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Abstract: The convergent synthesis of large monodisperse dendrimers, up to the fourth generation,
decorated in their periphery with s-extended tetrathiafulvalene units is reported, and their redox and
supramolecular properties are investigated. A number of experiments (MALDI-TOF, 'H NMR at variable
temperature and different concentration, DLS, AFM and SEM imaging) confirm the self-aggregation process
of these dendrimers, despite the butterfly-like shape of the exTTF units, highly distorted from planarity, to
form large supramolecular architectures in the gas phase, in solution, and on a mica surface. Dendrimers
5,9, and 12 host a number of Cg, molecules to form segregated arrays of donor and acceptor units which
could give rise to valuable materials useful for the preparation of optoelectronic devices. UV—uvis titration
experiments demonstrate that complexation of Csy occurs in a positive cooperative manner. Cyclic
voltammetry experiments show that the peripheral exTTF units are involved in multioxidation processes.
The self-diffusion coefficients (D) of the dendrimers reported herein and the previously reported exTTF (1)
and tweezer (2) have been calculated from their chronoamperograms at different concentrations and by
the Cottrell equation and, where possible, by PFG-NMR. The calculated values for D demonstrate the
decrease of this magnitude with increasing dendrimer size.

Introduction

Dendrimers are defined as branched monodisperse polymers,'
which have been utilized as building blocks in a number of
research fields like molecular recognition and inclusion,?
catalysis,? dendronized polymers for the preparation of devices,”*
and drug release.” In addition, a number of dendrimers decorated
in their focal center, in their periphery or in their branches with

" Universidad Complutense.
* IMDEA-Nanociencia.
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redox-active groups, like metalloporphyrins,® ferrocene,’
fullerenes,® or tetrathiafulvalenes,” among others,'® have found
applications as diverse as providing insight into the dynamics
of electron transport at surfaces and within restricted reaction
spaces; the preparation of new materials for energy conversion;
organic semiconductors and magnets; and the synthesis of
artificial systems resembling biological redox processes.''
Regarding their structure, dendrimers are able to adopt a
(pseudo)globular shape as a result of the control that can be
exerted over their size and molecular architectures. Besides that,
dendrimers are known to self-assemble, typically by means of
noncovalent interactions, giving rise to dynamic materials
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capable of responding to external stimuli.'? They are also able
to rearrange to accommodate inclusion guests and, as result of
this complexation process, vary their intrinsic shape and
function."* All the above features place dendrimers in a
privileged position for their use in the bottom-up approach to
nanoscience.'*

The interaction among electroactive organic molecules by
means of weak forces provokes their organization at the
nanoscopic level and allows the correct operation of natural and
artificial systems, like the photosynthetic apparatus in plants
and bacteria and organic electronics.'>'® Different approaches
have been utilized to achieve a controlled self-assembly of a
variety of electron donor (D) and electron acceptor (A) units,
ranging from supramolecular dyads and triads to more complex
systems like polymers, rosettes, etc.'” These approaches rely
on arrays of H-bonds,'® metal coordination,'® or solvophobic
interactions®® as the noncovalent forces responsible for joining
the electroactive counterparts.

Recently, we have harnessed the complementary geometrical

and electronic features of the electron donor 2-[9-(1,3-dithiol-
2-ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole (exTTF), a
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well-known s-extended analogue of tetrathiafulvalene,?' and
related analogues to prepare supramolecular partners for the
electron acceptor C0.2223*" This approach leads to dimers,
polymers, or dynamically polydisperse dendrimers, in which
zr—st aromatic interactions are responsible for the complexation
process.”>>“ In addition, the combination of these electroactive
units, either in a covalent or in a supramolecular fashion, has
proven to undergo efficient photoinduced electron transfer
processes leading to long-lived radical pairs.>*

Herein, we report on the synthesis and redox properties of a
set of dendrimers, from generation two to generation four,
decorated with exTTF units as dendritic head groups. The
dendrimers reported in this work have been demonstrated to
self-assemble by w—z aromatic interactions by means of mass
spectrometry, '"H NMR experiments at different concentrations
and variable temperature, UV —vis spectroscopy, dynamic light
scattering (DLS), and AFM and SEM imaging. In addition, the
dense outward portion of concave exTTF fragments allows them
to act as polyvalent receptors for Cep, thus creating segregated
arrays of multiple D and A units on their surface. As zeroth
and first generations, we have considered the previously reported
pristine exTTF?* (compound 1 in Scheme 1) and the tweezer
(2),”* in which two exTTF moieties are connected by an
isophthalic diester unit.

Results and Discussion

Synthesis and Characterization. The synthesis of the multi-
exTTF dendrimers has been carried out following a convergent
strategy'® from dendron 3, previously reported by our research
group>* (Scheme 1). For the synthesis of G2 and G3 dendrimers
(compounds 5 and 9) we have followed an analogous protocol
to that reported by Godbert and Bryce for related dendrimers.”
The G2 dendrimer has been prepared by using a 3-fold
esterification reaction of dendron 3 with the commercially
available benzene-1,3,5-tricarboxylic acid chloride (4) to afford
5 in 77% yield.

The synthesis of G3 dendrimer 9, obtained in a 53% yield,
requires the sequential esterification reaction of dendron 3 with
the tert-butyldimethylsilyl protected diacid chloride 6, further
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Scheme 1. Synthesis of G2 to G4 exTTF-Based Dendrimers and the Previously Reported GO and G1 Congeners
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deprotection of the resulting dendron, and subsequent esterifi-
cation with 4.

Unlike in the previous work by Godbert and Bryce,’ in which
the authors were unable to synthesize higher generation
analogues of exTTF-based dendrimers due to the unfruitful
attempts to deprotect the dendron wedge endowed with eight
exTTF fragments, we have achieved the elimination of the
protecting silyl group of dendronized building block 10 with a
500-fold excess of hydrofluoric acid. From 10 and again by a
3-fold esterification protocol with acid chloride 4 we have
prepared G4 dendrimer 12, bearing 24 exTTF moieties, in a
42% yield (see Supporting Information).

Dendrimers 5, 9, and 12, together with their corresponding
dendronized precursors, have been characterized by 'H and "*C

(26) Miller, T. M.; Kwok, E. W.; Neenan, T. X. iy 1992,
25, 3143-3148.
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NMR, FTIR, UV—vis, and MALDI-TOF (matrix assisted laser
desorption ionization-time-of-flight) mass spectrometry (see
Supporting Information). UV—vis spectra of dendrimers from
GO to G4 (CHCI3, 298 K) show the augmentation of the
absorption of all dendrimers with increasing generation and
correspond to the product of the extinction coefficient of GO
by the number of exTTF units present in the final dendrimer
(Figure 1). Plotting the extinction coefficient, at two different
wavelengths (365 and 434 nm), against the number of exTTF
units shows a linear fitting passing through the origin that
supports the flawless regularity of all the final compounds
synthesized (see inset in Figure 1).

The 'H NMR spectrum of dendrimer 5 shows only one set
of resonances (see Supporting Information). The sharp singlets
at 0 ~ 9.1, 88, and 8.2, corresponding to the different
isophthalic spacers, and at 0 &~ 5.4, assigned to the methylene
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Figure 1. Comparison of absorption spectra of dendrimers 1, 2, 5, 9, and
12, i.e. from the zeroth to fourth generation (CHCI3, 298 K). The inset
shows the plot of number of exXTTF units in dendrimers vs absorbance at
365 and 434 nm.
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Figure 2. MALDI-TOF (ditranol) mass spectrum of dendrimer 5. The inset
shows the formation of oligomers up to the nonamer in the gas phase.

bridges that connect the peripheral exTTF fragments to the
dendritic core, clearly support the regularity and C;, symmetry
of dendrimer 5. In the case of 9, the large number of exTTF
units in the exterior of the dendrimer not only produces the
broadening of the 'H NMR resonances but also results in
the presence of as many as five singlets of different intensity in
the range 9—8 ppm. These findings suggest that the large size
of each dendron wedge results in a significant loss of symmetry,
and thus to the unisochronous behavior for these protons (see
Supporting Information).

Despite dendrimer 12 showing limited solubility (<0.2 mM)
in most common organic solvents, we were able to register its
"H and '>C NMR spectra (DMSO-ds, 343 K). The 'H spectrum
shows broad signals which follow the same pattern observed
for its lower generation congener 9.

Self-Assembly. The characterization of dendrimer 5 by
MALDI-TOF mass spectrometry, using dithranol as matrix,
allows the observation of the molecular ion peak corresponding
to the isolated dendrimer (m/z = 3057) (Figure 2 and Figure
S-1). We also observed ion peaks up to the nonamer (m/z =
27 513) indicative of the self-assembly of dendrimer 5 into large

aggregates in the gas phase. Although the possibility of
intramolecular 77— interactions among the exTTF units of
analogue dendrimers has been previously mentioned,” to the
best of our knowledge, this is the first example of intermolecular
aggregation of exTTF-based systems to form supramolecular
dendritic aggregates in which the binding motifs are the sum
of numerous w—sm aromatic interactions between the exTTF
units, despite their butterfly-like shape highly distorted from
planarity.”’ The MALDI-TOF mass spectrum of compound 9
showed, in addition to the molecular peak of the isolated
dendrimer (m/z = 6398), another peak at m/z = 12796,
corresponding to the dimer and broad signals centered at m/z
values around 18 000 and 21000 which match with the
formation of large supramolecular clusters of dendrimers (Figure
S-2).

Evidence of the self-assembly of exTTF-based dendrimers
in solution has been achieved by concentration dependent (CD)
and variable temperature (VT) "H NMR experiments performed
in 0.3—10 mM solutions of G2 and G3 dendrimers in CDCls.
As in the previous supramolecular architectures reported by our
research group as well as in previous studies performed for
related supramolecular ensembles,?>?” in the CD-'H NMR
experiments the increase in the concentration results in the slight
downfield shift and broadening of most resonances (Figure 3a
and S-3a). Regarding the VT-'H NMR experiments, those
spectra registered at 298 K or above show the presence of sharp
resonances which is diagnostic of a low self-assembly degree.
The trend observed—upfield shift of aromatic signals together
with the shield to low fields experimented by the 1,3-dithiole
rings—agrees with the interaction of the anthracene-like units
to form the aggregates of dendrimers (Figure 3b and S-3b).
Besides these shifts, all the "H NMR signals experience a slight
broadening as temperature decreases. Although this is generally
regarded as indicative of self-assembly, taking into account the
high molecular weight of our dendrimers, it is difficult to assess
whether this broadening is due to the formation of noncovalent
architectures or simply the slow down of the relaxation kinetics.

Several attempts to obtain an accurate MALDI-TOF spectrum
of 12 have resulted in the observation of a big lump at around
13 000 units of atomic mass indicative of the presence of the
proposed structure (see Figure S-4). Unfornutalely, the low
solubility of G4 dendrimer 12 has also prevented the investiga-
tion of its self-assembly process to form aggregates by variable
concentration '"H NMR spectroscopy.

A definitive proof for the self-assembly of dendrimers 5, 9,
and 12 in solution was obtained by dynamic light scattering in
chloroform (Figure 4). These measurements showed a narrow
distribution of aggregates with calculated hydrodynamic radii
(Rn) that ranges from ~30 nm for second generation 5 to ~60
nm for third generation 12 and to ~120 nm for fourth generation
12. These values for Ry indicate the aggregation in solution of
around 10 molecules of 5, 12 of 9, and 20 of 12, respectively.

The formation of large clusters of dendrimers on the surface
has been visualized by atomic force microscopy (AFM) on mica.
Figure 5 shows the aggregates of dendrimers 5, 9, and 12 after
dropcasting (sub)micromolar solutions of these compounds in
chloroform. The adsorption of all dendrimers reported, from
G2 to G4, results in the formation of semispherical objects with
different diameters and heights depending on the generation.
For the case of §, the particles present an average diameter of

(27) Haino, T.; Matsumoto, Y.; Fukazawa, Y. | 2005,
127, 8936-8937.

J. AM. CHEM. SOC. = VOL. 130, NO. 32, 2008 10677


http://pubs.acs.org/action/showImage?doi=10.1021/ja8018498&iName=master.img-001.jpg&w=239&h=162
http://pubs.acs.org/action/showImage?doi=10.1021/ja8018498&iName=master.img-002.png&w=239&h=202

ARTICLES

Fernandez et al.

95 90 85 80 75 70 65 60 55 50 _ppm

a) .
k 5 "L_._JKWA. 0.3 mM
L._,.LA.J LM . 06mM
.___Jk -1 AM» ) WP
»_JL_,JL_,,JW NV ;_JL 2.5mM
L f} ’}L~ L___ﬂ\__ 5mM
e U .

b)
_L_L_J — 328
S - . 318
__,L_L_,\_._J - 308
l L__L 298
A L " A 288
A ,k_ A L._.__JLQ 278
i ‘M\ A 268
ok | - h . 258
_L}\WJL_J \"'LJL 248
__J\*_J__JK_J M’\\\[ 238
- - /MM__% 228
O N Y S o
9‘5 9‘0 8]5 8‘0 7‘5 7’0 6I5 SID 5‘5 5I0 D

Figure 3. Partial "H NMR spectra (CDCl3, 300 MHz) of 5 at different concentrations at 298 K (a) and at variable temperature (b) showing the aromatic

region, the 1,3-dithiole rings, and the exTTF methylenes.

1.0 | 4
] |\ | 9
sk “ H —12
5
5 0.6
(7
e
E 04
0.2
1
|
0-0 1' LA | ] "'"”|1' ":"'I'! I AL LA L | LA ALLL | LR AR LS LL |
10 1° 10 102 10° 1 108 1d|
B inm

Figure 4. Normalized distribution of hydrodynamic radii (Ry) of aggregates
of 5,9, and 12 (CHCl3, 2.0 x 107* M, 298 K).

~170 nm. G3 dendrimer 9 forms a larger number of clusters
than that observed for § (Figure 5b), and unlike G2, the average
diameter is lower with values of ~130 nm. As expected, the
associates formed on surface are larger than those found in
solution by DLS.

A further proof for the self-assembly of third generation
dendrimer 9 has been obtained by the scanning electron
microscopy (SEM) images (Figure S-5). The SEM images of
compound 9 show a pseudoglobular shape for the self-assembled
particles with diameters larger than 100 nm. These values are
in good accordance with those previously obtained by AFM.

The low concentration required for AFM imaging has allowed
us to visualize the formation of G4-based clusters (Figure 5c).
These objects show lower diameter sizes than those of its lower
generation congeners (90 nm). The decrease in size of the
associates on a solid support with increasing generation is most
likely a direct consequence of the decrease in solubility from 5
to 9 to 12, which accelerates precipitation. In fact, the size of
the clusters formed by 12 on mica is nearly identical to that
found in solution.

The height profiles of the clusters shed values of ap-
proximately 15 nm for 5 and 9, whereas for 12 this value is
around 10 nm. The poor availability of all peripheral exTTF
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units to interact with other units of different congeners, most
probably due to its highly distorted geometry, could justify the
size features, regarding the diameter and height of the clusters,
observed for 12. The height values obtained for all the
compounds studied are indicative of the stacking of a number
of dendrimeric units (Figure 5d—f). With regards to the three-
dimensional AFM images (Figure 5g—1i), in all cases, disk-like
shapes are observed for the resulting clusters instead of the
expected more globular ones predicted by theoretical calcula-
tions (see Figure S-6).%® This change in geometry, due to the
flattening and distortion effects undergone by a number of
dendrimers in contact with surfaces of different nature, is a well-
documented phenomenon.*

All the above experimental evidence supports the self-
assembly of the dendrimers reported herein by a combination
of aromatic ;7—s aromatic stacking interactions and van der
Waals forces.

Peripheral Multiencapsulation of Cg. A challenging task for
the systems presented in this work is the formation of supramo-
lecular arrays of donor and acceptor units with the long-term
goal of preparing suitable complementary electroactive candi-
dates for the fabrication of optoelectronic devices.** With this
objective in mind, we have taken advantage of the ability of
our in-house tweezer receptor (Gl dendrimer, 2) to complex
Ce0,>** and we have investigated the peripheral binding of
[60]fullerene by dendrimers 5, 9, and 12.

The ability of 5 to host Cg has been evaluated by UV—vis
titration in chlorobenzene as solvent.® Figure 6 depicts the
changes observed in the electronic spectrum of 5, 9, and 12
(6.1 x 107° M, 298 K) upon addition of growing amounts of
a Cgp solution (4.2 x 1073 M, 298 K) in chlorobenzene. As in

(28) HyperChem, release 7.51; HyperCube Inc.: Gainesville, FL, 2002.

(29) (a) Hermans, T. M.; Broeren, M. A. C.; Gomopoulos, N.; Smeijers,
A. F.; Mezari, B.; Van Leeuwen, E. N. M.; Vos, M. R. J.; Magusin,
P. C. M. M.; Hilbers, P. A. J.; Van Genderen, M. H. P.; Sommerdijk,
N. A. J. M,; Fytas, G.; Meijer, E. W. jnuniinmsiay 2007, /29,
15631-15638. (b) Tsukruk, V. V.; Rinderspacher, F.; Bliznyuk, V. N.
ey 1997, 13, 2171-2176. (c) Li, J.; Swanson, D. R.; Qin, D;
Brothers, H. M.; Piehler, L. T.; Tomalia, D.; Meier, D. J. Lgggddt
2000, /5, 7347-7350.

(30) UV—uvis titration of the first generation dendrimer 2 in chlorobenzene
has proven the ability of this receptor to act as a tweezer-like host
binding one Cgy molecule. See ref 23a.
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Figure 5. AFM images (tapping mode, air, 298 K) of dropcast of chloroform solutions of 5 (a), 9 (b), and 12 (c) on mica. (d—f) Height profiles along the
red lines depicted in the corresponding figures for dendrimers 5, 9, and 12, respectively. (g—1i) Images illustrating the disk-like geometry observed for all the

dendrimers.

our previous studies,”® the decrease in the intensity of the
maximum at A = 437 nm is accompanied by the apparition of
a new band—diagnostic of a charge transfer interaction—at A
= 483 nm that increases in intensity at higher Cg( concentration.
The lack of an isosbestic point during this titration experiment
points to the coexistance of 5+Cgy complexes of several different
stoichiometries.

Interestingly, this binding process occurs in a positive
cooperative manner as it has been demonstrated by plotting the
absorption changes at A = 437 nm against the concentration of
Ceo. The obtained binding isotherm is sigmoidal in shape with
a good fitting (R* = 0.998) to the Hill equation.®' The calculated
values for the apparent binding constant (K,pp) and for the Hill
coefficient are (2238 & 33) M~ ! and 2.6 & 0.1, respectively.
The tweezer-like behavior of all the three dendron wedges
constitutive of 5 together with the Hill coefficient (the upper
limit should be 3) suggests the complexation of three Cgp
molecules per dendrimer via a highly cooperative mechanism.**>>
Several attempts to further confirm that stoichiometry have been
carried out by means of Job’s plots at different concentrations

(31) The applicability of the Hill equation to small molecule self-assembling
systems has recently been under discussion. In a careful analysis, G.
Ercolani (Ercolani, G. 2003, 125, 16097-16103) has
argued in favor of the use of the Hill equation only for intermolecular
binding of monovalent ligands to a multivalent receptor. Our proposed
binding mode fits with this case, since the binding of Cg always occurs
intermolecularly

(32) Although it is often considered a direct indication of the number of
available binding sites on the receptor, the Hill coefficient is best
thought of as an interaction coefficient reflecting the extent of
cooperativity, with a maximum value equal to the number of binding
sites (see: Connors, K. A. Binding Constants; John Wiley & Sons:
New York, 1987).

(107> to 10™* M). The complex results obtained for these
experiments suggest the presence of complexes of different
stoichiometric ratios most likely due to the need of disrupting
the dendrimer-based aggregates prior to the complexation of
Ceo which prevents the unambiguous determination of the final
complex stoichiometry.

UV —vis titration experiments carried out with 9 and 12 show
similar features to those observed for 5, that is, the depletion
of the maximum at A = 437 nm and the increase of the charge-
transfer band at ~487 nm (Figure 6). The analysis of the
complexation process of these high generation dendrimers with
Cepo gives rise to sigmoidal isotherms for both 9 and 12 with
apparent association constants of (3085 & 33) and (2137 £ 21)
M, respectively. The calculated Hill coefficient is 2.7 # 0.1
for 9 and 3.4 £ 0.1 for 12, which indicates a similar degree of
cooperativity in the binding events. Most probably, the coopera-
tive effect arises from the need to disassemble the dendrimers
prior to complexation of Ceo.

The complexation of Cgg by 5 and 9 has been corroborated
by 'H NMR studies (Figure S-7). The shifting pattern observed
for first generation dendrimer 2 and other related exTTF-based
receptors upon complexation of [60]fullerene is also seen in
these NMR studies.?® Thus, the aromatic resonances experience
an upfield shift, and at the same time, those corresponding to
the 1,3-dithiole rings slightly shift downfield. The former
behavior is justified by considering the binding of Cey based
on the aromatic size of the exTTF moieties, and the latter is
indicative of the charge transfer process—observed in the
UV—vis experiments as well—undergone between the electroni-
cally complementary host and guest.
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Figure 6. Absorption spectral changes of dendrimers 5 (chlorobenzene,
298 K, 6.1 x 107> M) (a), 9 (chlorobenzene, 298 K, 1.3 x 107> M) (b),
and 12 (chlorobenzene, 298 K, 2.2 x 10> M) (c) upon addition of fullerene
(chlorobenzene, 298 K, 4.1 x 1073 M). The absorption spectra of fullerene
have been subtracted. The inset shows the fit of AAbs (437 nm) to the Hill
equation.

Redox Properties. The dense electron-rich periphery of
dendrimers 5, 9, and 12 could result in a multielectron oxidation
process in which n identical exTTF moieties, which are able to
donate two electrons each, gives rise to a single wave involving
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Table 1. Redox Potentials and Diffusion Coefficients of
Compounds 1, 2, and the New Dendrimers (5, 9, and 12)

compd E'\2 0P (cm? s77)
1 +0.25 8.87 x 10°°
2 +0.22 5.28 x 107
5 +0.27 (+0.15)¢ 2.81 x 107
9 +0.27 (+0.14)¢ 1.44 x 107°
12 +0.32 (+0.14)¢ 0.44 x 107

“ Experimental conditions: V vs Ag/AgNOs, oDCB/CH3CN (4:1) as
solvent, GCE as working electrode, Pt as counter electrode, BusNCIO4
(0.1 M) as supporting electrolyte; scan rate 50 mV s~ '. * Experimental
conditions: V vs Ag/AgNOs3, oDCB/CH3CN (4:1) as solvent, GCE as
working electrode, Pt as counter electrode, BusNCIO4 (0.1 M) as
supporting electrolyte; step potential 0.7 V. € Associated to an

adsorption process.

s

12 (G4)
——9(G3)
———5(G2)
——2(G1)
——1(G0)

1.0 0.5 0.0 -0.5 -1.0 -1.5

E(VysAQ/AQ)

Figure 7. Cyclic voltammograms of the dendrimers reported from the
zeroth to fourth generation. All the measurements have been carried out in
oDCB/MeCN (4:1), 298 K, at total concentration ~0.125 mM of electro-
active species, utilizing BusNCIO4 (0.1 M) as supporting electrolyte, a glassy
carbon as working electrode, and at 50 mV/s as scan rate.

2 x n electrons (this is the case for 1 and 2) or, alternatively,
the coulombic repulsion among the cations produced by the
sequential oxidation of these units could lead to separated waves
with close oxidation potentials.

The redox behavior of all the dendrimers, from the zeroth to
fourth generation, has been investigated by cyclic voltammetry
in oDCB/MeCN (4/1) as solvent and is shown in Table 1 and
Figure 7. Whereas compounds 1 and 2 present only one
oxidation wave, dendrimer 5 shows two broad oxidation waves
as a consequence of either the mentioned coulombic repulsion
among the peripheral exXTTF units or, most probably, a weak
adsorption phenomenon of the substrate on the electrode surface
(see below). In all cases, the oxidation process is electrochemi-
cally irreversible, and the reduction of the positively charged
species appears at different potential values depending on the
generation. The same trend is also observed for dendrimers 9
and 12 (see Table 1).

The potential application of dendrimers in different research
fields like catalysis® or drug realease’ requires the study of the
diffusion of these large monodisperse molecules in solution.
Different electrochemical techniques can be utilized to measure
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Figure 8. Cyclic voltammograms of 2 (a) and 12 (c) (~0.125 mM) at different scan rates. The inset in (a) and (c) show the plot of the current
intensity against the square root of the scan rate for 2 and 12, respectively. Linearized current—time plots obtained from the chronoamperograms of
2 (b) and 12 (d and inset) at different concentrations and at potential step of 0.7 V. The inset in (b) shows the slope of the straight lines vs the
concentration of 2. All the measurements have been carried out in o-DCB/MeCN (4:1), 298 K, BusNCIO4 (0.1 M) as supporting electrolyte and a

glassy carbon as working electrode.

the diffusion coefficient (D) of redox-active dendrimers.>
Herein, we have used cyclic voltammetry and chronoamper-
ommetry techniques for the determination of the diffusion
coefficient of the dendrimers, from the zeroth to fourth genera-
tion. For compounds 1 and 2, the oxidation currents increase
linearly with the square root of the sweep rate (Figure 8a and
Figures S-8 and S-9) which implies that the electrochemical
process is controlled by diffusion. Nonetheless, for compounds
5,9, and 12 (Figure 8c) the current intensity is only linearly
proportional to the square root of the scan rate at low values of
this parameter, whereas at high values of the scan rate the current
intensity becomes directly proportional to the scan rate. These
findings can be justified by considering a weak adsorption of
the substrates on the surface of the electrode and could account
for the oxidation postwave observed in the cyclic voltammo-
grams (Figure 8c).**

To determine the diffusion coefficient, we have performed a
series of chronoamperometric measurements in solutions of dif-
ferent concentrations (Table 1). In all cases, the electrode potential
has been fixed at 0.7 V. From these experiments and by using the
Cottrell equation (eq 1)—where n is the number of electrons, A is

(33) Golsmith, J. I.; Takada, K.; Abruna, H. D. J. Phys Chem. B 2002,
106, 8505-8513.

(34) Electrochemical Methods. Fundamentals and Applications; Bard, A. J.,
Faulkner, L. R., Eds.; John Wiley & Sons: 2001.

the surface area of the working electrode, and C is the concentration
of the substrate (in mol cm >)—we can deduce the diffusion

coefficient.>*
= nFAC\/g )

For the case of exTTF (1), the linearized current—time
transients result in straight lines for all the concentration range
used (0.06 mM to 1 mM) (Figure S-8). The slopes of those
straight lines were plotted versus the concentration of 1, and
the combined use of the slope and the Cottrell equation leads
to a diffusion coefficient value of 8.8 x 107° cm” s™' (Table
1).*> A similar chronoamperometric analysis for the tweezer 2
shed straight lines for the concentration values ranging from
0.06 to 0.25 mM (Figure 8b) and a calculated value of 5.28 x
107 cm? s~ ! for D (Table 1). However, at 0.5 and 1 mM the
Cottrell plot leads to curved lines that could be justified by
considering the adsorption and/or the self-aggregation processes.

The chronoamperograms of higher generation dendrimers 5
and 9 provided similar results. As shown in Figure S-9, at low
concentration values (0.06 and 0.125 mM) one can observe
straight lines in the linearized current—time plots, whereas at
higher concentration curved Cottrell plots appear (Figure S-9).

(35) To the best of our knowledge, this is the first value reported for the
diffusion coefficient for the well-known exTTF 1.
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Figure 9. Cyclic voltammograms of Cep (a), 5 (f), and the successive
additions of 1 (b), 2 (¢), 3 (d), and 4 equiv (e) of fullerene (b—e). All
the measurements have been carried out in oDCB/MeCN (4:1), 298 K,
at total concentration of 5 of ~0.125 mM, utilizing BusNCIO4 (0.1 M)
as supporting electrolyte, 50 mV/s as scan rate, and a glassy carbon as
working electrode.

Solubility issues have prevented the registration of the chro-
noamperograms of 12 at concentrations higher than 0.125 mM
(Figure 8d). However, the chronoamperograms of 12 at 0.06
and 0.125 mM show a similar trend to that observed for 5 and
9 at these concentration values. In these three cases, we have
used the 7 vs £ 2 plots at 0.125 mM to attain values for the
diffusion coefficient of 2.81 x 107°%, 1.44 x 107°, and 0.44 x
10 cm? s~ ! for 5, 9, and 12 at 0.125 mM, respectively. As
expected, the magnitude of D decreases with increasing den-
drimer size (Table 1).%¢

Finally, we have investigated the effect that the peripheral
complexation of 5 and 9 with Cg has on their redox properties,
and those of Cg, by cyclic voltammetry in oDCB/MeCN (4/1)
as solvent (Figure 9 and Figure S-10). The sequential addition
of up to 3 equiv of Cgp to a 0.125 mM solution of 5 results in
the progressive broadening and a cathodic shift of the reduction
waves corresponding to the fullerene. This effect is justified by
considering the electron-rich environment close to the com-
plexed Cgo guests which makes its reduction process more
energetic. The addition of a fourth equivalent of Cgp results in
sharper and more intense reduction waves at potential values
close to that of the free fullerene. A plausible explanation for
these findings can be that upon complexation of up to three Cq
molecules per molecule of 5 the excess of fullerene, which has
a higher D value,®” masks those waves corresponding to the
final complex.®® A similar trend has been observed for 9 upon
addition of more than 6 equiv of Cg. These experiments can

(36) For the sake of comparison we have determined D by pulse-field-
gradient spin-echo NMR (PFGSE-NMR). The values obtained for 2,
5, and 9 are 3.05 x107°, 1.74 x 107°, and 1.32 x 107° cm? s™!,
respectively. Unfortunately, the behavior of 12 under PFGSE-NMR
conditions was found to be irregular which prevented the determination
of D in this case.

(37) The diffusion coefficient of Cgy has been calculated to be 14 x 107°
cm? s~ '; see: Hishida, Y.; Nishi, M.; Baba, Y.; Tkeuchi, H. duglmdai
2006, 22, 931-935.
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be considered as an indirect proof of the stoichiometry of the
fullerene dendrimer complexes.

Conclusions

The convergent synthesis of a set of dendrimers, up to the
fourth generation, decorated in their periphery with exTTF
moieties, which are well-known for their electron-donor
features, is reported. Despite the butterfly-like geometry of
the exTTF units, all the dendrimers have been demonstrated
to self-assemble into clusters of several dendritic units. The
self-aggregation process is clearly supported, in the gas phase,
by MALDI-TOF and, in solution, by variable temperature
and concentration 'H NMR experiments, respectively. Con-
clusive evidence for the self-assembly of dendrimers in
solution has been obtained from DLS measurements, which
reveal a relatively narrow distribution of aggregates and
hydrodynamic radii ranging from ~30 nm for 5 (G2) to ~120
nm for 12 (G4). The self-assembly in the solid state was
examined by AFM and SEM imaging. Typical AFM images
show disk-like superstructures with height profiles of 15 nm
for 5 and 9 and of 10 nm for 12. On the surface, the trend in
the diameters of the particles observed is opposed to that
found in solution, increasing from 12 (100 nm) to 9 (130
nm) to 5 (170 nm), which is accounted for by the decrease
in solubility with increasing generation, which promotes rapid
precipitation and prevents further association of the higher
generation dendrimers.

We have also investigated the self-diffusion of the
molecules described by electrochemical methods. The dif-
fusion coefficient, not only for the new dendrimers reported
herein but also for the previously reported exTTF (1) and
tweezer 2, has been calculated from their chronoamperograms
at different concentrations by means of the Cottrell equation.
The calculated values for D were determined to be 8.8 x
107°,5.28 x 107°, 2.81 x 107°% 1.44 x 107, and 0.44 x
10°° cm? s~ for 1, 2, 5, 9, and 12, respectively, thus
demonstrating the decrease of this magnitude with increasing
dendrimer size.

The geometrical and electronic complementarity of the
peripheral exTTF units with the electron acceptor [60]fullerene
allows dendrimers 5, 9, and 12 to host multiple Cgg units, which
could give rise to well-ordered donor—acceptor materials for
the preparation of optoelectronic devices. The complexation
process of Cgp occurs in a positive homotropic cooperative
manner as demonstrated by UV—vis titration experiments. The
effect that complexation of Cgg by 5 and 9 has on the redox
properties of the parent compounds has also been explored by
cyclic voltammetry. The successive addition of a number of
equivalents of Cgp to solutions of the dendrimers results in a
broadening and a cathodic shift of the typical reduction waves
of C60~

We now plan to investigate the potential use of the
donor—acceptor clusters in the preparation of optoelectronic
devices like photovoltaic cells in which the order in the solid
state is a key aspect to obtain improved morphologies in the
search for higher energy conversion efficiencies.
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