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ABSTRACT

Elastic layer-structured metal-organic frameworks (ELMs) are a family of flexible nano-porous
metal organic frameworks (MOFs) showing gate-opening gas adsorption. The gate-opening
pressure shifts to a higher value by crystal downsizing. However, the MOF nanoparticles and
nanorods showing the gate-opening gas adsorption grow more than 50 nm even for their shortest
sides. Here we describe the synthesis and unique gas adsorption behavior of the first example of
nanosheets of ELMs (ELM-NSs). The thickness and horizontal width of the ELM-NSs obtained

from a new synthetic method using the inside the bilayers in hyperswollen lyotropic lamellar



(HL) phases as sandwich-like reaction fields (SRFs) are a few nanometers and several hundreds
of nanometers, respectively. The previously reported rationalization of the temperature
dependence of the gate-opening pressures for ELMs enables us to discuss the size effects in
terms of the adsorption-induced structural transitions and the Helmholtz free energy change of

the host.

Surfaces and interfaces of materials show far different physical and chemical properties from
bulk properties of the same materials. The unique properties are especially pronounced in
materials only with surfaces: nanowires and nanosheets (NSs). NSs are two-dimensional (2-D)
materials with a thickness of a few or tens of nanometers, and thus, NSs are not only ultra-
lightweight but also flexible.! Since the first NS was obtained by exfoliating a natural laminated
compound, smectite,> numerous thin (several nm) NSs have been synthesized in the same way:*
graphite, mica, and so on.5® For the synthesis of NSs of non-exfoliable materials, 2-D growth on
a smooth and chemically specific substrate has been alternatively used; however, the products
from most of the bottom-up methods are thicker (several tens of nanometers) than those formed
by the top-down exfoliation methods.” Meanwhile, the top-down methods to give thinner NSs
are applicable to specific materials.® To resolve the dilemma, a variety of improved methods
have been proposed; e.g., gold NSs have been prepared by several routes, such as the reduction
of chloroaurate ions with organic acids,!® and electrochemical,!! photoreduction,'? microwave-
polyol reduction,'® and thermal reduction methods.!'* The synthesis of gold NSs is also possible
in an anisotropic hexadecylglyceryl maleate hydrogel composed of highly dispersed bilayers as a
2-D scaffold;’ the 2-D scaffold is composed of the amphiphilic molecules with hydroxyl groups,

with which Au’" ion specifically interacts. However, because the bilayers are several hundreds of



nanometers apart from each other, the materials can grow perpendicularly outwards from the
bilayers. To satisfy both the extreme thinness and the wide range of applicable materials, we
have recently proposed a new method to synthesize NSs by using a hyperswollen lyotropic
lamellar (HL) phase composed of bilayers of a non-ionic amphiphile.!> The accumulation and
reaction of hydrophobic or hydrophilic ingredients in the thin hydrophobic or hydrophilic region
inside the bilayers several hundreds of nanometers apart from each other in the HL phases of
aqueous or organic amphiphilic solutions should result in sufficiently dispersed very thin
hydrophobic or hydrophilic NSs. In fact, hydrophobic polystyrene NSs have been successfully
synthesized in the thin hydrophobic regions in the sandwich-like reaction fields (SRFs) inside the
bilayers of HL phases of aqueous amphiphilic solutions.!> In principle, the SRF method using
HL phases could be applied to any hydrophobic and hydrophilic non-exfoliable materials. As the
next target of the NS synthesis using the SRF method to extend the range of the applicable
materials, metal organic frameworks (MOFs) with three-dimensional (3-D) networks are suitable
because they are non-exfoliable materials made from both hydrophilic and hydrophobic
ingredients.

Some MOFs are categorized into a family of hybrid nano-porous materials that are formed by
the coordination of metal ions with organic ligands. In particular, pores and cavities in MOFs
with 3-D networks have potential in industry: gas storage, gas separation, catalysis and nanoscale
reaction systems. In addition, MOFs with 3-D networks can be scaled down to nanometer size,
which makes them potentially useful as nanocarriers in medical applications.! MOF
nanoparticles have previously been produced by physical or chemical growth inhibition; e.g.,
microwaves and ultrasounds induce rapid nucleation to decrease the mean size of the particles,

and alternative ligands added as a modulator to block the growth of the particles.'®!” These



methods are called coordination modulation methods. A similar approach also enables to
synthesize MOF nanorods.!® Recent investigations have demonstrated that coordination
modulation of twofold interpenetrated frameworks of [Cux(dicarboxylate).(amine)], with 3-D
networks regulates the structural flexibility and induces a shape-memory effect in the
coordination frameworks.!” However, the mechanism of the size-dependence of the shape-
memory effect is not clear, and the MOF nanoparticles and rods by these methods grow more
than 50 nm even for the shortest sides. For exfoliable MOFs with 2-D networks, the NSs are also
available by several methods; the synthetic procedures include liquid/liquid or gas/liquid
interfacial synthesis, chemical vapor deposition, and liquid-phase exfoliation,?*?! but these
methods are not applicable to MOFs with 3-D networks. The above-mentioned SRF method
using HL phases could be promising for the synthesis of NSs for the MOFs with 3-D networks.!?

As a family of functional MOFs with 3-D networks, elastic layer-structured metal-organic
frameworks (ELMs) have been well studied;?*>> the 2D layers in ELMs are hydrogen-bonded
with each other, and therefore, we think that ELMs are 2D-layered 3D MOFs. They are the first
soft porous crystals (SPCs) showing gate-opening gas adsorption owing to the shape-memory
effect.!”?® The gate-adsorption is accompanied with expansion/shrinkage structural modulation.
However, it is not the origin of the gate-opening behavior but the result. Very recently, one of
NSs of ELMs (ELM-NSs) were successfully synthesized by exfoliation.?” However, as the next
target of the NS synthesis using the SRF method to extend the range of the applicable materials,
ELM-NSs are suitable because they are synthesized from both hydrophilic and hydrophobic
ingredients. Here, we report the synthesis of the ELM-NSs containing Cu?" ion (ELM-11
[Cu(bpy)2(BF4)2] and ELM-13 [Cu(bpy)2(CF3BF3)2]) with large areas and well-tuned thicknesses

ranging from a few to several tens of nanometers by the SRF method using HL phases and



discuss the size dependence of the gate-opening gas adsorption of the ELM-NSs in terms of the
adsorption-induced structural transitions.

Because ELMs are water-insoluble MOFs, aqueous amphiphilic solutions showing HL phases
could be applicable to ELMs. The addition of the hydrophilic Cu?" and counter ions to the HL
phases with the hydrophobic ligand of ELMs, 4,4’-bipyridine (bpy), in the hydrophobic regions
would result in the thin NSs of ELMs. As described in reference 15, aqueous solution of Ci2Es
should also be suitable in this case. Although simple aqueous solution of Ci2E¢ does not show
any HL phases because the hydrophobic region is too small to stabilize the bilayers, hydrophobic
additives can stabilize HL phases of the aqueous solution of Ci2E¢. Naturally, bpy could also
stabilize the HL phases of aqueous Ci2E¢ solution and generate a periodically ordered structure
with thick aqueous region (Figure 1a). In fact, after stirring the aqueous Ci2E¢ solution
dissolving bpy (Ci2Es-bpy solution), iridescent colors typical of HL phases?’ emerge, and the
reflectance spectra measured according to reference 29 indicate that the Ci2E¢-bpy solutions
exhibit HL phases; e.g., the C12E¢-bpy solution with the solute concentration of 2.3 wt % shows
the HL phase between 42 and 58 °C. Furthermore, it suggests that bpy is in the hydrophobic

regions inside the bilayers.
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Figure 1. Schematic illustration of the synthesis procedure for the NSs of ELM-11. Aqueous
C12E¢ solutions intrinsically do not show any HL phases due to the packing parameter of Ci2Es.
When a hydrophobic compound is introduced in a C2Es solution, the hydrophobic part of self-
assembly structures practically increases. As a result, the HL phase is stabilized. For the
synthesis of the NSs of ELM-11, bipyridine works as the stabilizing hydrophobic additive. (b)

Reflectance spectroscopy of Ci2E¢ solution. Reflection spectra of a Ci2Ee-bpy solution after



addition of 1.5 ml Cu(BF4): recorded at various injection. The spectra were differential spectra

between the spectra of a sample stirred at 300 rpm and those of the same sample unstirred.

Next, we tried to synthesize the ELM-NSs using the SRF method; aqueous copper salt
solutions are added to the Ci2Ee-bpy solution. The obtained solution has no precipitates, and
therefore, the obtained ELM-NSs are likely to be well dispersed in the HL phases. When we
observed the contents of the solutions by TEM, we found NS materials as shown in Figure 2a.
The thickness and horizontal width of the ELM-NSs measured by AFM are a few nanometers
and several hundreds of nanometers, respectively, as shown in Figure 2b. To compare the
difference in the structure between the obtained ELM-11-NS and commercially available ELM-
11, we measured XRD patterns for them at 195 K as shown in Figure 2¢. The XRD pattern of
ELM-11 fitted the previously reported pattern, though we cannot decide the crystal lattice.*
Comparing with the XRD pattern of ELM-11, the peaks around 14.5°, 17.5° and 19° disappeared
in that of ELM-11-NS. These peaks are likely to originate from the periodicity of the thinnest
direction. The peak around 20 = 22° is slightly shifted to higher diffraction angle for ELM-11-
NS; one of the layer spacings is likely to decrease. The reason of the shift of the peak around 26
= 12° is the same as that around 26 = 22°. The decrease of the layer spacings could occur due to
lattice relaxation, in which the lattice constants gradually decrease at surfaces of crystals,
because NSs have large specific surface area. In a previously reported paper, when the interlayer
distance decreases with a decrease in temperature, the gate-opening pressure increases.’! In our
case, the layer spacing of ELM-11 was estimated to be 0.408 nm, whereas that of the ELM-11-
NS was calculated as 0.406 nm. The reduction of the layer spacing is 0.49 %, and it can be

expected to similarly affect the gate-opening pressure.



[um]

v

—ELM-11-NS
—ELM-11

Intensity

1 1 1 1 1 1 1 1 1

10 12 14 16 18 20 22 24 26 28 30
20 [degree]

Figure 2. Synthesized ELM-11-NSs. (a) TEM photograph of one of the synthesized NS of ELM-
11. (b) AFM photograph and cross section of one of the synthesized NS of ELM-11. These
indicate that the thickness and horizontal width of the synthesized NS of ELM-11 are several
nanometers and several hundreds of nanometers, respectively. (c) XRD patterns of ELM-11 and

ELM-11-NS at 298 K.



To examine whether the ingress of hydrophilic ions into the hydrophobic SRFs occurs for the
synthesis of the ELM-NSs in the hydrophobic region inside the bilayers, we discuss the change
of the reflection spectrum of the HL phases of Ci2Ee-bpy solution when the hydrophilic
copper(Il) tetrafluoroborate (Cu(BF4)>) is added to synthesize NSs of ELM-11. The reflection
spectrum of Ci2Ee-bpy solution (Figure 1b) without any copper salt shows a peak at 642 nm,
indicating the formation of an ordered structure with a periodic distance on the order of
submicrometers throughout the whole system. According to the Bragg equation (4 = 2nd sin 6,
where n, d, 0, and 1 are the refractive index of water, the periodic spacing, the angle of incidence,
and the wavelength of the reflected light, respectively), the periodic spacing between adjacent
Ci2Es-bpy bilayers is estimated to be 246 nm. As the concentration of the copper salt increases,
the reflection intensity decreases but the reflection peak stayed at the same wavelength.
Therefore, the decrease of the reflection intensity indicates that the HL region with the
periodically ordered structure of the system contracts because the hydrophobic NSs of ELM-11
coated with Ci2Es are not incorporated into the HL system.

The obtained ELM-NSs should exhibit gate-opening gas adsorption different from their bulk
states. As the thickness decreases to several nanometers, the gate-opening pressure could shift to
the highest value so far. In fact, the nitrogen adsorption isotherms of the ELM-NSs show the
characteristic sharp uptake of N> on the NSs of ELM-11 and ELM-13 at relative pressures (P/Po)
of 0.4 and 0.8 as shown in Figure 3a and Supporting Information, which are much larger than
those for the bulk samples (0.15 and 0.4), respectively. The shift of the gate-opening pressures
supports the decrease of layer spacings that the observed peak shift in the XRD pattern indicates.

In addition, the decrease of layer spacings sometimes occurs due to lattice relaxation as



mentioned above. Furthermore, the total amounts of adsorbed N> on the NSs of ELM-11 and
ELM-13 are 1.6 and 4.4 times smaller than that on their bulk states. The experimental results also
suggest that the gate-opening pressure is controllable only by the one-dimensional (1-D)
thickness. Recent investigation rationalized the temperature dependence of the gate-opening gas
adsorption of SPCs in terms of Helmholtz free energy of the host SPCs change during the
adsorption.>! According to this theory the gate-opening pressure value depends on the chemical
potential of the SPCs adsorbing gas molecules and the temperature. In the present case, although
temperature is constant, the effect of the crystal downsizing of ELMs is similar in the layer
spacing to that of the cooling of ELMs. The layer compression could have an influence on the
chemical potential of the ELMs, and thus, the gate-opening pressure would increase. The above-
mentioned theoretical calculation®! suggests that the gate-opening pressure is independent of the
free energy of guest molecules. In fact, the adsorption isotherms for CO; also show the increase
of the gate opening pressures as shown in Figure 3b. It indicates that the control of the thickness

of SPC-NSs by using the SRF method would enable the control of the gate-opening pressures.
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Figure 3. N> and CO; adsorption isotherms of bulk sample and NSs of ELM-11. (a) Adsorption
isotherms of N> on the bulk sample of ELM-11 (produced by TCI) (black square) and the

synthesized NSs of ELM-11 (red circles) at 77 K. We obtained the nitrogen adsorption isotherm
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of the products and observed the characteristic sharp uptake of the NSs of ELM-11 at P/Py =0.4,
or gate-opening pressure (P/Py is relative pressure) regardless of almost nil adsorption below the
gate-opening pressure. As a result, we elucidated that the gate-opening pressure depends on
crystal downsizing of ELM-11. STP means standard temperature and pressure. (b) We performed
carbon dioxide adsorption measurements at 273 K on the NSs of ELM-11. These experiments
also suggested that the gate-opening pressure is controllable by the crystal size.

We have successfully synthesized the suspension of the ELM-NSs, which have been
extremely difficult to be produced so far. The thickness and horizontal width of the ELM-NSs
are a few nanometers and several hundreds of nanometers, respectively. We also measured the
reflection spectrum of the HL phases of Ci2E¢-bpy solution when the hydrophilic copper salts are
added. These results indicate that the periodically ordered structures of the system could be
maintained during the reaction process. In addition, we observed blue shift of the spectrum, and
we would like to discuss the blue shift by using complete spectroscopic data in another paper
with the data obtained from a laser diffraction particle size analyzer. We then performed N> and
CO; adsorption measurements, and demonstrated that the gate-opening pressure depends on the
thickness. Our results indicate that we can discuss the size dependence of the gate-opening gas
adsorption of the SPCs in terms of their Helmholtz free energy changes during the adsorption-
induced structural transitions. The discussion of the change of the adsorption behavior is likely to

be useful as an evidence of the formation of ELM-11-NS.

EXPERIMENTAL SECTION

Materials. Hexaethylene glycol monododecyl ether (Ci2E¢) (0.18 g) and bpy (0.025 g) were

dissolved in deionized water (8.8 g). The solution was stirred at 300 rpm by a magnetic stirrer
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with length of 20 mm and diameter of 7 mm at 54°C. After stirring the solution, iridescent colors
emerge; this is typical of HL phases.?® Addition of an aqueous solution (1 ml) of hydrated
copper(Il) tetrafluoroborate (0.10 M) or hydrated copper(Il) tetrafluoroborate (0.05 M) and
potassium (trifluoromethyl)trifluoroborate (0.05 M) for ELM-11 or ELM-13 gave a solution with
little blue precipitate. After 15 min stirring, the blue precipitates were collected by dried for 1
day at 75 °C and were then washed with ethanol. The products were dried under reduced pressure

for 2 h.

XRD measurement. The crystal structure of the products was identified by X-ray diffraction
(XRD) measurement recorded on a PANalytical X'Pert-MPD diffractometer using Cu-Ka

radiation. The scan range was from 5 °© to 40 ° (2 theta) at 1 ° /min.

Reflectance spectroscopy. Experimental setup for the reflectance spectroscopy is the same as
that used in reference 15. To remove scattering light as much as possible, the incident light is
off-central to the vial and the reflected light at 20 = 24° is detected. The spectra were obtained as
differential spectra between the spectra of samples stirred at 300 rpm and those of the same

samples unstirred. Thus, the intensities of the different samples are incomparable with each other.

Gas sorption isotherm measurement. The adsorption isotherms of N> at 77 K and CO; at 273
K were carried out volumetrically on Belsorp. N2 and CO» gases with high purity (99.99 %) were
used. Prior to the adsorption isotherm measurements, the samples (around 30 mg) were

outgassed under vacuum (P < 10 Pa) for 2 h at 373 K.
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