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Atomic force microscopic image on mica substrate, which was dipped for 10 min in an aqueous solution
of fifth-generation poly(amido amine) dendrimer with hydroxyl end groups, displayed a flatter texture of
dendrimer-adsorbed surface. On the external contrast variation of small-angle neutron scattering for
aqueous dendrimer solutions, the apparent radius of gyration of dendrimer decreased with increasing H2O
content in H2O/D2O mixed solvent, indicating the water penetration into dendrimer. The calculation based
on small-angle neutron scattering theory and a five-layer model of dendrimer with water penetration was
fitted with the observed one. In connection with the ability of dendrimer doping small molecules, it is
confirmed that the segment density profile in dendrimer is owing to the compensation of the segment
density increase by the segment branching and the density decrease due to the segment chain extension,
although the water penetration depends on the latter fact. The surface force-separation curves between
glass beads adsorbed dendrimers in aqueous solutions depended on the adsorption time. At a medium
adsorption time, the electrostatic repulsion force between glass surfaces diminished apparently owing to
the adsorption of dendrimers. Moreover, dendrimers sandwiched between glass surfaces raised the adhesive
attraction force with glass surfaces. At a long adsorption time, both glass surfaces were covered by adsorbed
dendrimers, and the repulsive force acted between dendrimer layers. Same profiles of the surface forceseparation curves were observed at a shorter adsorption time for the more concentrated solution and for
the higher-generation dendrimer. It is confirmed from the theoretical analysis that the interaction force
between dendrimer layers is dominated by the osmotic pressure effect in the steric repulsion force. This
suggests the utilization of poly(amido amine) dendrimer with a hydroxyl end groups as a surface-improvement
agent promoting the dispersion stability of fine particles in medium.

Introduction
Dendritic macromolecules, that is, dendrimers, have
well-defined three-dimensional structure which is built
up by the successive synthesis of branching portions from
a multifunctional central core.1-3 The size and shape of
dendrimers are comparable to those of micelles, microemulsions, and vesicles, which are self-assembled in
solutions. Therefore, for dendrimers, one can expect the
functions as well as the self-assembled particles and,
moreover, the additional novel functions owing to the less
compact structure of the dendrimer.
Hitherto, novel dendrimers such as polystyrenedendrimer amphiphilic copolymers,4,5 amphiphilic star
copolymers with dendritic moieties,6 mesogen-substituted
carbosilane dendrimers,7 mono- and polydendron,8-10
nitroxyl-functionalized dendrimers,11 dendrimers pos* To whom correspondence should be addressed.
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sessing internal electroactive anthraquinoid,12 and dendrimers with paramagnetic and diamagnetic cores13 have
been synthesized, and their aggregation morphology,
stimuli-response, film morphology, characterization, exchange interaction, electrochemical reaction, and molecular dynamics have been investigated.
One of the more investigated dendrimers is poly(amido
amine) (PAMAM) dendrimer and its derivatives.1,14-24
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SANS and Surface Force of PAMAM Dendrimer

PAMAM dendrimer has first been synthesized by Tomalia
et al.,1 and its solution behavior has been studied by smallangle neutron scattering (SANS).14,15 The gene carrier
ability of PAMAM dendrimer has been investigated by
Haensler and Szoka.17 Meltzer et al.16 have synthesized
the PAMAM dendrimer with hydroxyl end groups and
studied 13C NMR relaxation parameters. The binding of
fluorescent probe molecules to PAMAM dendrimers has
been investigated by Pistolis et al.21 Wells and Crooks19
have constructed a chemically sensitive dendrimer layer
by linking PAMAM dendrimers to a mercaptoundecanoic
acid self-assembled monolayer via amide bond formation.
The interactions between PAMAM dendrimer surfaces
and vapor phase probe molecules have been elucidated.
The investigation of chemically sensitive surfaces has also
been performed for a poly(iminopropane-1,3-diyl) dendrimer.25 The functionalization of PAMAM dendrimer is
attained by the modification of its exterior.18,20,22-24 Aoi et
al.18,23,24 have synthesized sugar-persubstituted PAMAM
dendrimer, linear polymer/PAMAM dendrimer amphiphilic block copolymer, and amphiphilic hemispherical
block dendrimer. Cooper et al.20 have synthesized dendritic
surfactants with fluorinated shell and reported the
effective extraction of a hydrophilic compound from water
into liquid CO2. Thornton et al.22 have investigated the
chromophore-functionalized PAMAM dendrimers.
In the present work, the adsorption of PAMAM dendrimers with hydroxyl end groups on mica substrate is
characterized by atomic force microscopy (AFM). The
solution properties are examined by SANS, and the solidliquid interface adsorption behavior is investigated by
surface force apparatus. The adsorption of dendrimers on
glass surface and the interaction forces between dendrimer-adsorbed layers have never been reported yet. A
SANS investigation of aqueous PAMAM dendrimer solutions has been reported by Bauer et al.14 and Briber et
al.15 They investigate the particle properties and the
intermolecular interactions depending on the dendrimer
concentration and the ion content. Scherrenberg et al.26
and Ramzi et al.27 have studied the molecular characterization of poly(propylene imine) dendrimer and the
interdendrimer interference as a function of dendrimer
concentration and solution acidity. In the present work,
we perform the external contrast variation examination
of SANS, which has never reported by previous investigators.
Experimental Section
Fifth- and sixth-generation PAMAM dendrimers with hydroxyl
end groups (Chart 1) was synthesized by the reaction of
2-aminoethanol with 4.5- and 5.5-generation PAMAM dendrimer
having methyl ester end groups.16 Numbers of terminal hydroxyl
groups of the fifth- and sixth-generation PAMAM dendrimer were
determined to be 120 and 222, respectively, by 1H NMR
measurement. Calculated molecular weights of the fifth- and
sixth-generation PAMAM in consideration of the inevitable
defects of branches are 27 700 and 53 600, respectively. The
degree of molecular weight distribution (Mw/Mn) estimated by
size exclusion chromatography was 1.01 (eluent: 50 mM K2HPO4 aq, globular protein standard, 27 °C, Superdex 200HR
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Chart 1. Chemical Structure of Fifth-Generation
PAMAM Dendrimer with Hydroxyl End Group

10/30 column). The hydrodynamic radii (RH) determined by
dynamic light scattering were 39 and 41 Å, respectively, for the
fifth and sixth generation.28 Ultrapure (Milli-Q) water was used
as solvent, except solvents for SANS measurements. D2O for
SANS measurements was purchased from Wako Pure Chemical
Industries, Ltd.
The microscopic observation was performed at room temperature (∼25 °C) by a Digital Instruments NanoScope III AFM.
Images were recorded by the tapping mode. The fifth-generation
dendrimers were adsorbed on fleshly cleaved mica for 10 min
from an aqueous solution of 10-4 wt % and dried in vacuo
overnight.
The SANS measurements were performed using the cold
neutron small-angle scattering instrument WINK in KEK. The
instrument was operated at a neutron radiation of 1-16 Å
wavelength at room temperature (∼25 °C). The SANS intensities
I(Q) were obtained as a function of scattering vector amplitude
Q ()(4π/λ) sin(θ/2)), where λ is the neutron radiation wavelength
and θ is the scattering angle. The intensity calibration and
background subtraction were carried out according to the
previously reported methods.29,30 The rectangular quartz cell of
22 × 40 × 2 mm was used. Solvents for SANS measurements
were D2O and D2O-H2O mixtures. The mixing ratio is denoted
by % H2O ()H2O/(D2O + H2O) v/v %).
The surface force was measured at room temperature (∼25
°C) on an Anutech MASIF. Two glass beads were held on a piezo
tube and Teflon-sheathed bimorph, respectively. The movement
of the upper glass surface was measured by linear variable
displacement transducers (LVDT) attached to piezo tube, and
the movement of lower glass surface was measured as a
displacement of bimorph and sent to a charge amplifier. The
force run was carried out on “inward” and “outward” processes.
From the variations of z piezo LVDT voltage and bimorph voltage
on both processes, the deflection of bimorph was calculated as
a function of time, and the force F divided by average radius of
curvature of glass beads R was calculated as a function of
separation between two glass surfaces. The deflection constant
determined by interferometry was 0.526 µm/V. The spring
constant of bimorph (∼200 N/m) was determined by the weight
method, and the average radius of curvature of glass beads (∼1.2
mm) was measured by micrometer.

Results
Microscopic Observation. An AFM image in Figure
1 was obtained with a specimen prepared by adsorbing
fifth-generation dendrimers on mica from 10-4 wt %
aqueous solution. The AFM image displayed texture which
(28) Imae, T.; Funayama, K.; Aoi, K.; Tsutsumiuchi, K.; Okada, M.
Proc. Yamada Conf., in press.
(29) Chen, S. H. Annu. Rev. Phys. Chem. 1986, 37, 351.
(30) Chen, S. H.; Lin, T. L. Methods Exp. Phys. 1987, 23, 489.
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Figure 1. An AFM image of fifth-generation PAMAM dendrimers adsorbed on mica for 10 min from a 10-4 wt % aqueous solution.
The lower figure represents the section analysis.

of only about 2 Å. This value is far smaller in comparison
with the dendrimer height, indicating the formation of a
rather flat surface.
Small-Angle Neutron Scattering. Figure 2 shows
double logarithmic plots of SANS intensity I(Q) vs
scattering vector magnitude Q for the fifth-generation
dendrimer solutions of 0, 25, and 50% H2O. Although the
scattering vector dependence of SANS intensities was
remarkable at 0% H2O, it became dull with increasing
H2O content.
The SANS intensity as a function of scattering vector
magnitude is written as

I(Q) ) npP(Q)

(1)

for dilute solutions,29-35 as in the case of the present work,

Figure 2. A double logarithmic plot of SANS intensity vs
scattering vector magnitude for fifth-generation PAMAM
dendrimer solutions of different mixing ratios in D2O-H2O
mixture. % H2O: 4, 0; O, 25; +, 50. Dendrimer concentration
is 1.0 wt %.

is assigned to dendrimers. The dendrimers were adsorbed
on a mica substrate with the surface height difference

(31) Guinier, A.; Fournet G. Small-angle Scattering of X-ray; Wiley:
New York, 1955.
(32) Glatter, O.; Kratky, O. Small-Angle X-ray Scattering; Academic
Press: London, 1982.
(33) Feigin, L. A.; Svergun, D. I. Structure Analysis by Small-Angle
X-ray and Neutron Scattering; Taylor, G. W., Ed. Plenum: New York,
1987.
(34) Lindner, P.; Zemb, Th. Neutron, X-ray and Light Scattering:
Introduction to an Investigative Tool for Colloidal and Polymeric
Systems, North-Holland: Amsterdam, 1991.
(35) Imae, T. Colloids Surf. 1996, 109, 291.
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Figure 3. Guinier plots for fifth-generation PAMAM dendrimer
solutions of different mixing ratios in D2O-H2O mixture. %
H2O: 4, 0; O, 25; +, 50. Dendrimer concentration is 1.0 wt %.
Solid lines represent the fitting to a Guinier equation.

where the interparticle scattering factor approaches unity.
np is the number density of colloidal particles, and P(Q)
is the intraparticle structure factor which depends on the
particle geometry. For homogeneous spherical particles
of radius of gyration RG, if QRG values are small, the
intraparticle structure factor is described by a Guinier
equation of

P(Q) ) V2(F - Fs)2 exp(-RG2Q2/3)

Figure 4. Apparent RG values as a function of % H2O for fifthgeneration PAMAM dendrimer solutions. Dendrimer concentration is 1.0 wt %.

(2)

where V is the total volume of a particle, and F and Fs are
the mean coherent neutron scattering length densities of
the particle and the solvent, respectively. Then

ln I(Q) ) ln I(0) - RG2Q2/3

(3)

I(0) ) npV2(F - Fs)2 ) np(bm - vmFs)2

(4)

where bm is the sum of scattering lengths of all the nuclei
constituting the particle and vm is the dry or solventexcluded volume of the particle. When the external
contrast variation method is applied by varying the mean
coherent neutron scattering length density of the solvent

Fs ) (1 - R)FH2O + RFD2O

(5)

where 1 - R is the fractional number of H2O molecules
in the solvent, that is, % H2O.29,30 FH2O and FD2O are the
mean coherent neutron scattering length densities of H2O
and D2O, respectively. The introduction of eq 5 into eq 4
results in

I(0)1/2 ) np1/2(bm - vmFD2O) np1/2vm(FH2O - FD2O)(1 - R) (6)
One can notice from eqs 3-6 that the Guinier plot, that
is, the plot of logarithmic I(Q) against Q2 is linear.
Moreover, I(0)1/2 values change linearly with the variation
of Fs or 1 - R values.
As seen in the Guinier plot of Figure 3, the linear relation
existed between the logarithmic I(Q) and Q2 at the small
scattering vector region below 0.01 Å-2. The apparent RG
values, which were evaluated from eq 3 and plotted in
Figure 4 as a function of % H2O, decreased remarkably
with increasing % H2O. The SANS intensities I(0) at zero
scattering vector were obtained from the extrapolation of
the Guinier plot and plotted in Figure 5. The I(0)1/2 values
linearly decreased, as expected, when % H2O is increased.
Surface Force Measurement. Surface forces were
measured between glass beads adsorbed dendrimers from

Figure 5. Square root of SANS intensities I(0) at zero scattering
angle as a function of % H2O for fifth-generation PAMAM
dendrimer solutions. Dendrimer concentration is 1.0 wt %.

10-7 and 10-3 wt % aqueous solutions of the fifthgeneration dendrimer and a 10-3 wt % solution of the
sixth-generation dendrimer. Figure 6 shows the adsorption
time dependence of surface force-separation curves for
a 10-3 wt % aqueous solution of the fifth-generation
dendrimer. The force-separation curves on the inward
and outward processes at 1 h adsorption were both the
same as those between glass surfaces without dendrimers
in water, which is included in Figure 6. The repulsive
force at the inward process decreased with increasing
adsorption time up to 4 h but increased again at 12 h
adsorption. On the outward process, the jump-out occurred
at 2 h adsorption. Although the adhesion force to be the
jump-out force increased at 4 h adsorption, it disappeared
at 12 h. It should be noted that the force-separation curve
on the outward process at 12 h adsorption was almost the
same as that on the inward process.
Similar adsorption time dependence of the force curves
was also observed for a 10-7 wt % solution of the fifthgeneration dendrimer28 and a 10-3 wt % solution of the
sixth-generation dendrimer. The latter results are given
in Figure 7. The variation of the force curves occurred at
longer adsorption time for lower dendrimer concentration
but at shorter adsorption time for higher generation. The
adhesion forces for the fifth generation were independent
of concentration to be 1.2-2.2 mN/m, while it was weaker
than that (2.4-5.0 mN/m) for the sixth generation.
Discussion
The sizes of fifth- and sixth-generation PAMAM dendrimers with hydroxyl end groups have been determined
by dynamic light scattering.28 Although the obtained
values are within the possible size range which was

4080 Langmuir, Vol. 15, No. 12, 1999

Imae et al.

Figure 6. Force vs separation curves in water without dendrimer and for 1, 2, 4, and 12 h adsorption from a fifth-generation
PAMAM dendrimer solution. Dendrimer concentration is 10-3 wt %.

calculated by the Corey-Pauling-Koltum (CPK) model,23
those are rather closer to the more extended chain model.
The texture of dendrimer was observed by AFM (Figure
1). The adsorption surface of dendrimers on mica substrate
is flatter than the surface where a tiny amount of aqueous
dendrimer solution was dropped on mica and dried.28 Such

flattening of adsorption surface may occur from the
variation of dendrimer shape on substrate, as suggested
before.7,19,36 Dendrimers adsorbed on mica in the present
(36) Sheiko, S. S.; Gauthier, M.; Möller, M. Macromolecules 1997,
30, 2343.
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Figure 7. Force vs separation curves for 1, 2, 4, and 12 h adsorption from a sixth-generation PAMAM dendrimer solution.
Dendrimer concentration is 10-3 wt %.

work are not arranged with regularity, in contrast with
the report by Sheiko et al.36 They have visualized the
molecular organization of arborescent graft polystyrenes
in monomoleculer films cast on mica. Coen et al.7 have
reported the surface topographies of thin cast films of
mesogen-substituted carbosilane dendrimers on mica but
have never referred to the dendrimer image. The electron
microscopic and AFM observations have also been carried
out for the aggregation morphology of polystyrenedendrimer amphiphilic block copolymers4,5 and monodendrons.9,10
The analysis of the Guinier plot on the basis of eqs 3
-5 indicates the linearity of the plots of logarithmic I(Q)
against Q2 at the small scattering vector region and of
I(0)1/2 against % H2O, as estimated. From the latter plot
(Figure 5), one can obtain the matching point at 72.6%
H2O, where the mean coherent neutron scattering length
density of the dendrimer is equivalent to that of the solvent.
Moreover, vm ) 38 500 Å3 and dendrimer molecular weight
M ) 0.01/(np/NA) ) 21 300 are evaluated from a linear
relation in Figure 5 and eq 6, where bm ) 515 × 10-12 cm,
FD2O ) 6.36 × 10-14 cm Å-3, and FH2O ) -0.56 × 10-14 cm
Å-3. NA is Avogadro’s number. The evaluated molecular
weight is close to the calculated one described in the
Experimental Section.
On the other hand, the apparent RG values obtained
from Figure 3 decrease remarkably with increasing % H2O,
as seen in Figure 4. This is different from a result which

has been obtained on the external contrast variation
examination for surfactant micelles.29,37 On the SANS
measurement of AOT in decane, the radii of gyration
calculated from the slope of the Guinier plot are not varied
within the weight ratio of deuterated to protonated decane
of 0.41-0.98. In the present case, the ramarkable variation
of radius of gyration depending on the % H2O suggests
the penetration of water into dendrimers. The radius of
gyration calculated from a relation of RG2 ) 3RH2/5 for
rigid sphere and a value of RH ) 39 Å is 30 Å for the
fifth-generation dendrimer. It is obvious from the comparison with the apparent radius of gyration of 23.4 Å
observed from SANS in D2O (0% H2O) that the mean
coherent neutron scattering length density in dendrimer
domain is added by that of solvent penetrated into
dendrimer.
Dendrimers are synthesized by adding segment units
stepwise to a starting core in order to form the generations.
Therefore, the segment density in dendrimer may change
from core to exterior. For the purpose of elucidating the
segment distribution, the analysis which has been done
by Stuhrmann et al.38-40 is applied for SANS data in the
present work. Suppose that the mean coherent neutron
(37) Kotlarchyk, M.; Huang, J. S.; Chen, S. H. J. Phys. Chem. 1985,
89, 4382.
(38) Stuhrmann, H. B.; Fuess, H. Acta Crystallogr. 1976, A32, 67.
(39) Jacrot, B. Rep. Prog. Phys. 1976, 39, 911.
(40) Stuhrmann, H. B.; Miller, A. J. Appl. Crystallogr. 1978, 11, 325.
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Figure 8. Variation of the square of the radius of gyration
plotted against the reciprocal of the contrast F - Fs for fifthgeneration PAMAM dendrimer solutions of different mixing
ratios in a D2O-H2O mixture. Dendrimer concentration is 1.0
wt %.

scattering length density of the particle is an average
value, over the volume V, of the local scattering length
density F(r) at the radial distance r from a particle center,
that is

F ) (1/V)

∫vF(r) d3r

(7)

F(r) ) F + ∆F(r)

Ri, Å
Fdeni, 10-14 cm Å-3
Fi, 10-14 cm Å-3
Ai
Ai/segment

i)1

i)2

i)3

i)4

i)5

8
1.4
2.8
15
2

11
1.1
3.9
50
3

14
1.3
6.2
150
5

17
1.7
10
400
6

26
0.4
2.6
620
5

4

(8)

where ∆F(r) is a fluctuation of the density around the
mean value and defined by
3
v∆F(r) d r ) 0

(9)

Now, a radius of gyration RG is given by the expression

RG2 ) {1/(F - Fs)V}

Table 1. Parameters Used and Obtained in SANS
Calculation for a 1.0 wt % Solution of Fifth-Generation
Dendrimer in D2O

surrounding shells with thickness of Ri - Ri-1 as follows;

F(r) is split into two parts:

∫

Figure 9. Geometric definition and density profile of spherical
particle with concentric structure. Five layers geometry (upper)
and coherent neutron scattering density profile (lower) of fifthgeneration PAMAM in D2O as a function of radial distance
from the concentric center.

∫v {F(r) - Fs} r2 d3 r

(10)

By using eq 8

RG2 ) RGv2 + {1/(F - Fs)V}

∫v ∆F(r) r2 d3 r

(11)

and

∫v r2 d3 r

RGv2 ) (1/V)

(12)

Figure 4 is replotted in Figure 8 as a variation of RG2
against the reciprocal of (F - Fs). Then a positive slope is
obtained. This supports that there is the segment density
distribution in the dendrimer, according to eq 11, where
∫v ∆F(r) r2 d3 r is positive.
Suppose that the spherical fifth-generation dendrimer
consists of concentric five layers, as depicted in Figure 9,
since generations of the dendrimer can be regarded as the
distinguished layers with different segment density,
although each layer has a mean density. Then the
intradendrimer structure factor is contributed by the
terms from an internal core of radius R1 and the

(4πRi3/3) (Fi - Fi+1){3J1(QRi)/QRi} +
∑
i)1

P(Q) ) [

(4πR53/3) (F5 - Fs){3J1(QR5)/QR5}]2 (13)
where Fi is the mean coherent neutron scattering length
density in the ith layer of a dendrimer, and J1(x) ) (sin
x - x cos x)/x is the first-order Bessel function. When the
solvent penetrates into dendrimers, Fi must be contributed
from the penetrating solvent besides dendrimer. Then

Fi ) Fdeni + AiFs

(14)

where Fdeni is the mean coherent neutron scattering length
density of dendrimer segment in the ith layer and Ai is
the number density of the solvent in the ith layer.
When the parameters listed in Table 1 are used for
calculation of SANS intensity by using eqs 1, 5, 13, and
14 for the five-layer model under the consideration of water
penetration, the best fit curve for an aqueous D2O solution
of a fifth-generation dendrimer is obtained at the range
up to Q ) ∼0.4 Å-1, as shown in Figure 10. The neutron
scattering length density profile is illustrated in Figure
9, and the penetrated water per segment residue Ai/segment
is listed in Table 1. The fitting curves, where the same
parameters in Table 1 are applied to the solutions of higher
H2O content, is better at a lower scattering vector region
but less at a higher scattering vector region. It can be
noticed from Table 1 that the most exterior layer is thickest
because of the extension of segment chains. However, the
segment density proportional to the Fdeni illustrated in
Figure 9 is lower at the fifth layer in comparison with the
other layers. It can be interpreted that, at the fifth layer,
the segment density increase by the segment branching
is overcome by the density decrease due to the segment

SANS and Surface Force of PAMAM Dendrimer

Figure 10. Double logarithmic SANS profile for a 1.0 wt %
solution of fifth-generation PAMAM dendrimer in D2O: 4,
observed; solid line, calculated on five-layer model with
penetrated water.

chain extension. On the other hand, the water penetration
Ai increases from interior to exterior. It may be noticed
that water penetration per segment is six at most. Thus
Fi, which is contributed by the segment density and the
penetrated water content, is the highest at the fourth
generation for the D2O solution, as seen in Figure 9.
The fact of water penetration in dendrimer and,
therefore, the existence of a solvent-filled void are
remarkable in connection with the ability of dendrimer
doping small molecules. The density distribution in
dendrimer has been discussed by some investigators.16,26,41-43 De Gennes and Hervet41 have predicted
from the theoretical treatment that a segment distribution
function has the highest density on the periphery with
relatively hollow cores. On the contrary, Lescanec and
Muthukumar42 infer the highest density at the center and
a decaying profile to the edge of dendrimer. On a report
of Meltzer et al.,16 whole dendrimer density is lowest at
fifth and sixth generations, while surface layer density
increases with increasing generation and outstrips the
whole dendrimer density above the eighth generation.
Meltzer et al. suggest the folding back of terminal groups
into the interior of the higher (ninth or tenth) generation
dendrimers. The theoretical prediction of Boris and
Rubinstein43 is a monotonic decrease of dendrimer density
from the center to the surface and a maximum profile of
free end probability. Scherrenberg et al.26 also report that
the end groups are distributed throughout the dendrimer.
It is confirmed that for the fifth-generation dendrimer in
the present work, the segment density profile is owing to
the compensation of the segment density increase by the
segment branching and the density decrease due to the
segment chain extension, although the solvent-filled void
depends on the latter fact.
The surface force-separation curves between glass
beads adsorbed dendrimers depend on adsorption time
(see Figures 6 and 7). At the initial adsorption, the forceseparation curve is equivalent to that between glass
surfaces in water without dendrimers, because dendrimer
molecules do not adsorb or adsorb poorly on glass surfaces.
At the medium adsorption time, the repulsive force on the
inward process is weaker than that between glass surfaces
without adsorbed dendrimers and the adhesion force
occurs on the outward process. Dendrimers adsorb dispersively on the glass surfaces. Since the real contact
surfaces are no longer at the glass surfaces, the electrostatic repulsion force between glass surfaces diminishes
(41) de Gennes, P.-G.; Hervet, H. J. Phys. (Paris) 1983, 44, L351.
(42) Lescanec, R. L.; Muthukumar, M. Macromolecules 1990, 23, 2280.
(43) Boris, D.; Rubinstein, M. Macromolecules 1996, 29, 7251.
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apparently. Moreover, the monolayer of dendrimers
formed between glass surfaces in contact induces the
adhesive attraction force between dendrimer and glass.
At the long adsorption time, since both glass surfaces are
covered by adsorbed dendrimers, the repulsive force acts
between dendrimer layers.
The interaction force acting between two spheres at
constant temperature T and pressure P is related to the
interaction potential Vpp between two flat plates by
Derjaguin’s approximation, that is, F/R ) πVpp. When two
polymer layers adsorbed on plates approach each other,
the interaction potential is described by the sum of the
van der Waals attraction potential and the steric repulsion
potential, if the electrostatic repulsion potential is negligible as the case of the adsorption of nonionic dendrimers
in the present work. When the plates with adsorbed
polymer layers are thicker than the interlayer distance
Hpp, the van der Waals potential VA is written by

VA ) -A/(12πHpp2)

(15)

where A is the Hamaker attraction constant. A value of
10-20 J can be chosen as the Hamaker attraction constant
for dendrimers.44
The mixing or osmotic effect VM and the volume
restriction effect VVR in the steric repulsion potential on
the adsorption layer of linear polymers have been derived
by Meier45 and Hesselink46 as follows:

VM ) 2(2π/9)3/2ν2RT(Re2 - 1)〈h2〉3π1/2(6Hpp2/〈h2〉 1)exp(-3Hpp2/〈h2〉) (16)
and

VVR ) 2νkT2(1 - 12Hpp2/〈h2〉) exp(-6Hpp2/〈h2〉)

(17)

where ν is the number of loops and tails per unit area or
the amount of polymer adsorbed, Re is the expansion of
a chain, 〈h2〉1/2 is the root-mean-square end-to-end distance
of the chain, R is the gas constant, and k is the Boltzmann
constant. The prediction of the dispersion stabilization by
adsorbed polymer has been carried out, on the basis of eqs
15-17, by Hesselink et al.44 When the adsorption layer
of linear polymers is replaced by the layer of dendrimers,
parameters can be determined as follows: Re ) 1.2 and
kT ) 4.12 × 10-21 J. Moreover, ν ) 6.70 × 10-3 Å-2 and
〈h2〉 ) 1520 Å2 for the fifth-generation dendrimer and ν
) 12.1 × 10-3 Å-2 and 〈h2〉 ) 1680 Å2 for the sixthgeneration dendrimer.
While the volume restriction repulsion is due to the
decrease of configurational entropy of an adsorbed polymer
on the approach of a second polymer, the osmotic repulsion
results from the mixing of the adsorbed polymer clouds.
The calculated osmotic repulsion is more effective and
predominant on the interaction between dendrimer layers
than the volume restriction repulsion, whereas the
contribution of van der Waals attraction is negligible
except for the nearest approach. The calculated total
interaction potentials for the fifth- and sixth-generation
dendrimer are plotted as a function of the distance in
Figure 11. The evaluated total potential for the sixth(44) Hesselink, F. Th.; Vrij, A.; Overbeek, J. Th. G. J. Phys. Chem.
1971, 75, 2094.
(45) Meier, D. J. J. Phys. Chem. 1967, 71, 1861.
(46) Hesselink, F. Th. J. Phys. Chem. 1969, 73, 3488; 1971, 75, 65.
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Figure 12. Schematic illustration of glass surfaces with
adsorbed dendrimers before contact (left) and after contact
(right).

pressure term which is written by the relation of47-49

F/R ) (AΓ)9/4(H - 2e)-5/4

Figure 11. Observed and calculated force vs separation curves
for 12 h of adsorption from a PAMAM dendrimer solution.
Dendrimer concentration is 10-3 wt %. (a) fifth-generation; (b)
sixth-generation. s, observed; -×- calculated total interaction
potential between plates coated by adsorbed dendrimers on
the basis of the theory of Meier45 and Hesselink;46 - - -, calculated
osmotic pressure term of interaction potential between plates
coated by adsorbed dendrimers on the basis of the theory of
Marques et al.48 and Fredrickson et al.49

generation dendrimer is slightly larger than that for the
fifth-generation dendrimer, as assumed. However, when
the calculated interaction potentials for the fifth- and sixthgeneration dendrimer are compared with the observed
force-separation curves at 12 h adsorption where glass
surfaces are much covered by adsorbed dendrimers, one
can recognize that the calculated values are qualitatively
reproducible with the observed one but the quantitative
consistency is not necessarily good. The reason may be
the difference of adsorption layer between linear polymers
and dendrimers.
Pelletier et al.47 have investigated the adsorption
kinetics of a diblock copolymer by means of a surface force
apparatus. They demonstrate that the forces measured
for ultrathin layers of polystyrene/poly(2-vinylpyridine)
diblock copolymer in toluene are dominated by the osmotic
(47) Pelletier, E.; Stamouli, A.; Belder, G. F.; Hadziioannou, G.
Langmuir 1997, 13, 1884.

(18)

where Γ is the number of adsorbed molecules per surface
area, A is a constant, H is the closest distance between
glass surfaces, and e is a thickness of “molten” or
“squeezed” polymer. It seems that the model for the theory
is applicable for fifth- and sixth-generation PAMAM with
hydroxyl end groups in the present work. Then e correponds a thickness of “pancake” dendrimer sandwiched
between two surfaces in contact (see Figure 12). As seen
in Figure 11, the calculation based on eq 18 fits well to
the observation at 12 h adsorption, when the optimum
numerical values of AΓ ) (7.6 and 32) × 10-6 N4/9 m1/9 and
e ) 1.5 and 11 Å are adopted for fifth- and sixth-generation,
respectively. Then it is confirmed that the molecular
adsorption and the pancake thickness are more predominant for sixth-generation than for fifth-generation, as
expected. However, since the adsorption thickness is too
thin in comparison with calculated diameters of spherical
dendrimers 22-48 Å, it is assumed that the dendrimers
adsorb less than monolayer.
It can be confirmed from the present work that the
interaction potential between layers of PAMAM dendrimer
with hydroxyl end groups is mainly steric repulsion. This
indicates that the dendrimer with repulsive intermolecular
interaction can be utilized as a surface-improvement agent
promoting the dispersion stability of fine particles in
medium. Although linear polymers are used for such a
purpose, the behavior of particles coated by linear polymers
is rather complicated, owing to the roughness of loop
region, the bridging effect, and the depletion effect. The
dendrimer coating will reduce such complications.
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