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We have used specular neutron reflectivity to study adsorbed layers of a modified polysaccharide bearing
lateral cholesterol anchors (cholesterylpullulan, CHP) at theveater interface. In this system, the otherwise

non surface active polysaccharide is attached, at several points along the backbone, to the surface by the
hydrophobic cholesterol groups. The properties of these adsorbed polymer layers have been studied for different
degrees of cholesterol substitution varying from 0.6 to 1.4 mol % and for different bulk concentrations. Using

a parabolic profile to describe the adsorbed layer, it is found that the thickness of the layer decreases with
surface concentration. These results are in contrast to those reported for end-attached tethered polymer layers.
We attribute this behavior to the associative properties of the polymer as the interacting cholesterol groups
are increased in the layer. Furthermore, the amount of polymer adsorbed decreases with the degree of
cholesterol substitution. Surface tension data show that very long equilibration times are required for the
formation of the polymer layers at the surface. However, the neutron reflectivity data show that even though
the concentration profile changes over time, the amount of polymer adsorbed remains constant. These results
suggest that the slow kinetics observed in surface tension measurements are due to structural rearrangements

in the adsorbed layer.

I. Introduction colloidal stability’! compared to the native unstabilized vesicles.
. ) i However, the length of the adsorption kinetics at the-miater
Polymeric _chalns adsorped or grafted_to an |r_1terfac_e h_aveinterfacél and at spread lipid monolayétsmakes it very
been the subject of theoretical and experimental investigations yitficult to observe the thermodynamic equilibrium of the
in view of the numerous practical applications of the morphol- gy gtem. Solubilization of these derivatives in lyotropic lamellar
ogies adopted by these chains. Surface polymer layers aré;hases has also shown to be strongly time-deperf@@htin
encountered in steric stabilization of colloidal particted,  his study, we will focus on the structural and the kinetic aspects

membrane systenfsadhesion technolody,® and selective j, order to monitor the evolution of the layers with time.
microphase separatidnDetailed studies of adsorbed polymer

layers at the airsolution interface using neutron reflectivity || Neutron Reflectivity
have been reportéd:12 For grafted chain layers, the structure
and density profile have been investigated using small angle
neutron scattering 6 and by specular neutron reflectivity.25

Our aim is to investigate the surface properties of a new type
of nonadsorbing chains attached to the-awater interface by
a few hydrophobic groups randomly localized on the chain. The
polymer, cholesterylpullulan (CHP), is an associative polymer
obtained by chemical modification of the naturally occurring 22Nb
polysaccharide pullulan produced by the funguseobasidium n=1- (1)
pullulans In the system investigated, the macromolecule has 21
both hydrophobic head type attractions localized on the chain \yhereN is the number density of the material anis coherent
and a uniform repulsive interaction of the chain monomers with scattering length. The produdtb is the coherent scattering
the surface. The number of anchoring points per chain lies |gngih density of the material. Using monochromatic neutrons
between 1.7 and 4.5 depending on the degree of substitution ofyith wavelengthi, total reflection of the beam is observed for

The principles and applications of neutron reflectivity have
been reviewed by Russ®land by Penfold and Thom&%.
Briefly, optical phenomena such as reflection and refraction at
an interface apply also to neutrons. Neglecting absorption, for
a given monochromatic neutron beam of wavelengthhe
neutron refractive indexr of a material is given by

the derivatives. any incident angle inferior to the critical angle, defined by
The pullulan backbones are in good solvent conditions in

water. Their solution properties as well as those of the 0 ZA(N_b)l’Z )

hydrophobically modified CHP derivatives have been described ¢ 4

by Kato et ak% and Nordmeief; and by Akiyoshi et al28-30 i i . . o
respectively. The use of CHP derivatives in the colloidal From this relationship, a variation of incident angle can be

stabilization of vesicles is one of the potential applications of "ePlaced by that of wavelength at a fixed incident angle, and
these biocompatible polymers. Grafted vesicles show very goodWe can define a critical wavelength by

T )1/2
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angle. A chopper is used to obtain a pulsed neutron beam. Theas a function of the perpendicular component of the wave vector,
beam is bent to the desired incident angle and the neutrons are&k, = (27/1) sin 6.
detected after reflection from the sample, with a delay which is

a function of their velocity. Thé¢ime-of-flightof a neutron is lll. Materials and Methods
the time elapsed between |t§ emission and its de@ectlon. The 1. Neutron Reflectometer. The experiments were per-
wavelength of each neutron is determined according to formed at the DESIR TOF-reflectometer in the Orpheactor
ht (Laboratoire Len Brillouin, Saclay). Reflectivity from the
A= e (4) surface of the polymer solutions was performed in a Teflon

trough placed in an enclosure with quartz windows transparent
to the neutron beam. The trough has a surface of 75(tf

cm x 5 cm) and a depth of 3 mm. Prior to each experiment
the trough was cleaned in sulfochromic acid and abundantly
rinsed in Milli-Q water. The trough was filled with the polymer
solution and the surface cleaned by pipet aspiration.

2. Chemicals. The chemical structures of pullulan and CHP
derivatives are given in Figure 1. A description of the pullulan
and CHP samples are given in Tables 1 and 2, respectively.
High molecular weight pullulan samplessland Reso Were
supplied by Showa Denko (Tokyo, Japan). Low molecular

_ weight pullulan samplessB, Pso, and R, as well as CHR o6
RA)= 1for >4, (5a) and CHRy-o o derivatives, were a gift from K. AkiyosiP The
chemical modification is described elsewhé&tand the degree
of substitution of the derivatives was determined'byNMR.
212 CHPs2-1.4 was supplied by Dojindo Laboratories (Kumamoto,
1-[1—- @AY Zl f A<i (5b) Japan). As indicated in Table 2, CkP; 4 is a derivative of
Cc

whereh is Planck’s constant,the time-of-flight,mthe neutron
mass, and. the chopper-to-detector distance (7.5 m at the
DESIR reflectometer).

Specular reflection is determined by the mean scattering
length density normal to the interface, and the reflectivRy,
is the ratio of the intensity of the specularly reflected be&in (
to that of the incident beani;). For a sharp and structureless
interface (Fresnel) where the refractive index varies as a step
function from one medium to another, reflectivity is given by

and

R(4) = 141- (/1//192]1/2 molecular weight 52 000 with a degree of substitution of 1.4%

(1.4 cholesterol group per 100 glucose units), corresponding to
an average number of 4.5 cholesterol anchors per chain. The
radius of gyration of pullulan was calculated according to

In the presence of an interfacial structure such as a surface
layer, the reflectivity is expressed8s

— 0.58
AU = 1, + a3+ 2r . f 55 COS(PB) © Ry=0.14M,, ©)
1+ 35+ 2,55 COS(P) The critical bulk and interfacial overlap concentratioBst and
I'p*, respectively, are calculated according®o
with
C*r= M (10)
- N, sin®; — n; sin 6, @) P 4nNARg3
' nsin6; + n;sin 6
and
and
2 g (1)
B =, sing, ) " ANGR/
wherer; is the Fresnel coefficient at thig interface. The The polymer solutions were prepared by sonication and

subscripts refer to air (1), the interfacial layer (2), and the heating under stirring (42C) untilla. clear solution was obtained.
substrate (3).d, is the thickness of the layer. This approach Water was produced by the Milli-Q water purification system
can be extended without too much difficulty to three or four from Millipore (Bedford, MA), and heavy water (deuterium
discrete layers. However, when the profile is a smooth function, €nrichment 99.9%) was from Euriso-top (Saclay, France).

a popular method for calculating the reflectivity is to divide 3. Scattering Length Density of the Polymer. The

the surface layer into a finite number of uniform and discrete Properties of the materials used in this study are given in Table
layers and calculating the Fresnel reflectance at each interface3- The scattering length densities of the polysaccharide and of
In this case, one can apply the matrix formalism used in the splvgnt are plotted Figure 2 as a.functllon of th@l&?olume
conventional optics for the calculation of multilayers where the fraction in the solvent. Polysaccharides, like other biopolymers
elements of each layer are represented in a matrix frm. such as proteins, have a n_on-negllglble content of weak acid
Multiplication of all the matrices results in a final two-by-two  hydrogen. In polysaccharides, these labile hydrogens are
matrix, the elements of which describe the resulting reflectivity. €xclusively located on hydroxyl groups (Figure 2). Considering
In the present study, we have adopted this method to analyze? random exchange between the solvent and the polymer and
the data. In the calculation of the Fresnel reflectivity, two the same equilibrium constants for H/H and H/D exchanges,
corrections are included: the first originates from deviations the deuterium enrichment of the labile sites is equal to the mole
due to the angular resolution of the spectrometer, and the secondraction of DO in the HO/D;O mixture. The scattering length
from the surface roughnes®(4)s.0. is the calculated reflec-  density of the polysaccharide can be calculated according to
tivity for a given incident angle with a spread in angular

resolutionA@ and a surface roughness For simplicity, this Nbp _ Nbp + @ (b, — bH)] (12)
function is denoted a&(4) or R(k,) when the reflectivity is given H D0 191
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Figure 1. Chemical structure and schematic representation of pullulan and cholesterylpullulan derivatives (CHP). Pullulan is the native unmodified
homopolysaccharide (A repeat unit), while the hydrophobically modified polysaccharide is a random copolymer of native A and modified B units
bearing lateral cholesterol anchors.

TABLE 1: Description of Pullulan Samples® = 3.29 x 106 A-2, The scattering length density of the
pullulan MW Mo/My  Ry(A) C* (glL) subphase is given by
Pas 45 000 1.29 73 45 —
Psg 50 000 1.24 78 42 Nb, = Nby, Py 0 + NBp oPp 0 + NB Py (13)
Ps2 52 000 1.22 80 40
Ps00 300 000 1.12 221 11 In our experiments, the concentration of the polyrigjip
P1eso 1660 000 119 596 31 < 0.1% so thatPp,0 + Pp,0 ~ 1 and eq 13 simplifies to
2 Mw/M, values reported for the low molecular weight samplgs P
Pso, and R; are results of HPLESEC analysis combined with low Nbs = Nszo (1 - CI)DZO) + NbDZO(I)DZO (14)

angle laser light scattering measurement. The valuessfgaRd Reso
were given by Showa Denko. The radii of gyration and the critical

; . ! For the same reason, we also neglect the change in scatterin
overlapping concentrations were calculated according to eqs 9 and 10 9 g 9

respectively. ‘length density of the solvent due to H enrichment by the
polysaccharide.
TABLE 2: Description of CHP Samplest 4. Scattering Length Density Contrast. A simplified view
CHP MW d.s. (%) N I* (mg/m?) of the scattering length density profile in the presence of an
CHP. 45 000 06 17 0.35 at_jsorbed CHP layer is given in Figure 3 for the contrast obtained
CHp‘éigz 50 000 0.9 28 0.34 with the protonated polymer in pure;O (Nb = 6.37 x 107°°
CHPsy 14 52 000 1.4 4.5 0.34 A-2). The adsorbed polymer layer is arbitrarily represented by

aThe polydispersity of the polysaccharidic backbone in the CHP a step function for simplicity. A schematic representation of
derivatives is the same as that reported in Table 1 for unmodified the adsorbed polymer with the hydrophobic cholesterol groups

pullulan samples. The interfacial critical overlapping concentrations anchored at the interface is also shown in the figure. Due to
I'* were calculated according to eq 11. the high hydrogen content of the cholesterol, the scattering

length density of the anchors is very low (0.2210°¢ A-2).
whereNby, 1 is the scattering length density of the polysaccharide Furthermore, the degree of substitution of the CHP derivatives
in H,O, i.e., completely protonated (1.66 106 A=2). nis is such that the enrichment of the interface by cholesterol groups
the number of labile protons (3 per monomes);and by, are must be very low, the limiting parameter in forming a condensed
the scattering lengths of deuterium and hydrogen, respectively.phase of cholesterol groups being the size of the swollen
In these calculations it is assumed that all hydrogen are polysaccharidic backbones. The scattering length density of the
accessible to the solvent for exchange. The rdtip by)/ cholesterol layer in the air phase is certainly much lower than
191 is the increment in scattering length density for each that of a pure condensed cholesterol layer (322076 A—2).
hydrogen exchanged by a deuterium in a monomer unit of Therefore the contribution of the cholesterol layer to the total
volumeV = 191 A3, In pure heavy watedp,0 = 1, andNb, p reflectivity signal was considered to be negligible. As indicated
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TABLE 3: Properties and Data Used for the Calculations of the Scattering Length Density of the Materials

material formula M(g mol%) o (g cnr3) b°(x 10¢A) V (A3 Nb (x 106A-2)
water Ho 18 0.997 —0.168 30 —0.56
heavy water o 20 1.1053 1.915 30 6.37
cholesterol G/H4s0OH 387 1.067 1.322 602 0.22
pullulan in HO —(CeH1005)n— 162 1.54 3.15 191 1.65
pullulan in D,O —(CgH7D305)n— 165 1.57 6.28 191 3.29

aTaken from ref 53. Taken from ref 54.
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solvent /."' Figure 3. Scattering length density contrast and schematic representa-
7 tion of the adsorbed CHP derivative from a@solution. The profile
4r o is represented by a step function for simplicity. Note that adsorbed
v cholesterol groups at the aiwater interface are quasi-contrast matched

to the air Nb <0.22x 105 A-2). Z= 0 corresponds to the cholesterol
water interface as indicated in the scheme.
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Figure 2. Exchange of labile H from glucose monomer units with the
solvent and the consequence on the scattering length density of the
polymer. The plot is a calculation of the scattering length density of
the polymer as a function of the solvent composition isOHD,O time (h)

mixtures. We use eqgs 12 and 14 for the polymer and the solvent,

respectively. Equation 14 applies to dilute solutions where the enrich- Figure 4. Surface tension curves of CklP; 4 from DO solutions.

ment of the solvent by hydrogen from the polymer may be neglected. From top to bottom:C, = 0.25, 0.50, and 1.0 g/L.

ACMW = air contrast matched water; CMP contrast matched point

of the polymer. are more easily observed under semidilute solution condiffons.
These results are in agreement with the absence of any surface
activity controlled by surface tension experiments on aqueous
pullulan solutions?

in Figure 2, exchange of labile hydrogen with the deuterated
solvent results in an increase in the scattering length density of

6 R—2 6 R—2 i
the polymer from 1.85¢ 10 9 %10 3.29x 10 74 % reducing " " viodified CHP Solutions. Modified pullulan, however,
the scattering l?':'&g_tg' density contrast from.72 > 10~ shows considerable surface activity. The dynamic surface
to —3.08 x 10 : tensions shown in Figure 4 for three concentrations of HR

V. Results show t_hat very long times are require_d for equilibrium to
) be achieved. Such long equilibration times have also been
1. Native Pullulan Solutions. Nonmodified pullulan showed  reported for other water soluble polymers carrying hydrophobic

no measurable adsorption from dilute solutions at the-air moieties??>44

solution interface. The reflectivity curves superpose with the  Reflectivity profiles by CHR»-1 4 solutions atC, = 0.05, 0.25,

pure DO curve. There is also no detectable depletion of a and 1.0 g/L in BO are shown in Figure 5. The dotted lines

polymer at the surface. This is not surprising since the are calculated Fresnel reflectivity for pure,® where the
experimental conditions employed here are not sufficiently refractive index varies as a step function from the air to the
sensitive to detect the possible existence of such a layer, due tabulk with a roughness of 3 A, although the latter is not
the weak contrast between the dilute polymer solutions and themeasurable in the range of wave vector used in the experiments.
pure solvent. Indeed, it has been shown that depletion layersFor the polymer solutions, small but detectable deviations from
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Figure 5. Reflectivity curves obtained with CHR, , adsorbed from
dilute D,O solutions atC, = 0.05 g/L (curve a), 0.25 g/L (curve b), 0.2 ]
and 1.0 g/L (curve c). The dotted lines are calculated Fresnel curves, - half-gaussian
and the solid lines correspond to the best fits calculated using the
parabolic profile given in eq 15. Inset: scattering length density profile =
corresponding to the calculated curve for 1.0 g/L. E-’ o1 |
the reflectivity by the pure solvent are observed. The solid lines
represent the best fits calculated with the type of scattering oo L
length density profile shown in the inset. In these experiments, T i 100 150 200

although the deviations of the reflectivity profiles from the
Fresnel curve are small, they are certainly measurable. The z(A)

relatively low reflectivity signals observed here are common Figure 6. Representation of the concentration profiles tested for the
for swollen protonated polymer layers adsorbed form a deuter- adsorbed layers.

ated solvent, as already reported by Guiselin et al. for protonated
poly(dimethysiloxane) adsorbed from deuterated toluene at the™ .~ . .
free surfacél 12 In their case, using different contrast variation ©f %° are in the range 0.851.36. The results of the fits are
schemes by combinations of protonated and deuterated polymerdVén in Table 4 for three CHE-14 concentrations. The
and solvents, and by simultaneous analyses of numerous Seriegorrespondln_g profiles are given in F|gure_ 7 _

of data obtained for several polymer concentrations and chain  'NOt€ that in our case a simple parabolic profile yields the

lengths, they were able to obtain an unequivocal segment densityP€St fit. This is in contrast to end-attached chains where an
profile to describe the adsorbed lay@rin our case, with the exponential tail is required to fit the data at moderate surface
lack of deuterated polymer, our aim is not to obtz'ain a unique concentrationd* For the same reason, the half-Gaussian model

profile. Rather, we determine, among a series of selected did not give a k_)ette_r fit. 'I_'he addition of a_depletion_ Iay(_er to
profiles, the profile that best fits the data, and using that profile, € surface region did notimprove the quality of the fits either.

we investigate the average structures of the adsorbed layers an he deplegon layer has been tested since 'the F’O'Ysaccha”d'c
their evolution with different physical parameters. ackbone is supposed to have a repulsive interaction with the

3. Concentration Profiles of the Adsorbed Polymer interface, but the failure to detect this depletion layer could be

Layers. We have tested a series of model concentration profiles 9U€ 0 insufficient contrast, as mentioned above.

that include the step, parabolic, half-Gaussian, and power law The values of polymer surface exclels;:.(mg./m?) reported .
profiles. The efficiency of the models was controlled by in Table 4 have been calculated by integrating the parabolic

comparison of the fits with experimental data angBgnalysis, ~ concentration profile:

profile gave consistently good fits in all the cases; typical values

Of these profiles, the power law density decd@y(2) ~ 249 7

predicted by scaling theories for homopolymers adsorbed from D (2= q)sll - ([)2] (15)
good solvent® and verified experimentally by neutron reflec-

tivity 12 gave the worst fits: for CHB-14 at 0.25 g/L,x* = where @ is the surface concentration of the polymdrs(=

5.46. The corresponding value using a parabolic functigiis & (z=0)), andL the thickness of the polymer layer defined by
= 1.36. Other profiles that gave intermediate fits are shown in the parabolic function. The adsorption is then

Figure 6. However, when tested for all other concentrations of

the CHR,_1 4 derivative and for two other CHP samples having _ 00 [ _ (5)2]

degrees of substitution of 0.9 and 0.6%, only the parabolic Ty (0.1)pﬁ) P41 L (16)
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Figure 7. Comparison of the parabolic concentration profiles obtained
for three CHR,-1.4 concentrations: 0.05 g/L (dotted curve), 0.25 g/l Figure 8. Comparison of the parabolic concentration profiles obtained

(dashed curve), and 1.0 g/L (solid curve). for the three CHP derivatives with varying degree of substituticB,at
- - =0.25 g/L: CHRs-o6(s0lid curve), CHBy-0. (long dash curve), and
TABLE 4: Flttedaand Calculated Parameters Describing the CHPs2-1.4 (short dash curve). The extension of the profile is normalized
CHPs,-14 Layers with respect to the radius of gyration of the chain to take into account
[CHP] (g/L) D (VIV) L (A) T, (Mg/n?) L/Ry the differences in molecular weight of the three derivatives.
0.05 0.07 125 0.8 1.56 TABLE 5: Comparison of Surface Properties of the Three
0.25 0.17 106 19 1.32 CHP Derivatives Investigated:
1.00 0.19 100 2.0 1.26 —
) ) o ) ) derivative  n, ds(viv) LA Tp(mg/m®d) LRy
a @ is the chain surface concentration in the proximal regio# (
0), andL the thickness of the concentration profile defined by the CHPss5-06 17 0.30 140 4.3 1.89
parabolic functionI', is calculated according to eq 17. The raltitRy CHPso-0.9 2.8 0.19 150 3.0 1.92
shows the degree of the chain stretching. The concentration profiles CHPs2-14 4.5 0.17 106 1.9 132
corresponding to these data are given in Figure 8. aThe derivatives differ in their degree of substitution from 0.6 to

. 1.4%. The subphase concentration is 0.25 g/L.
At z= o, we havedy(z=w) = Py , and neglectingPpyi we

can integrate fronz = 0toz = L, giving solution. One can see that even thoughbs, and the surface
> tension continue to vary over time, the adsorption density,
Ir,= (0.1)p§<I>SL (17) remains constant. These data show that the adsorbed polymer

layer is condensed, at a constant surface excess, over time.
7. Temperature Effect. The thickness of the polymer layers

has been plotted as a function of the polymer surface excess in

Figure 10. All reported values df, are higher than the critical

overlap concentration of CHE-; 4 (dotted line). The chains

in the adsorbed layer are slightly stretched (1=26/Ry < 1.56),

but the stretching decreases wlth The temperature depen-

dence shows the effect of the solvent quality: an increase in

decrease. Note that the polymer layer is saturated at al®MPerature causes adeswelling of the polymer layer, indicating
concentration in the vicinity of aggregation formation in the 2 POSsible upper critical temperature in which the polymer is
solution (~0.4 g/L)3! in 6 condition. At the two temperatures investigated, we
5. Effect of Degree of Substitution A comparison of the ~ OPServe a decrease in the layer thickness With This result
concentration profiles obtained with the three CHP samples 'S In 0Pposition to theoretical predictiofis®” and experimental
differing in their degree of substitution & = 0.25 g/L is given observations of chain stretching for end-attached tethered
in Figure 8. The extension of the profile has been normalized POlymer layers=—5272% The concentration dependence of the

to the radius of gyration of the polymer in order to take into 2Yer thickness is more pronounced at*€sthan at 20°C, and
account the small differences in molecular weights. The the difference between the thickness more significant at low

corresponding fitted parameters are reported in Table 5. ClearSUrface excess.
trends are observed®s, L andI', decrease with increase in
degree of substitution.

6. Adsorption Kinetics. To resolve the structure of the Native pullulan is a hydrophilic polysaccharide that does not
layers during the adsorption kinetics, we have reduced the exhibit any surface activity. However, when small amounts of
acquisition period to 3 h. The results obtained with GHP,4 hydrophobic cholesterol groups are grafted onto the polymer
at 0.5 g/L are reported in Figure 9. We have plotted the backbone, hydrophobic and associative characteristics are
variations with time, ofL, ®s, and I'p resulting from the imparted to the chain, rendering it surface active. In addition,
parabolic fits, as well as the surface tension of the polymer if the grafting density of the cholesterol groups is high enough,

wherep is the melt density.

4. Effect of Polymer Solution Concentration. Figure 7
shows the concentration profiles obtained for three concentra-
tions of CHR,-1 4 (see Table 4 for the fitted parameters). These
profiles show that as the polymer solution concentration is
increased, the surface concentratibp = ®,(z=0) increases
while the thickness of the adsorbed laykr,shows a small

V. Discussion



8256 J. Phys. Chem. B, Vol. 101, No. 41, 1997

Demeand Lee

115
~—
- B
< 100 %
[ . [ ] Ne?
b
[ ]
85 1 1 Il 40 I 1 I 1 n 1 L 1 L 1
0.26 3
o -+ o
o &2 F
z 5 5 :
5 &b
2 0z e
o E b
0.18 i 1 1 0 1 L I 1 " 1 L L L 1
12 16 20 24 0 4 8 12 16 20 24
time (h) time (h)

Figure 9. Evolution ofLL, @, I',, andy as a function of time for CH2-14at C, = 0.5 g/L.

150

L(A)

100

75

125
L

$ m———————— e

oT=20°C
mT=25C

Within this zone, surface potential and short-range monemer
surface interactions are felt. As a result, the properties within
this zone, in terms of the structure and the surface tension,
should be independent of the polymer chain length. This has
been shown experimentally to be true from surface tension and
neutron reflectivity measuremerits!? A theoretical discussion

of the universality of this zone has also been repotted.

In the present study, our neutron reflectivity data show that,
indeed, surface tension measurements are sensitive to the surface
zone and therefore do not reflect precisely the total amount of
polymer adsorbed. For CHR; 4at 0.5 g/L, neutron reflectivity
data show that saturation is achieved witBih (the adsorption
density remains constant from 3 to 21 h) even though the surface
tension continues to decrease over the same period of time. On

the other hand, L anés continue to vary with time, showing

an evolution of the structure of the adsorbed layer, which
Figure 10. Dependence of the polymer layer thickndssvith the becomes thinner and more concentrated at the surface. We
surface excesE, for CHPs,-1 4 layers adsorbed from dilute solutions  attribute this slow structural rearrangement to the adsorption
at two temperatures. The polymer chains in the adsorbed layer are inof the cholesterol groups in the subsurface: after the rapid
the semidilute regimel > ™). adsorption of the chains by a few anchored cholesterol groups,

aggregation of the chains takes place, a phenomenon similar toree cholesterol groups attached to the chain but not yet adsorbed
micelle formation observed in surfactant solutions. Experi- May continue to adsorb at the interface. This step requires

mentally, the onset of such aggregation is manifested as a breal{sonsiderable time since the cholesterol groups have to diffuse
in the slope of the surface tension cue. in the polymer network to reach the interface. As more

When the surface activity of CHP at the-aimater interface  cholesterol groups are adsorbed, polymer chains are brought
is monitored by surface tension measurements, several charac¢/0ser to the interface (decrease in the loop size), resulting in a
teristics can be noted. First, a very long equilibration time is decrease in the layer thickness and an increase in the surface
apparently required for the formation of the adsorbed polymer density. The equilibrium state of the system may be described
layer. In addition, this approach to equilibrium state is by entangled chains whose interpenetration is the'resqlt of the
concentration dependent: the more dilute the solution concen-Paths taken by the cholesterol groups during the diffusion step
tration, the longer it takes to reach equilibrium. Such long N the network.
adsorption times have also been observed for other hydrophobic The results reported in Figure 8 and Table 5 show the effect
polymer$2-44 and have been explained in terms of reconfigu- of the degree of substitution of the chain, i.e., the number of
ration of the adsorbed layét. cholesterol groups randomly localized on the polysaccharidic

Surface tension data alone do not give access to a completdackbone. It is interesting to compare the surface excess of
profile of the adsorbed layer, therefore, the maximum adsorbed CHPss5-06, CHP50-0.9 and CHR,-14 note that a high degree
amount cannot be deduced. In fact, for polymer solutions, it is of substitution is not required to obtain a high surface excess.
proposed that only those segments in direct contact with the On the contrary, the lowest degree of substitution gives the
surface contribute to the change in surface ten$i8A. For highest adsorption density. This can be explained by the fact
adsorption of homopolymers from a dilute solution, this thatan increase inthe degree of substitution reduces the distance
monomer-rich proximal zorfeis only a few angstroms thick.  between the anchors on the chain, thus reducing the lengths of

T, (mg/m?)
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the polymer loops and tails. Consequently, the overall thickness (Showa Denko Europe) for supplying free pullulan and P. Lixon

of the layer and the total amount adsorbed are decreasedfor the HPLC analysis of the samples. We are indebted to I.

Another noteworthy feature is that the surface pressure of thelliopoulos for helpful and critical discussions. B.D. was sup-

films at equilibrium is not related td', nor to ¢s, but to the ported by a grant of the French Research Ministry. Pr. F.

degree of substitution on the polymer backbone: the higher the Puisieux is acknowledged for making this support possible.
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