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Dynamic combinatorial chemistry (DCC) rests on the con-
struction of libraries of discrete constituents which are produced
by reversible (supra)molecular associations among sets of build-
ing blocks.1 The thermodynamic control of the products dis-
tribution confers to dynamic combinatorial libraries (DCLs)
receptiveness to a number of internal or external parameters that
modify their constitution/energy landscapes. These triggering
parameters are divided between (i) the template-type processes
and (ii) the other chemical or physical stimuli which are able
to drive the reorganization within the DCLs. In the first group
(i), three main categories could be defined as the casting, mold-
ing,2 and duplicatingmodes, which respectively screen for hosts,3

guests,4,5 and replicators.6,7 In the second group (ii), pH,8 metal
ions concentration,9 temperature,10 and electric fields11 are some
demonstrated examples of possible intensive parameters which
are able to modulate the expression of the competing constitu-
ents. These triggers are particularly attractive to modify the
structures and functions of (macro)molecular objects in order
to access a new class of responsive materials.12 To date, DCC has
been mainly limited to relatively small (supra)molecules and
dynamers;9,10,13 its implementation toward the design of large
self-assemblies, capable of producing nanostructures at meso-
scale,14 was very scarcely discussed.15,16 However, such an app-
roach would lead to the development of a new class responsive
nanosystems.

Recently, we introduced the concept of amphiphilic dy-
namic block copolymers (dynablocks) in which hydrophobic
and hydrophilic blocks can reversibly combine with a high
kinetic lability.16 We have highlighted that when several dyna-
blocks compete between a set of constituents, the differential
stabilities of the supramolecular structures at mesoscale confer
to these systems the propensity to induce in turn recombina-
tion processes at the molecular level. Here we extend the
chemistry of dynablocks by showing the possibility to rever-
sibly trigger the shapes and sizes of micellar nano-objects by
an external effector. Indeed, we show the possibility to tune
the associations of dynablocks at the molecular level by using
pH modulations, which results in structuring variations at
mesoscale.

With such an aim in view, we used a set of building blocks
that are (i) hydrophobic aromatic aldehydeA; (ii) benzylamine
derivative 1 (pKa=9.5), having a hydrophilic PEG chain of
11 units; and (iii) aniline derivative 2 (pKa= 4.5), having a
shorter PEG chain length of 7 units (Scheme 1). The individual

condensations of these blocks lead to amphiphilic imines 1A
and 2A which then respectively self-assemble in water to
produce micelles. We then quantified by 1H NMR spectro-
scopy the selection operating, upon pD modulation,8 on the
imine formation whenA, 1, and 2were mixed with a 1:2:1 ratio
in deuterated water and with [A]i=50 mM (black and white
data in Figure 1).

The behavior revealed by the concentration plot as a function
of pD is in agreementwith the expected evolution of the system as
determined by the pKa values of 1 and 2. With pD values higher
thanpKa2 and lower than pKa1 ([4.5-9.5]), the formationof 2A is
favored because 1Hþ is trapped by protonation.

Above a pD value of 9.5, 1 becomes more nucleophilic than
2 and dominates the competition. It is also observed that, in the
pD range of 6.3-12, the system always keeps a high degree of
condensation with only a minor amount of free aldehyde.
Moreover, the system displays full reversibility as it was
proved by making three cycles between the two pD extrema.
This global variation of the selection process at the molecular
level over six pD units was more than sufficient to lead
dramatic changes of the mixed supramolecular structures
[1A 3 3 3 3 2A] at mesoscale. This was demonstrated by the
quantitative determinations in sizes and shapes of the micellar
self-assemblies using small-angle neutron scattering (SANS)
experiments (see Figure 2). SANS indeed represents an appeal-
ing method of major benefit for the study of the present self-
assemblies in solution because it provides all the structural
information at different length scales.17

In the available range of scattered wave-vector, q, the
scattered intensity is proportional to the form factor, P(q), of
the assemblies (see Supporting Information). Each scattering
curve exhibits the same overall behavior, characterized by the
following sequence: (i) a Guinier regime in the low-q range,
associated with the finite size of the supramolecular self-
assemblies; (ii) one intermediate regime, in which the q-depen-
dence of the scattered intensity can be described by a power law
with an exponent close to -1; (iii) another Guinier regime at
higher q, corresponding to the cross section of the assemblies;
and (iv) a last q-1-regime in the high-q range. The data
obtained at low-q can be fitted by a Guinier expression giving

Scheme 1. Set of Constituents Reversibly Competing at the Molecular
Level for the Reversible Covalent Condensation of Imine Dynablocks

1A-2A and Produced from Hydrophobic Aldehyde A, Benzylic
Hydrophilic Amine 1, and Hydrophilic Aniline 2a

aThe length ratio between the amphiphilic blocks of each dynablock
in water, as well as the 1A/2A concentration ratio, mainly determines
the subsequent structuring of the large micellar self-assemblies at
the supramolecular level. At this scale, the system can be described as
a virtual library of nano-objects continuously capable of reorganiza-
tion;in space and time;within the bounded group of composition
[1A 3 3 3 3 2A].
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the radius of gyration, RG: 1/I(q)=1/I(0) � (1 þ q2RG
2/3); a

typical plot of 1/I(q) vs q2 is given in the Supporting Informa-
tion. Neglecting the virial effects and the contribution of the
free hydrophilic blocks,18 the extrapolation to zero-q of the
scattered intensity, I(0), provides ameasurement of the weight-
average molecular weight of the assemblies, Mw (Table 1).

In the intermediate q-1-regime, which is much more extended
at pD=12, the scattering curves can be fitted satisfactorily by a

rigid rod model: I(q) ∼ P(q)=π/qL, where L is the length of the
rod. The second Guinier regime at higher q can be fitted by a
Guinier expression for the form factor of the cross section:17

VchainP(q)=πS/q exp(-q2rc
2/2), where rc is the radius of gyration

of the cross section. By fitting the two above equations to the
experimental data (see Figure S1), we were able to determine the
mass per unit length of the rodlike supramolecular assemblies,
ML, the section, S, and the radius of gyration, rc, of the cross
section. For example, we obtained MW=3.1 � 105 g/mol, RG=
115 Å, ML=840 g/mol/Å, S=2015 Å2, and rc=25 Å at pD=
12 andMW=2.62� 106 g/mol,RG=272 Å,ML=2259 g/mol/Å,
S=1880 Å2, and rc= 27 Å at pD=6.3. The values for the
intermediate pD are collected in Table 1. At very large q values,
the second q-1 dependence is characteristic of rodlike particles.
The fit shown in the Supporting Information gives a constant
linear mass densityML=15.3 ( 2 g/mol/Å, which is in excellent
agreementwith the linearmass density of a single unimer polymer
chain showing their rodlike behavior inside the micelles. While
cylindrical for the whole pD range, the length, the mass, the
aggregation number, and the structural parameters are highly
dependent on the pD; i.e. on the micellar composition. For
instance, the red data plotted in Figure 1 show that the mass of
the dynamic self-assembly continuously varies by nearly a factor
of 10 between the two pD extrema, and follows the general
dynablocks’ composition. Moreover, for the micelles mostly
constituted by 2A, the linear mass density of the cylinders is
increased, because of the more important associated π-stacking
effect. The radius of gyration of the cylindrical section, which is
dominated by the signal of the dense hydrophobic core, is
constant with the micellar composition and equal to 26 ( 1 Å,
whereas the section is increased at high pD, the corona of the
cylinders being larger with PEG11 hydrophilic blocks.

In conclusion, we have demonstrated that it is possible to use
the fundamental rules of DCC in order to enrich the toolbox for
the design and the control of large responsive nanostructures
based on microphase separation. Because of the high number of
monomeric components constituting the objects atmesoscale, the
variation of the concentration ratio between only two dynablocks
is sufficient;while not necessarily limited to;for the production
of a huge number of virtual nanostructures within the bounded
group of their possible composition [1A 3 3 3 3 2A]. In other words,
the pH modulation results in a signal transduction involving a
binary treatment at the molecular level and a subsequent analo-
gical response at the supramolecular level. The possibility to
digitally regulate the analogical structuring of nano-objects
as well as their associated physical properties, over the control
of their various molecular combinations in libraries, is of interest
for the development of a new class of responsive systems and
“smart” materials. Thus, we assume that the general approach of
DCC involving dynablocks will enable the convenient construc-
tion of number of responsive/adaptive nanostructured systems
because, by just using an initial pool of few basic components and
simple rules of interactions, it allows modular access;in space
and time;to a rich collection of dynamic self-assemblies at
mesoscale.

Figure 1. Black andwhite data:Concentrationplot ofA, 1A, and 2A, as
a function of pD, and determined by 1H NMR spectroscopy in D2O
at thermodynamic equilibrium (T = 293 K). [A]i = 50 mM; [1]i =
100mM; [2]i= 50mM.Red data:Molecular weight of themicellar self-
assemblies produced in the DCL, as a function of pD, in the same
conditions of concentration and at T = 293 K (these data were
measured with a maximum standard deviation of 10% from neutron
scattering experiments, see Figure 2). The lines connecting the experi-
mental results are drawn to guide the eye.

Table 1. Effect of the pD for the Competition Experiment Described in Scheme 1, at T = 293 K, on the Zero-q Scattered Intensity, the
Weight-Average Molecular Weight (MW), the Weight-Average Aggregation Number of Diblocks 1A and 2A Associated Inside the Micelles

(N), the Radius of Gyration (RG), the Linear Mass Density (ML), the Radius of Gyration of the Section (rc), and the Section (S) of the
Supramolecular Assemblies

pD I(q2 = 0) (cm-1) MW (kg/mol) N RG (Å) ML (g/mol/Å) rc (Å) S (Å2)

11.99 57.23( 3 307( 30 407 115( 10 840( 80 25 ( 2 2015( 200
11 73.78( 4 399( 40 536 140( 10 847( 80 26 ( 2 1959( 190
10.18 73.8( 4 410( 40 559 130( 10 870( 80 26.7 ( 2 1826( 180
9 280.83( 15 1628( 160 2309 309( 25 1268( 100 27( 2 1777( 180
6.28 425.9( 20 2617( 200 3868 272( 25 2259 ( 200 27( 2 1880( 180

Figure 2. Neutron scattering data showing, as a function of pD and at
thermodynamic equilibrium, the structuring of the micellar self-assem-
blies made of competing dynablocks 1A and 2A in D2O, at T=293 K.
For clarity, the curves are shifted with respect to each other by one log
unit.



Communication Macromolecules, Vol. 42, No. 16, 2009 5915

Acknowledgment. This work was supported by a doctoral fel-
lowship fromtheR�egionAlsace (R.N.).Wewish to thank theANR,
CNRS, the icFRC (RTRA), and theUdS for financial support.We
thank the ESF-COST action on System Chemistry (CM0703).

Supporting Information Available: Text discussing the small
angle neutron scattering studies and figures showing the SANS
spectra and the variation of 1/I(q) with q2 in the low-q range.
Thismaterial is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) For reviews on dynamic combinatorial chemistry, see for instance:
(a) Lehn, J.-M.Chem.;Eur. J. 1999, 5, 2455–2463. (b) Rowan, S. J;
Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F.
Angew. Chem., Int. Ed. 2002, 41, 898–952. (c) Corbett, P. T.; Leclaire,
J.; Vial, J.; West, K. R.; Wietor, J.-L.; Sanders, J. K. M.; Otto, S.Chem.
Rev. 2006, 106, 3652–3711.

(2) Lehn, J.-M.; Eliseev, A. Science 2001, 291, 2331–2332.
(3) (a)Ramstr€om,O.; Lehn, J.-M.NatureRev.DrugDiscovery 2001, 1,

26–36. (b) Cheeseman, J. D.; Corbett, A. D.; Gleason, J. L.; Kazlauskas,
R. J. Chem.;Eur. J. 2005, 11, 1708–1716. (c) Zameo, S.; Vauzeilles,
B.; Beau, J.-M. Angew. Chem., Int. Ed. 2005, 44, 965–969.

(4) (a) Brisig, B.; Sanders, J. K. M.; Otto, S. Angew. Chem., Int. Ed.
2003, 42, 1270–1273. (b) Vial, L.; Sanders, J. K. M.; Otto, S. New J.
Chem. 2005, 29, 1001–1003.

(5) (a) Ludlow,R. F.; Liu, J.; Li, H.-X.; Roberts, L.; Sanders, J. K.M.;
Otto, S.Angew.Chem., Int. Ed. 2007, 46, 5762–5764. (b) Kerckhoffs,
J. M. C. A.; Mateos-Timoneda, M. A.; Reinhoudt, D. N.; Crego-
Calama, M. Chem.;Eur. J. 2007, 2377–2485. (c) Lin, J.-B.; Xu,
X.-N.; Jiang, X.-K.; Li, Z.-T. J. Org. Chem. 2008, 73, 9403–9410. (d)
Chung,M.-K.; Hebling, C. M.; Jorgenson, J. W.; Severin, K.; Lee, S. J.;
Gagn�e, M. R. J. Am. Chem. Soc. 2008, 130, 11819–11827.

(6) (a)Xu, S.;Giuseppone,N. J.Am.Chem.Soc. 2008, 130, 1826–1827.
(b) For replication of large self-assemblies, see also ref 16.

(7) Sadownik, J. W.; Philp, D. Angew. Chem., Int. Ed. 2008, 47, 9965–
9970.

(8) Giuseppone, N.; Lehn, J.-M. Chem.;Eur. J. 2006, 12, 1715–1722.
(9) Giuseppone, N.; Lehn, J.-M. J. Am. Chem. Soc. 2004, 126, 11448–

11449.
(10) Giuseppone, N.; Fuks, G.; Lehn, J.-M. Chem.;Eur. J. 2006, 12,

1723–1735.
(11) (a) Giuseppone, N.; Lehn, J.-M. Angew. Chem., Int. Ed. 2006, 45,

4619–4624. (b) Herrmann, A.; Giuseppone, N.; Lehn, J.-M. Chem.;
Eur. J. 2009, 15, 117–124.

(12) Lehn, J.-M. Chem. Soc. Rev. 2007, 36, 151–160.
(13) (a) Giuseppone, N.; Schmitt, J.-L.; Lehn, J.-M. J. Am. Chem. Soc.

2006, 128, 16748–16763. (b) Chow, C.-F.; Fujii, S.; Lehn, J.-M.
Angew. Chem., Int. Ed. 2007, 46, 5007–5010. (c) Ullrich, S.; Lehn,
J.-M.Angew. Chem., Int. Ed. 2008, 47, 2240–2243. (d) Ruff, Y.; Lehn,
J.-M. Angew. Chem., Int. Ed. 2008, 47, 3556–3559.

(14) For reviews on the importance of the structuring of supramolecular
assemblies at mesoscale in (bio)materials science, see for instance:
(a) Sanchez, C.; Arribart, H.; Giraud Guill�e, M. M. Nat. Mater.
2005, 4, 277–288. (b) Nayak, S.; Andrew Lyon, L.Angew. Chem., Int.
Ed. 2005, 44, 7686–7708. (c) O'Reilly, R. R.; Hawker, C. J.; Wooley,
K. L. Chem. Soc. Rev. 2006, 35, 1068–1083. (d) Kato, T.; Mizoshita,
N.; Kishimoto, K. Angew. Chem., Int. Ed. 2006, 45, 38–68.

(15) For the selection of DCL components under the pressure of a
guanine-quartet-based hydrogels formation, see: (a) Sreenivasachary,
N.; Lehn, J.-M. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 5938–
5943. (b) Buhler, E.; Sreenavasachary, N.; Candau, S.-J.; Lehn, J.-M.
J. Am. Chem. Soc. 2007, 129, 10058–10059.

(16) For the selection of dynablocks by the formation of micellar
structures, see: Nguyen, R.; Allouche, L.; Buhler, E.; Giuseppone,
N. Angew. Chem., Int. Ed. 2009, 48, 1093–1096.

(17) Buhler, E.; Candau, S. J.; Schmidt, J.; Talmon, Y.; Kolomiets,
E.; Lehn, J.-M. J. Polym. Sci., Part B: Polym. Phys. 2007, 45, 103–
115.

(18) The SANS spectra of free hydrophilic blocks show no aggregation
behavior, and their contribution to the scattered intensity is
negligible.


