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ABSTRACT: Despite remarkable progress in the field of
MOFs, structures based on long-flexible organic linkers are
scarce and the majority of such materials rely on rigid
linkers. In this work, crystals of a new metal−organic
double ladder (MODL) are obtained by linking a
pentapeptide (NH2-Glu-pCO2Phe-pCO2Phe-Ala-Gly-
OH) with cadmium acetate to produce a Cd(2-
pyrrolidone-pCO2Phe-pCO2Phe-Ala-Gly)(H2O)3 frame-
work. SEM and TEM analyses show the fibrous nature
of the crystals and show that the infinite cadmium oxide
rod secondary building units (SBUs) are aligned with the
longitudinal axis of the nanofibers.

In the chemistry of metal−organic frameworks (MOFs) it is
common to obtain crystalline products from the assembly of

metal ions with rigid organic linkers.1−3 Thousands of such
MOFs have been reported, with very few encompassing long-
flexible organic linkers. It is widely believed that the difficulty in
obtaining crystals increases with the length and flexibility of the
linkers employed in the synthesis. In this report we show how a
pentapeptide (Scheme 1) can be linked by cadmium,

crystallized into fibers, and then characterized by single-crystal
X-ray diffraction (SXRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). We
show that cadmium peptide double ladders propagate along the
longitudinal axis of the fibers. The choice of peptide as a linker
addresses the crystallization challenge stated above and may
have the potential of making MOFs with biologically relevant
interiors.
There are few crystalline MOFs incorporating flexible linkers.

Several are made from tartaric acid derivatives, γ-cyclodextrin,

or N-(4-pyridylmethyl)-D/L-valine.4−6 Even though a number
of MOFs with di- or tripeptide linkers are known, only a few
are crystalline.7−12 To date, no reports of a crystalline
pentapeptide or even a tetrapeptide MOF have been made.
Herein we report a unique pentapeptide-based metal−organic
double ladder (MODL).
Cadmium acetate dihydrate (8.8 mg, 0.033 mmol) and NH2-

Glu-pCO2Phe-pCO2Phe-Ala-Gly-OH (1; 4.2 mg, 0.064 mmol)
were dissolved in 2 mL of deionized water with 5 μL of
hydrofluoric acid in a 4 mL scintillation vial (Scheme 1). The
reaction mixture was placed under autogenous pressure at 85
°C. Needle-shaped crystals were collected after 5 days, filtered,
and washed with 30 mL of water. The reaction produced
transparent colorless needle-shaped crystals in a yield of 43%
based on cadmium. The MODL was formulated and
characterized by elemental microanalysis13 and X-ray single-
crystal diffraction studies.
The MODL is constructed of two infinite cadmium chains

linked by a pentapeptide in a double-ladder fashion which
progress along the [010] axis of the unit cell (Figure 1). During
the assembly process the Glu amino acid at the amine end of 1
reacted in an intramolecular fashion to form a 2-pyrrolidone
moiety, as is evident from the crystal structure, to form 1′
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Scheme 1. Reaction Scheme for Formation of MODLa

aDuring the reaction the Glu moiety undergoes an intramolecular
cyclization.

Figure 1. MODL structure: (a) Ball-and-stick representation of SBU;
(b) SBU with Cd shown as polyhedra; (c) view of the crystalline 1D
framework with inorganic SBUs linked together by 1′. Color scheme:
Cd, blue; C, gray; O, red; N, green. Hydrogen atoms are omitted for
clarity.
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(Scheme 1). 1′ binds to the SBU through the pCO2Phe and
Gly moieties, the former bridging between two cadmium ions
and the latter coordinating in a monodentate fashion (Figure
2a).

Each cadmium ion has a pseudo-octahedral environment
with three bound carboxylate moieties, two of which are of
pCO2Phe moieties that originate from two different linkers and
another carboxylate which is of the Gly moiety of a third linker
(Figure 1b) with Cd−O bond lengths that range between 2.24
and 2.30 Å. In addition, three water molecules coordinate to
the cadmium center to complete the octahedral environment,
with Cd−O bond lengths that range between 2.29 and 2.37 Å.
The three water ligands bind in a meridional fashion with an
angle of 174.5° between the two trans H2O ligands and 87.0−
91.3° between the two cis H2O ligands.
A complex net of intramolecular and intermolecular

hydrogen bonds (vide inf ra) stabilize the ensemble. Intra-
molecular hydrogen bonding between the amide bonds of the
stacked 1′ linkers stabilizes the double ladder. In addition,
intermolecular hydrogen bonding between water ligands and
the carbonyl of the 2-pyrrolidone moiety, between the
noncoordinating carboxylic moiety of the pCO2Phe amino
acid and the terminal carboxylate of 1′, and between the amide
of the 2-pyrrolidone moiety and the noncoordinating carboxylic
moiety of the pCO2Phe are donor−acceptor hydrogen pairs
that act as a secondary hierarchical interaction in the
construction of the macroscopic ensemble (Figure 2b).
SEM images of MODL (Figure 3a, b) show the fiberlike

morphology of the particles. The fibers have an approximate
diameter of 0.2−0.8 μm with a length of ca. 0.5 cm. After
sonication of the sample for 3.5 h the nanofibers maintain their
straight edge and relative high diameter-to-length ratio with a
diameter of ca. 20−100 nm (Figure 3c, d). This observation led
us to believe that there is a strong correlation between the
macro shape of the fibers and the molecular structure of the
double ladder, meaning that the longitudinal axis of the MODL
and the [010] crystallographic axis align with the longitudinal
axis of the fiber.
We investigated the hypothesis stated above by employing

TEM imaging. This was done by obtaining a diffraction pattern
and a visual image of the same nanofiber at the exact same
orientation. Afterward, crystallographic planes and spacing such
as the [010] plane with a 4.9 Å spacing were identified by
matching the TEM-acquired diffraction pattern with the

calculated diffraction pattern of the single-crystal structure. In
this way, as is evident from Figure 4, we found that the [010]
planes are perpendicular to the longitudinal axis of the particle.
Since the double ladders propagate along the [010] axis (with a
value of 4.87 Å based on the unit cell parameters), we could
unambiguously determine that the longitudinal axes of the fiber
and of the double ladder are aligned (Figure 4c).

Figure 2. (a) Bridging of the pCO2Phe moiety between two Cd ions
and simultaneous binding of the Gly moiety in a monodentate fashion.
(b) Three MODLs viewed along the [010] crystallographic axis,
intermolecular hydrogen bonds between the double ladders producing
the 3D ensemble. Color scheme: Cd, blue; C, gray; O, red; N, green.
Hydrogen atoms are omitted for clarity. Figure 3. SEM images: (a) MODL fibers before sonication; (b)

MODL fiber cross section showing a diameter of up to ca. 0.8 μm; (c)
MODL after sonication for 3.5 h; (d) single particle after 3.5 h of
sonication showing a diameter of ca. 20−100 nm.

Figure 4. TEM studies: (a) diffraction pattern of a MODL nanofiber
by TEM; (b) visual TEM image of the exact same nanofiber from (a);
(c) cartoon of the MODL oriented within the nanofiber.
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The unique combination of single-crystal X-ray diffraction
studies combined with SEM and TEM studies provided us with
the unambiguous determination that the double ladders
propagate along the longitudinal axis of the nanofibers.
Utilizing a pentapeptide that allows for strong and weak
interactions in the construction of the ensemble provides new
properties and potentially a top−bottom approach for the
synthesis of such materials. The Glu and pCO2Phe amino acids
at the first and second positions of the pentapeptide,
respectively, only take part in the secondary hierarchical
structure by hydrogen bonding. Therefore, substituting these
amino acids with other moieties could potentially produce
double-ladder structures with alternative packing and proper-
ties.
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