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Photoswitchable Hydrogen-
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Cylindrical Peptide Systems**
Martin S. Vollmer, Thomas D. Clark,
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Molecular self-organization is of para-
mount importance for the development of
functional materials.[1, 2] The desire to control
self-assembly processes by external signals,
such as light, has led to the design of
numerous photochromic supramolecular sys-
tems.[3] Among the various photoswitchable
molecules, azobenzenes are utilized exten-
sively in supramolecular chemistry, catalysis,
and material science because of their efficient,
reversible E!Z photoisomerization that
leads to large changes in molecular geome-
try.[4±12]

Here we report the synthesis and character-
ization of the novel peptide system 1
(Scheme 1), in which E/Z isomerization of
the azobenzene subunit results in photo-
switchable hydrogen bonding, which allows
the controlled conversion between inter- and
intramolecularly assembled cylindrical struc-
tures both in solution and in thin films at the
air ± water interface.

The peptide system 1 is composed of two
cyclic octapeptides with alternating d- and l-
a-amino acids bridged by an azobenzene
moiety. The peptides were designed to give
good solubility in nonpolar organic solvents,
to offer a reactive nucleophile (cysteine side
chain) for the linkage with the azobenzene,
and to limit the self-assembly to dimeric b-
sheetlike structures by selective backbone
N-methylation.[13] This system was also engi-
neered to exhibit the following structural and
kinetic properties. In nonpolar organic sol-
vents, the E isomer of azobenzene ((E)-1) was
foreseen to exist as an ªassembly poolº
comprised of dimers and higher oligomers,
formed as a result of intermolecular hydrogen bonding and
hence concentration dependent (Scheme 1). Irradiation with

UV light was expected to cause E!Z isomerization and
conversion from intermolecular assemblies into the single
intramolecularly hydrogen-bonded species (Z)-1. Molecular
modeling studies indicated that the thioether spacer connect-
ing the peptide and azobenzene moiety would allow optimal
formation of eight intramolecular hydrogen bonds. Further-
more, the Z isomer was predicted to confer resistence against
thermal Z!E isomerization as a consequence of the in-
creased stability offered by intramolecular hydrogen bonding.

The azobenzene peptide system 1 was synthesized and
purified using standard techniques.[14] The characterization
was performed by UV/Vis, NMR, and FT-IR spectroscopy, as
well as electrospray ionization mass spectrometry (ESI-
MS).[15, 21, 23] The photoisomers (E)-1 and (Z)-1 show UV/Vis
absorption bands characteristic of the azobenzene chromo-
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Scheme 1. Peptide sequence employed in this study and schematic representation of the
photochemical switching between inter- ((E)-1) and intramolecularly ((Z)-1) hydrogen-bonded
cylindrical aggregates (for clarity most side chains are omitted).
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phore (Figure 1). The p ± p* absorption band between 330 and
390 nm of (E)-1[16] is red shifted by about 6 nm relative to the
reference compound (E)-4,4'-dimethylazobenzene, which
leads to a more selective excitation (96%) of the E isomer

Figure 1. UV/Vis spectra of (E)-1 ( ; E :Z� 90:10, photostationary
equilibrium in ambient daylight) and (Z)-1 (´´ ´ ´ ; E :Z� 0:100, photosta-
tionary equilibrium at 366 nm) in chloroform at 293 K. The inset shows
switching cycles from (Z)-1 (E :Z� 0:100) to (E)-1 (E :Z� 70:30) by UV
and Vis irradiation (5 min), respectively (the first UV irradiation is marked
with an asterix). The absorbance A was monitored after each irradiation
step.

at 366 nm. Remarkably, UV irradiation of (E)-1 at 366 nm[17]

causes a quantitative conversion to the Z isomer as shown by
1H NMR spectroscopy. Examples of quantitative E!Z
photo-isomerization are rare.[18] In general, azobenzenes
display E :Z ratios in the range of 50:50[5] to 10:90[3, 19] at the
photostationary equilibrium (UV irradiation). On the other
hand, irradiation of (Z)-1 with visible light leads to the Z!E
isomerization with an E :Z ratio of approximately 85:15 at the
photostationary equilibrium.[20]

The 1D and 2D 1H NMR studies establish that (Z)-1 has the
expected monomeric hydrogen-bonded cylindrical struc-
ture.[13] The 1D NMR spectrum of (Z)-1 is concentration-
independent and shows a single set of sharp resonances
(Figure 2 a).[21] The ROESY spectrum displays only ROE
cross peaks (Figure 3 a), which indicates a unique structure
with no exchange processes detectable on the R1 time scale.[22]

Additionally, the position of the signals corresponding to the
ortho (d� 6.56) and meta (d� 7.07) protons confirms the Z
stereochemistry of the azobenzene.[18] The 1D NMR spectrum
of (E)-1 is more complicated than that of (Z)-1, and denotes,
as expected, the presence of several species (Figure 2 b).[23]

Azobenzene signals now appear in regions diagnostic of a E
configuration,[18] however, both ortho (d� 7.32 ± 7.50) and
meta (d� 7.70 ± 7.85) protons display multiple resonances. In
addition, the ROESY spectrum of (E)-1 shows numerous
exchange peaks (Figure 3 b). These data indicate that (E)-1
predominantly forms intermolecular aggregates such as
dimers and/or higher oligomers.

FT-IR studies of (E)-1 and (Z)-1 further support the
predominance of hydrogen-bonded b-sheet assemblies in
chloroform. The IR data display only one amide A band
(nÄN-H) at 3308 cmÿ1 (indicative of hydrogen bonding), the

Figure 2. The NH and CaH regions of the one-dimensional 1H NMR
spectra (400 MHz, 293 K, CDCl3) of a) (Z)-1 (the spectrum was recorded
24 h after switching to the Z isomer) and b) a 90:10 mixture of (E)-1 and
(Z)-1. The residual CH2Cl2 is marked with an asterisk. a) A single set of
sharp resonances are present for (Z)-1, with downfield shifts for the NH
(d� 8.41 ± 8.72) and CaH signals (d� 5.19 ± 5.89) relative to the related
non-assembled cyclic peptides, which indicates the formation of a tight
hydrogen-bonded b-sheet structure. The 3JN,a values are all greater than
8.6 Hz, characteristic of b-sheets. b) In the case of (E)-1 several sets of
resonances are observed, which is consistent with the presence of multiple
oligomeric intermolecular assemblies. The NH and CaH signals exhibit
downfield shifts similar to (a); however, CaH resonances at d> 5 can be
clearly seen, which likely arise from monomeric (E)-1.

amide I? band at 1630 cmÿ1, and the amide IIII band at
1525 cmÿ1, which are characteristic of b-sheet structures.[13]

The expected signals of non-hydrogen-bonded NH stretches
in (E)-1 could not be observed by FT-IR spectroscopy. The
association behavior of (E)-1 was also studied by ESI-MS. In
addition to signals characteristic for the monomer,[14] the
appearance of the signals for [2 M�H�Na]2� as well as
[2M�H�K]2� established the presence of a dimer in the
assembly pool.

The photoisomerization of 1 is completely reversible in
both directions. This can be demonstrated by irradiation of
(E)-1 in chloroform solution first with UV light (366 nm,
5 min) followed by visible light (5 min). The absorption was
monitored at 340 nm after each irradiation step (inset of
Figure 1). The chosen time intervals for irradiation allow
reversible switching between an E :Z ratio of 0:100 to 70:30
and with longer Vis irradiation[20] beween 0:100 to 85:15.

It was expected that (Z)-1 would be more resistent to
thermal Z!E isomerization than (Z)-4,4-dimethylazoben-
zene as a result of intramolecular hydrogen bonding. There-
fore we investigated the rate constants for the thermal Z!E
isomerization at different temperatures by UV/Vis spectro-
scopy and calculated the activation energy Ea from the
Arrhenius plot (Table 1). The thermal Z!E isomerization of
(Z)-1 at 293 K in the dark is 7.5 times slower than that of (Z)-
4,4'-dimethylazobenzene.

With regard to thin films as components for optical devices,
we also investigated the self-organization of the peptide
system 1 at the air ± water interface. Remarkably, both the E
and Z isomer form very stable thin films. The respective
isotherms are readily distinguished by plateau regions at
12.5 mN mÿ1 and 14.0 mNmÿ1, respectively (Figure 4). Rever-
sible isomerization of 1 within the film is facile as well.
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Figure 3. ROESY spectra of (Z)-1 and a 90:10 mixture of (E)-1 and (Z)-1
showing NH, aromatic H, and CaH regions. ROE cross peaks are shown in
red, while exchange cross peaks are in black. a) (Z)-1 (400 MHz, 293 K,
CDCl3). Only ROE cross peaks are observed, which supports the idea of a
unique, monomeric species. Area 1 shows strong da-N (i, i� 1) ROE cross
peaks (downfield) and weaker intramolecular residue signals (upfield),
consistent with the expected b-sheet structure. Furthermore, region 2
displays strong da-a cross-strand ROE signals diagnostic of antiparallel b-
sheets. b) (E)-1:(Z)-1� 90:10 (500 MHz, 293 K, CDCl3). In addition to
ROE cross peaks, numerous exchange peaks are observed. For example,
area 3 shows a complicated pattern of da-N ROE signals and dN-N exchange
peaks, which reflects the presence of multiple interconverting oligomeric
species. The exchange cross peaks marked with an arrow occur between
hydrogen-bonded and free NH resonances, the latter possibly arising from
monomeric (E)-1.

Switching cycles were carried out while maintaining either a
constant area or surface pressure. Under constant area
conditions the surface pressure increases by 1.2 mNmÿ1 upon
conversion from the E into the Z isomer (inset of Figure 4).

Figure 4. Surface pressure area isotherms (compression and expansion) of
(E)-1 ( ) and (Z)-1 (´´ ´ ´) on water at 293 K; F is the area per molecule.
The arrows indicate the direction of compression and expansion. The inset
shows four photoinduced isomerization cycles of the peptide film at the
air ± water interface under constant area conditions. The area per molecule
was adjusted to 175 �2 after equilibration of the peptide film for 10 h on the
air ± water interface at 0 mN mÿ1.

Peptide films were transferred onto a solid support, such as
mica and quartz glass, for analysis of the two-dimensional
structure by scanning force microscopy and UV/Vis spectro-
scopy. We observed self-organized photoswitchable peptide
films on these surfaces as well.[24]

Altogether, the described azobenzene ± peptide 1 provides
a new photochromic supramolecular system that permits
reversible switching between inter- and intramolecular hydro-
gen bonds both in solution and in thin films. We anticipate that
this structure-based switching principle together with the
quantitative conversion into the Z isomer will have a number
of potential applications including photoswitchable trans-
membrane channels and ionophores. Furthermore, self-
organization of photoswitchable peptides on solid substrates
can provide a potential entry to novel photoactive materials as
components for optical, electronic, and sensor devices.
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Table 1. Rate constants k [sÿ1] of the thermal Z!E isomerization of (Z)-1
and (Z)-4,4'-dimethylazobenzene (AZO) at different temperatures, as well
as the activation energy Ea [kcal molÿ1] and the Arrhenius constant
lnA [sÿ1].[a]

k293 K k303 K k313 K k323 K Ea lnA

(Z)-1 2.9� 10ÿ7 1.1� 10ÿ6 3.6� 10ÿ6 1.1� 10ÿ5 23.4 25.0
AZO 2.2� 10ÿ6 7.0� 10ÿ6 2.2� 10ÿ5 7.1� 10ÿ5 22.4 25.3

[a] All experiments were performed in duplicate. The statistical errors are
<5 %.
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A Chiral Molecular Based Metamagnet
Prepared from Manganese Ions and a Chiral
Triplet Organic Radical as a Bridging Ligand**
Hitoshi Kumagai and Katsuya Inoue*

The design of molecular materials with interesting optical
and/or magnetic properties has been one of the major
challenges of the last few years.[1, 2] In 1984 Barron and
Vrbancich gave the name ªmagneto-chiral dichroismº
(MChD) to the relationship between natural optical activity
and magnetic field induced circular dichroism.[3] In 1997
Rikken and Raupach observed the MChD effect for tris-
(3-trifluoroacetyl-(�)-camphorato)europium(iii) in the para-
magnetic state.[4] The MChD effect depends on the magnitude
of the magnetic moment. It is important to make fully chiral
molecule-based magnets, which are expected to exhibit a
strong MChD effect. Although novel properties are expected
for such compounds, there are only a few examples of
molecule-based chiral magnetic material.[1, 5±7]

Recently, a strategy of using p-conjugated polynitroxide
radicals with high-spin ground states as bridging ligands for
magnetic metal ions was applied to assemble and align
electron spins on a macroscopic scale.[8±11] The crystal
structures and the magnetic structures of these complexes
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