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Two-dimensional (2-D) self-assembly of diarylethene (DAE)-
peptide conjugates at the octanoic acid/graphite interface was
investigated by scanning tunneling microscopy (STM). The open-
ring isomer of a DAE—peptide conjugate formed a stable 2-D
molecular assembly with an antiparallel B-sheet structure.
Quantitative analysis of surface coverage depending on
concentrations revealed a stronger stabilization effect of
oligopeptide than that of alkyl group with similar side chain length.

Three-dimensional structure of proteins is closely related to
the sophisticated functions of biomolecules, which originates
from composition and sequence of amino acids.™ The motif of
self-assembly seen in biomolecules has been used to create
artificial supramolecular systems such as those consisting of 71—
peptide conjugated molecules.* 1!

Self-assembly on surface is a powerful approach to
construct functionalized two-dimensional (2-D)
architectures.’>% Oligopeptides should be a promising building
blocks not only for 3-D systems but also for 2-D self-assemblies.
De Feyter, Meijer, Schenning, and co-workers reported a
pioneering work on 2-D self-assembly of m-conjugated
molecules bearing oligopeptide in 2008, in which the formation
of an antiparallel B-sheet was clearly visualized by scanning
tunnelling microscopy (STM) with the single-molecule
resolution.'® Recently, Wang et al. have reported systematic
studies on conformational dynamics and site-specific analysis of
amyloid B peptides using STM since 2012.%22 Direct
visualization of the bioinspired 2-D self-assemblies has been
widely investigated using STM, however, the stabilization
energy of 2-D assemblies by the formation of hydrogen bonding

nano-

structures of oligopeptide has not been discussed quantitatively.
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Photochromic compounds are key molecular components of
photoresponsive 2-D self-assemblies that can be utilized as
optoelectronic nanodevices working at the molecular level.?324
We have previously reported photochromic diarylethenes
(DAEs) showing a phototriggered multi-state ordering trans-
formation at the liquid/graphite interface, where 2-D ordering
domains composed of one isomer of DAE were replaced by
different domains of the other isomer upon light irradiation.?>~
292 On the other hand, photoswitching of individual molecules at
the single-molecule level with keeping the original ordering
domains has not been achieved, likely due to fast exchange of
molecular components; the photoisomerized isomer in a 2-D
ordering is likely exchanged with the original isomer via
adsorption/desorption dynamics at the liquid/solid interface.

According to the literature, STM observation of the single-
molecule-level photoswitching is limited to only self-assembled
monolayer (SAM) on Au(111) surfaces3%3! and vapor-deposited
monolayer under ultra-high vacuum (UHV) conditions,32734
where exchange of molecular components is restricted. We
envision that slow adsorption/desorption dynamics is a
necessary condition to observe single-molecule switching at
liquid/solid interfaces with keeping the original 2-D ordering
domains.

Herein, we report the synthesis of DAE—peptide conjugates
and their 2-D self-assembly at the liquid/graphite interface
(Figure 1). We found that the DAE—peptide conjugate, having
both oligopeptide and hexadecyl chains, formed a stable 2-D
molecular assembly, which was stabilized by the antiparallel -
sheet structure of oligopeptide moieties. A strong stabilization
effect of the formation of antiparallel B-sheet on 2-D self-
assembly was successfully quantified by the analysis of surface
coverage depending on concentration changes.

£ F _ open-ring isomer s r _ closed-ring isomer
F F FXUF
F F w F (F
s s H O o H O —» s Q s H O H oo )
R PR/ NJN%{N\AN%{NJNH - 2 N\)LNJ}(N\)LNJH(N\)LNH
2 2
o} H o H o vis. o H o H §
10:R=H 1c:R=H
20: R =CygH33 2c: R =CqgHas

Figure 1. (a) Chemical Structures and photochromic reaction of DAEs 1 and 2.
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Diarylethenes 1o and 20 were synthesized using a solid-
phase peptide synthesis (see the ESI). Glycyl-alanyl sequence
(Gly-Ala-Gly-Ala-Gly, GAGAG) is the key repeating motif for the
B-sheet structure in silk fibers,?>3® which was commonly
introduced to 10 and 2o. In addition, a hexadecyl chain was
introduced into 20 to enhance the affinity to the graphite
surface. The GAGAG peptide bearing N-terminated amine was
prepared by Fmoc solid-phase synthesis. Solid-phase coupling
of GAGAG peptide with carboxylic acid derivatives of DAEs, and
subsequent cleavage from the resin provided 10 and 20 in 68%
and 47% vyield, respectively. The synthetic details and
characterization using NMR spectroscopy and mass
spectrometry are shown in Supporting Information (ESI).

Photoisomerization reaction of 1 and 2 was investigated in
octanoic acid by UV-vis absorption spectroscopy (Figures 2a and
S1). The open-ring isomers 10 and 20 showed absorption bands
at 336 and 343 nm, respectively. The molar extinction
coefficient (&) was 1.2 x 10* M™lcm™ at the maximum
absorption wavelength both for 10 and 20. The magnitude of
absorption spectra was linearly increased with increasing
concentration at concentrations of 40 uM or less, and showed
a negative deviation from linearity at 100 uM, suggesting that
1o and 20 did not form any aggregate at concentrations of 40
UM or less in octanoic acid (Figures S2 and S3).

Upon irradiation with UV light (313 nm) to an octanoic acid
solution of 20, new absorption band appeared at 435 nm,
suggesting the photoisomerization from the open-ring isomer
20 to the closed-ring isomer 2c. The original spectrum of 2o was
fully restored by successive irradiation with visible light (> 460
nm), indicating a reversible photoisomerization reaction. The
closed-ring isomer 2c could not be isolated by HPLC. Instead,
assuming the molar extinction coefficient of 2c is identical to a
reference compound, i.e., 1,2-bis(3,5-dimethyl-3-
thienyl)perfluorocyclopentene (¢=5.8 x 103 M~cm™ at 425 nm
in hexane),3” the conversion ratio of 2c to 20 at the
photostationary state (PSS) was estimated to be around 85% in
octanoic acid.

Self-assembly of 10 and 20 in solution phase was detected
by circular dichromism (CD) spectroscopy (Figures 2b and S4).
1o and 20 showed a negative Cotton effect at 320-340 nm at
100 puM or higher in octanoic acid, whereas no CD signal was
observed for 20 under dilute conditions, i.e., 40 uM or less,
which was consistent with concentration dependence of
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Figure 2. (a) UV-vis. spectral change of 2 in octanoic acid upon photoisomerization (c =
40 pM, cell length: 10 mm). (b) CD spectra of 20 in octanoic acid (cell length: 2 mm).

absorption spectra. Considering that CD signal was observed at
320-340 absorption,
diarylethene core moiety of 1o and 20 took a chiral

nm where oligopeptide has no

conformation in aggregates induced by the chiral peptide chain.

The manner of 2-D ordering of 10 and 20 was investigated
by STM at the octanoic acid/highly oriented pyrolytic graphite
(HOPG) interface. Octanoic acid solution of 10 or 20 was
deposited on a freshly cleaved HOPG substrate, and then STM
image was recorded at the liquid/solid interface. No ordering
was observed for 10 at concentrations of 200 uM or less (Figure
S5a). Although 2-D orderings was detected using saturated
solution of 1o, the detailed structure was unfortunately not
clear (Figure S5b).

In contrast, a clear stripe-patterned ordering of 20 was
recorded at 200 puM (Figure 3a), suggesting that hexadecyl chain
has an important role to stabilize 2-D ordering at the
liquid/HOPG interface. According to high-resolution STM
images of 20, the lattice parameters were determined asa =5.8
+ 0.1 nm, b=0.96+0.02 nm, =87 + 1°, from which the unit
area occupied by one molecule of 20 on surface was
determined as S = 2.80 + 0.14 nm? (Figure 3b). The stripe-
patterned ordering was well reproduced by the molecular
mechanics/molecular  dynamics (MM/MD) calculations,
suggesting that oligopeptide chain of 20 took an antiparallel -
sheet structure in the 2-D ordering, where methyl group of
alanine extended to the liquid phase to avoid collision with the
substrate (Figure 3c). It is noted that DAE core of 20 took a
photoactive antiparallel conformation, therefore,
photoisomerization reaction from the open- to the closed-ring
isomer is possible in 2-D self-assembly. The formation of
antiparallel B-sheet conformation is consistent with the
previous report by De Feyter et al., in which a similar pattern of

= $o8-%

Figure 3. (a) STM images of 20 at the octanoic acid/HOPG interface (¢, = 200 UM, /e = 10 pA, Viias = —800 mV). (b) High-resolution STM image of molecular ordering of

20 at the octanoic acid/graphite interface (c; = 200 UM, lser = 40 pA, Vpias = =800 mV) and the molecular model of 20 simulated by MM/MD calculations. (c) Enlarged

image of the molecular model showing the formation of antiparallel B-sheet conformation composed of GAGAG oligopeptide sequence. Yellow dotted line denotes the

six-fold hydrogen bond network.
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2-D ordering was observed for a oligo(p-phenylenevinylene)
derivative with GAGAG oligopeptide at the liquid/HOPG
interface.’

The stabilization effect of the formation of antiparallel -
sheet structure was quantitatively analyzed for the first time in
this study. The surface coverage of 20 depending on the change
of concentration was observed by STM (Figure 4). The mean
value of surface coverage at a concentration was determined by
15 STM images recorded at different places on HOPG substrate
(Table S1). Note that the surface coverage observed by STM was
stable at least during several hours after the sample deposition.
As shown in Figure 4b, 20 showed a steep increase of surface
coverage with increasing concentration. We noticed that
concentration for the 2-D ordering formation of 20 was similar
to that for the aggregation in solution phase, i.e., ca. 50 uM in
octanoic acid according to concentration dependence of CD
spectra (Figure 2b).

A  2-thienyl-type DAE 30 bearing two of N-
tetradecylcarbamoylethyl groups composed of totally 36 non-
hydrogen atoms (C3sN;) in the main chain, was used as a
reference compound.?® The length of side chains of 30 is similar
to that of 20 composed of totally 35 non-hydrogen atoms
(C9Ng) for the two chains. The critical concentration (ccrit),
defined as the concentration at which surface coverage
saturates, of 20 (ccrit = 70 uM) was significantly smaller than that
of 30 (ccit = 2000 uM), suggesting that the ordering 20 was
strongly stabilized by the formation of antiparallel B-sheet.
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Figure 4. (a) Chemical Structure of diarylethene 30. (b) Concentration dependence
of surface coverages of 20 and 30 at the octanoic acid/graphite interface. The red
and black solid lines denote the best-fit curves simulated by the
nucleation—elongation model. Data points for 3o were taken from ref 40.
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where K, and K. are the nucleation and elongation eguilibsum
constants, respectively, and o is the degrtel BFOSHEFRAIVItY
defined as the ratio of two equilibrium constants (K./Ke). By
non-linear regression analysis using eq 1, optimized adsorption
parameters K, and K. of 20 were determined as K, =60 £ 60 M™*
and Ke = (1.7 £ 0.1) x 10* M™%, respectively. The o value of 20
was calculated as o= (4 = 4) x 1073 from the two equilibrium
constants. The Gibbs free energy for adsorption in elongation
processes (AGe) was calculated according to the equation AGe =
—RT In Ke, in which R is the gas constant and Tis the temperature.
The AG. value for 20 (-24.1 kJ mol™) was negatively larger by
8.6 kJ mol™* than that of 30 (-15.5 kJ mol™?), suggesting that
oligopeptide moieties of 20 has a significant stabilization effect
on the formation of 2-D self-assembly compared with that of
alkyl chain moieties of 30. According to MM calculations, the
energy of lateral intermolecular interaction (Emol-mol), Which is
the sum of van der Waals and hydrogen bond interactions, for
20 was negatively larger than that of 30 by 60.6 kJ-mol~? (Figure
S13 and Tables S2—-S5), suggesting that the negatively larger AGe
value of 20 than that of 30 is attributed to the large
intermolecular interaction of oligopeptide chains in the 2-D
molecular ordering.

According to our previous reports on the size of 2-D ordering
domains, the domain size tended to be small for compounds
showing an isodesmic-type self-assembly process (i.e., the o
value is close to 1),3*! whereas the large domain size was
commonly observed for compounds showing highly
cooperative self-assembly processes (i.e., << 1) whose domain
sizes were typically larger than the maximum scan size of STM
providing molecular resolution (~500 x 500 nm?).27,3840,4143 |t jg
noted that the domain size of 20, showing the small ovalue of
4 x 1073, was remarkably small (~100 x 100 nm?) even when the
surface coverage was not saturated (c: = 50 uM, Figure S8). The
size of 2-D ordering domains is likely related to the nucleation
process at the liquid/solid interface. The small domain size of 20
may be attributed to the fast nucleation rate and/or slow
adsorption/desorption dynamics at the liquid/solid interface.

Next, the mixing of the closed-ring isomer 2c in the 2-D
domain composed of 20 was examined by STM. UV light (313
nm) was irradiated before the deposition on HOPG substrate to
prepare a mixed solution of 20/2c (= 60/40) (c: = 200 uM). As
shown in Figure 5, the resolution of STM image significantly
decreased compared to that of pure 20 (Figure 3a), and some

The experimental plots of surface coverage were
successfully reproduced by the nucleation—elongation model
for 2-D self-assembly at the liquid/solid interface that was
developed by our group.?7:283%-43 According to our model, the
surface coverage (6) can be described as follows:

oK. (c. — af) o= Asup
{1 -K.(c, —aB)}?> ’ L-Ny-S

6=(1-86)- (1)

This journal is © The Royal Society of Chemistry 20xx

Figure 5. The STM image of a mixture of 20/2c (60/40) at the octanoic acid/HOPG
interface (¢, = 200 UM, Iser = 10 pA, Viias = —800 mV).
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parts of DAE core moiety in the 2-D ordering were found to have
a brighter contrast than the others after UV light irradiation.
However, it is difficult to conclude the generated brighter parts
to be mixed adsorption of 2c or multi-layer adsorption of 20
from this experimental result using STM. The further study for
photoisomerization reaction in 2-D ordering is currently under
investigation in our group.

In conclusion, we reported the solid-phase peptide synthesis
and self-assembly behavior of DAE—peptide conjugates at the
liquid/graphite interface. The DAE—peptide conjugate having a
hexadecyl chain formed a stable 2-D molecular assembly at the
octanoic acid/graphite interface. Oligopeptide moieties formed
an antiparallel 3-sheet structure and DAE core moieties took
photoactive antiparallel conformation at the 2-D interface.
Quantitative analysis of surface coverage depending on
concentrations revealed that oligopeptides are useful
molecular motifs to construct stable 2-D molecular orderings,
i.e., the critical concentration for the formation of 2-D ordering
can be decreased by more than one order of magnitude by
replacing alkyl side chain with GAGAG oligopeptide having a
comparable chain length. The molecular design strategy in this
work will provide a key concept for fabrication of photo-
functional 2-D molecular assembly which works at the single-
molecule level.
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