Selectively Permeable
Dendrimers as Molecular Gates

by Gregory P. Perez and Richard M. Crooks

olymeric materials are common-
P ly used to control mass transfer

between liquid phases and sur-
faces to prevent corrosion or to selec-
tively pass ions in energy producing
devices and chemical sensors. Polymers
are also useful for enabling gas separa-
tions. Applications such as these are of
tremendous importance to industry,
and even modest improvements in per-
formance can yield dramatic effects on
the economic competitiveness of busi-
nesses and nations. It is not surprising,
therefore, that scientists and engineers
in academics, government laboratories,
and industry dedicate substantial
resources to the development of new
polymeric materials that offer enhance-
ments for small molecule discrimina-
tion.

This short article is about dendrimers
and how they can be used to prepare
exquisitely selective nanoscopic chemi-
cal filters. Dendrimers, which were first
reported by Vogtle in 1978,1 are nearly
monodisperse (and sometimes truly
monodisperse) polymers with well-
defined geometrical and chemical struc-
tures (Fig. 1). Because of their uniform
properties dendrimers, and related
materials such as hyperbranched poly-
mers,2 they provide a valuable model
for correlating macromolecular struc-
ture to technological function.

Dendrimers are prepared by either a
convergent3 or divergent4 approach,
and the interested reader is referred to
excellent recent reviews to learn more
about the vast range of dendritic mate-
rials that have been prepared by these
two methods.57 For illustrative purpos-
es, we shall limit the discussion here to
the commercially available poly(ami-
doamine) (PAMAM) family of den-
drimers. PAMAM dendrimers are pre-
pared by the divergent approach, which
means they are synthesized outwards
from a central core, often ethylene
diamine, by an iterative series of two
reactions: Michael addition followed by
amidation. The first iteration of these
two reactions results in a zero genera-
tion (GO) PAMAM dendrimer.
Subsequent iterations result in higher
generation materials. The chemical
structure of a G2 PAMAM dendrimer is
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Fic. 1. Structure of a second-gen-
eration, hydroxyl-terminated
PAMAM dendrimer (G20H).

shown in Fig. 1. (Note that in this case
the last amidation reaction was per-
formed with ethanolamine to leave the
dendrimer terminated with hydroxI
groups.) Dendrimers have three proper-
ties that make them unique among
macromolecules. First, the extent of
steric crowding on the dendrimer
periphery can be controlled. Second,
there is a somewhat hollow region with-
in the interior of high molecular weight
dendrimers. Third, the large number of
functional groups on the dendrimer sur-
face can be varied to impart interesting
chemical properties.

PAMAM dendrimers range in diame-
ter from about 2 nm (G1) up to about 13
nm (G10). The molecular weight and
number of peripheral groups of den-
drimers increase exponentially with
each generation, while the diameter
increases more or less linearly. These
facts account for the interesting physi-
cal structure of dendrimers. That is, with
each ensuing generation the surface
density of peripheral moieties, most
commonly primary amines or hydroxyl
groups, increases. The conformation of
dendrimers adjusts to this steric crowd-
ing by developing a three-dimensional
structure. For example, a G1 or G2
PAMAM dendrimer has an open, flat
structure, but by G4 the 64 peripheral

FiG. 2. Schematic illustration of the principle of

size-selective permeability as a function of
dendrimer generation. Steric crowding on the
dendrimer periphery increases as a function of
generation, thereby reducing permeability.

Reproduced with permission from J. Am. Chem.
Soc. Copyright 2001 Am. Chem. Soc.
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FiG. 3. Schematic representation of Meijer’s “dendritic box™ experiment. The experiment is described in the text.
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groups can only be accommodated if the
4.5 nm-diameter dendrimer becomes
spheroidal. By G8 the number of termi-
nal groups has increased to 1024, but the
diameter (compared to G4) has only dou-
bled, and therefore the periphery is very
densely packed. The surface density of
functional groups increases from about
1.0/nm2 for G4 to 3.5/nm?2 for G8, which
of course means that the average spacing
between dendrimer terminal groups is
reduced as the generation increases. It
seemed reasonable to us that it would be
possible to take advantage of this proper-
ty to control small-molecule permeation
through dendrimers. That is, as shown in
Fig. 2, almost any relatively small mole-
cule should be able to penetrate the open
periphery of the G4 PAMAM dendrimer,
while such molecules would have a far
more difficult time moving through the
close-packed G8 periphery. In addition to
this sort of size/shape physical control
over dendrimer permeability, the rich
chemistry of the dendrimer periphery
can also be used to control through-den-
drimer mass transport.
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physical properties of the
dendrimer.

The Dendritic Box

Many of the essential concepts under-
lying the use of dendrimers as selective
filters are embodied in Meijer’s
“Dendritic Box”.89 This is a ‘trap-and-
release’ experiment, which takes advan-
tage of all three dendrimer properties
mentioned earlier: the hollow interior,
the high density of functional groups on
the exterior, and the chemical flexibility
of the periphery. Meijer used poly(propy-
leneimine) (PPI) dendrimers, which are
very closely related to the PAMAM fami-
ly, as the scaffolds for this experiment.
Figure 3 illustrates his general approach.
First, a high generation PPl dendrimer
was mixed with a solution containing
the dye rose bengal (RB) and a smaller
dye, p-nitrobenzoic acid (pNBA). As with
any dynamic equilibrium, both dye mol-
ecules are able to enter and exit the den-
drimeric structure. At equilibrium a sig-
nificant fraction of both molecules parti-
tion into the hollow dendrimer interior.
Next, the terminal dendrimer amine
groups are reacted with a tBOC-protected
phenylalanine amino acid (N-tBOC-L-

Phe). These bulky moieties increase
steric crowding of the dendrimer
periphery sufficiently that RB and pNBA
present within the dendrimer interior at
the moment of reaction are trapped.
Purification by dialysis removes dye
molecules from the bulk solution but
not from the interior of the 64-Phe-box
dendrimers, which are retained within
the dialysis sack. Hydrolytic cleavage of
the tBOC portion of the terminal groups
with acid perforates the dendritic box,
and the small pNBA molecules are once
again able to come into equilibrium
with the bulk solution. However, this
cleavage reaction leaves behind L-Phe at
the dendrimer surface, which is itself
sufficiently bulky to retain the larger
rose bengal molecules. Subsequent
hydrolysis of L-Phe results in the origi-
nal amine-terminated PPl dendrimer
and release of RB. This very clever exper-
iment shows how dendrimers can be
used to modulate intradendrimer mass
transfer.

Dendrimer-Encapsulated
Nanoparticles

We recently reported a strategy for
encapsulating metal and semiconductor
nanoparticles within dendrimers using
an approach that is somewhat related to
the dendritic box described above.10.11
Our approach is shown in Fig. 4. First, a
solution of metal ions, such as copper,
gold, platinum, or palladium, is mixed
with an aqueous PAMAM dendrimer
solution. Because PAMAM dendrimers
contain tertiary amines within their
interior, and because tertiary amines are
good ligands for many transition metal
ions, the metal ions in solution parti-
tion into the dendrimer interior. In
many cases the metal ions are held
within the interior nearly irreversibly.
Addition of a reducing agent, such as
BHy, results in conversion of the encap-
sulated ions to neutral atoms which
quickly coalesce into a single metal
nanoparticle.

One can think of this approach as a
template synthesis in which the den-
drimer is the template and the nanopar-
ticle the replica. It is also productive to
think of this as a “ship-in-a-bottle” syn-
thesis, because the small metal ions are
first introduced into the dendrimer, and
then they are assembled into a larger
structure (the nanoparticle), which is
sterically confined to the dendrimer
interior. As we will see in the next sec-
tion, access of small molecules to the
metal particle within the dendrimer can
be modulated by controlling the extent
of steric crowding on the dendrimer

periphery.
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Selective Homogeneous
Catalysis

We recently developed an approach
for using dendrimers as size-selective
nanoscopic filters to control mass trans-
port of small molecules within den-
drimers. In this section we describe an
illustrative example in which an intrin-
sically nonselective catalyst is rendered
selective by addition of a dendritic
“nanofilter.” To demonstrate this func-
tion we chose to examine the catalytic
hydrogenation of alkenes using den-
drimer-encapsulated catalysts (DECs)
consisting of Pd nanoparticles within
high-generation PAMAM den-
drimers.12.13 As shown in the final
frame of Fig. 4, the idea is that only sub-
strate molecules small enough to pene-
trate the dendrimer periphery are able
to move into the interior, encounter the
catalyst, and react with H, to yield the
corresponding alkane. The rate of sub-
strate penetration directly correlates to
the amount of alkane present in solu-
tion, which can be measured by NMR
spectroscopy.

To demonstrate the function of a
size-selective dendritic nanofilter we
used a series of three DECs based on
hydroxyl-terminated PAMAM den-
drimers of generation 4, 6, and 8
(G40OH, G60OH, and G80OH). Each den-
drimer contained a Pd nanocluster con-
sisting of, on average, 40 atoms (e.g.
G40H/Pd(0)40). These DECs were chal-
lenged with allyl alcohol and four allylic
alcohol derivatives substituted at the o
position with the following groups:
methyl, ethyl, dimethyl, and methyl-
ethyl.13 The experiment was carried out
by exposing each of the three DECs to
each of the five alcohols and then mea-
suring the turnover frequency (TOF,
mol of H, per mole of Pd(0) per hour) of
the alkene groups.

The results of this study (Table I)
indicate that as the substrate size
increases for a particular generation of
dendrimer, the hydrogenation TOF
decreases. Similarly, for a particular sub-
strate, the TOF decreases as the den-
drimer size increases. For example, the
maximum TOF for the G40OH/Pd(0)40
catalyst for the hydrogenation of allyl
alcohol (1) was 475 + 5 mol Hy(mol Pd)-
1 hl, A substrate having one a methyl
group (2) yielded a slightly lower TOF.
When the methyl group was changed to
ethyl (3), the reaction rate decreased fur-
ther to 260 mol Hy(mol Pd)1 h-l. This
trend continues when two methyl
groups are present at the a position (4)
and when both a methyl and an ethyl
group are present at the a position of
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Table I. Hydrogenation reaction rates using

GnOH/Pd(0)40 catalysts for structurally related
allylic alcohols.

Substrates

G40OH/Pd(0) 40
(1) = 480/4701 ..........
2 -7 450/4601 ..........
@ 260 ............
4) 150 ............
) - 100 ...

Hydrogenation reactions were carried out at 25 + 2°C with 2 X 10-4 M Pd(0)
composite catalysts in MeOH-H,O (4:1 v/v) mixtures. The turnover frequen-
cy (TOF) was calculated based on H, uptake (mol of H, per mol of Pd(0) per

hour).

1 Duplicate measurements were performed to illustrate the level of run-to-

run reproducibility.

TOF[mol H,y(mol Pd)-1 h-1]

....... 450/460! ........................120
.............. 380 ... .93
.............. 280.........cee...........68
................ 75 .62
................ 40...ccciiiiiieeeeeen...50

G60H/Pd (0) 40  G8OH/Pd (0) 40

the substrate (5). Overall, the TOF for the
bulkiest substrate (5) was nearly five
times lower than the smallest (1). The
same trend is apparent for the
G60H/Pd(0)40 and GB8OH/Pd(0)40
DECs. It is also interesting to compare
hydrogenation rates for a particular sub-
strate when different generation den-
drimers encapsulate the Pd(0) nanoparti-
cle. Table | shows that there is a clear
trend in this regard too: lower generation
DECs, with just two exceptions, result in
the highest TOFs.

These findings can be rationalized in
terms of the “mesh” size of the den-
drimers, which can be estimated using
molecular modeling. Specifically, if a few
reasonable assumptions are made,13 the
average spacing between adjacent van
der Waals surfaces of the hydroxyl groups
of G4AOH, G60OH, and G8OH turns out to
be 8.2, 5.4, and 3.2 A, respectively. These
values can be compared to the substrate
sizes, which we have correlated to the
largest linear dimension perpendicular to
the O-H bond direction. These values are:
5.5, 7.0, 7.5, 7.0, and 8.0 A for substrates
1-5, respectively. The close correlation
between these values and the data in
Table | suggest that the simple size-exclu-
sion model embodied by Fig. 2 is a good
first approximation. However, there is
enough variation in this static model to
suggest that both time-dependent
motion of the dendrimer and chemical
interactions between the dendrimer and
substrate also contribute to the selectivi-
ty of DECs. The latter issue is explored in
the next sections.

Surface-Confined Dendrimers

Up to this point we have only dis-
cussed homogeneous solutions where
the dendrimer periphery was utilized to
mediate access to the interior. However,
it is also possible to immobilize den-
drimers on solid surfaces, and we have
shown that even when surface-confined,
the dendrimer periphery can be used to
mediate intradendrimer mass transport
and thereby impart selectivity to the sur-
face.

PAMAM dendrimers form stable,
densely packed monolayers via polyden-
tate interactions with Au and other sub-
strate materials.1# It is also possible to
prepare mixed monolayers on Au con-
sisting of dendrimers and n-alkanethiols,
which provides a means for studying iso-
lated dendrimers on surfaces. Chemically
more robust dendrimer monolayers can
be prepared by covalently linking the
dendrimer to an intermediate molecular
adhesion promoter.15.16 These approach-
es can be used to control access of small
molecules to both the dendrimer interior
and the underlying surface.

Dendrimer-Induced Gating at
the Solid-Liquid Interface

It is possible to control access of small
molecules to a surface using mixed
monolayers consisting of dendrimers and
n-alkanethiols, and the selectivity impart-
ed to the surface can arise from either
physical or chemical interactions
between the substrate and the den-
drimer.17 That is, mixed monolayers yield
dendrimeric gates separated from one
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Fic. 5. (Top) Dendrimers within n-alkanethiol SAMs act as single-molecule gates. The SAM serves to passi-
vate the underlying Au electrode and the dendrimer selectively passes ions depending on the chemical state of
the dendrimer and the charge on the ion. (Bottom) Cyclic voltammetry of 5 mM Fe(CN)63' and 5 mM
Ru(NH3)g3* in 0.5 M aqueous Na,SOy electrolyte solutions at G4NH,/C16SH-modified Au electrodes: (a)
pH = 6.3 (0.025 M Na,HPO, + 0.025 M NaH,PO,), and (b) pH = 11 (0.036M NH,CI + 2.0 M NH,OH).

Electrode area: 0.09 + 0.009 cm?2, scan rate: 50 mV/s.

another by fully passivated regions of n-
alkanethiol as shown at the top of Fig. 5.

The bottom of Fig. 5 shows cyclic
voltammetric data obtained from a
mixed monolayer consisting of amine-
terminated G4 PAMAM dendrimers
(G4NH,) and hexadecane thiol (C16SH).
At pH = 6.3 the amine terminal groups of
the dendrimers are protonated (pK,
about 9.5) and effectively block penetra-
tion of bulk-phase Ru(NH3)g3*, which is
used as a mass transport reporter probe,
and therefore no Faradaic current is
observed. In contrast, the rate of reduc-
tion of negatively charged Fe(CN)g3 is
only slightly hindered compared to a
naked Au electrode. Contrast these
results with those obtained at pH = 11.0
when the primary amine groups are in
their neutral form. In this case both
Fe(CN)g3- and Ru(NH3)g3* penetrate the
dendrimer portion of the mixed SAM.
This result alone, however, does not
definitively prove pH-regulated intraden-
drimer mass transport of the redox
probes, because the observed effects
could arise from probe penetration at the
interface between G4NH, and C16SH.
Because of the strong compressive force
exerted on the dendrimers by C16SH, we
thought this was an unlikely scenario,
but to prove that the dendrimers them-
selves, rather than dendrimer-induced
defects in the monolayer, are acting as
molecular gates we performed the addi-
tional experiments discussed next.

A mixed monolayer consisting of
G4NH, and C16SH was prepared as
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described earlier, but in this case we con-
verted the terminal amines to 4-(trifluo-
romethyl)benzamido groups. Next we
compared the voltammetry of Fe(CN)g3
at pH 6.3 at this modified electrode sur-
face to the G4NH,/C16SH monolayer
(Fig. 5). The results indicated that while
the protonated amine periphery of
G4NH, passes Fe(CN)g3- (Fig. 5), the
bulky and hydrophobic 4-(trifluo-
romethyl)benzamido groups prevent
penetration. If penetration occurred at
defects at the G4/C16SH interface rather
than through the dendrimer interior,
then we might anticipate identical
responses for the fluorinated and unfluo-
rinated dendrimers.

A second experiment provides addi-
tional evidence for intradendrimer mass
transfer of the redox probes. In this case
electrodes were modified with mixed
monolayers composed of either GO, G4,
or G8 dendrimers and C16SH, and then
the voltammetry was examined at pH =
6.3. The important result is that for
both Ru(NH3)g3* and Fe(CN)g3- the
Faradaic current decreased as a function
of increasing dendrimer generation. As
for the homogeneous catalysis results
described earlier, this result is a conse-
quence of increased steric crowding on
the dendrimer periphery as the genera-
tion increases. This in turn leads to a
corresponding reduction in probe pene-
trability.

There are three important conclusions
that arise from this set of experiments.
First, surface-confined dendrimers only 3

Fic. 6. Schematic illustration of a method for using
dendrimers to selectively filter vapor-phase mole-
cules. The substrate is a nanoporous alumina thin
film confined to the active region of a surface
acoustic wave (SAW) nanogravimetric mass bal-
ance. (Top) a dendrimer monolayer films. (Bottom)
a composite dendrimer/Gantrez coating prepared by
sequential reaction.

nm in thickness are able to quantitative-
ly control access of small molecules to an
underlying solid substrate. Second, trans-
dendrimer mass transport can be con-
trolled by primarily physical means
(steric crowding on the dendrimer
periphery realized by either increasing
the dendrimer generation or by addition
of bulky groups to relatively low genera-
tion dendrimers) or by chemical means
(electrostatic repulsion). Third, and per-
haps most important for future applica-
tions, it is possible to exert active control
over intradendrimer mass transport (in
this case by modulating the pH).

Vapor-Phase Gating Using
Dendrimers

The previously described results
addressed intradendrimer mass transport
in liquid phases. This final section briefly
discusses some very preliminary results
from experiments presently underway in
our lab that are focused on intraden-
drimer mass transport in vapor phases.
These new studies build upon previous
results from our group, which showed
that dendrimers could be used as molec-
ular recognition elements for vapor-
phase sensing applications.18 Now,
rather than using dendrimers to simply
trap volatile organic compounds (VOCs),
we are trying to develop a means for fil-
tering them through individual den-
drimers. Our approach is shown in Fig. 6.

We began these studies by immobiliz-
ing dendrimers atop alumina substrates,
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provided to us by Graham Yelton and his
colleagues at Sandia National
Laboratories, that contain pores having
relatively monodisperse, nanometer-scale
diameters.19 Because dendrimer diame-
ters (~1-13 nm) are fairly well matched in
size with the pore diameter of the sub-
strate, which can be as small as 2 nm, we
envisioned that it might be possible to
immobilize a single dendrimer above
each pore. The idea is that access to the
underlying pore would only be allowed
if the analyte could enter and exit the
dendrimer. By controlling the properties
of the dendrimer as we have in the solu-
tion-phase studies, we thought it would
be possible to control selectivity. Mass
transport across the dendrimer can be
measured by gravimetry using mass-
sensitive surface acoustic wave (SAW)
devices.20 Unfortunately, the hetero-
geneity in the pore size of the alumina
substrates has thus far prevented us
from satisfactorily demonstrating this
approach. The problem is that there are
leaks between the dendrimers and pores
in the alumina that are larger than the
dendrimers.

We are still working to solve the leak-
ing problem by improving the
monodispersity of the substrate pores,
but in the meantime we have had a fair
measure of success by simply plugging
the leaks. Specifically, we have shown
that a very thin (7-10 nm) composite
film consisting of both dendrimers and
Gantrez,21-23 an active anhydride co-
polymer, can be used to seal the den-
drimer/alumina interface and thereby
force VOCs through the dendrimers
(bottom of Fig. 6). The results of these
studies will be reported shortly.24

Prospects for the Future

In this paper we have shown that
dendrimers can be used as nanoscopic
molecular filters to selectively control
the mass transport of small molecules.
This function is introduced by exerting
synthetic control over the physical and
chemical properties of the dendrimer
periphery. For example, high generation
dendrimers selectively exclude some
allylic alcohol derivatives but pass oth-
ers. This property was used to convert
an intrinsically nonselective catalyst
(Pd) into one that is selective. At present
we are testing more complex den-
drimers that we hope will lead to an
even higher level of selectivity.

We have also demonstrated active
control over intradendrimer mass trans-
port by modulating the surface charge
on pH-sensitive dendrimer terminal
groups. This proof-of-concept experi-
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ment opens the door to more sophisti-
cated “smart materials” that could mod-
ulate access to the dendrimer interior as
a function of temperature or the pres-
ence of specific chemicals that might be
present. Such an approach would be
attractive for controlling the rate of
reactions that rely on access to den-
drimer-encapsulated catalysts.

Finally, we should mention that den-
drimers are not likely to find their way
into high-volume applications any time
soon because of their prohibitive cost.
Thus, the commercial value of the
results presented here reside mainly in
the concepts described and the extent
to which they can be introduced into
other, less costly, polymers and related
materials. However, some applications,
such as those involving chemical sens-
ing and bench-scale chemical reactions,
require very small quantities of den-
drimers, and thus these may represent a
direct market trajectory for dendrimeric
nanofilters if sufficient value is added
by clever scientists and engineers. ]
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