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A pronounced sergeants-and-soldiers directed chiral amplifica-
tion is observed for the self-assembly of merocyanine dye
nanorods and the amplification process is shown to become
slower for decreasing fraction of sergeant molecules.

Chiral amplification phenomena have attracted much atten-
tion not only due to their implication for the emergence of
homochirality in nature! and ongoing interest in chromo-
phore-based chiral assemblies for (opto)electronic applica-
tions,” but also because of their significance to chemical
reactions and technical processes leading to enantiomerically
enriched organic compounds.® A mode of chiral amplification
commonly referred to as the “sergeants-and-soldiers” princi-
ple has been found in macromolecules* and supramolecular
assemblies® that implies a dominant effect of a small fraction
of chiral co-monomers on the helical sense of a polymeric
backbone or aggregate.® Such strong amplification ensues
from the event that the major achiral components (soldiers)
“follow” the helicity dictated by the chiral components (ser-
geants). In the past, the sergeants-and-soldiers principle had
been studied mostly on thermodynamically equilibrated sys-
tems, and reports on the time dependence of such chiral
amplification are rather scarce.”® In particular, the progres-
sion of a sergeants-and-soldiers principle directed chiral am-
plification process in supramolecular aggregates that are
directly co-assembled from achiral and chiral monomers has
not been investigated so far. Here we present the kinetics of
such an amplification process in nanorods co-assembled from
achiral and chiral bis(merocyanine) dyes 1 and 2.%!!
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In our study we have recorded the time-dependent circular
dichroism (CD) of aggregates that have been co-assembled
from achiral 1 and chiral (R,R)-2 monomers employed in
different ratios. An increasing helical sense excess, as indicated
by a growing bisignate CD effect, with increasing time reveals
the kinetics of a chiral amplification process directed by the
sergeants-and-soldiers principle. A schematic illustration of
this process is shown in Fig. 1.

The co-assembly experiments were performed by mixing
stock solutions of 1 and (R,R)-2 in THF (3.33 x 107> M) in
different volumetric ratios (for details, see the ESIt). In THF
stock solutions, the bis(merocyanine) dyes are present predo-
minantly in the monomeric form owing to the high polarity of
this solvent. Subsequently, nonpolar methylcyclohexane
(MCH) was added to give solutions with a total monomer
concentration of 107> M in a mixture of THF-MCH = 30: 70
(vol%). Upon addition of nonpolar MCH, the monomers
aggregate very rapidly owing to the increased Coulomb forces
between the dipolar dyes.” Afterwards, the solutions were
heated to 47 °C to allow for sufficiently fast formation of
nanorod aggregates (previously we have denoted these aggre-
gates as H2 nanorods, for details see the ESI{ and ref. 11).

Fig. 2 shows CD spectra of aggregates containing 5% chiral
“sergeant’” molecules that are recorded at different time inter-
vals (20 min—39 h) after initiation of aggregation and heating
to 47 °C.'> The wavelengths of the maxima/minima of the
P-helical bisignate Cotton effect of the major UV/Vis absorp-
tion band at 442 nm, as well as the isodichroic points at 442
and 470 nm observed from the CD spectra recorded during
this time, remain constant and are in very good accordance
with those previously observed for H2 nanorods formed from
pure (R,R)-2 monomers at room temperature.'' Importantly,
these spectral features reveal the completed formation of H2
nanorods after only 20 min at elevated temperature.i
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Fig. 1 Co-assembly of achiral and chiral bis(merocyanine) dyes 1 and
(R,R)-2 leads to dye nanorods with left- (M) and right-handed (P)
helicity. The helical sense excess of these aggregates increases (chiral
amplification) with time directed by the sergeants-and-soldiers
principle.
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Fig. 2 Time-dependent CD spectra of nanorods formed from dyes 1
and (R,R)-2 (95 : 5 mol%) (cio = 107> M, THF-MCH = 30 : 70
vol%, 47 °C). The arrow indicates spectral changes with increasing
time.

Thus, the subsequent and for all wavelengths uniform
increase of the CD intensity (recorded for up to 39 h) can be
attributed to a reconstruction of coexisting H2 nanorod
aggregates with energetically disfavoured left-handed (M)
helicity into such with the preferred right-handed (P) helicity.
Such a process is clearly expressed in a rise of the helical sense
excess. Notably, the nanorods of opposite helical sense (M and
P) are energetically different due to co-assembly of achiral and
chiral components.

The final anisotropy factors g of this process (obtained by
extrapolation) for the 95 : 5 mol% and other ratios of
1 : (R,R)-2 are represented by the solid line in Fig. 3. This
dependence of g on the mole fraction of chiral co-monomers
reveals a strong nonlinearity and provides evidence for a
sergeants-and-soldiers principle directed chiral amplification
process. It is interesting to see that almost the same final
helical bias is realized for all mixtures studied, i.e., one
sergeant can direct almost 20 soldiers in the present experi-
ments.

An unprecedented feature observed in our study is a pro-
nounced impact of the fraction of (R,R)-2 sergeants on the
time required for this chiral amplification process. Thus,
already after 6 h (Fig. 3, open circles), the anisotropy factors
of nanorods containing 40% or more chiral sergeants are
almost the same as those observed for nanorods assembled
from pure chiral monomers (R,R)-2. In these cases the helical
sense excess, which can be directly derived from the g values,
reaches more than 93% during the first 6 h (Fig. 3, right
scale).§ However, the kinetics of this chiral amplification
becomes considerably slower for decreasing fraction of co-
monomer (R,R)-2, as revealed by the increasing g factors of
nanorods containing 5 to 20% chiral sergeants in the time
period from 6 to 18 h. In the case of 20% chiral sergeants, a
helical sense excess of 73% is obtained after 6 h, while 87% are
reached after 18 h. Finally, the helical sense excess reached by
nanorods containing 10 and 5% chiral sergeants is only 62 and
36%, respectively, after 18 h.

For the evaluation of the kinetics of this chiral amplification
process, the anisotropy factors g at the minima of the Cotton
effect at 437-438 nm are plotted versus time in Fig. 4. The
kinetics of this chiral amplification process on the basis of
time-dependent g values could properly be described by
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Fig. 3 Dependence of the anisotropy factor g at 437 nm on the mole
fraction y(g r)-2 of chiral (R,R)-2 after 6h (O), 12h (@), and 18 h ()
of equilibration at 47 °C as well as the final values obtained from the
stretched exponential fit of the time-dependent CD data (solid line).
The dashed line represents the expected g values in the absence of any
chiral amplification.

applying a stretched exponential relaxation function (for de-
tails see the ESIT). As the data in ESI{ Table S1 show, for a
decrease of chiral sergeants from 20 to 5%, the relaxation time
increases from 3 to 69 h. This result pinpoints that the chiral
amplification drastically slows for a smaller fraction of chiral
sergeants.

Though the detailed molecular mechanism of the present
amplification process is not yet known, it is important to note
that the chiral amplification process observed here is directly
related to a reconstruction of co-aggregates with improper
helical sense and thereby markedly distinguished from pre-
vious reports on time-dependent sergeants-and-soldiers direc-
ted chiral amplification. In previous studies, the time
dependence of the sergeants-and-soldiers effect was either
due to a slow exchange of achiral and chiral building blocks
among the respective pre-assembled racemic and homochiral
aggregates,’q or based on the induction of homochirality into
racemic helical assemblies formed from achiral building blocks
by addition of chiral guest molecules that bound to the
assembly.®

Our present study relates, at least in part, to the “majority-
rules”-directed chiral amplification process of (R,R)-2 and
(S,S)-2 monomers that we have reported recently.'* However,
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Fig. 4 Time-dependent anisotropy factors g at 437 nm of nanorods
formed from dyes 1 and (R,R)-2 with various mole fractions of chiral
(R,R)-2 (5-20%) as indicated (co; = 107> M, THE-MCH = 30 : 70
vol%, 47 °C). The solid lines represent the stretched exponential curve
fits (details are given in the ESI¥).
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the grave difference between the present and previous studies is
that our previous work'® concerns the early stage of nanorod
formation, i.e., the self-assembly of the monomers into kine-
tical nanorods (denoted as H1), while the present study reveals
the time-dependent development of helical bias as a self-
ordering phenomenon of pre-assembled H2 nanorods with
statistical M : P ratio. These complementary studies reveal
that chiral amplification mechanisms can operate at different
stages of self-assembly to afford an energetically favoured
structure,'* and highlight the complexity of self-assembly
pathways in artificial systems that is of course omnipresent
in nature.

To summarize, our present work shows that the sergeants-
and-soldiers principle is operative in the self-assembly of
bis(merocyanine) dye nanorods. The chiral amplification pro-
cess observed in this system can be interpreted in terms of a
reconstruction of an initially formed H2 nanorod mixture with
statistical helicity into such with the helical sense favoured by
the sergeant molecules. The rate of this process decreases
strongly with the decreasing fraction of chiral sergeant mole-
cules, but high excess of helical sense can still be reached with a
small sergeants fraction after an extended period of time. In
other words, a small number of sergeants do manage to direct
a substantial number of soldiers (~20) but require longer to
convince them to follow.

This work was supported by the Deutsche Forschungs-
gemeinschaft (Grant: WU 317/1-5) and the Fonds der
Chemischen Industrie.

Notes and references

1 The CD spectra recorded in the first 20 min show the inversion of the
CD spectrum during the stereomutation from H1 into H2 nanorods as
previously reported (see ref. 10). During this process a shift of the CD
maxima and different isodichroic points are observed. Notably, a close
comparison of the CD spectrum of H2 nanorods formed from pure
(R,R)-2 and those of the here studied co-aggregates (see ESIT) reveals
a slight hypsochromic shift of the co-aggregates (about 1 nm). This
small difference indicates their co-aggregated nature and can be
attributed to a slightly different packing in the co-aggregates.

§ The g value of aggregates formed from pure (R,R)-2 monomers
corresponds to a helical sense excess of 100%, see ref. 10.

9/ We have also conducted such type of experiments by adding a small
amount of homochiral H2 nanorods pre-assembled from (R,R)-2 to
the racemic mixture of H2 nanorods pre-assembled from achiral 1. In
this case slow amplification of helical bias could be observed owing to
the exchange of chiral and achiral monomers among the pre-as-
sembled aggregates.

1 (a) B. L. Feringa and R. A. van Delden, Angew. Chem., Int. Ed.,
1999, 38, 3418-3438; (b) A. R. A. Palmans and E. W. Meijer,
Angew. Chem., Int. Ed., 2007, 46, 8948—8968.

2 (a) Supramolecular Chirality, ed. M. Crego-Calama and D. N.
Reinhoudt, Top. Curr. Chem., 2006, vol. 265; (b) Supramolecular
Dye Chemistry, ed. F. Wiirthner, Top. Curr. Chem., 2005, vol. 258;
(¢) J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, T.
Shimomura, K. Ito, T. Hashizume, N. Ishii and T. Aida, Science,

w

wn

~

o]

=]

10

11

14

2004, 304, 1481-1483; (d) H. Engelkamp, S. Middelbeek and R. J.
M. Nolte, Science, 1999, 284, 785-788.

K. Soai, T. Shibata, H. Morioka and K. Choji, Nature, 1995, 378,
767-768.

(a) M. M. Green, J.-W. Park, T. Sato, A. Teramoto, S. Lifson, R.
L. B. Selinger and J. V. Selinger, Angew. Chem., Int. Ed., 1999, 38,
3138-3154; (b) E. Yashima, K. Maeda and T. Nishimura,
Chem.—Eur. J., 2004, 10, 42-51.

(a) A. J. Wilson, J. van Gestel, R. P. Sijbesma and E. W. Meijer,
Chem. Commun., 2006, 4404-4406; (b) A. Ajayaghosh, R. Vargh-
ese, S. J. George and C. Vijayakumar, Angew. Chem., Int. Ed.,
2006, 45, 1141-1144; (¢) A. Ajayaghosh, R. Varghese, S. Mahesh
and V. K. Praveen, Angew. Chem., Int. Ed., 2006, 45, 7729-7732;
(d) T. Ishi-i, R. Kuwahara, A. Takata, Y. Jeong, K. Sakurai and S.
Mataka, Chem.—Eur. J., 2006, 12, 763-776; (¢) J. H. K. K.
Hirschberg, R. A. Koevoets, R. P. Sijbesma and E. W. Meijer,
Chem.—Eur. J., 2003, 9, 4222-4231; (f) A. R. A. Palmans, J. A. J.
M. Vekemans, E. E. Havinga and E. W. Meijer, Angew. Chem., Int.
Ed. Engl., 1997, 36, 2648-2651.

For another mode of chiral amplification commonly referred to as
the ““majority-rules” effect see, for example: (¢) M. M. Green, B. A.
Garetz, B. Munoz, H. Chang, S. Hoke and R. G. Cooks, J. Am.
Chem. Soc., 1995, 117, 4181-1482; (b) J. Van Gestel, A. R. A.
Palmans, B. Titulaer, J. A. J. M. Vekemans and E. W. Meijer, J.
Am. Chem. Soc., 2005, 127, 5490-5494; (¢) W. Jin, T. Fukushima,
M. Niki, A. Kosaka, N. Ishii and T. Aida, Proc. Natl. Acad. Sci.
U. S. 4., 2005, 102, 10801-10806.

(a) L. J. Prins, P. Timmerman and D. N. Reinhoudt, J. Am. Chem.
Soc., 2001, 123, 10153-10163; (b)) M. A. Mateos-Timoneda, M.
Crego-Calama and D. N. Reinhoudt, Chem.—Eur. J., 2006, 12,
2630-2638.

(a) T. Ishi-I, M. Crego-Calama, P. Timmerman, D. N. Reinhoudt
and S. Shinkai, J. Am. Chem. Soc., 2002, 124, 14631-14641; (b) K.
Morino, N. Watase, K. Maeda and E. Yashima, Chem.—Eur. J.,
2004, 10, 4703-4107; (¢) S. J. George, Z. Tomovi¢, M. M. J.
Smulders, T. F. A. de Greef, P. E. L. G. Leclére, E. W. Meijer
and A. P. H. J. Schenning, Angew. Chem., Int. Ed., 2007, 46,
8206-8211.

(a) F. Wirthner, S. Yao and U. Beginn, Angew. Chem., Int. Ed.,
2003, 42, 3247-3250; (b) S. Yao, U. Beginn, T. Gress, M.
Lysetska and F. Wiirthner, J. Am. Chem. Soc., 2004, 126,
8336-8348.

A. Lohr, T. Gress, M. Deppisch, M. Knoll and F. Wiirthner,
Synthesis, 2007, 3073-3082.

A. Lohr, M. Lysetska and F. Wiirthner, Angew. Chem., Int. Ed.,
2005, 44, 5071-5074.

Two recent reports on supramolecular dye aggregates show linear
dichroism (LD) effects as a result of convective flow and resultant
alignment of the fibers in the cuvette. Such LD effects may
contribute to the apparent CD spectra of dye aggregates: (@) M.
Wolffs, S. J. George, Z. Tomovic, S. C. J. Meskers, A. P. H. J.
Schenning and E. W. Meijer, Angew. Chem., Int. Ed., 2007, 46,
8203-8205; (b) A. Tsuda, M. A. Alam, T. Harada, T. Yamaguchi,
N. Ishii and T. Aida, Angew. Chem., Int. Ed., 2007, 46, 8198-8202.
Note that for the present merocyanine nanorods, no significant LD
signal was observed, thus a contribution of LD to the CD spectra
of these nanorods can be excluded.

A. Lohr and F. Wiirthner, Angew. Chem., Int. Ed., 2008, 47,
1232-1236.

Interestingly, the opposite behaviour, ie., a disappearance of
“sergeants-and-soldiers” directed chiral amplification, was re-
ported. In this case the monomers of the mixed aggregates separate
into aggregates containing only sergeants and such containing only
soldiers: J. J. van Gorp, J. A. J. M. Vekemans and E. W. Meijer, J.
Am. Chem. Soc., 2002, 124, 14759-14769.

This journal is © The Royal Society of Chemistry 2008

Chem. Commun., 2008, 2227-2229 | 2229



