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Helical nanofibers of
N-(perfluorooctanoyl)cysteine ethyl ester
in coordination polymers of Ag+†

Dan-Dan Tao, Jin-Hong Wei, Xiao-Sheng Yan, Qian Wang, Bo-Han Kou,
Na Chen and Yun-Bao Jiang *

We propose using the formation of coordination polymers of Ag+ to

probe differences between the perfluorinated alkyl chain and the

alkyl chain by deriving a thiol ligand, N-(perfluoroalkanoyl)cysteine.

Rapid formation in EtOH of P-/M-helical nanofibrils of high thermo-

stability was found for N-(perfluorooctanoyl)-L-/D-cysteine ethyl

esters at the lM level upon mixing with Ag+, but not for the octanoyl

counterpart. This difference was also observed in terms of circular

dichroism-enantiomeric excess dependence.

Perfluorinated alkanes, in which all hydrogen atoms of the alkyl
chains are substituted by fluorine atoms, differ considerably
from their perhydrogenated alkane counterparts. For example,
perfluorinated alkanes have a lower surface energy and dielectric
constant,1–4 are more rigid and less miscible, and have poor
affinity to both hydrophobic and hydrophilic solvents. The
mechanisms for these characteristics remain to be clarified,
partly because of the limited availability of perfluorinated com-
pounds with diverse structures, despite the substantial recent
progress in the synthetic context. An alternative route to create
new species from the available perfluorinated compounds would
be to form supramolecular aggregates of diverse structures, so
that the differences can be seen in a variety of ways. However, the
challenge is that perfluorinated compounds are both oleophobic
and hydrophobic, which is not conducive to the formation of
well-defined superstructures, especially in solution. In this con-
text, assembly of building blocks containing perfluorinated
components has been achieved on surfaces,5–8 interfaces,9–12

and in specific fluorinated solvents.13 In some cases, however,
it could take up to 1 month for the perfluorinated compound
modified silica wafers to assemble into a helix.14 These extreme
experimental conditions have, to some extent, limited the

development of supramolecular assemblies of perfluorinated
compounds.15–17

Herein, we propose a method for forming supramolecular
assemblies of perfluorinated compounds that can form coordina-
tion polymers with Ag+ by deriving them into thiol ligands.18–23

Thus (N-perfluorooctanoyl)cysteine ethyl esters (L-1/D-1, Scheme 1)
were created from perfluorooctanoic acid, in which the cysteine
residue affords a thiol group that strongly coordinates to Ag+ to
form Ag+–thiol coordination polymers. This approach also affords
molecular chirality that could be transferred to the coordination
polymers, promoting the formation of supramolecular helical
assemblies. L-1/D-1 were found to form instantly at the micromolar
concentration in EtOH helical nanofibers upon mixing with Ag+.
The nanofibers are of P- and M-senses, respectively, when the
cysteine residues are of D- and L-configuration. The corresponding
(N-octanoyl)cysteine ethyl esters (L-2/D-2, Scheme 1) do not form
such fibres under the same conditions.

Fig. 1a shows the absorption spectra of L-1 in EtOH in the
presence of increasing concentrations of Ag+. A band at 280 nm
develops, assigned to the ligand-to-metal–metal charge transfer

Scheme 1 Formation of (a) Ag+-1 and (b) Ag+-2 coordination polymers.
Dashed lines indicate the Ag+� � �Ag+ interactions.24 Syntheses of 1 and 2
are described in the ESI.†
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(LMMCT) state from the in situ-generated chromophores,
relating to the Ag+� � �Ag+ interaction in the Ag+-L-1 coordination
polymers.24–26 A 1 : 1 stoichiometry was found from the change
in absorbance at 280 nm as a function of Ag+ concentration
(Fig. S1, ESI†), while dynamic light scattering (DLS) data
showed the presence of large species in the solution (Fig. S2
and S3, ESI†). It was therefore concluded that the Ag+-L-1
coordination polymers were formed, as instantly observed
experimentally upon mixing the two components in EtOH, even
at a L-1 concentration at the mM level. Absorption titrations also
suggested the formation of Ag+-L-2 coordination polymers
(Fig. 1c and Fig. S4, ESI†) with a 1 : 1 binding ratio, but of
smaller sizes (Fig. S2 and S3, ESI†). It is noteworthy that a
narrower absorption at 350 nm was observed, in addition to the
280 nm band; the former has previously also been assigned to
Ag+� � �Ag+ interactions,27 likely in an extended fashion.

A dilute solution of L-1 or D-1 in EtOH is silent to circular
dichroism (CD) (Fig. S5, ESI†), while bisignate Cotton effects at
252 nm and 306 nm developed upon the addition of Ag+

(Fig. 1b). This suggests that in the formed Ag+-1 coordination
polymers, the chirality of the cysteine residue has transferred
into the supramolecular species, such that the Ag+� � �Ag+ interaction
related chromophores are brought into a chiral environment. The
perfect mirror-image CD profiles of Ag+-L-1 and Ag+-D-1 support this
conclusion. The CD signals are actually exciton-coupled, since the
zero-crossing wavelength (280 nm) of the bisignate Cotton effects
match the absorption maximum (Fig. 1a and b).28 The CD profile
also suggests a right-handed helicity for Ag+-L-1 polymers and left-
handed for Ag+-D-1 polymers (Fig. 1a and b).29 Again, the CD
profiles of Ag+-L-2/D-2 solutions in EtOH (Fig. 1d) differ from those
of Ag+-L-1/D-1. The supramolecular chirality of L-2/D-2 in the
presence of Ag+ in EtOH, indicated by the CD profile, is opposite
to that of L-1/D-1 in the presence of Ag+.

19F nuclear magnetic resonance (NMR) and 1H NMR titra-
tions confirmed the interaction of Ag+ with 1 and 2 to form
coordination polymers. 19F NMR (Fig. S6–S10, ESI†) of L-1 show
signals at �80.72 ppm, �119.7 ppm, �121.4 ppm, �121.9 ppm,
�122.3 ppm,�122.6 ppm and�126.1 ppm in EtOD. These signals
underwent down-field shifts and were broadened upon the

addition of Ag+, suggesting an increasing hydrophobicity of the
environment around the F-atoms, and thus indicative of the
formation of coordination polymers.16 1H NMR signals of protons
in 1 disappeared rapidly, but gradually broadened and weakened in
the case of L-2 (Fig. S11–S13, ESI†), suggesting a stronger inter-
action in Ag+-1 polymers. This agrees with the higher binding
constant of Ag+-1 (1.4 � 107 M�1) than Ag+-2 (8.8 � 105 M�1) from
CD titrations (Fig. S14–S16, ESI†).

To investigate further the supramolecular structures of the
Ag+–thiol coordination polymers, scanning electron microscope
(SEM), transmission electron microscope (TEM) and atomic
force microscopy (AFM) images were taken. The Ag+-L-1 polymers
are right-handed twisted ribbons (Fig. 2a and e), while the
Ag+-D-1 polymers are left-handed twisted ribbons (Fig. 2b and
f). The average pitch of the helical ribbons observed by SEM is
ca. 330 nm, from more than 20 twisted ribbons in the Ag+-L-1
images (Fig. S17, ESI†). The helical ribbons of Ag+-L-1 and Ag+-D-1
exhibited AFM heights of 31 nm and 33 nm, respectively (Fig. 2e
and f). The helicities observed in SEM and AFM are the same as
those indicated by CD profiles (Fig. 1b). Those well-defined
helical nanoribbons should originate from the supramolecular
chirality of the Ag+-L-1/D-1 coordination polymers, since the
patterns of L-1 or D-1 are microgranular of ca. 1 nm diameter
(Fig. S18, ESI†). Moreover, the chain structures of the Ag+-L-1/D-1
polymers with a well-defined pitch were also observed by TEM
(Fig. S19, ESI†). In contrast, the Ag+-L-2/D-2 polymers have a non-
helical nanostructure, but a linear chain morphology, as seen in
the SEM (Fig. 2c and d) and AFM images (Fig. 2g and h). In the

Fig. 1 Absorption spectra of L-1 (a) and L-2 (c) and CD spectra of L-1/D-1
(b) and L-2/D-2 (d) in EtOH in the presence of Ag+. [1] = [2] = 25 mM,
[Ag+] = 0–60 mM.

Fig. 2 SEM (a–d) and AFM (e–h) images of supramolecular structures
formed in EtOH solutions of Ag+-L-1 (a and e), Ag+-D-1 (b and f), Ag+-L-2
(c and g) and Ag+-D-2 (d and h).
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latter, the heights were determined to be 3.2 nm and 3.1 nm,
respectively, which are much smaller than those of the Ag+-L-1/D-1
coordination polymers (Fig. 2e and f).

Temperature-dependent CD measurements show that the
Ag+-L-1 polymers are much more thermally stable than the Ag+-L-2
polymers (Fig. 3). Upon heating at a rate of 5 K min�1, the CD
signal of the Ag+-L-1 polymers changed a little below 308 K,
followed by a slight increase (Fig. 3c). The Ag+-L-1 coordination
polymers underwent a transition from kinetic to thermodynamic
products.30 To ensure that the supramolecular structure was
under thermodynamic control, a slow cooling at �5 K min�1

was applied subsequently. No apparent change was observed
(Fig. 3d), thus confirming that the Ag+-L-1 polymers are of high
thermal stability. For the Ag+-L-2 polymers, the CD signal under-
goes a substantial decline upon heating (Fig. 3g) and the signal is
not restored in the next cooling cycle (Fig. 3h).

The difference in thiol ligand side-chain composition (per-
fluoroalkyl versus hydrocarbon alkyl) also leads to an opposite
dependence of the CD signals of the coordination polymers on
the enantiomeric excess (ee) of ligands 1 and 2. The Ag+-1
coordination polymers exhibit a negative nonlinear CD-ee
dependence (Fig. 4a and b),20,31–33 in contrast with a positive
nonlinear dependence for the Ag+-2 polymers. This suggests a
chiral amplification governed by the majority-rules effect
(MRE),34 although the effect is only small (Fig. 4c and d).

The mechanisms for the differences between Ag+-1 and Ag+-2
coordination polymers were then analysed. The heights of the
Ag+-2 coordination polymers observed in AFM images (3.2 nm
and 3.1 nm, respectively; Fig. 2g and h), are consistent with those
of a single chain of the Ag+-2 coordination polymers calculated
from the Materials Studio structural modelling (3.1 nm, Fig. S20,
ESI†). The Ag+-2 coordination polymers are assumed to exist in
individual polymeric chains. However, the helical assemblies of
the Ag+-1 coordination polymers show heights ca. 32 nm (Fig. 2e
and f), which is 10-times that of a single Ag+-1 chain (3.2 nm,
Fig. S21, ESI†), suggesting that packing of individual Ag+-1
polymeric chains occurs. This is ascribed to the fluorophobic

effect or the solvophobic effect13 of the perfluorinated alkyl
group that drives the assembly of individual Ag+-1 polymeric
chains. Compared with the Ag+-2 coordination polymers, Ag+-1
polymers are of a larger size (Fig. S2 and S3, ESI†) and greater
thermostability (Fig. 3), which can also be attributed to the
packing of the Ag+-1 polymeric chains.

Concentration-dependent DLS measurements (Fig. S22,
ESI†) showed that the diameters of the Ag+-2 coordination
polymers change little with increasing concentration, whereas
those of the Ag+-1 polymers increase dramatically. This sup-
ports the existence of individual polymeric chains of Ag+-2, in
contrast to further packing of Ag+-1 polymeric chains.

It was therefore proposed that the perhydrogenated ligands 2
form individual Ag+–thiol polymeric chains in EtOH, allowing
extended Ag+� � �Ag+ interactions along the polymeric chain
(Fig. S20, ESI†), showing absorption and CD signals at 350 nm
of ligand-to-metal–metal charge transfer (LMMCT) nature
(Fig. 1c and d).27 In contrast, for the perfluorinated ligands 1,
once the Ag+–thiol polymeric chains are formed, they intercalate
with each other to form helical nanofibers. The extended
Ag+� � �Ag+ interaction existing in a single polymeric chain is
disrupted because of intercalation, and consequently only the
binuclear Ag+� � �Ag+ interaction exists (Fig. S21, ESI†), such that a
short-wavelength absorption was observed at 280 nm.26

The hierarchical assembly of Ag+-1 coordination polymers
leads to an opposite supramolecular chirality from that of the
Ag+-L-2 coordination polymers (Fig. 1), and different CD-ee
profiles (Fig. 4). While the individual Ag+–thiol polymeric chain
prefers homochiral ligands, giving rise to positive nonlinear
CD-ee dependence for the Ag+-2 coordination polymers, the
inter-chain intercalation between Ag+-1 polymeric chains likely
leads to a heterochiral preference, resulting in a negative CD-ee
dependence.33 The latter was supported by the different CD
profiles of Ag+-1 polymers at different ees of 1 (Fig. 4a), such
that at high ees of �100% or �80%, inter-chain homochiral
interactions dominate, while heterochiral interactions become
dominant at lower ees from �60% to 0%.20

Co-assembling perfluorinated compounds and their hydro-
carbon counterparts is meaningful to the construction of

Fig. 3 Temperature-dependent CD spectra of Ag+-L-1 and Ag+-L-2 in
EtOH upon heating (a and e) and cooling (b and f) process and plots of CD
signals at 255 nm and 306 nm of Ag+-L-1 (c and d) and at 291 nm and
350 nm of Ag+-L-2 (g and h) against temperature. [L-1] = [L-2] = [Ag+] = 50 mM.

Fig. 4 CD spectra and plots of CD signal of 1 (a and b) or 2 (c and d)
against ee in EtOH in the presence of 1 eq. Ag+. [L-1] + [D-1] = [L-2] +
[D-2] = [Ag+] = 25 mM.
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diverse structures from the limited perfluorinated species. The
poor affinity of perfluorinated moieties towards hydrocarbon
counterparts, however, makes it hard to achieve. Mixed coordi-
nation polymers were attempted using ligands of L-1 or D-1 and
L-2. CD profiles suggest that in the case of L-1 and L-2, mixed
coordination polymers formed, as evident from the dramati-
cally different profile at a L-1 to L-2 molar ratio of 3 : 7 (Fig. S23,
ESI†) and the difference in the observed and calculated CD
profiles of the coordination polymers at a ligand molar ratio of
5 : 5 (Fig. S24, ESI†). An SEM image of the coordination poly-
mers with a 5 : 5 ligand molar ratio shows a right-handed
helical ribbon structure with a 207 nm pitch (Fig. S25 and
S26, ESI†), close to that observed for pure Ag+-L-1. In contrast,
mixed ligands of D-1 and L-2 appear not to form mixed coordi-
nation polymers with Ag+, and the CD profiles are the sum of
those of individual polymers of Ag+-D-1 and Ag+-L-2 (Fig. S27 and
S28, ESI†). The SEM image shows a left-handed helical ribbon
with a pitch of 263 nm (Fig. S29, ESI†), a value close to that of
the pure Ag+-D-1 system. It was confirmed that forming an Ag+–
thiol coordination polymer is a powerful means to co-assembly
the perfluorinated compound and its hydrocarbon counterpart,
during which the homochiral selectivity of the chiral ligands holds.

In summary, we formed coordination polymers of the
derived thiol ligand of a perfluorinated compound with Ag+,
to create supramolecular aggregates that allowed differences
from the hydrocarbon counterpart to be observed. N-(Perfluoro-
octanoyl)cysteine ethyl esters thus created form in EtOH
instantly upon mixing with Ag+ supramolecular right- and
left-handed helical structures, depending on the configuration
of the cysteine residue. This occurs even at a ligand concen-
tration on the mM level. Under the same conditions, the
hydrocarbon counterpart of the thiol ligand does not form
such structures. The supramolecular helical structures were
shown to have a much higher thermal stability, with an
opposite dependence of their supramolecular chirality
described by CD signals on the ee of the thiol ligand. The
fluorophobic effect-driven inter-chain intercalation of the Ag+–
thiol polymeric chains accounts for the observed differences in
supramolecular assemblies of the perfluorinated compound
and its hydrocarbon counterpart in the form of their Ag+

coordination polymers. The present method provides an alter-
native, and facile, way of creating supramolecular species of
perfluorinated compounds so that differences between them
and their hydrocarbon counterparts can be seen. The absence
of absorption at 350 nm, with only the short-wavelength
absorption at 280 nm assigned to the binuclear Ag+� � �Ag+

interaction, is particularly worthy of note.
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Angew. Chem., Int. Ed., 2007, 46, 7579.
26 C.-M. Che, M.-C. Tse, M. C. W. Chan, K.-K. Cheung, D. L. Phillips

and K.-H. Leung, J. Am. Chem. Soc., 2000, 122, 2464.
27 D. H. Li, J. S. Shen, N. Chen, Y. B. Ruan and Y.-B. Jiang,

Chem. Commun., 2011, 47, 5900.
28 S. G. Telfer, T. M. McLean and M. R. Waterland, Dalton Trans., 2011,

40, 3097.
29 M. Go, H. Choi, K. Y. Kim, C. J. Moon, Y. Choi, H. Miyake, S. S. Lee,

S. H. Jung, M. Y. Choi and J. H. Jung, Org. Chem. Front., 2019,
6, 1100.

30 A. T. Haedler, S. C. J. Meskers, R. H. Zha, M. Kivala, H.-W. Schmidt
and E. W. Meijer, J. Am. Chem. Soc., 2016, 138, 10539.

31 X. Wu, X. X. Chen, B. N. Song, Y. J. Huang, Z. Li, Z. Chen, T. D. James
and Y.-B. Jiang, Chem. – Eur. J., 2014, 20, 11793.

32 X. X. Chen, X. Y. Lin, X. Wu, P. A. Gale, E. V. Anslyn and Y.-B. Jiang,
J. Org. Chem., 2019, 84, 14587.

33 X. Yan, Q. Wang, X. Chen and Y.-B. Jiang, Adv. Mater., 2020,
1905667.

34 A. R. Palmans and E. W. Meijer, Angew. Chem., Int. Ed., 2007,
46, 8948.

Communication ChemComm

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
12

/9
/2

02
0 

1:
37

:4
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d0cc05989g



