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The layer-by-layer incorporation of monomers in the synthesis of dendrimers allows for variations
in the functionalities between one layer and the next. However, incorporation of different
functionalities in combination with the above would lead to the introduction of sequences in
dendrimers. We review the three complementary synthetic methods we have developed for
sequencing the dendrimers. We also illustrate the utility of these methodologies in identifying

certain fundamental properties of dendrimers. More specifically, we have probed the intermediate
layers of the dendrimers by incorporation of spectroscopic probes in precise locations within
dendrimers. Similarly, we have utilized this method to identify the true architectural advantages

of dendrimers as light harvesters in solar energy applications.

1 Introduction

Exquisite control over shape, size, and functional group pre-
sentations are all hallmarks of the most ubiquitous biopoly-
mers in nature, proteins. These molecules utilize these features
to fine-tune the properties so as to be very specific in molecular
recognition and function. Considering the versatility of
proteins in biological function, it is interesting to build artifi-
cial mimics of these molecules. Although bioinspired molecu-
lar design has been an area of interest for chemists for a long
time, these mimics have been mostly focused on building small
molecule analogs.! It is important to recognize that Nature has
chosen macromolecular architectures to build its structural
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complexity and present its binding sites to various small
molecule ligands and other biomacromolecules. Therefore, it
is interesting to be able to build structural mimics for proteins
using macromolecules.> Dendrimers have attracted great
interest as possible protein mimics, because these molecules
tend to adapt globular conformations at high molecular
weights (possible analogs for globular proteins); these
molecules can be built with very good precision in molecular
weights; and the functionality at the core can be encapsulated
by the dendrimer backbone and thus isolating it from
the environment.> Although there have been excellent
contributions to the field of dendrimer-based biomimetic
structures, we will primarily focus on the contributions to this
field by our research group with appropriate references to only
some of the related work from other research groups. More
specifically, we will deal with the strategies for placing
functionalities in precise locations within dendrimers and their
utility in furthering the fundamental understanding on the
branched architecture. Our group has also been involved in
biomimetic dendrimers based on amphiphilicity at every
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Scheme 1 Divergent and convergent strategies to build dendrimers. Both these strategies allow for variations among the layers.

repeat unit.*® This part of our work is beyond the scope of
this review.

2 Functional group diversity in dendrimers

Synthetic approaches towards dendrimers can be broadly
classified into two: divergent strategy’ and convergent strat-
egy.'® Dendrimers are built layer-by-layer in both these stra-
tegies and therefore one could gain control over functional
group placements in one layer with respect to the neighboring
layers, as shown in Scheme 1. However, if one has to move
dendrimers towards a true structural mimic of biomacro-
molecules such as proteins, we should be able to differentiate
each monomer unit from the other with precision, i.e. build
sequences within dendrimers. This section will discuss the
strategies that we have developed for this purpose.

Approach to sequencing dendrimers will work well with a
convergent approach, since there is a greater control over the
systematic incorporation of the functionalities in higher gen-
eration. This is because the number of reactions that is
performed with each generation remains the same in the
convergent synthesis. However, it should be noted that diver-
sity in the periphery of dendrimers have been brought about
using both divergent and convergent strategies. Following
divergent approach, the periphery has been functionalized by
varied amounts of reactants to obtain a statistical distribution
of substituents'' or by reaction with two different functional-
ities in stoichiometric amounts so as to afford two function-
alities with a predetermined ratio on the periphery.'?> On the
other hand, a combination of divergent and convergent stra-
tegies has been used to incorporate multifarious peripheral
functionalities.'? In this approach, a dendritic wedge differen-
tially substituted on the periphery—so-called’ 1 — (2 + 1)
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C-branched monomer—was synthesized and then attached to
a core to obtain functional dendrimers as shown in Scheme 2.
Similarly, melamine-based dendrimers with only one or two
peripheral functionalities were synthesized using convergent
approach (Scheme 3). Here, the differential reactivity of
trichlorotriazine with aliphatic and aromatic amines at differ-
ent temperatures was taken advantage of.'* Benzyl ether
dendrimers have also been synthesized with only one nitrile
group on the periphery using a convergent approach.'’

However, the key feature in designing a methodology, where
one could vary each monomer from its neighbors using the
convergent approach, involves the ability to differentially
functionalize the two ‘B’ moieties in an AB, monomer. We
show this concept using a cartoon representation in Scheme 4.
We have developed three complementary approaches to
achieve such differentiation between the two B functionalities:
(i) through the stepwise incorporation of two different func-
tional groups to an ABB, monomer, where one of the
B-functionality is protected;'® (ii) through an ABB’ monomer,
in which the reactivity of B and B’ with A is significantly
different;'” and (iii) through an ABB,, building block, wherein
the masked B-moiety (B,,) can be transformed into a reactive
group, once the first reaction between A and B is completed.'®
In the example of the approaches represented in Scheme 4, we
show the protection—deprotection strategy to differentiate the
B functionalities. In this, after the reaction with unprotected
‘B’, the second moiety is deprotected and substituted with a
different compound. This results in variations in the branching
points. Continuation of these variations throughout the
synthesis affords the capability for differentially functionaliz-
ing the periphery.

We demonstrated this concept by achieving a dendron in
which all the peripheral functionalities are different from one
another. This demonstration is conceptually similar to sequen-
cing the dendrimers, as far as synthetic strategy is concerned.
In this, we used 3,5-dihydroxybenzyl alcohol as the AB,
monomer unit, in which one of the phenolic B units is
protected. The protecting group used involves an allyl moiety
or methoxymethyl ether functionality (MOM). The resultant
product was treated with one alkylating agent to cleanly afford
the mono-substituted compound, which was then treated with
sodium borohydride in the presence of a palladium catalyst to
afford the deprotection of the allyl group. The resultant phenol
was then treated with a second electrophile to afford the
differentially substituted G1 dendron. Conversion of the
hydroxymethyl moiety to bromomethyl group and iteration
of the above mentioned steps resulted in the synthesis of a G3
dendron with eight different peripheral functionalities. The
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Scheme 2 Synthesis of polyamide dendrimers with a functional periphery.

synthetic strategy is shown in Scheme 5. Since substitution—
deprotection—substitution significantly increases the number
of steps in the synthesis, we were interested in demonstrating
this reaction sequence with a single pot methodology. We were
indeed able to do this through the development of a palla-
dium-catalyzed deprotection methodology in the presence of
potassium carbonate, which also happens to be the reagent for

alkylation."

In the ABB’ strategy for synthesizing similar dendrons, we
utilized the differences in reactivity of the phenolic and
hydroxyalkyl functionalities with an alkylating agent. In this
case, two different reaction conditions had to be employed to
preferentially effect the first substitution compared to the
second substitution. We used the selective reaction of the
phenolic functionality with an alkyl halide in the presence of

potassium carbonate; the reaction of the alkanol with the alkyl

N>/_ S—HN
Oy
RHN
NH R= Butyl
RHN C R'= CH,CH,(OCH,CH,);NHBOC
>—N NH 2 2 2 2/3
N H—nh
=N

RHN

Scheme 3 Synthesis of melamine-based dendrimers with only one functional group on the periphery.
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Scheme 4 Cartoon representation for sequencing dendrimers by differentiating the two B-functionalities in an AB, monomer.

halide was then achieved using sodium hydride as the base. We 3 Probing every layer in dendrons by controlled
have exemplified this approach in Scheme 6 with the synthesis placement of fluorescent probes

of a G1 dendron. Again, we have demonstrated that these

substitutions can be done in a single pot and that higher We have utilized the ability to selectively place functionalities

generations could also be achieved.'”

to develop a fundamental structure—property relationship in

In the third strategy, we mask one of the B-functionalities dendrimers. Properties of a dendritic core have been studied
as an unreactive one. This moiety is unmasked, after the first quite extensively through encapsulations of photoactive, and
substitution. There are only subtle differences between this electroactive units. However, relatively little is known regard-

approach and the first one shown above. An example of ing the properties of functionalities incorporated in the inter-
this approach is shown in Scheme 7. In this case, the alkanol mediate layers of the dendrimer. This could be mainly due to

moiety is masked as a double bond initially. Once the the fact that the synthetic strategies allow for incorporation of
substitution of the first phenolic group has taken place, the a single functionality at the core with relative ease; whereas
allyl moiety can be converted to an alkanol functionality placing a single functional moiety in a specific location within
that is ready to be alkylated. We have utilized a combination the branching units or at the periphery of the dendron is
of all these strategies to generate a dendron in which every synthetically challenging. Nevertheless, few interesting papers
repeat unit is different from the neighbors.'® The structure of a have appeared recently. For example, in the case of benzyl

G3 dendron thus synthesized is shown in Fig. 1.

HO o} K;COg
T 18-Crown-6 o. O  PdPPhy),
T s
NaBH,
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HO

ether dendrimers three G3 dendrons having a single aromatic

Br
KsCOy
18-Crown-6

Scheme 5 Synthesis of a dendron with functionally diverse periphery using a protection—deprotection approach.
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Scheme 7 Example of the functional diversity using the ABB,, strategy.

bromide at three different positions®® and a library of dendri-
mers with an allyl group at specific generations have been
reported.?! Phosphorus dendrimers have also been post-
synthetically modified to introduce allyl, propargyl and den-
dritic moieties in the internal layers.?

The ability to access structures with a single functionality at
various locations within dendrimers allows for a fundamental
structure—property relationship study concerning the inter-
mediate layers of the dendrimers in comparison with the core
and the periphery. There have been limited number of studies
that compare the intermediate layers of dendrimers with the
periphery and core. In this direction, protonation and com-
plexation with metal ions of internal amines in PAMAM and
poly(propylene imine) dendrimers have been reported. Com-
plexation of Cu(i1) with PAMAM dendrimers was probed by
EPR spectroscopy and it was observed that binding of Cu(i)
with the internal layers and the structural changes in dendri-
mers were a function of pH, temperature and metal ion
concentration.”® Protonation of poly(propylene imine) den-
drimers was monitored by '>’N NMR and compared with that
of oligoamines of similar structures (Fig. 2) to understand the
extent of protonation of various internal layers.?* It was found
that protonation behaviour of dendrimers and the linear
molecules is similar and follows a two-step process. The
primary amines because of high proton affinity are protonated

Fig. 1 Structure of a G3 dendron with all repeat units different from
each other.

in the first step, followed by the tertiary amines in the second
step. This two-step process is however interesting in these
dendrimers, because here the outermost shell and the inner-
most shell (o and 3) are protonated almost simultaneously,
followed by the intermediate layers ( and vy).

Although, such non-covalent functionalization provides
useful information, it is interesting to covalently attach repor-
ter molecules to the dendritic framework in order to better
understand these properties in solution. Indeed, we have
investigated the properties of every layer of dendrons by
incorporating a single fluorescent probe unit in a specific
location.?® The extent of guest molecule accessibility to each
location within a dendrimer is then analyzed using an inter-
molecular photoinduced electron transfer (PIET) based fluor-
escence quenching process. In these molecules, anthracene was
used as the fluorescent probe and benzyl ether dendrimers

HN "{2 SNHZ
HZN\/\}\J ;N/// "
TN 77\! P NWNé
Hsz \’_\ //// e

/—/~N N
HoN N,
NH;
; ?
HoN— ™ T NANH, N
HN—™ \,\/NHQ

Fig. 2 Poly(propylene imine) dendrimer (left) and the oligoamine
analogs (right). Different shells in the dendrimer are denoted by Greek
letters.
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Scheme 8 Synthesis of the anthracene containing building block unit.

CGH”O\@/OCGH“

ﬁ
CgHi10. ‘ OCgH1y o} /\©/
OCeHy
hd
HO CeHitO OCGH“
GO-A
G1-Ag Ri= O Ry = H; oceH11

G1-Ay By =H; Ry -
CeHi O’ OCgHyq

Ry

0

OCst

OCeH11

CGHHO’Q

OCgH1

OCgH1y
CeHu
OCeH11

Ry
HO
0
b\ OCgH11

iR
CeHyO, o’d
g CHi
kl: N OCetss
o]
o
\

CeHi10

OCeHyy

CeHi©

CgHi1O CgHis

CeH110

Gt
OCeHry o ©
|
CgHy40 Cgtn
VQi

Q x
CaHis0 O
QO

CeH1i O

CH110,
Rs
HO

OCqHss

Hi1Q
Ry

&

OCeHy
CGH“O

CeHiQ

G4-Ag; Ry =

OCgHyq

oy

G4-Ay Ry=H R,=H;

_CeHit

2

o] O,

e OAQ e Gd-Ag; Ry=H Rp=H
caHﬂo.d \QA 5 d 5 G4-Ag; Ry=H Ro=H;

OCgH11 ] Rs

S OCgHy
CGH“O\d Cetin &
O
OCgHqq CGHﬂ d /DOCGHH
0 CeHyyO
O

CgHy1O e
e CgHiy

OCeH14

G2-Ay; Ry=H; Ry=H;

G3-A3; Ry=H; Ra=H;

o] O
Ga-Aj; Ry=H Ry = Ry=H; Ry=H; Rs=H;
B o
0,

G2-Ao;R1: Rp=H; Rg=H;
G2-As; Ry =H;R, = Rg=H

re- CO

G3'A0;R1= Rp=H; Rg=H; Ry=H;

G3-Aq; Ry=H; Ro= Rz=H; Ru=H;
/Q/OCQH“
A, G3-Ay; Ri=H; Ry=H;

- R4=H

et e OO0

Ry=H; Rs=H; R4=H; Rs=H;

Rs=H; R,= Rs=H
Ro=t Rust Re= OO

Fig. 3 Structures of dendrimers with anthracene as the fluorescent probe in specific locations.
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were used as the scaffold. In order to incorporate this fluor-
escent moiety in specific locations of a dendrimer, we first
synthesized an anthracene containing monomer unit. The
monomer was synthesized from anthracene boronic acid and
the bromoarene derived from 4-bromo-3,5-dihydroxybenzoic
acid, as shown in Scheme 8.

Structures of the dendrons containing anthracene at the
specific locations are shown in Fig. 3. The dendrimers are
labeled as Gn-A,,, where anthracene is in the mth layer of the
nth generation dendron—the Oth layer being the periphery.
The fluorescence quenching was used as the measure of the
interaction between this fluorophore and an externally added
quencher viz. tren-Meg. The extent of fluorescence quenching
is related to the concentration of the quencher through the
Stern—Volmer equation: Iy/I = 1 + Kgy[Q], where I and I are
the fluorescence intensities in the absence and presence of
quencher, [Q] is the concentration of the quencher, and Kgy
is the Stern—Volmer quenching constant. The constant Kgy is a
product of the bimolecular quenching rate constant kq and
fluorescence lifetime of anthracene dendrimer in the absence of
the quencher (t), i.e. Ksy = kqto. The kq values could be
considered as a measure of the accessibility of a quencher to a
fluorophore.?®

From the values of Ksv and kq as shown in Table 1, it can be
seen that (i) the steepest change in accessibility occurs in the
middle layers; the difference between the periphery (Agy) and
the next layer (A;) of the dendrons is negligible in all dendrons;
from the first to second layer, i.e. from A; to A,, there is a
significant difference in accessibility; (ii) there is significant
difference in generation-dependent accessibility even in the
peripheral layers of dendrons: for example, periphery of G4
is about 48% more encapsulated than that of G2—kq de-
creases from 17.7 x 10% s7! for G2 to 12.4 x 10® s™! for G4;
(iii) beyond the first layer of a dendron, the accessibility of a
layer within a dendron seems to be similar to the next layer of
the previous generation. For example, the first layer com-
pound of the third generation compound G3-A; exhibits a
similar kq value (16.6 x 108 s71) as the second layer compound
of the second generation G2-A, (15.5 x 10% s7!). Similar
trends can also be noted by comparing G3-A, with G4-A;
and G3-Aj with G4-A,. (iv) it is noteworthy that the steepest
change occurs in the second layer (Oth layer is periphery) i.e. at
A, in all dendrons and hence the difference in accessibility of
A, in all dendrons is most prominent. Also, Ksy values
determined by both steady-state and time-resolved spectro-
scopy were the same indicating that it is a dynamic quenching
process. This type of a fundamental understanding could not
have been easily envisaged without the sequencing methodol-
ogies developed by us. In tune with this theme, incorporation
of solvatochromic probes in the interior of dendrimers to
understand the polarity gradient of the dendritic interior has
been reported recently.?’

The difference in encapsulation of periphery in the above
dendrons can be attributed to the ‘backfolding’ effect in
dendrimers.?® More recently, we have studied this effect using
heterogeneous electron transfer as well-—note that the photo-
induced electron transfer in anthracene-labeled dendrons
described above is a homogeneous electron transfer. We have
used dendrimers with electroactive triarylamine moiety on the

Table1 Stern—Volmer quenching constants and bimolecular-quench-
ing rate constants for the anthracene-labeled dendrons

Dendron Ksv 108kq/57'
Gl1-A, 13.3 23.6
G1-A, 15.2 22.8
G2-Ay 9.99 17.7
G2-A, 14.5 18.0
G2-A, 14.0 15.5
G3-A 11.2 15.5
G3-A, 11.2 16.6
G3-A, 9.61 13.1
G3-A; 7.68 8.96
G4-A, 8.91 12.4
G4-A4 9.68 12.5
G4-A, 6.76 7.44
G4-A; 6.12 6.60
G4-A4 4.81 5.01

GO 13.3 22.7

periphery to study the heterogeneous electron transfer.?’
Three types of molecules were studied and compared—den-
drimers with the periphery fully decorated by the electroactive
moiety, difunctionalized dendrimers i.e., only two electro-
active moieties on the periphery and their corresponding linear
analogues. Structures of all these molecules are shown in
Fig. 4. In the fully decorated dendrimers, the number of
functionalities and so the number of redox reactions doubles
at every generation, which makes it difficult to calculate the
heterogeneous electron transfer rate constant (k°). The difunc-
tionalized dendrimers, where the number of electroactive
functionalities remains the same at all generations are thus
useful for this study. The diffusion coefficient (Dy) and rate
constant (k°) values were obtained for all the derivatives using
microelectrodes. The ‘backfolding’ effect at higher generations
could be easily seen in difunctionalized dendrimer G3-D, for
example, k° for G3 (3.7 x 10™* cm s~!) was four times lower
than for G1 and G2 (~ 1.4 x 10~ cm s~ '). However, for linear
analogs no significant difference was seen for all generations
(k° for G1-L-G3-L ~ 1.7-2.1 x 1073 cm s™') as expected.
Thus, we have unambiguously demonstrated that encapsula-
tion of the periphery does occur in dendrimers using homo-
geneous as well as heterogeneous electron transfer. An
example of the implications that this study could have involves
biomolecular recognition involving polyvalent interactions
and periphery functionalized sensors using dendrimers. These
studies reveal that the periphery encapsulation will have to be
taken into account during data interpretation.

4 Comparison of dendrimers with linear analogs as
light harvesters

Another area in which these methodologies have been made
useful involves the evaluation of dendritic architectures in light
harvesting applications. The need for efficient light harvesting
materials is obvious, because it provides a method for effec-
tively using renewable energy sources. The placement of
chromophores relative to charge transport units plays a crucial
role in the high efficiency of this light harvesting process.
Nature’s photosynthetic apparatus involves two key steps: (i)
electronic energy transfer (EET) where the solar energy is
funneled to a single reaction center and (ii) a sequence of
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charge transfer (CT) events from the excited state of the
reaction center that ultimately results in chemical energy.
While Nature’s light harvesting systems are extremely efficient
in their native conditions, these systems are neither cheap nor
robust enough to be widely useful as components of solar cells.
Therefore, developing artificial light harvesting systems con-
taining multichromophore arrays is of great interest.
Dendrimers are interesting scaffolds for this purpose. The
decreasing number of functionalities from the periphery to the
core of the dendrimer makes these molecules excellent candi-
dates for light harvesting antenna (Fig. 5). The periphery of
the dendrimers is functionalized with chromophores that
collect the light and then funnel the energy to a lower energy
acceptor at the core. As mentioned before here, since dendri-

G2L,R= OUOb— 8Q G3L,R= FQ

dendrimers, linear analogs and model compounds for photoinduced

mers are assembled layer-by-layer, control over the relative
placement of photoactive units can be easily achieved. Con-
sidering this possibility, several groups have utilized dendri-
mers as light harvesting antennae, in which efficient energy
transfer from the periphery to the core of the dendrimer has
been observed.*° Similarly, considerable effort was also de-
voted to design dendrimers with favorable electron transfer
properties.’! However, there has been only a limited number
of reports on combining these two steps. This sequence of
events is outlined in Fig. 5, where a donor molecule first
transfers its energy to the core acceptor, which then is able
to oxidize the donor and form a charge-separated state. In
such a system, the donor fulfils two roles: as energy harvester
and electron donor. There have been reports on energy/
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Fig. 5 Schematic of dendrimers for both EET and CT in a single
scaffold; (b) relative energy levels for these photoinduced processes.

electron transfer combination in conjugated dendrimers,
where the backbone serves as a vehicle for the through-bond
communication both for electron and energy transfer.*> How-
ever in non-conjugated dendrimers, the role of the backbone is
only structural and not functional. Therefore, studying these
dendrimers should be useful in analyzing the architectural
advantages of dendrimers in these light-induced processes. In
addition, a non-conjugated backbone also provides the ability
to independently tune the energy levels of the donors and
acceptors within a single molecule. It is also easy to imagine
that dendrimers are interesting scaffolds for photoinduced
charge transfer for another reason, especially from the core
to the periphery. As one moves from the core to the periphery
of dendrimers, the number of units at least doubles with each
layer. Therefore, dendrimers could provide an entropic driving
force for charge separation from the core to the periphery. Our
molecular system consists of benzyl ether dendrons functio-
nalized with diarylaminopyrene units in the periphery attached
to benzthiadiazole core, structures are shown in Fig. 4.3

Through a set of steady state and time-resolved photo-
physical studies, in collaboration with Professor Christopher
Bardeen at the University of California at Riverside, we found
that this series of dendrimers exhibits energy transfer from the
periphery to the core on a picosecond time scale, which
increases from 21.2 ps for GO to 162 ps for G3. The rapid
EET times were consistent with the Forster mechanism.
However the EET efficiency was observed to scale only as
1/r3, instead of the typical 1/r® Férster relationship. This was
attributed to the ability of the flexible arms of the dendrimers
to backfold and thus decrease the average distance between
donor and acceptor. It has been generally accepted that the
distance between two points in a random coil polymer scales as
V/N, as opposed to N (where N is the number of intervening
bonds);** therefore, the above explanation is reasonable. The
EET efficiency decreases with the generation but only slightly,
for G1 it is 0.95 and for G3 it is 0.89. The most likely origin of
this effect is the ability of the benzyl ether backbone to fold
back upon itself and reduce the effective acceptor—donor
distance in the dendrimer.

The EET was followed by nanosecond charge transfer from
the core to the periphery; the lifetime of the charge-separated
state was found to be in the microsecond time scale. The CT
efficiency was essentially independent of generation but was
dependent on solvent polarity as anticipated. For example, CT
efficiency in G3 dendrimer was 0.0042 in toluene, 0.518 in
dichloromethane and 0.805 in DMF. The lack of generation
dependence of CT efficiency can be explained as follows—the
overall CT rate only depends on the distance of the closest
ground state electron donor and due to backfolding in higher
generation dendrimers at least one donor will be closer to the
core. If the distance of this closest donor is nearly the same in
all generations then the CT efficiency will also be the same.

In order to test this hypothesis and in general understand
the fundamental architectural advantages of dendrimers
in EET and CT processes, it is interesting to compare den-
drimers with the corresponding linear analogs. To our knowl-
edge, there has been no study that compares dendrimers with
the corresponding linear analogs in the context of both intra-
molecular electronic energy transfer (EET) and charge transfer
(CT). We utilize the combination of donors and acceptors
shown above (Fig. 4), since these provide a unique opportu-
nity to investigate the advantages that dendrimers provide in
both EET and CT processes. We have synthesized the linear
molecules containing the diarylaminopyrene-based donors
and benzthiadiazole-based acceptors, along with the corre-
sponding dendrimer analogs for a straightforward com-
parison.*’

Comparison of dendrimers with linear analogs has been
previously done in the context of their physical properties.*®
However, similar comparison in light harvesting dendrimers is
more complicated. There are only a couple of reports in this
direction. Benzyl ether dendrons and their perfectly linear
analogs were attached to a free base porphyrin core (Fig. 6)
and the energy transfer process from benzyl ether moieties to
porphyrin core was studied.>” The dendrimers were found to
be most efficient in energy transfer compared to other
branched and linear analogs—an observation that we also
made in our system. The energy transfer efficiency was found
to be almost independent of generation in the porphyrin-cored
dendrimers whereas it decreased significantly in linear mole-
cules, indicating a morphology change in higher generation
dendrimers, viz. backfolding. In another example, random
copolymers containing coumarin-based donor and acceptor
chromophores in a ratio similar to that in corresponding
dendrimers have been synthesized.*® Energy transfer efficien-
cies were found to be higher in polymers but the quantum yield
was poor due to excimer formation and thus it was concluded
that overall light harvesting performance of dendrimers was
superior.

As mentioned above, to compare both EET and CT proper-
ties, classical dendrimers with the periphery fully decorated by
donor moieties and a single acceptor unit at the core were
synthesized and are represented by F in Fig. 4. Comparison of
F with the linear analog L (in Fig. 4) accounts for the
donor—acceptor distances that dendrimers and the linear
oligomers provide, but fails to provide the equivalent chro-
mophore densities (number of EET/CT donors vs. acceptor).
However, comparison of the dendrimer D having a
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Fig. 6 Structures of porphyrin-cored benzyl ether dendrimer (left) and corresponding linear analog.

difunctionalized periphery with the linear analog L accounts
for both these factors. In other words, comparison of D and L
eliminates the chromophore density variable and directly
addresses the advantages of dendritic scaffold in light harvest-
ing. On the other hand, comparison of F and D provides
information on the advantages of chromophore density in
dendrimers. We were able to access these difunctionalized D
dendrimers, where only one of several peripheral functional-
ities in the dendritic arm is photoactive, primarily because of
the methodologies mentioned above for selective functionali-
zation within dendritic architectures.

Comparison of these three classes of molecules using steady-
state and time-resolved photophysical studies suggests that the

(°°“\o<r9°3

W_/—Q—\_9

=AY,
Q

(c)

fully functionalized F dendrimers are indeed advantageous for
both EET and CT processes.*® In the case of EET, although
the dynamics is not different in these architectures, the ad-
vantage of the F dendrimers primarily emanates from the
number density of the energy donors that one could decorate
equidistant from the acceptor core, a feature that is not
available in linear molecules. In the case of CT process, the
advantages arise from the fact that in the fully functionalized
dendrimers, there are always a reasonable number of CT units
present in close proximity to the core chromophore in the
excited state to affect the electron transfer. In the case of the
difunctionalized dendrimers, such a luxury is not available.
For example, the charge transfer time (tct) for third

(d) o

Fig. 7 (a) Hypothetical conformation of a fully decorated dendrimer. (b—d) Various possible conformations of difunctionalized dendrimers

similar to the one in (a).

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007

New J. Chem., 2007, 31, 1052-1063 | 1061


http://dx.doi.org/10.1039/b617628c

Downloaded by University of Belgrade on 01 January 2013
Published on 30 March 2007 on http://pubs.rsc.org | doi:10.1039/B617628C

View Article Online

generation linear and difunctionalized molecules is almost
same, about 3.8 ns but for fully functionalized G3 dendrimer
it decreases to 1.28 ns. It further decreases with tempera-
ture—0.8 ns at 100 °C, suggesting, due to conformational
fluctuations at higher temperature, donor molecules interact
more rapidly with the core. This difference and therefore the
advantages of fully decorated dendrimers are schematically
represented in Fig. 7. The difunctionalized dendrimers are
likely to be representative of the average of the conformations
shown in Fig. 7(b)—(d). Thus, the average distance between the
donor and acceptor will increase with generation. However,
even when one attempts to draw the different conformations
with the fully functionalized dendrimers as in Fig. 7(b)—(d),
there would be a certain number of donor units close to the
core. This could be sufficient to enhance CT efficiency in
higher generations, when fully decorated.

5 Summary and perspective

The outlook on dendrimers has clearly changed in the past
decade and it is not surprising today to see dendrimers being
applied in entirely new and unexpected ways. We have experi-
enced this transformation in our own laboratories where we
started with synthetic strategies and later used these novel
architectures in different ways, from studying surface chem-
istry® to protein binding events.” For dendrimers to be highly
applicable it is important that dendrimer synthesis becomes
fairly simple and less time consuming, but without affecting
their monodisperse nature. The so-called ‘one pot synthetic
strategy’ has been used towards this goal, but only a handful
of examples exist that require specially designed repeat units.*’
The task becomes even more challenging when one attempts to
incorporate functionalities at different layers in a dendrimer.
Several research groups have tried to address this issue;
although we have focused in this review on our work related
to dendrimers with absolute control over the placement of
functionalities at specific locations, we have made references to
others’ efforts as well. We have developed three complemen-
tary methodologies using the convergent strategy to achieve
the specific functional group placements. Such controlled
functional presentations in dendrimers will be of special inter-
est in designing new drug delivery vehicles. For example, one
could imagine a dendrimer featuring the targeting function-
ality attached on the periphery and a cleavable prodrug
attached to another intermediate layer. The choice of the
intermediate layer could be judiciously chosen based on the
need for protection of the dendrimer—drug bond from being
cleaved prematurely, while still preserving a high loading
capacity. This balance is needed because the periphery is the
most exposed, but this location also has the maximum loading
capacity in a dendrimer because of the number of functional
groups.

Another interesting application is in charge transport ma-
terials, where the redox gradient from the periphery to the core
can be tuned by incorporation of the functional groups at
appropriate layers.*! Developing a fundamental understand-
ing of the behavior of intermediate layers is crucial for these
applications, however. In this direction, we have outlined our
findings where we incorporated spectroscopic probes at precise

locations within the dendrons. Similarly, we have also briefly
described the utility of these methodologies in the comparisons
of dendrimers with exact linear analogs to develop an under-
standing of the advantages of dendrimers in light harvesting
applications. An insight into the differences in properties of
linear and dendritic molecules will be broadly applicable for
the creation of the next generation of highly functional
materials. Such materials will integrate favorable attributes
of linear polymers, such as easy synthesis and good mechanical
properties, with those of dendrimers such as well-defined
placement of functionalities and highly branched architecture.
We believe that new synthetic methods for dendrimers will
provide an impetus to fundamental structure—property rela-
tionship factors in the ongoing research in our laboratories
and elsewhere, and will lead to new materials with exciting
properties.
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