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Existence of Two-Dimensional Physical Gels even at Zero Surface
Pressure at the Air/Water Interface: Rheology of Self-Assembled

Domains of Small Molecules
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Abstract: Films of mesoscopic domains self-assembled from
fluorocarbon/hydrocarbon diblock copolymers (FnHm) at the
air/water interface were found to display highly elastic
behavior. We determined the interfacial viscoelasticity of
domain-patterned FnHm Langmuir monolayers by applying
periodic shear stresses. Remarkably, we found the formation of
two-dimensional gels even at zero surface pressure. These
monolayers are predominantly elastic, which is unprecedented
for surfactants, exhibiting gelation only at high surface
pressures. Systematic variation of the hydrocarbon (n=38;
m=14, 16, 18, 20) and fluorocarbon (n=3_8, 10, 12; m=16)
block lengths demonstrated that subtle changes in the block
length ratio significantly alter the mechanics of two-dimen-
sional gels across one order of magnitude. These findings open
perspectives for the fabrication of two-dimensional gels with
tuneable viscoelasticity via self-assembly of mesoscale, low-
molecular-weight materials.

Two-dimensional (2D) gels based on low-molecular-weight
materials are of interest for stabilizing foams and emulsions in
foods and cosmetics, and also for the effective encapsulation
and controlled release of drug and gas molecules. The
formation of 2D gels has been reported for metal (Au, Ag)
and Si nanoparticles coated with surfactant molecules.
Naumann et al. reported that monolayers of phospholipids
coupled to poly(ethylene glycol) (PEG) chains underwent the
“gelation” (G'> G"”), which was assigned to the lateral
condensation of PEG chains” Monolayers of synthetic
glycolipids also form networks via hydrogen bonding between
the carbohydrate head groups.”! Recently, some of us
reported that monolayers of lipopolysaccharides (LPSs),
which are the major constituents of the outer membranes of
Gram negative bacteria, form 2D gels in the presence of
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Ca”*."l Importantly, in all the cases reported so far, the
formation of 2D gels was observed only when the monolayers
were strongly compressed. The aggregation of “hard” colloi-
dal particles experiencing short-range attractive interactions
can lead to the emergence of arrested states at low volume
fractions due to the eventual formation of space spanning
structures.” However, to the best of our knowledge, no 2D gel
has ever been described for self-assembled organic molecules
at zero surface pressure.

Here, we report that self-assembled mesoscopic surface
domains of fluorocarbon/hydrocarbon diblock copolymers,
CF,,..C,Hy, .1 (FnHm, n=8-10; m=14-20) can form
physical 2D gels even at or near zero surface pressures
without chemical cross-links.

Fluorocarbon/hydrocarbon diblock copolymers® are
known to form discrete, highly monodisperse circular surface
domains at the air/water interface with the fluorinated blocks
up and the hydrogenated chains down and in contact with
water (Scheme 1). Grazing incidence X-ray diffraction

CnF2n~l-1 CmHZmM
-~
0,12

n=81
m =14, 16, 18, 20

Scheme 1. Investigated FnHm diblock copolymers and schematic rep-

resentation of the experimental setup. FnHm molecules form meso-

scopic domains on the water subphase even at 7~0 mNm™.

(GIXD) showed that the fluorocarbon chains are packed in
a hexagonal lattice, while the hydrocarbon chains are much
poorly ordered.” The latter can be attributed to the mismatch
in the cross-section of the fluoro- and hydrocarbon blocks."!
The surface domains organize in quasi-crystalline hexagonal
arrays when spread and compressed as Langmuir monolayers
at the air/water interface, as shown by grazing incidence
small-angle X-ray scattering (GISAXS).”) The diameter of
these domains (ca. 30 nm) is about an order of magnitude
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larger than their height (3 nm), which corresponds to the
molecular length of the diblock.'"! The cohesion between
diblock copolymers within the domains would be caused by
van der Waals attractions, while the repulsion that prevents
coalescence of domains would originate from the dipoles of
the terminal CF; group and the CF,-CH, junction.!
Recently, using GISAXS we demonstrated that increasing
the hydrocarbon block length led to a monotonic increase in
the diameter of the surface domains from @ =~ 28 nm (F8H14)
to @~ 36 nm (F8H20), which is attributed to higher van der
Waals attractions."” Theoretical studies have suggested that
the monolayer of FnHm diblock copolymers consists of
surface domains in a liquid condensed state dispersed and in
equilibrium with FnHm diblock copolymers that form a con-
tinuous liquid expanded phase.™ In fact, pressure-area
isotherms revealed compressibilities of x ' ~10 mN~' mea-
sured at 7 =5 mNm ', which were similar to compressibilities
of fatty acid monolayers in a liquid condensed state."

Although the highly uniform, regular lattice of FnHm
surface domains suggests strong lateral correlation, there has
been little investigation of the viscoelasticity of FnHm
monolayers. Previously, Klein et al. studied the viscoelasticity
of F12H12 and F12H20 monolayers using an interface stress
rheometer based on a gliding magnetic needle under oscillat-
ing magnetic fields. They reported that the F12H12 mono-
layer was predominantly elastic, showing the characteristic
fingerprint of a “colloidal glass”."¥l In contrast, FI2H20 and
diblock copolymers in which the F12 and H12 segments are
connected by a phenyl group form elongated micelles and
show an elastic response that was, in the latter case, assigned
to classical m-m-driven entanglement of these elongated
micelles."! However, the physical mechanism by which each
block contributes to modulate the interfacial viscoelasticity is
largely unknown.

In our study, we used an interfacial shear rheometer based
on a rotating ring in combination with a Langmuir film
balance (Scheme 1).) We simultaneously measured the
frequency-dependent dynamic surface elastic modulus G'(w)
and viscous modulus G”(w) at different surface pressures
without disrupting the mesoscopic FnHm domains. The
investigation of homologous series of FnHm diblock copoly-
mers with various hydrocarbon (n=8; m=14-20) and
fluorocarbon (n==8-12; m=16) block lengths (Scheme 1)
enabled us to clarify the basic molecular parameters that
modulate the film mechanics at the air/water interface.

Interfacial shear rheometry allows the quantitative deter-
mination of dynamic elastic and viscous properties of mono-
layers of amphiphilic compounds deposited on liquid surfa-
ces.l'] As compared to the conventional rotating disk devices,
this instrument can achieve approximately one order of
magnitude higher sensitivity.'”” The ring and the pressure
sensor were of similar size (ca. 10~* m) and approximately five
orders of magnitude larger than a single surface domain (ca.
10~ m) and thus insensitive to small local inhomogenities in
the film. In order to compare the dynamic surface modulus of
FnHm monolayers, we first verified that the systems exhibit
a linear response to the applied stimuli (Figure Sla and b in
the Supporting Information). Unless stated otherwise, the
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frequency f=3 Hz and strain amplitude y =1.5 mrad were
applied throughout the study.

Figure 1 represents the elastic (G") and viscous (G”)
modulus of a FSH16 monolayer plotted as a function of area
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Figure 1. Elastic G’ and viscous G” moduli of a F8H16 monolayer
measured at y =1.5 mrad and f=3 Hz as a function of molecular
area. The corresponding /A isotherm is shown in the inset.

per molecule. For each data point, the measurement was
performed over 90 s, confirming that the system reached the
thermodynamic equilibrium (Figure S1c). The corresponding
surface pressure-area (-A) isotherm is displayed in the inset.
The onset of the increase in G’ and G” appears around A =
50 A2, while the surface pressure still remains 7~ 0 mNm .
It is notable that G’ is always larger than G”, indicating that
the F8H16 monolayer is predominantly elastic, thus forming
a 2D gel even in the diluted phase. This behavior is clearly
different from the gelation of other surfactant monolayers,
which emerges only at high surface pressures.*'"! When the
monolayer is compressed to reach the onset of the increase in
7 (A ~35 A%, the dynamic moduli already reach G’ = (0.9 +
0.1) mNm ™" and G” =(0.3440.02) mNm". Such a predom-
inantly elastic response of the FnHm monolayers can be
attributed to the strong dipole repulsion between CF;-chain
termini and CF,-CH, junctions, which prevent the coales-
cence of surface domains.™!)

To confirm that other FnHm diblock copolymers can also
form 2D gels near zero surface pressure, we systematically
varied the length of hydrocarbon and fluorocarbon blocks.
The viscoelastic response of other FSHm monolayers implies
that these monolayers are also predominantly elastic at &
~0mNm' (Figure S2). These results suggest that the surface
domains are already laterally correlated at such low surface
pressures. Indeed, GISAXS experiments showed the presence
of ordered structures at 7 ~0 mNm ' for F8H14 (Figure S3).
Variations of G' and G” with Fn and Hm block length provide
some insight on the relative impact of each block on the
mechanics of the film (Figure2; see Table S1 for exact
values). First, G” exhibits a monotonic increase when Hm
increases from 14 to 20, which can be attributed to the
increase in size of the surface domains due to increasing van
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Figure 2. Elastic (G') and viscous (G") moduli of FnHm monolayers
measured at 7=5mNm™', y=1.5 mrad and f=3 Hz plotted as

a function of hydrocarbon chain length m for F8Hm (red) and
fluorocarbon chain length n for FnH16 (blue). *G’ still exhibited

a continuous increase even after 90 s (Figure S5a).

der Waals attractions between hydrocarbon chains.”!>1% G’

remains almost constant for m =14, 16, and 18, but a signifi-
cant 3-fold increase is observed for m =20.1"")

Next, we investigated how the fluorocarbon block length
influences the interfacial viscoelasticity of FnH16 monolayers
(Figure S4). Figure 2 represents G’ and G” at 7=5mNm™'
plotted as a function of n. The increase from 8 to 10 causes no
significant increase of G’ and G”. In contrast, F12H16 shows
significantly higher moduli. Note that G’ of F12H16 did not
reach the full equilibrium at y=1.5mrad and f=3Hz,
showing a continuous increase even after 90 s (Figure S5a).
However, the observed tendency was further confirmed by
repeating the measurements at y=3 mrad and f=5 Hz,
where the system reached the thermodynamic equilibrium
(Figure S5b). Interestingly, the change in G’ caused by the
elongation of the Fn block from 8 to 12 is almost by one order
of magnitude, which is much more pronounced than that
caused by the elongation of the Hm segment.

The elastic modulus of FnHm monolayers is determined
by repulsive interactions between surface domains that are
confined in a 2D system at the air/water interface.'" The net
dipole moment per domain is determined by 1) the domain
size and 2) the alignment of molecular dipoles. Recently, we
reported that the domain size increases from @53~ 32 nm
to Do~ 36 nm by using grazing-incidence small-angle X-
ray scattering (GISAXS)."” In general, the elongation of
hydrocarbon chains increases the lateral chain ordering, as
widely reported in self-assembled monolayers."”) In our
experimental system, the increase from m =18 to 20 leads
to an increase in the ordered chain fractions.'’? However, due
to the mismatch in cross-sectional areas between fluorocar-
bon chains (ca. 30 A?) and hydrocarbon chains (ca. 20 A%),
the lateral ordering of fluorocarbon chains is disturbed."’!
This results in the poorer alignment of molecular dipoles
(Figure S6). Thus, it is plausible that these counteracting
effects cause a moderate increase in G’ by a factor of 3-4. The
elongation of Fn block from n=8 to 12 also results in an
increase in the domain size from @pg;6~29 nm to D@pp6

Angew. Chem. Int. Ed. 2017, 56, 12603 12607

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

~ 33 nm.['” Different from H-blocks, the increase in “bulkier”
fluorocarbon chain ordering by elongation from n=10 to
12 does not disturb the lateral packing of hydrocarbon
chains. Therefore, a pronounced increase in G’ by a factor of
approximately 20 can be explained by the combination of the
increase in the domain size and the higher alignment of
molecular dipoles.!'?

The formation of 2D gels by FnHm found in this study at 7
~0mNm™ is clearly different from the gelation of organic
monolayers reported in previous accounts: the formation of
gel occurs only when films are compressed to high surface
pressures or cross-linked via entanglement as for denatured
proteins.>?!

To further shed light on the influence of the area per
molecules on the mechanics of the film, we compared the
frequency dispersion (f=2-10 Hz; y = 1.5 mrad) of G’ and G”
of F8H18 monolayers at four different surface pressures
(Figures 3a and b). At 7=0mNm ™' (4 >40 A?), the power
law exponent (slope) was approximately 1 for both G" and
G", which is characteristic for soft glassy materials.’? A slight
compression of the film to #=1mNm™"' (A=33A% is
sufficient to change the exponent of G’ to approximately 0.
In contrast, the exponent of G” remains almost constant at 1.
Such a frequency dispersion, G’ ocf” and G” < f', is a typical
fingerprint of Kelvin—Voigt solids (Figure S7, see the Sup-
porting Information for more information).*’

Figure 3 c shows the relationship between G and G’ at f=
2-10 Hz, collected at different surface pressures. At w=
OmNm™' (solid circles), the film behaves predominantly
elastic over the whole frequency window, and the phase shift
(loss angle) O remains constant at o =tan '(G"/G’) ~0.6
(inset). In contrast, when the film was slightly compressed to
7=0.5mNm' (open triangles), the loss angle exhibits a clear
increase by increasing frequency, 0 ~0.4 at f=2.3 Hz to 6
~0.9 at f=10 Hz (inset). As a result, 0 exceeds 7/2 beyond
a critical frequency f= 6 Hz, indicating that the film becomes
predominantly viscous (shaded region in Figure 3c). The
observed tendency is even more pronounced at higher surface
pressures. The extremely high sensitivity of loss angle to the
change in area per molecule suggests that the film is already in
the close proximity of the rheological transition at =
~0mNm "

The obtained results demonstrate that mesoscopic
domains of FnHm diblock copolymers form 2D physical
gels even at 7 =0 mN m ', which has, to our knowledge, never
been reported for other organic compounds. The gelation of
self-assembled domains of FnHm at zero surface pressure
shares common features with gels formed by “hard” particles,
while the other 2D gels of self-assembled organic molecules
reported so far underwent gelation only at high surface
pressures. These unique rheological properties can be attrib-
uted to the strong dipole repulsions between FnHm domains.
The fact that G’ and G” can be modulated by one order of
magnitude by a subtle change in the molecular structure
suggests a large potential of FnHm diblock copolymers in
stabilizing microbubbles, emulsions and gels against a wide
range of compression and expansion.
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Figure 3. Frequency sweep of F8H18 monolayer at different surface
pressures/ molecular areas. a) Elastic modulus G’ and b) viscous
modulus G” as a function of oscillation frequencies at y=1.5 mrad.
The dotted lines are linear fits. c) Viscous modulus G” vs. elastic
modulus G’ of F8H18 monolayer measured at different surface
pressures/molecular areas. The inset displays the frequency dispersion
of the phase shift 6. The shaded regions indicate the predominantly
viscous regime where G’ <G”, thus 0 > /2. The black lines are guides
for the eyes.

Acknowledgements

We thank the French Research Agency (grant number ANR-
14-CE35-0028-01) and the German Science Foundation

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

(Ta259/12) for funding this project, and Teclis Instruments
(France) for technical help. M.V. is grateful to the German
Science Foundation (GRK1114, EcTop2) and S.M. to Konrad
Adenauer Stiftung for fellowships. iCeMS is supported by
World Premier International Research Center Initiative
(WPI), MEXT, Japan.

Conflict of interest

The authors declare no conflict of interest.

Keywords: gels - polymers - self-assembly - shear rheology -
viscoelasticity

How to cite: Angew. Chem. Int. Ed. 2017, 56, 12603-12607
Angew. Chem. 2017, 129, 12777-12781

[1] E. Guzmén, D. Orsi, L. Cristofolini, L. Liggieri, F. Ravera,
Langmuir 2014, 30, 11504 -11512.

[2] a) C. Naumann, C. Brooks, G. Fuller, W. Knoll, C. Frank,
Langmuir 1999, 15,7752 -7761;b) C. A. Naumann, C. F. Brooks,
G. G. Fuller, T. Lehmann, J. Rithe, W. Knoll, P. Kuhn, O.
Nuyken, C. W. Frank, Langmuir 2001, 17, 2801 -2806.

[3] M. Schneider, K. Lim, G. Fuller, M. Tanaka, Phys. Chem. Chem.
Phys. 2002, 4, 1949-1952.

[4] M. Herrmann, E. Schneck, T. Gutsmann, K. Brandenburg, M.
Tanaka, Soft Matter 2015, 11, 6037 —6044.

[5] a) P. Dillmann, G. Maret, P. Keim, J. Phys. Condens. Matter 2012,
24, 464118; b) I. Cohen, T. G. Mason, D. A. Weitz, Phys. Rev.
Lett. 2004, 93, 046001.

[6] M. P. Krafft, J. G. Riess, Chem. Rev. 2009, 109, 1714-1792.

[7] a) M. P. Krafft, F. Giulieri, P. Fontaine, M. Goldmann, Langmuir
2001, 17, 6577 -6584; b) L. Bardin, M.-C. Fauré, D. Limagne, C.
Chevallard, O. Konovalov, E. J. Filipe, G. Waton, M. P. Krafft, M.
Goldmann, P. Fontaine, Langmuir 2011, 27, 13497 —13505.

[8] C. W. Bunn, E. R. Howells, Nature 1954, 174, 549 —551.

[9] a) P. Fontaine, M. Goldmann, P. Muller, M.-C. Fauré, O.
Konovalov, M. P. Krafft, J. Am. Chem. Soc. 2005, 127, 512—
513; b) M. P. Krafft, Acc. Chem. Res. 2012, 45, 514—524.

[10] a) A. Mourran, B. Tartsch, M. Gallyamov, S. Magonov, D.
Lambreva, B.1. Ostrovskii, I. P. Dolbnya, W.H. de Jeu, M.
Moeller, Langmuir 2005, 21, 2308 -2316; b) L. de Viguerie, R.
Keller, U. Jonas, R. D. Berger, C. G. Clark, Jr., C. O. Klein, T.
Geue, K. Miillen, H.-J. r. Butt, D. Vlassopoulos, Langmuir 2011,
27, 8776-8786.

[11] a) M. F. Schneider, D. Andelman, M. Tanaka, J. Chem. Phys.
2005, 7122, 094717, b) T. Kaindl, J. Oelke, A. Pasc, S. Kaufmann,
O. Konovalov, S. Funari, U. Engel, A. Wixforth, M. Tanaka, J.
Phys. Condens. Matter 2010, 22, 285102.

[12] M. Veschgini, W. Abuillan, S. Inoue, A. Yamamoto, S. Mielke, X.
Liu, O. Konovalov, M. P. Krafft, M. Tanaka, ChemPhysChem
2017, DOI: https://doi.org/10.1002/cphc.201700325.

[13] A.N. Semenov, A. Gonzalez-Pérez, M. P. Krafft, J.-F. Legrand,
Langmuir 2006, 22, 8703 -8717.

[14] C.O. Klein, L. de Viguerie, C. Christopoulou, U. Jonas, C. G.
Clark, K. Miillen, D. Vlassopoulos, Soft Matter 2011, 7, 7737 —
7746.

[15] a) C.Brooks, G. Fuller, C. Franck, C. Robertson, Langmuir 1999,
15, 2450-2459; b) L. Liggieri, R. Miller, Interfacial Rheology,
CRC, Boca Raton, FL, 2009.

[16] G. Zhang, P. Marie, M. Maaloum, P. Muller, N. Benoit, M. P.
Krafft, J. Am. Chem. Soc. 2005, 127, 10412 -10419.

Angew. Chem. Int. Ed. 2017, 56, 1260312607


https://doi.org/10.1021/la502183t
https://doi.org/10.1021/la990261q
https://doi.org/10.1021/la000778y
https://doi.org/10.1039/b110631g
https://doi.org/10.1039/b110631g
https://doi.org/10.1039/C5SM01002K
https://doi.org/10.1088/0953-8984/24/46/464118
https://doi.org/10.1088/0953-8984/24/46/464118
https://doi.org/10.1021/cr800260k
https://doi.org/10.1021/la010587a
https://doi.org/10.1021/la010587a
https://doi.org/10.1021/la201802x
https://doi.org/10.1038/174549a0
https://doi.org/10.1021/ja044779e
https://doi.org/10.1021/ja044779e
https://doi.org/10.1021/ar200178a
https://doi.org/10.1021/la048069y
https://doi.org/10.1021/la201377f
https://doi.org/10.1021/la201377f
https://doi.org/10.1063/1.1858852
https://doi.org/10.1063/1.1858852
https://doi.org/10.1088/0953-8984/22/28/285102
https://doi.org/10.1088/0953-8984/22/28/285102
https://doi.org/10.1002/cphc.201700325
https://doi.org/10.1021/la060638+
https://doi.org/10.1039/c1sm05357d
https://doi.org/10.1039/c1sm05357d
https://doi.org/10.1021/la980465r
https://doi.org/10.1021/la980465r
https://doi.org/10.1021/ja0510515
http://www.angewandte.org

GDCh
~~

[17] a) J. B. Brzoska, N. Shahidzadeh, F. Rondelez, Nature 1992, 360,
719-721; b) H. Hillebrandt, M. Tanaka, J. Phys. Chem. B 2001,
105, 4270-4276.

[18] a) K. Ariga, ChemNanoMat 2016, 2, 333-343; b) K. Ariga, K.
Minami, M. Ebara, J. Nakanishi, Polym. J. 2016, 48, 371-389.

[19] O. Zenasni, A. C. Jamison, T. R. Lee, Soft Matter 2013, 9, 6356 —
6370.

[20] a) J. Genzer, E. Sivaniah, E. J. Kramer, J. Wang, H. Korner, M.
Xiang, K. Char, C. K. Ober, B. M. DeKoven, R. A. Bubeck,
M. K. Chaudhury, S. Sambasivan, D. A. Fischer, Macromolecules
2000, 33, 1882-1887; b) C. Santaella, P. Vierling, J. G. Riess, T.
Gulik-Krzywicki, A. Gulik, B. Monasse, Biochim. Biophys. Acta
Biomembr. 1994, 1190, 25-39.

Communications

Internati

[21] a) C. R. Vessely, J. F. Carpenter, D. K. Schwartz, Biomacromol-
ecules 2005, 6, 3334-3344; b) G. B. Bantchev, D. K. Schwartz,
Langmuir 2003, 19, 2673 -2682.

[22] a) R. G. Larson, The structure and rheology of complex fluids,
Vol. 150, Oxford university Press New York, 1999; b) P. Sollich,
F. Lequeux, P. Hébraud, M. E. Cates, Phys. Rev. Lett. 1997, 78,
2020.

[23] a) F. Chambon, H. H. Winter, J. Rheol. 1987, 31, 683-697; b) C.
Rueb, C. Zukoski, J. Rheol. 1998, 42, 1451 -1476.

Manuscript received: July 10, 2017

Revised manuscript received: August 9, 2017
Accepted manuscript online: August 14, 2017
Version of record online: September 6, 2017

Angew. Chem. Int. Ed. 2017, 56, 12603 12607

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

12607


https://doi.org/10.1038/360719a0
https://doi.org/10.1038/360719a0
https://doi.org/10.1021/jp004062n
https://doi.org/10.1021/jp004062n
https://doi.org/10.1002/cnma.201600053
https://doi.org/10.1038/pj.2016.8
https://doi.org/10.1039/c3sm00054k
https://doi.org/10.1039/c3sm00054k
https://doi.org/10.1021/ma991182o
https://doi.org/10.1021/ma991182o
https://doi.org/10.1016/0005-2736(94)90031-0
https://doi.org/10.1016/0005-2736(94)90031-0
https://doi.org/10.1021/bm050353w
https://doi.org/10.1021/bm050353w
https://doi.org/10.1021/la0262349
https://doi.org/10.1103/PhysRevLett.78.2020
https://doi.org/10.1103/PhysRevLett.78.2020
https://doi.org/10.1122/1.549955
https://doi.org/10.1122/1.550966
http://www.angewandte.org

