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rod/stack architectures on gold nanoparticles and gold electrodes
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The objective of this study was to evaluate the importance of oligomer effects for the assembly of functional rod/stack
architectures on solid substrates. The original approach to the ‘zipper assembly’ of functional rod/stack architectures
focused on p-quaterphenyl initiators and p-octiphenyl propagators with naphthalenediimides (NDIs) attached along their
scaffold. Here, we describe the synthesis and evaluation of ‘mini-zippers’ composed of the homologous biphenyl initiators
and p-quaterphenyl propagators. Whereas the synthesis of shorter oligomers is less demanding, their less efficient assembly
on gold nanoparticles and electrodes produces overall less convincing results. On gold nanoparticles, the increase in
absorption during the assembly of mini-zippers stops around notional m-stacks of six NDIs; original zippers provide access
to at least three times higher NDI absorption and notional mr-stacks of 30 NDIs before reaching saturation. On gold
electrodes, the increase in photocurrent per NDI with mini-zippers is 50% of that with original zippers. Moreover,
photocurrents of mini-zippers saturate at notional m-stacks of 40 NDIs, whereas original zippers can produce larger
photocurrents and notional w-stacks of 80 NDIs without reaching saturation. These results suggest that for functional
supramolecular rod/stack architectures, oligomer effects are essential and cannot be ignored.

Keywords: self-assembly; layer-by-layer assembly; photocurrent; artificial photosynthesis; length dependence; oligomer

effects

Introduction

The emergence of new characteristics when structural
motifs are repeated several times is a fundamental
phenomenon in chemistry and biology. Oligomer effects
contribute significantly not only to physical properties
such as colour or conductivity but also to the biological
functional systems that are obtained from DNA, proteins,
polysaccharides or lipids and their synthetic mimics.
In folding, self-assembly and molecular recognition,
oligomer effects often originate from multivalency,
where small energy gains from weak intra- or inter-
molecular interactions are repeated in an overadditive (i.e.
cooperative) manner to achieve significant impact (/—17).
Oligomer effects assure the existence of not only structures
as common as a-helices, 3-sheets or DNA duplexes but
also their many synthetic analogues and mimics (§—17).
Their functional relevance is ubiquitous and still continues
to surprise in more complex systems such as lipid bilayer
membranes (15, 17).

Rigid-rod molecules are a unique family of unfoldable
oligomers with backbone conformations that do not
depend on oligomer effects (/8). Their introduction as
privileged scaffolds of supramolecular multifunctional
architectures was of interest to exploit oligomer effects
for self-assembly and molecular recognition, translocation

and transformation without complications from length-
dependent conformational changes of the rigid-rod
scaffold itself (/9). With rigid-rod architectures, oligomer
effects have been reported for the self-assembly into
artificial B-barrels (7), the interaction with lipid bilayer
membranes (2—4) and the formation of proton channels
(3-5). In this report, we describe significant oligomer
effects for the zipper assembly of photoactive rigid-rod
architectures on solid substrates.

The zipper assembly has been introduced to contribute a
new approach towards supramolecular functional cascade
architectures with interdigitating intra- and inter-layer
recognition motifs on solid substrates (Figure 1; 6, 7). For
the envisioned rod/stack architectures such as Au-b-B-B, p-
oligophenyls (POPs; /-7, 18) were selected as rods and
naphthalenediimides (NDIs; 20—41) as stacks. NDIs (20)
were attractive because their frontier orbital energy
levels can be varied without global structural changes (6, 7,
21-29), and their planarity and w-acidity (30, 31) support
the formation of n-semiconducting (29, 32—-34) mr-stacks
(35—-41) next to the p-semiconducting POP rods (6, 7, 25—
27, 39). Access to such supramolecular cascade n/p-
heterojunctions would be of general interest to maximise
the efficiency of optoelectronic devices (7, 42, 43). The blue,
red fluorescent bNDIs with alkylamine core substituents
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Figure 1. The assembly of functional ‘mini-zippers’ such as Au-b—B—B—B—B from minimalist bipheny] initiators b and p-quaterphenyl

propagators B and B on gold (/eft) compared to the zipper assembly of the original functional ‘full-length’ rod/stack architectures such as
Au-b-B-B from p-quaterphenyl initiators b and p-octiphenyl propagators B and B (right). Neighbouring ‘zippers’ are coloured in grey for
clarity. All suprastructures are speculative representations and shown with the only intention to illustrate the concepts (cf. Figure 2).

used in this study are oxidisable and reducible, and they
exhibit ultrafast quantitative photoinduced charge separation
that lasts for 61 ps in monomeric B (25) and more than 1 nsin
Tr-stack architectures (27).

For the zipper assembly (6, 7), NDIs from neighbouring
POPs are designed to interdigitate and form face-to-face
m-stacks along the rigid-rod scaffolds. Intrastack hydro-
gen-bonded chains and interstack ion pairing should
further orient and stabilise the NDI stacks (6, 39).
The intralayer interdigitation of the NDIs should then be
complemented by interlayer interdigitation of the POP
scaffolds (I, 6, 7). To initiate this process, initiator b with
a disulphide at one terminus is linked to a gold surface
(Figure 1; 6). Binding of propagator B to the obtained
Au-b then occurs by m-stacking of the four anionic NDIs
of p-quaterphenyl b with four cationic NDIs from
p-octiphenyl B. The other four NDIs of double-length
p-octiphenyl B remain as ‘sticky ends’ at the surface of the
obtained Au-b-B to zip up with four cationic NDIs of the
anionic propagator B. The resulting anionic sticky ends of
zipper Au-b-B-B can zip up with four NDIs of cationic

propagator B to give Au-b-B-B-B, and so on. Confirmation
of the envisioned zipper architectures on the structural
level is very difficult, and the existence of alternative
or mixed assemblies cannot be excluded at this stage
(Figure 2). However, functional significance is readily
confirmed by increasing photocurrents with each new
zipper assembly, and the existence of sticky ends was
supported by the inhibition of zipper growth with
p-quaterphenyl terminators b (6).

This report focuses on the assembly of mini-zippers such
and p-quaterphenyl propagators (Figure 1). The objective
was to assess the importance of oligomer effects, which is the
constructive combination of cooperativity and multivalency
(I-17), for the assembly of photoactive rod/stack archi-
tectures such as Au-b-B-B from original p-quarterphenyl
initiators b and p-octiphenyl propagators B and B (6, 7). The
length dependence found provides experimental support for
the critical importance of oligomer effects for the creation of
supramolecular functional architectures (6, 7) such as
photosystem Au-b-B-B.
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Figure 2. Conceivable suprastructural motifs for Au-b-B-B
include not only (a) ‘zippers’ with inter- and intralayer
interdigitation by rods and stacks, but also (b) ‘horizontal’
alternatives without interdigitating rods and (c) less-ordered
layers without interdigitating rods and stacks.

Results and discussion

The three components b, B and B needed to study the
assembly of mini-zippers were synthesised following,
essentially, the procedure developed for the original
homologues b, B and B. The early steps of the synthesis of
the biphenyl initiator b from resorcinol 1 have been
reported (Scheme 1(a)) (6).

In brief, Williamson monoetherification with bromide 2
followed by regiospecific iodination, etherification with
bromide 3 and Pd-catalysed aromatic substitution with
pinacolborane gave boronate 4. Suzuki coupling with the
aryliodide 5 provided biphenyl 6. After hydrogenolytic
deprotection, the obtained amine 7 was coupled with HATU-
activated lipoic acid 8. Acid-catalysed deprotection of
biphenyl diester 9 gave diacid 10. The blue NDI 11 was
prepared applying the newly introduced, convenient, mild
and rapid route via direct bromination of dianhydride 12 with
dibromoisocyanuric acid (28). Diamide formation with
HATU-activated diacid 10 and amine 11 followed by acid-
catalysed hydrolysis of the tert-butyl esters in 13 gave
initiator b.

The early steps of the synthesis of the minimalist
p-quaterphenyl propagators B and B from biphenyl 14
followed the routine p-octiphenyl synthesis (Scheme 2; 44).
In brief, nucleophilic aromatic substitution with KI was
followed by BuLi-mediated replacement of one of the two
iodides with a proton. The oxidative Ullman coupling of the
resulting iodobiphenyls mediated by BuLi and CuCl, and
side-chain modification along the obtained p-quateranisol
with BBr3, bromoacetate 3 and TFA gave the p-quater-
phenyl 15 with carboxylic acids placed along the scaffold
(45). Reaction with NDI amine 11 followed by deprotection
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Scheme 1. (a) 1. 2, Cs,CO3, DMF, 18h, 40°C, 51%; 2. I,
AgOTf, CHCl3, 1.5h, rt, 47% (quant. conversion yield); 3. 3,
Cs,CO3, DMF, 1h, 60°C, 97%; 4. PdCl,(dppf), pinacolborane,
TEA, CH;CN, 1 h, 90°C, 87% (6, 7); (b) 5, PACl,(dppf), Na,CO3,
toluene—EtOH, 1h, 90°C, 70%; (c¢) H,, Pd-C (10%),
EtOAc/MeOH, 4h, rt; (d) 8, HATU, TEA, DMF, 15 min, rt,
65% (from 6); (e) TFA, CH,Cl,, rt, quant; (f) 1.
dibromoisocyanuric acid, oleum, 6h, rt (product mixture); 2.
alloc-ethylenediamine, H-Glu(s-Bu)-NH,, AcOH, 12h, 80°C,
two steps 12%; 3. i-PrNH,, 24h, rt, 60%; 4. PdCly(PPhjy),,
Bu3SnH, p-NO,-phenol, quant. (28); (g) HATU, di--Bu-
pyridine, TEA, DMEF, 2h, rt, 31% and (h) TFA, CH,Cl,, quant.

of p-quaterphenyl 16 gave the anionic propagator B,
reaction with NDI amine 17 followed by deprotection of 18
gave the cationic propagator B.

The assembly of mini-zippers was studied first on gold
nanoparticles. Freshly prepared citrate-stabilised gold
nanoparticles (d = 13 nm, Figure 3(a)) were coated with
biphenyl initiator b, following the procedure developed
previously for the original p-quaterphenyl initiator b
(Figure 3(b)).

The obtained anionic mini-Au-b was incubated with the
cationic propagators B in phosphate buffer, and the obtained
mini-Au-b—B was separated from unbound B by repeated
centrifugation (Figure 3(c)). The transformation of mini-
Au-b to mini-Au-b—B was supported by an increasing NDI
absorption around 630nm in absorption spectra.
The coinciding bathochromic shift of the surface plasmon
resonance (SPR) band near 520nm provided accurate
information for the increase in layer thickness during the
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Scheme 2. (a) 1. KI, 70%; 2. n-BuLi, 67%; 3. n-BuLi, CuCl,,
64%; 4. BBrs; 5. 3, Cs,COs3, DMF, 1h, 60°C; 6. TFA, CH,Cl,,
quant. (45); (b) 11, HATU, di-#-Bu-pyridine, TEA, DMF, 14 h, rt,
40%; (c) TFA, CH,Cl,, quant.; (d) 17, HATU, di-#-Bu-pyridine,
TEA, DMF, 14 h, rt, 35% and (e) TFA, CH,Cl,, quant.

transformation of mini-Au-b to mini-Au-b—B (46, 47). This
procedure was repeated several times with anionic
propagator B and cationic propagator B, and the changes
in the absorption spectra were recorded with regard to both
the NDI absorption (Figure 4, ®) and the bathochromic
effect of the SPR band (Figure 4, o). However, the changes
in absorption became increasingly less significant.
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Figure 3. Changes in absorption during the formal assembly of
mini-zipper Au-b—B—B—B (e) on gold nanoparticles compared
to the previously reported (6) Au-b-B-B-B-B-B (f) with a new
maximum around 600 nm (g). Intermediates: (a) Au; (b) Au-b; (c)
Au-b—B and (d) Au-b—B—B (all in 50% aqueous TFE, 100 mM
NaCl and 10 mM phosphate).
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Figure 4. Zipper assembly on gold nanoparticles. Increase in NDI
absorption AA at 630 nm (Y5, blue, squares) and bathochromism of
the SPR band from 520nm (Y}, red, circles) during the formal

compared to the previously reported (6) Au-b-B-B-B (empty
symbols), all in 50% aqueous TFE, 100 mM NaCl and 10 mM
phosphate. For the sake of comparison, the changes are given as a
function of the number of theoretical layers of NDI monomers (2 per
b, 4 per B, B and b and 8 per B and B). This is necessarily an
overestimate, with its extent reporting on the yield of the zipper
assembly. Each data point represents a new layer of assembly.

Saturation occurred around Au-b—B—B (Figure 3(d))
and Au-b—B—B-B (Figures 3(e) and 4, W and e). At
saturation with mini-zippers, the NDI absorption was still
clearly less intense than the SPR band (Figure 3(e)). With
original zippers, this saturation behaviour was reached
neither for NDI absorption (Figure 4, O) nor for SPR
bathochromism (Figure 4, O) (6). The maximal absorption
reached with mini-zipper Au-b—B—B—-B was at least
three times weaker than that accessible with original
zipper Au-b-B-B-B-B-B (Figure 3(f)). The maximal
absorption obtained with mini-zippers was insufficient
to detect the appearance of a hypsochromic maximum
around 600nm. Contrary to the situation with original
zippers (Figure 3(g)), this qualitative support for face-to-
face m-stacking (6, 25, 48) of the NDIs in the obtained
rod/stack architecture could not be secured for mini-
zippers. Although impossible to determine at this stage,
we assume that this occurs because of insufficient
absorption rather than lacking order. Attempts to improve
the assembly of mini-zippers on gold nanoparticles by
changing ionic strength and pH of the buffer failed.

Before saturation of the mini-zipper around eight
notional layers of NDI monomers, zipper growth was
independent of oligomer length (Figure 4). This result
underscored the central importance of oligomer effects to
assure supramolecular organisation over long distances,
whereas the organisation of thinner films is clearly less
demanding to control (vide infra).

The zipper assembly on gold electrodes was evaluated
next. Dipping of the electrode into a solution of biphenyl
initiator b in water (I mM sodium phosphate, pH 7) and
TFE (1:1) at room temperature caused complete inhibition
of electrochemical ferricyanide reduction within one week
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Figure 5. Change in photocurrent during the assembly of mini-

(conditions: 2, 3 (~10 uM) in TFE/H,O (0.5 mM Na,H;_, POy,
1 M NaCl, pH 7) 1:1, rt, 14 h; rinsed with H,O and EtOH).

of incubation. This result demonstrated that the cover-
age of the surface with anionic initiator b is sufficient to
hinder the ferricyanide to reach to the gold electrode.

Irradiation of the obtained Au-b electron acceptors in
the presence of triethanolamine as the sacrificial electron
donor and a Pt electrode as the cathode caused the
appearance of a small photocurrent (Figure 5, layer 1).
The assembly of mini-zippers by repeated dipping of Au-b
into first cationic and then anionic propagators B and B,
respectively, gave the expected increase in photocurrent
(Figures 5 and 6, O).

Highest photocurrent was observed for Au-b—B—B—

posed of 10 interdigitating p-POP layers. Beginning with

UNIEIIEIIEIIEIIEI
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Figure 6. Zipper assembly on gold electrodes. Dependence of the
relative photocurrent on the number of theoretical layers of NDI
compared to the original (6) zipper Au-b-B-B-B-B-B-B-B-B-B ().
The theoretical number of NDI monomers (2 per added layer of b, 4
per B, B and b, and 8 per B and B) is an overestimate, with not only
the yield of the zipper assembly but also other parameters including
supramolecular architecture accounting for the difference. Each
data point represents a single step of assembly. The linear curve fitis
added only to guide the eye, the last two data points of the mini-
zipper are not included.

layer 11, photocurrents started to decrease (Figure 6, O). This
‘post-saturation’ behaviour of mini-zippers (i.e. decreasing
photocurrent with increasing number of layers after a critical
film thickness) could originate from cooperative increase
in disorder with increasing zipper size at overcritical film
thickness. Such long-range disorder might induce the
disassembly of zipper components. Attractive alternative
explanations of zipper inactivation at overcritical film thick-
ness reach from reduced lifetime of photoinduced charge
separated states (27) to hindered electron transfer through
disordered NDI stacks. The individual importance of these
possible explanations of the decreasing photocurrents at
overcritical film thickness was not further investigated.
Similar ‘post-saturation’ decrease in photoactivity with
increasing number of layers has been reported previously for
the less-ordered architectures obtained by the traditional
layer-by-layer assembly of polyelectrolytes (49). Consistent
with the results from gold nanoparticles, the saturation and
‘post-saturation’ behaviour of photocurrents obtained by the
zipper assembly underscored the particular importance of
oligomer effects to assure the long-range supramolecular
organisation of films at overcritical thickness.

At the same number of around 40 NDIs theoretically
stacked on top of each other, the photocurrents obtained
with original zippers showed no sign of saturation or
decrease (Figure 6, ). Saturation was also not approached
with continuing assembly of original zippers up to double
size with theoretically 80 NDIs stacked on top of each
other. Compared to mini-zippers, original zippers
provided access to nearly four times higher photocurrents
(Figure 6, o vs. O). Qualitative linear curve fit excluding
saturation revealed that the increase in photocurrent per
NDI with original zippers is more than twice that of mini-
zippers (Figure 6, dotted lines). Early saturation and
decrease in photocurrents, much smaller maximal photo-
current as well as more than two times smaller increase in
photocurrent per NDI all suggested that the assembly of
mini-zippers is less efficient and/or produces less-
organised rod/stack architectures compared to original
zippers (Figures 5 and 6). This interpretation was further
supported by the inaccessibility of ‘thick’ films on gold
nanoparticles with mini-zippers (Figures 3 and 4).

Conclusion

We conclude that the synthesis and study of mini-zippers
appears ideal to explore the significance of oligomer
effects for the zipper assembly. Rod/stack architectures
constructed from rigid-rod scaffolds half as long as in the
original systems are demonstrated to exhibit clearly
reduced activity. Maximal accessible photocurrents are
clearly smaller, and the increase in photocurrent per NDI
is more than two times smaller. With mini-zippers,
photocurrents saturate and start to decrease with around 40
m-stacked NDIs, whereas original zippers do not show
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saturation at 80 m-stacked NDIs. On gold nanoparticles,
increasing NDI absorption and SPR bathochromism is
observed for original zippers beyond 30 m-stacked NDIs
(Au-b-B-B). For mini-zippers, absorption and SPR
changes stop around 6 w-stacked NDIs (Au-b—B).

Taken together, these remarkably consistent results
demonstrate the importance of oligomer effects in the
zipper assembly. Higher photocurrent increase per
chromophore with longer scaffolds suggests that oligomer
effects contribute to the efficiency of the zipper assembly.
Higher maximal absorption and maximal photocurrent
with longer scaffolds suggest that oligomer effects also
account for the stability of the resulting zipper
architectures. The saturation behaviour seen with shorter
scaffolds, eventually followed by a stunning decrease in
photocurrent with increasing assembly, suggests that the
organisation of mini-zippers is simply not very good.

This compelling experimental evidence in support of
significant oligomer effects is in excellent agreement with
the existence of interdigitating intralayer (horizontal) and
interlayer (vertical) recognition motifs envisioned with the
zipper assembly (Figure 2(a)). However, it is important to
reiterate that the existence of oligomer effects does not prove
the existence of zipper architectures as designed (Figures 1
and 2(a)). For instance, rod/stack architectures without
interdigitating rods (Figure 2(b)) are likely to exhibit
oligomer effects as strong as the envisioned zipper architec-
tures (Figure 2(a)). Whereas structural aspects thus remain
to be explored, this study fully clarifies the functional
importance of oligomer effects in the zipper assembly of
functional rod/stack architectures in solid substrates.
The conclusion that the synthesis of higher oligomers is
unavoidable to access significant function is consistent with
previous results from supramolecular functional systems.

Experimental section

The synthesis and evaluation of truncated homologues was
accomplished by following and thus validating the
procedures developed with the original zipper architectures
described in Ref. (6). Complete experimental details can be
found in the Supporting Information, available online.
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