
hydrated DTAB show a considerable melting/freezing hystefon isotherm shows the typical shape which has been repor
esis of more than 15 K (see below, Table 2). From a methodi@4fVviously for lipids with PC headgroups (25) (Fig. 7b).
point of view the hysteresis attracts interest because the range5€ Slight step ofRw, at RH ~ 40% is caused by the
of weak and stronger hydration of DTAB extend to higher arj%otroplc cham meltlng_ trz_insmon of POPC which transform:
lower RH in the hydration and dehydration scans, respective{{PM the gel into the liquid-crystalline phase (17). Note the
In this way, metastability effects of water adsorption and'S de_tall of the adsorption |sothe_rm has not been detected
desorption can be judged thermodynamically. a previous study on water adsorption onto POPC where RH t

The lipid POPC continuously adsorbs water throughout tig€n adjusted using saturated salt solutions (26). The R
whole RH range. After the initial binding of 1 water mole- dépendence of the integrated pulsese, resembles closely

cule at RH< 10%, the lipid swells already in the gel state andnat Of Rw. as in the case of DTAB (cf. Fig. 7). The phase
transition of the lipid proceeds, however, without significan

heat effects (compare Figs. 7a and 7b). The condensation f
of the water which is imbibed by the lipid at the phase trans

Ahyy, Apy 1 kd/mol

water per lipid, R,

20 40 60 80

-Q/ 10° kJimol

a

FIG. 7.

20 40 60 80
RH / %

N
o

-
Q

Gy 1 10° kdimol

Measured heatsyrc (a), and molar ratio water per amphiphile,
Rw. (b), of POPC afl = 25°C as a function of RH. See legend of Fig. 6 fo

tion obviously completely compensates the heat which is co
sumed by the chains upon melting (vide infra).

The phase transitions of DTAB and POPC shift to smalle
RH values with increasing temperature (cf. Figs. 4 and 6).

Enthalpy and Entropy of Dehydration

Figure 8 depicts the partial molar transfer enthalpy of wat
on hydration,Ahy,®, of POPC and Fig. 9 the enthalpy of
dehydration AH®™®, of both amphiphiles as a function Bfy, .
No significant enthalpic effects exceeding the condensati
heat of water could be detected in the ITC experiment
Rw. > 4-5 (hydration scan) and2 (dehydration of DTAB),
i.e., Ahl® ~ —AH"™ ~ 0 * 4 kJ/mol. However,Ah{™®
increases distinctly upon further dehydration of the lipic
Hence, the transfer of water from the bulk into the hydratio
shell of POPC is endothermic. The corresponding integrat
heat of dehydrationAH®™, gets negative because the syster

r.(hydrated amphiphile- bulk water) gains enthalpy when water

assignments. The thin lines in (b) denote isotherms which are recordee at IS released from the sorption layer into the bulk (cf., Fig. 9

20 and 30°C.

Note that the enthalpy functions of POPC can be understood
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are expected to increase the entropy upon hydrating amphip
lic molecules.

Hydration Sites and Molecular Order: Infrared
Measurements

Among other factors, the frequency of a stretching vibratio
depends on the molecular conformation and on the interm
lecular potential which acts on the vibrating atoms. Cons
quently, infrared spectroscopy provides microscopic inform:
tion about the structure and specific interactions withi
molecular assemblies of long chain amphiphiles at hydratio
dehydration (12, 14, 18).

FIG. 9. Free energy, enthalpy, and entropy of dehydration of POPC and For example, the marked frequency increase in the antisy
DTAB as a function of the molar ratio water-to-amphiphiRy,.. The en- metric methylene stretching band,(CH,), of DTAB and
thalpy, AH*™ (circles), and the free enthalppG*™ (squares), were deter- pOPC represents a diagnostic signature of the chain melti
mined by means of ITC and gravimetric measurements at25°C (Eqs. [8] o nqjtion (28, 29) (see Fig. 10). The frozen alkyl chains
and [10], resp.). Alternativel AH*™ (lines) and the corresponding entropic ’ :
term, —TAS™ (crosses), were calculated from the adsorption isothernQTAB adopt the extended altans conformation and arrange
measured af = 25 and 40°C (DTAB) and at 20 and 30°C (POPC) (cf. Eqstlensely into an orthorhombic perpendicular packing mode
[11] and [12]). Small symbols and the thin lines in the right part (DTABthe solid state (18). The regular packing of the acyl chains
correspond to the d_ehydration scan. The inset in the right part enlarges §Eﬂid POPC is perturbed by several effects. First, both chains
fangeRv. < 0.3 as indicated. each lipid molecule are subjected to restrictions of their col
formation near their linkage to the glycerol moiety (30). Sec
9%d, thecis-double bonds give rise to a considerable residu.
conformational disorder of the polymethylene segments of tl

(AG, AH, -TAS) / kJ/mol

water per lipid, R,

a superposition of the schematic dependencies shown in F
3a and 3c whereasH* of DTAB qualitatively resembles the

respective curve in Fig. 3d. . oleoyl chain which are not strictly atrans and, furthermore,

For an independent determination, we have calculéte&;f _are prevented from arranging together with the palmitoy
and AH*™® by means of the isosteric heat of adsorption using
the adsorption isotherms of DTAB at = 25 and 40°C and
that of POPC afl = 20 and 30°C (cf. Eq. [12] and lines in 0 2 4 6 8
Figs. 8 and 9). The variation &,,, with temperature is rather 2922F ~ T O'O'
weak except the shift of the RH jump which is observed at the
phase transition (cf. Figs. 5 and 7). To estimate the accuracy of
the measurement in terms of enthalpy, let us assume a constant
uncertainty ofSRH ~ +1% for the isotherms measured. This - 2921
error of RH entails an error of the isosteric heabbf® ~ +1
kJ/mol at RH= 80% and ofsh"° ~ =5 kJ/mol at 20% for the
temperature interval of (10—15)K in whicthy, is assumed to
be a constant. The agreement between the results of the direct
and indirect determination akhy,® and AH*™ by means of
ITC and temperature variation is satisfactory in view of this
uncertainty.

The chemical potential of hydratioduy, ™, is given by the
adsorption isotherms (cf. Eqg. [9] and Fig. 8 for POPC). Inte-
gration yields the free energy of dehydratidrG*™, and the
entropic contribution—T - AS ™ as a function oRy,. (Fig. 9 1240
and Egs. [10] and [11]). The negative slope off -+ AS™™ ! ) , )
indicates that hydration is entropically driven for the amphi- 0 2 4 6 8
philes investigated. From the measurement of the isosteric
heats of lecithins Elworthy concluded 37 years ago that mixing
effects between the sorbed water and the polar headgrougdG. 10. Position of the antisymmetric methylene stretching banc

predominates over any effect due to a specific arrangemen{’df-H) (2), of POPC (open symbols) and DTAB (solid) and the position ¢
ter molecules near these groups (20). Beside this mixithe antisymmetric phosphate.{(PO; ) (open), and of the carbonyk(C = O)
wa 9 p : &glid), stretching bands of POPC (b) as a function of the number of wat

entropy also the configurational disordering of the headgrougsiecules bound per lipid. The wavenumbers were calculated by means of
(13, 27) and the melting of the hydrocarbon chains (see belowehter of gravity of the respective absorption bands (12).

41732

wavenumber / cm

1235 41733

+1734

1735

water per lipid, R,
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chains into a paraffin-like structure (31). The gel-like character
of the solid lipid is reflected in the wavenumber of thgCH,)
band which is shifted by~2.5 cm™ to larger values when
compared with that of crystalline DTAB (Fig. 10). An upward
shift of the v,(CH,) band can be interpreted in terms of
decreased attractive interactions between the hydrocarbon
chains (32). Following this interpretation the slight increase of
v.{CH,) in the gel and liquid-crystalline phases of POPC with
increasing hydration reflects the weakening of intermolecular
interactions and the gradual decrease in the degree of confor-
mational order (see below).

The positions of the antisymmetric PGnd of the C= O
stretching bands;,(PO;) and»(C = O), respectively, can be b

H,0

absorbance / a. u.

interpreted as a qualitative measure of hydrogen bonding be- POPC
tween water and the phosphate and carbonyl groups, respec- IH.6:D.0
tively (33, 34). The almost regular variation of the position of c 21 :120

both bands indicates that the degree of water—phosphate and of
water—carbonyl interactions changes continuously throughout
the whole range of water adsorption onto POPC. The steeper wavenumber / cm”
slope of v, (PO,) at Ry, < 3 can be attributed to the high FIG. 11. Normalized absorbance spectra of the OH stretching region
affinity of the phosphate group to the adsorption of water. Theter bound to DTAB (a) and POPC (b and c). Thin and thick lines correspol
phase transition of POPC onIy Weakly affects the polar mdp_the solid and liquid states of the amphiphiles Wiy, ~ 0.5 and 5 (DTA_3)

. . L . andRy, ~ 1 and 10 (POPC), resp. (c) corresponds to the same conditions
eties. A certain shielding of the € O group from the water in (b) except the composition of the atmosphere surrounding the sample wh
the gel state can be deduced from the break offl@2= O) has been modified as indicated in the figure.
course at the onset of the chain melting transition in agreement
\(/\ftlr;.the results of IR investigations on lipids at full hydratlonpossibly, the narrowing of the distribution of the respectiv

. o . interaction energies.
The width and position of the OH stretching band of' . . . L
water, »,(OH), adsorbed onto lipids yield qualitative infor-_ ¢ maximum intensity of the,(OH) band i significantly

) o . . enhanced relative to the shoulder near 3270'cwhen water
mation about water—lipid interactions (12). An unamblguoqg adsorbed onto DTAB (cf. Fig. 11a). This effect can b

interpretation of thev,3(OH) band is difficult because itsinterpreted in terms of the partial breakdown of the wate
shape and frequency can reflect (i) different energetic Chagz . re (37). Note that hydrogen bond formation betwes
acteristics of adsorbed water molecules, (ii) intra- and iz ier and the K(CH.), site cannot occur. Instead, the wate
termolecular couplings between the OH stretching vibrag,oieq are expected to associate with the charged trimeth
tions, and/or (iii) Fermi resonance with-2v,, the H-O-H 5monium (TMA) moieties via weaker polar interactions (38
bending mode (35, 36). The vibrational mixing can bgpe pandshape remains nearly constant upon dehydration
eliminated to a great extent by means of isotopic dilution Q;fept a feature near 3330 chwhich appears at a very low level
H,O by D,O. The low-frequency shoulder of thes(OH) of hydration Ry, < 0.5). It originates probably from vibra-
band (3270 cm*) of H,O adsorbed onto POPC disappeargons of Br - - - H—O units (37).

completely in a mixed vapor atmosphere of composition The conformation of the C-C-N(G}4 fragment of DTAB
H,0/D,0 = 1:10 (mol/mol). We conclude that this featurgn the crystalline state idrans as revealed by the strong
is caused by vibrational coupling and, thus, reflects propefhsorption band near 920 ¢i(not shown). It can be assigned
ties of the water structure. A similar conclusion has begg the symmetric C-C—N(C}), stretching vibration of the
drawn on the basis of the IR linear dichroism of the(OH)  transconformer (39). This feature disappears completely in tt
band of water adsorbed onto a PC headgroup (13). On fifuid state reflecting the increase of conformational freedo
other hand, the maximum position of tirg,(OH) band near of the TMA-moiety. This result is confirmed by the N—(QHl
3400 cm ' remains unaffected by isotopic dilution (cf. Figsantisymmetric stretching band which protrudes as a bro:
11b and 11c). Consequently, this frequency is assumedféature at 3027 cit in the liquid phase (not shown). In the
give a rough measure of the strength of water binding. Tleystalline state the methyl stretching vibration splits, howeve
maximum shifts to smaller wavenumbers by about 20 tminto three clearly resolved peaks at 3008, 3017, and 3031 cn
at dehydration, suggesting stronger water—headgroup intprebably due to the nonequivalence of the three methyl grou
actions when compared with water—water interactions (Figand of their antisymmetric C—H stretches in an immobilize
11b and 11c). The slight narrowing of the band reflectstructure (40).

1 L i
3600 3400 3200
1
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DISCUSSION AhSS = ugy, + Ui + AUy

Molecular Origin of Hydration Enthalpies h
Wi
Extensive work has been devoted in the past to the molecular
origin of amphiphilic hydration (2-5, 41). On the one hand, Ul
hydration phenomena can be attributed to the properties of the
water subphase (4, 5, 16, 42). For example, the water mole-
cules are assumed to orient within the electric field of trd
surface dipoles and local excess charges of the headgroups
(42). On the other hand, hydration is viewed as a solvation AUy = U{yc + Uw + (Une + Usvw — Ulw)  [17]
phenomenon that causes several disordering processes within
the lipid aggregates such as, e.g., the increase in the flexibilityThe terms within the parentheses { give the change in
of the headgroups and undulations of the polar surface (1, Beraction energies of the transferred water. The derivative
In a general sense, “hydration” means the creation of a polgr/ )’ = 9(- - )/aRy,., express the fact that the transfer of
apolar interface between the water and the hydrocarbon chailitferential quantity of water potentially perturbs the interac
of the amphiphiles. It represents the net result of an intricaiens within whole system sorbenrt sorbate due to intermo-
interplay between different inter- and intramolecular interagecular couplings.
tions. Each of them will contribute to the enthalpy of the
system. Let us express the enthalpies of the amphighil@nd Interactions within the Polar Region of the Aggregates
of its hydration shell Ry, - hy, in terms of intermolecular
pair-interaction energies)x.y, and of the intramolecular en-
ergy of the amphiphiley;,., (see Eq. [13] and Fig. 2 for
illustration):

= Uchch t Ui Utie = Uhene T Uvene T Uwne

The wavenumbers of the IR absorption bands of the ce
bonyl and the phosphate groups of the lipid continuously sh
upward at dehydration indicating the subtle variation of watel
lipid interactions (cf. Fig. 10). The blue shift of these stretchin
vibrations can be attributed to a weakening of the corresporn
h. =~ UL = Uch.cn + Unge + Uwg + Uina - @Nd ing interaction term, i.ey}s < 0 (cf. Eq. [17] and Fig. 12 for

Rt - h% =~ Uy = Uy + Uene [15] iII.u§tration), although the magnitude of this energy change
difficult to assess.

) Because of sterical arguments the water molecules whi
with desorb aRy, > 4.5-5.5 (POPC) anR,,, > 1.5-2.5 (DTAB)
can be assumed to possess no direct contacts with the he

N 1 N groups. The corresponding energy changes of the headgro

Ucr.cn = 5 (2 Ubienis Unge = > (2 Ulewa) are probably mediated through the water molecules of ti
# 1% primary hydration shell which bind directly to the headgroup

RwiL RwiL via H bonds and/or they are due to long-range electrosta

— 0 — i interactions arising, e.g., from the dipole potential of the men
S ; Ul 1); U ; ol 1) brane. Also the melting/freezing hysteresis of DTAB is obvi
ously correlated to a solvent mediated influence of the seco
) _ ) 1 M hydration layer on the arrangement of the detergent molecul
Uww(]) =5 (2 uliw)is Unnlj) = > (2 ulineh- [16] Note that DTAB instantly imbibes water up Ry, > 3 at the
J7k K melting transition whereas chain freezing starts onlRgt <
2, i.e., after the removal of the water which directly interact
We consider interactions between the hydrocarbon chaingh the headgroups.
(subscript CH-CH), between the headgroups (HG-HG) andAt Ry, < 4.5-5.5 (POPC) ang,,, < 2-2.5(DTAB) direct
between the water molecules (W-W). For the sake of simpliciteractions between the headgroups are expected to repl
ity, only cross interactions between the water and the heamdater—headgroup contacts when water is removed from t
groups (W-HG) within the polar region of the molecular aginterface. In fact, the considerable shift of thgPO,) absorp-
gregates are taken into account. The angular brackets derimte bands of POPC gives strong indication that H bonc
ensemble averaging over the amphiphiles. The terms in- between water and the phosphate groups are progressiy
clude dispersive, electrostatic, and “chemical” interactiofsoken up at dehydration (38). It is known that the phospha
such as hydrogen bonding. Making usen@f= 9(HsmudNL)/  groups tend to interact directly with the trimethylammoniun
R, hiv = uw.w, and of Egs. [13], [15], and [16] one obtaing TMA) groups at a low level of hydration (13, 43). The
the change of the partial molar enthalpy of water on hydratidtydrogen bonds between the water and the P@iety can,
as the sum of the energy terms: however, not be replaced by energetically equivalent interz

Nw
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i.e., to the first water molecule which binds on the average
each lipid molecule. It can be assumed to interact preferentia
with the phosphate moiety which is known to represent tt
primary hydration site of lipids with PC headgroups. Quantun
chemical calculations yield interaction energies of water bour
to (CH,),PO, ranging from—110 to —43 kJ/mol (45, 46)
whereas the energy gain from the association of water wit
e.g., N(CH,), is distinctly smaller,—(40-30) kJ/mol (47).
These values agree with the results of computer simulations
water sorbed onto PC headgroups (48). It was found that t
first two water molecules interact strongly with the phosphal
moiety with Uy.s(1) =~ Uw.e(2) < —70 kd/mol. Hence, the
maximum position of the,,;(OH) band atR,,, =~ 1 can be in
fact interpreted as an indication of the stronger binding of tt
first water when compared with the next ones. Unfortunatel
L the precision of the calorimetric data decreases considerably
8 Rw. < 2 (cf. Fig. 8), and thus the reliable estimation of the
respective interaction energies is prevented at present by
uncertainty of the method.

FIG.12. Schematic representation of the contributions of the watek,, To summarize, strong H bonds of the water to one or sevel
of the headgroupsiic, and of the acyl chainsi, of POPC (a) to the partial hinding sites of the headgroups do obviously not compens:
molar enthalpy of watetyhy™ (b, solid line), which is drawn together with the ¢, 1o 5yerall endothermic enthalpic balance accompanyit
partial molar enthalpy of the lipidyh/™* (dashed), and the integrated enthalpy . -
of dehydration AH*™" (thick solid line). See Eq. [17] and text for explanation.the hydration of the amphiphiles. It should be concluded that

is the entropy which drives hydration by an overcompensatic
of the enthalpic penalty. Hence, solvating water molecule
tions between the polar moieties of the lipid. Its formatioprobably screen direct interactions between the headgrot
leads to a loss of energy of the phosphate groups (3) becalgsaling to the increase in their conformational and/or motion
TMA—phosphate interactions do not possess the characteristreedom. Molecular dynamics simulations show that, e.g., p
of hydrogen bonding. On the other hand, the water dipol&wization due to water molecules almost completely cancel t
associate with the charged TMA moieties via relatively wegbolarization due to lipid headgroups, and thus the water ob
polar interactions (38, 44). Therefore the TMA groups eneously behaves like a classical medium with high dielectri
getically gain slightly when replacing the polar TMA—wateconstant (44, 46, 48, 49).
with stronger TMA—phosphate contacts (43). Despite this fact,
the overall enthalpic balance of the PC group is suggestedtiQe Hydrophobic Region: Thermodynamics of the Lyotropic
become progressively exothermic in termsAdf®™ as illus- Melting Transition
trated schematically in Fig. 12 (i.e., B ujg).

The measured heats possess, however, opposite sign wherhe position of the stretching bands of the polar moietie
compared with this expectation, i.Ahy™® > 0. Hence, the and of the methylene groups of POPC shift in opposite dire
energetic loss of the PC group upon dehydration is obviouglgns upon dehydration (cf. Fig. 10). The effective shift of th
overcompensated by the endothermic contribution of the hyg(CH,) band in the fluid and gel states of lipids depends ¢
drocarbon chaingyz, > 0, and/or of the wateAU,, > 0 (cf. the balance between repulsive and attractive contributions
Eq. [17]). The right-hand shift of the,;(OH) absorption band the intermolecular potential and on the conformation of th
upon dehydration has been suggested to reflect the strengthgrarocarbon chain, i.e., obcy.cy and onu,,, respectively
ing of the interaction energies of water (cf. Fig. 11). Apparfb0). Measurements at increasing hydrostatic pressure h:
ently, the change of this IR parameter contradicts the measusbdwn that the wavenumber of the Cbtretching bands de-
heats. Note however that the;(OH) band virtually represents creases at pressures up+®.5 GPa but increases at highel
a spectroscopic average over the energetic characteristics offttessures (31). Attractive or repulsive interactions seem
water molecules sorbed. Local effects such as the strongdbiminate the respective compression ranges. The water ac
bonding between selected water molecules and the phosplitgés which are used to dehydrate the amphiphiles corresponc
oxygens of the lipid can give the leading contribution to tha hydration pressuré]l = —RT- In a,,/vy, of up to~0.5 GPa
spectral shift. As a consequence, thgOH) frequency must (v, ~ 1.8 X 10° m%mol, the molar volume of water).
not necessarily correlate with the mean enthalpy of the wat&ecently, we found that the methylene stretching frequency

On the other hand, one should take into account that tbeectly proportional to the area requirement of lipid molecule
v15(OH) spectrum shown in Fig. 11 correspondsRig, ~ 1, at the water/air interface;, (51). Note that the attractive

enthalpy

(=]
-8

water per lipid, R,
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TABLE 1
Thermodynamic Data of the Lyotropic Melting Transition of POPC and DTAB
Gravimetry' ITC® DSC
wh AHE? AH,, AG, AH,, AS, AQP AH,, AS,
Method: System AR, (kJ/mol) (kJ/mol) (kd/mol)  (kd/mol)  (kI/mol)  (I/mol- K) (kJ/mol) (kd/mol)  (I/mol- K)
POPC 0.4+ 0.1 —2.34 -18+ 4 19+ 3 -0.9 17+ 3 60 0+1 15+ 1¢ 50"
DTAB hydr.scan 3.2£0.2 -0.46  —-143+10 33=10 -1.4 18+ 10 92 -125*5 10+1 33
DTAB dehydr.scan 1.5 0.2 —1.44 -67+10 2110 -16 17+ 10 99 -50*5 14+1 49

@ See Appendix.

PAHNC = —AH™(fluid) — AH*"(solid) andAS;® = (AH® — AG,)/T.; T = 25°C.

®Measured at constafy, = 3; AS,, = AH,/T,. The rows “hydration” and “dehydration” scans of DTAB refer to heating and cooling, respectively. T
corresponding transition temperatures &re= 33 and 15°C, respectively.

¢G. Klose, H. Binder, and H. Pfeiffer, to be submitted.

van-der-Waals potential between parallel GiHains is related entropic contributionTAS,, to yield AG,, < 0. The enthalpy
to the mean molecular cross section by &, dependence. and entropy of melting of long chain compounds depend nea
These facts give rise to the conclusion that the red shift iiearly on the number of methylene groups per moleaulg,,
v.{CH,) at dehydration reflects the continuous decrease &2). The almost equal S7. values of DTAB Q4.n = 12) and
Uchcn and of ui., as well, because lateral compression ilf POPC .., = 28) show that the entropic effect per €H
creases the conformational order of the polymethylene chaisegment is much more pronounced for the detergent. Ti
Hence, the hydrophobic core is expected to give a progrebfference can be rationalized by the fact that DTAB trans
sively increasing endothermic contribution Ady,™ as illus- forms from a more ordered solid (crystals) into a more diso
trated in Fig. 12. dered fluid (micelles) state when compared with the gel ar

The melting transition of the amphiphiles represents thiguid-crystalline phases of the lipid (30) (vide supra).
most prominent structural change observed. Humidity titration Interestingly, the melting/freezing hysteresis of the deterge
calorimetry detects this event as an endothermic peak whwas no significant effect oaS,, andAH,,. That means that the
displaying the transfer enthalpy of hydratioAhy,™, as a arrangement of the alkyl chains in the crystals before meltin
function of Ry, (cf. Fig. 8). This result is reasonable becausafter freezing seems to be similar although the scan directi
the accompanyingrans-gaucheisomerization consumes en-gives rise to a pronounced variation of water binding.
ergy (i.e.,Uiw > 0, cf. Eq. [18]). The increment of the The integral heat which is measured in the ITC experime
integrated enthalpy of dehydration at the phase transition givatsthe melting transitionAQ7. = Qc(fluid) — Qqc(solid),
the corresponding transition enthalpyH . = AH®*(fluid) can be understood as the balance of two enthalpic contrit
— AH*(solid) (see Fig. 9). Table 1 compares these valuéisns, namely the heat which is released upon condensatior
with the transition enthalpies which are obtained by (i) thgaseous water onto the headgroups and the heat which
application of the Clausius—Clapeyron relation to the temparensumed by the hydrocarbon chains to transform into a mc
ature shift of the lyotropic phase transition (see Appendix) amtisordered state (cf. Egs. [8]). The phase transition of POF
(ii) by DSC measurements on definitely hydrated amphiphilgstoceeds without significant net heat effect, i2Q = AQ[c
The results of the three independent methods agree within taed (cf. Fig. 7). The exothermic heat of water binding obvi
error limits. ously compensates the endothermic heat of chain melting ¢

The melting of the hydrocarbon chains is accompanied lsgntially in this special case. For DTAB the former effec
the adsorption oAR,, = 0.4—-3 water molecules per amphi-exceeds the latter considerably and, thus, the calorime
phile (cf. Figs. 6 and 7 and Table 1). This fact obviouslyecords intense CFB pulses when the system passes the pl
reflects the increased exposure of the polar residues of transition (cf. Figs. 4 and 6). Table 1 lists the hedt %™
amphiphiles to the water in the fluid phase. The Clausiusvhich corresponds to the condensationAd®R,, water mole-
Clapeyron relation predictSR,, > 0 if the water activity of cules onto bulk water. The transition enthalpy of the amph
the phase transitiomy,, decreases with increasing temperphiles is given to a good approximation &H,, ~ AQf. —
ature in agreement with the experimental findings (see AAHZ™.
pendix).

The free energy decreases at the chain melting transitiondyange and Strength” of Hydration
AG™ ~ —(1-2) kJ/mol owing to the adsorption of water (see
Appendix, Eq. [A2], and Table 1). Note that the endothermic Equation [10] transforms the water activity into the energeti
transition enthalpyAH,, is overcompensated by a positivescale of the free enthalpy of dehydratiahGG*™. Figure 13
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that R}, is directly proportional to the decay length of the
repulsive “hydration” forces acting between polar interface
(2) then our interpretation is in correspondence with that ¢
Israelachvili and Wennerstno (6) who stated that “genuine”
hydration effects in fact determine the hydrated sizes of pol
groups but probably play only an indirect role in the interactio
between amphiphilic surfaces. It seems to be more akin
steric repulsion which is caused by entropic effects.

/ kJ/mol

AG

12 SUMMARY AND CONCLUSIONS

water per lipid, Ry,

It is demonstrated that isothermal titration calorimetry ca

FIG. 13. Free energy of dehydratiodG*™ (cf. Eq. [10]) of POPC®) be successfully applied to study the thermodynamics of tl

and of DTAB (O, hydration scanl], dehydration scan) as a function of watergdsorption of a gaseous sorbate onto a sorbent existing it

molecules per amphiphil&y, (T = 25°C). The lines are linear regressions”quid_crysta|"ne or solid phase. We have presented a humidi
for Ryy < 6 (POPC) and<3 (DTAB, see Table 2). . . . . . .

titration technique to investigate hydration phenomena of ar

phiphilic molecules such as lipids and detergents. This meth

depictsAG*™ in a logarithmic representation as a function o)(ields the partial molar enthalpy of water on adsorption as
R.. The fit of unction of the number of water molecules bound per ampf
WIL -

phile.
R The amphiphiles assemble into aggregates the physical st
AGS™ = AG,- exp< — ‘(’)V’L) [19] of which depend on the degree of hydration. Consequently t
Rwi sorbent+ sorbate system has been considered as a bin:

mixture where the enthalpy of both components varies up

to the experimental data B, <6 (POPC) and3 (DTAB) Changing the Composition_
yields the corresponding free enthalpy of complete dehydra-The lyotropic melting of the hydrocarbon chains unequivc
tion, AG,, and the decay constary,., which gives a char- cally demonstrates that water adsorption onto amphiphiles
acteristic number of tightly bound water molecules within thot an effect which is only localized to the polar/apolar inter
range of primary hydration (cf. Table 2). face but it involves the whole amphiphilic aggregates includin
The free energy of total dehydratioh,, and the expensesthe hydrophobic core. The lyotropic phase transition can |
of free enthalpy to remove the first water from the amphiphilegnderstood in terms of an enthalpic balance where the exoth

AG(1), differ considerably between the lipid and the detergefiic heat of adsorption is partially or completely consumed k
(Table 2). The nearly equal values Bf,, seem to, however, the hydrocarbon chains upon melting.

contradict the potency of the PC groups to form H bonds to theTypically, the amphiphiles are dispersed in water. It i
water in contrast to the NCH;); sites of DTAB. Hence, this therefore convenient to compare the enthalpy of adsorpti
parameter is obviously not directly correlated to the strength @fth the condensation heat of water to characterize the hydi
local headgroup—water interactiori®y,. characterizes the de-tion of the amphiphiles in an aqueous environment thermod

cay of the free enthalpy of dehydration. It represents therefafgmically. It turns out that hydration of DTAB and POPC a
a measure of the work that has to be applied to remove water

from the amphiphiles. It includes enthalpic (energetic) and

entropic contributions as well. The exponential decay law [19] TABLE 2

describes the hydration Of a number Of |IpIdS W|th different Free Entha|py of Comp|ete Dehydration’ AG07 Decay Constant
headgroups (2Ru,. decreases considerably from values abo®, and AG(1), the Free Enthalpy of the First Water® Bound to
~2.8+ 0.3t0~1.8+ 0.3 when the methyl groups of the TMAPOPC and DTAB (cf. Eq. [19] and Fig. 13)

moiety of lipids with a PC headgroup were replaced by hydro-

gens (2). The smaller values Bf,, correlate with the fact that (kﬁliool) o (ﬁ;&lo)l)
the corresponding phosphatidylethanolamine (PE) headgroups e

form a rigid network which does not require water moleculgsopc 17 +2° 26+ 0.2 5.4
owing to the formation of direct H bonds between the amma@TAB (hydration scan) 2.8 0.3 2.7+0.2 0.9
nium and phosphate groups (53). DTAB (dehydration scan) 5205 2.1+ 0.3 2.0

In contrast, the TMA and PC moieties are not stabilized byaAG(l) _ AGH(0) — AGTM(L) = AG, - (1 — exp(LR%) (cf. E
H bonds in the anhydrous state. Their nearly edfal values [19]). - ° PIERw)) (- £
can be understood if this parameter reflects the potency of Ag, andAG(1) increase to 25 and 8 kd/mol, respectively, if one assume
water to solvate (“lubricate”) the headgroups. If one considedst 1 water cannot be removed by the drying procedure used (vide supra
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room temperature is endothermic because the water on thid, — T,,AS, yields the enthalpy change at the phase trai
average looses enthalpy upon binding to the headgroups of $itén

amphiphiles investigated. One can suggest that the steric re-
H,=AR,-R-{T,-Inay

striction and the polarization of the surface prevents the fo
mation of a network of hydrogen bonds such as in bulk water.
Hydration appears to be driven by the gain of entropy which

accompanies the disordering of the polar and apolar regions of

the aggregates.
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Variation of Thermodynamic Functions at the Lyotropic
Phase Transition

The molar free energy of the hydrated amphiphile is given.
by G = w, + Ry * mw- The liquid and solid phases coexist 2.
at the water activityay, at which the phase transition takes
place. The thermodynamic criterion of phase coexistence 8
quires equal chemical potentials of the water and the lipid i
the coexisting phases, i.e., 5.

6.
o = lauid gng 7.
piy = wi = pli =l + RT-In@p). (A1 %
9.
The variation ofAG®™ at the phase transition,
10.
AG a0 = AG*(liquid) — AG**(solid) 1,
= ARV RT - In(al), [A2] 12
is solely caused by the adsorption®R,, = ARy """ water 13

molecules because dfu, = Ay
sponds to a condensation heat of

0. This process corre- 14

15.

AHZ® = AR,- A& [A3]

16.

which would be released if the adsorbed water behaves entHal-

pically like bulk water Ah$ ™ = —44.6 kJ/mol at 25°C). The 18
chain melting is first order and, thus, the changes of the
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