JIAIC[S

COMMUNICATIONS

Published on Web 03/16/2004

Redox-Active Star Molecules Incorporating the 4-Benzoylpyridinium Cation:
Implications for the Charge Transfer Efficiency along Branches vs Across the
Perimeter in Dendrimers

Nicholas Leventis,* Jinhua Yang,* Eve F. Fabrizio,® Abdel-Monem M. Rawashdeh,*
Woon Su Oh,* and Chariklia Sotiriou-Leventis**
NASA Glenn Research Center, 21000 Brookpark Road M.S. 49-del@hel, Ohio 44135, Department of Chemistry,
University of Missouri-Rolla, Rolla, Missouri 65409, and Ohio Aerospace Institute, 22800 Cedar Point Road,
Cleveland, Ohio 44142

Received October 13, 2003; E-mail: Nicholas.Leventis@nasa.gov; cslevent@umr.edu

Dendrimers are self-repeating globular branched star molecules, 20
whose fractal structure continues to fascinate, challenge, and
inspire! Functional dendrimers may incorporate redox centers, and
potential applications include antennae molecules for light harvest- 10|
ing, sensors, mediators, and artificial biomolecules. Dendrimers with
a redox core show no significant inhibitidbut also shielding (by
the branches8)and orientation effects (in asymmetric dendrimers)
upon the rate of heterogeneous electron trarfdbendrimers with
redox centers in the branches are also well-known. Using thin-
layer-cell electrochemistry, all 21 tetrathiafulvalenes embedded in
the branches of a third-generation dendrimer are electrochemically (I e ¢
accessible leading to a 42cation® Using pulse radiolysis, Fox A5
reported fast electron transfer (e-transfer) between peripheral o
biphenyls (donors) and a core acceptor (a Ru(ll)-comglep X6 4 A2z 10 08 06 w4 02 00 0z 04
the other hand, Crooks has reported incomplete electrolysis of amido Potential (V) vs. Ag/AgCl
amine dendrimers with a viologen functionalized perimétghjle Figure 1. CV at 0.1 V s? of 1 (1.10 mM) in Ar-degassed DMF/0.1 M
Amatore and Abriia using ultrafast voltammetry have reported fast TBAP containing 1.44 mM of dMeFc as internal standard, using a Au disk
e-ransfe, despite the 2-nm separation flom one another, amongf X% 0.6 T T dameten, (et 1, Same solutcr anencl
the 64 Ru-complexes in the perimeter of a fourth-generation g1, sv2(mv)-22 Rz = 0.999. For dMeFc: slope 0.629-+ 0.00; uA
dendrimer adsorbed on a microelectrédke fast charge propaga-  s2 (mv)~Y2 R? = 1.0. (Inset B): DPV's oft/dMeFc (—; 1.02/1.59 mM)
tion was attributed to the branch flexibility. and of the free base df-FB/dMeFc ¢-+; 0.98/1.78 mM).

On the basis of those reports, e-transfer across the perimeter of
dendrimers should depend on their rigidity, but it is unclear whether and infer how easily charge randomizes across the perimeter of a
it would be more or less efficient than e-transfer along the branches. relatively small, rigid redox star-system. Thugwas assessed both
As these questions have important implications for molecular ata semi-infinite time scale (by bulk electrolysis) and at the cyclic
design, they were investigated with star systemsl, serving as voltammetric (CV) time scale of 0.6210 V s’ Next, the
models of first- and second-generation redox dendrimers. Cationsvoltammetry of2—4 was used to assess whether within the same
time scale redox centers within the branches are as accessible as
redox centers across the perimeter.

Figure 1 shows the redox processed afersus decamethylfer-
rocene (dMeFc: internal standafd).One-electron-like waves
indicate that redox units behave independently of one anéther.
Bulk electrolysis ofL at —0.85 V vs Ag/AgCl afforda; = 3.01+
0.03. The linearity of the RandlesSevcik plot in inset A shows
that the number of redox centers reduced remains unchanged in
the time scale of 0.0210 V st Within this time-scalen; was
determined first by comparing the ratio of the slopes of the
Randles-Sevcik plots ofl and dMeFc with the limiting current
ratio obtained in the same solution with an ultramicroelectreds)(
um diam)2 Thus,n; = 2.08+ 0.01. Alternatively, the diffusion
coefficientsD; = 9.48+ 0.05 106 cm? s~ andDgyere = 2.51+
1—4 incorporate 4-benzoyW-alkylpyridinium (BP)? whose redox 0.03 10° cn? st were determined by an HPLC method (see
potential (a) varies along the branches and (b) remains constant aSupporting Information) and their values were introduced directly
fixed radius. Our strategy was to measure the number of electrons,in the slope ratio of the RandleSevcik plots. Thusp; = 2.02+
ny, exchanged betweenand the electrode at different time-scales, 0.07. The two values af; are comparable. Meanwhile, differential

- pulse voltammetry (DPV) allows baseline separation of the two

im\slg‘rgt')‘fg’f‘ fresearch Center. reduction waves ot (solid line, Figure 1, inset B), and by fitting

8 Ohio Aerospace Institute. the nonlinear expression fodCurrent)yay,*? it is calculated from
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r—TTTF b) and thatng-internal= 1.46 + 0.06 (from wave c). Thus, the

r X number of accessible redox centers within the branches is about
1 equal to the number of accessible redox centers across the perimeter.
Given the large separation between the external and internal BP
groups (1.6 nm from G=0 to C=0), through-bond e-transfer is
expected to be slow. Tunneling through the branches must be also
ruled outé Electron hopping from the perimeter to the center is
thermodynamically unfavorable as reduced external redox centers
(—NO; and pyridinium) do not have the power to reduce the internal
carbonyl. On the other hand, the(CH,)s— spacers along the
branches may coil up, bringing the internal redox centers closer to
' | the perimeter. This hypothesis is supported by the UV spectrum of
B. the core, which is independent of the concentration but is affected
by the substituents along the perimeter. Thus Athg values ofl
and 3 are at 334 and 324 nm, respectively, corresponding to a
1 stabilization by 2.1 kcal mol, which is consistent witht—x
interactions between the external BP groups and the 'édre.
summary, the rigidity ofL provides a complementary view of the
fact that fast e-transfer along the perimeter of edseanch systems
. requires flexible branchésFrom a practical viewpoint, redox
8 A5 10 05 00 equivalents emerging from the core of a rigid light-harvesting

P S i it okt system would be localized at the tips of the branches they emerge
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.5 -1.0 -05 0.0 05 from, creating issues of efficient bimolecular e-transfer to redox
Potential (V) vs. Ag/AgCl quenchers in their immediate environment. Flexible branches may
Figure 2. (A) CV of 2/dMeFc ¢-+; 1.10/1.44 mM) an@/dMeFc ¢; 0.95/ not only facilitate e-transfer along the perimeter but may also fold,

1.56 mM) under the same conditions as in Figure 1. (Inset): DPVs of S -
2idMeFc (0.96/2.70 mM) and od/dMeFc (0.98/1.84 mM). (B) DPV of rendering internal redox centers more accessible.
4/dMeFc (0.87/1.02 mM). (Inset): Corresponding CV (0.1 'W)s Acknowledgment. We thank the NASA Glenn Research Center
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the first wave ofl thatn; = 1.81 £ 0.01. Assuming that the
diffusion coefficient of the first-wave reduction product is 0«7
D,, i.e., that the ratio of the diffusion coefficients bfand 1@+
is equal to the ratio of the diffusion coefficients of BP and its 1-€ Reaferences
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Figure 2 summarizes the redox chemistry2ef4. The overlap- (9) (a) Leventis, N.; Zhang, G.; Rawashdeh, A.-M. M.; Sotiriou-Leventis, C.

i ; i i Electrochim. Acta2003 48, 2799-2806. (b) Leventis, N.; Rawashdeh,

ping waves of Figure 2A |mpl.y that both externalland internal redox A-M. M.. Zhang, G.. Elder. I. A.: Sofifiou-Leventis. Q. Org. Chem.
centers o2 and3 are accessibl¥.Bulk electrolysis of3 at —0.95 2002 67, 75017510.

V vs Ag/AgC| affordsn; = 5.9+ 0.1. To determine how many (10) Leventis, N.; Oh, W.-S.; Gao, X.; Rawashdeh, A.-M. Ahal. Chem.
q s within . Eranch ble withi " i 2003 75, 4996-5005. _
redox centers within a branch are accessibleé within a voltammetriC (11) The peak-current potential separationg ) are 68+ 5, 78+ 5, and

time scale, it was necessary to resolve two redox waves, one as- g(l\)/liFS mV for the first- a}nd second-reduction waves of BP and for the
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- i i i ; (13) Experimentally, the second redox wave of 4-ben2dyhethylpyridinium
two BP-based reductions (wave b, Figure 2B), and while the first cation is 0.8% the first onel* Looking up that ratio in Table 3 of ref

reduction waves of the external and internal pyridinium groups 14a, itis deduced that the diffusion coefficient of the 1-e reduced form is
overlap (wave a, Figure 2B), upon further reduction thRO ~0.7x the diffusion coefficient of the parent species.

P ( g ), up i 2 (14) (a) Leventis, N.: Gao, XJ. Phys. Chem. B999 103 5832-5840. (b)
group turns from a good electron acceptog o, = 0.78) to an Leventis, N.; Gao, XJ. Electroanal. Chem2001, 500, 78-94.
extremely strong electron donoty(no,~ = —0.97)? pushing (15) A similar analysis for the reduction of the carbonyl groups in the free

: ; u " b 1 (1-FB) (dotted line in Fi 1, inset B) yields g = 1.66+
negative the reduction wave of the “external” carbonyl groug of Oéos; %1_(FB :)1(.28f 0.3129 f&s '3,;‘129571 't?ysﬁpﬁg ')e a5

(wave d). Thus, the carbonyl-based reductions of the internal (wave (16) For the two waves oR, AEpp = 95 + 3 mV and 114+ 5 mV,

c) and external (wave d) redox centers are resolved. Using 'F‘?Sﬂfgt'z‘fl¥hggtus' their composite nature had to be confirmed by DPV:

9.244+ 0.01 10° cn? s7! (by HPLC) as an approximation of the (17 For comparison, the—x interaction energy in methylene blue, as reflected
true D;’s of the intermediate reduced forrsjt is calculated from in the absorption spectrum, is-4 kcal mol'. For example see:

. Rabinowitch, E.; Epstein, L. Fl. Am. Chem. S0d.941, 63, 69-78.
the DPV of Figure 2B than,-external= 1.38+ 0.06 (from wave J,Zolgg\glz; pstem m- Chem. Sod941
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