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H
ybrid framework materials are crys-
talline compounds comprising inor-
ganic and organic structural com-

ponents coexisting as integral parts of an
infinite network; their structures range from
1-D chains to 2-D layers and 3-D frame-
works.1 It is important not to confuse this
new class of materials with hybrid nano-
composites,2 whose inorganic and organic
components exist as distinct and separate
phases. There are two broad categories of
hybrid frameworkmaterials: (i) dense hybrid
frameworks, which often incorporate inor-
ganic M�O�M (metal�oxygen�metal)
arrays that provide the topological char-
acteristics central to certain types of phy-
sical properties, such as ferromagnetism,
photoluminescence, and electronic con-
ductivity;3,4 (ii) metal�organic frameworks
(MOFs), which are nanoporous hybrid fra-
meworks aimed at gas separations and
storage,5�7 catalysis,8 drug delivery,9 and
sensing applications.10

Over the past decade, the field of hybrid
framework materials has seen tremendous
growth, and it is now relatively straightfor-
ward to synthesize systems of various che-
mistries and structures.1,3 The hybrid frame-
work compounds obtained, however, are
largely micrometer-sized single crystals or
polycrystalline powders, which are difficult
to prepare as thin-film structures desirable
for technological applications.11,12 As such,
recent activities have focused on the devel-
opment of a variety of “bottom-up” meth-
ods for fabricating MOF thin films11 and
membranes.13 Work concerned with appli-
cation of a facile “top-down” approach, such
as liquid exfoliation,14,15 for producing crys-
talline films and nanosheets of hybrid fra-
mework materials still remains at the ab-
soluteminimum. In fact, only two studies16,17

exist in the literature, both of which relate to
layered MOF materials that can be delami-
nated into nanosheets via ultrasonication.
Hitherto, the exfoliation of a dense hybrid
framework material comprising M�O�M ar-
rayshasnotbeendemonstrated. This is indeed
surprising because, following the pioneering
work in the 1990s,15,18,19 the top-down exfolia-
tion approach has been successfully adopted
for preparing nanosheets covering a diverse
range of layered materials, including metal
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ABSTRACT

We report a new 2-D inorganic�organic framework material, MnDMS [Mn 2,2-

dimethylsuccinate], featuring weakly bound hybrid layers in its bulk crystals that can be

readily exfoliated into nanosheets via ultrasonication. The fully exfoliated hybrid nanosheets

correspond to a unilamellar thickness of about 1 nm, while the partially exfoliated nanosheets

(multilayer films) exhibit a typical thickness on the order of 10 nm. We used atomic force

microscopy to characterize their surface topography and to map the variation of nanomecha-

nical properties across the surface of the delaminated nanosheets. The morphology and

crystallographic orientation of the exfoliated layers were further studied by transmission

electron microscopy. Additionally, we investigated the elastic anisotropy underlying the bulk

host material by means of single-crystal nanoindentation, from which the critical resolved

shear stress (τcrit) needed for the micromechanical delamination of individual layers was

determined to be relatively small (j0.4 GPa).

KEYWORDS: inorganic�organic hybrid framework . metal�organic
framework . nanosheet . thin films . exfoliation . mechanical properties .
elastic anisotropy
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oxides, metal hydroxides, perovskite-type structures,
graphite, and so on.14,20 Moreover, it is extremely
promising to see that nanosheets produced as such
can serve as precursors for creating continuous thin
films21,22 or can be further integrated with other
matrices (e.g., polymers) to form robust composite
materials.23

In the present work, we demonstrate the exfoliation
of a new hybrid framework material, Mn 2,2-dimethyl-
succinate (MnDMS), which is dense and features 2-D
layers that are held together by weak van der Waals
interactions. The resulting 2-D material represents the
first example of single-phase hybrid nanosheets pre-
pared from a nonporous inorganic�organic frame-
work via a “top-down” approach. The unique struc-
ture, morphology, and nanomechanical characteristics
of MnDMS nanosheets are described below.

RESULTS AND DISCUSSION

1. Crystal Structure of Layered MnDMS Hybrid Framework.
MnDMS, Mn 2,2-dimethylsuccinate [Mn(C6H8O4)(H2O)],
crystallizes with an orthorhombic crystal structure
(Figure 1a), in which 2-D hybrid layers are oriented
perpendicular to the c-axis. Each layer is constructed
from inorganic and organic building blocks that are
covalently bonded together (Figure 1b) and features
distorted MnO6 octahedra. These octahedra form cor-
ner-sharing chains along the b-axis with 1-D inorganic
(Mn�O�Mn) connectivity, and the chains are con-
nected via bridging 2,2-dimethylsuccinate ligands to
form the 2-D layers. The methyl groups of the ligand
protrude out from these layers, providing them with
hydrophobic caps on both sides (Figure 1a). Notably,
these layers have a thickness of approximately 10 Å and
interact with each other only via van der Waals inter-
actions. The weak nature of these interactions is critical
to the layers being readily separated using simple
organic solvents.

The Mn cations are divalent and are crystallographi-
cally identical. They are coordinated to one oxygen atom
from a water molecule and five oxygen atoms from four
different carboxylate groups. The one carboxylate group
whose oxygen atoms bond to the same Mn also has one
oxygen, O4 (see Figure 1b), which is bonded to two
different Mn cations, providing the corner-sharing chain
connectivity. One of the Mn�O4 bonds is 2.457(2) Å,
which is longer than any of the other Mn�O contacts,
which lie between 2.110(2) and 2.181(2) Å. This sug-
gests that the strength of the bonding in the chain
direction (along the b-axis) is unlikely to be signifi-
cantly stronger than in any of the other directionswithin
a layer, despite the inorganic connectivity.

2. Exfoliation of Layered MnDMS into Hybrid Nanosheets.
The liquid exfoliation procedure for MnDMS is straight-
forward, low cost, and high throughput. The bulk crystals
were ultrasonicated in ethanol for a period of 20 min

to obtain a milky colloidal suspension (0.14 mg/mL)
comprising a mixture of fully exfoliated and partially
exfoliated nanosheets. We have confirmed that such a
colloidal solution exhibits the Tyndall effect (Figure 2),
whereby the finely dispersednanosheets in solution are
capable of scattering an incident laser light beam. It is
noted that a higher degree of exfoliation can be ob-
tained by extending the sonication time. Apart from
ethanol, we have also tried other solvents as the exfo-
liation agent, including water, methanol, propanol,
hexane, and tetrahydrofuran (THF). Ethanol, however,
was found to be the most efficient for exfoliating the
layers and in preventing the isolated films from sub-
sequent reassembly.

The nanosheets suspended in the colloidal solution
were collected and dispersed onto a flat substrate for
characterization under the atomic force microscope
(AFM). As shown in Figure 3a, the fully exfoliated nano-
sheets display lateral dimensions of up to several

Figure 1. Crystal structure of Mn(C6H8O4)(H2O) layered
hybrid framework. (a) The arrangement of 2-D layers
oriented parallel to the {001} planes, featuring methyl
functional groups protruding into the interlayer space. (b)
Structure of a single elementary host layer featuring the
1-D chains of distorted MnO6 octahedra oriented along
the b-axis. A close-up showing the coordination environ-
ment around the Mn center appearing in Figure S3 in the
SI. The black outline denotes the orthorhombic unit cell.
Magenta: manganese, red: oxygen, gray: carbon, white:
hydrogen.

Figure 2. Demonstration of the Tyndall effect. (a) The path
of the green laser beam is invisible in pure ethanol (ignoring
reflections by the glass surfaces). (b) The laser beam is
clearly visible through a colloidal solution comprising
MnDMS nanosheets suspended in ethanol.
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hundred nanometers across and feature a thickness of
approximately 1 nm, which indeed corresponds to the
thickness of one elementary host layer (Figure 1a). On
the other hand, partially exfoliated nanosheets
(Figure 3b and c) consist of multilayer films, with a
typical thickness ranging from about 10 to 100 nm;
their lateral dimensions can reach about 10 μm. We
note that the lateral size of the unilamellar nanosheets
is relatively small, probably because vigorous agitation
via ultrasonication has led to the fragmentation of
fragile 2-D layers. Instead, gentler agitation procedures
reported for the exfoliation of inorganic nanosheets
(e.g., via intermittent shaking)24 might be applicable
here to yield larger lateral dimensions, if sought.

3. Characterization of Nanosheets by Transmission Electron
Microscopy. Nanosheets exfoliated using two different
solvents (ethanol and hexane) were examined by
transmission electron microscopy (TEM). In both cases,
samples suitable for microscopy were prepared by
dropping 4 to 6 drops of the as-prepared suspension
onto a holey amorphous carbon film supported on a
standard 3 mm copper grid. No additional dispersal of
thematerial was required or performed (e.g., additional
sonication).

A bright-field image representative of the ethanol-
exfoliated sample is shown in Figure 4a and confirms
the predominant morphology. The exfoliated layers
are generally longer than they are wide, with an aspect
ratio of approximately 5:1. While the largest multilayer
films observed under the TEM are as much as 5 μm in
lateral dimension, there are numerous smaller sheets
that are 100 nm in length, or less, consistent with AFM
results (Figure 3). There is a clear, if qualitative, correla-
tion between the size of a nanosheet and its thickness;
the larger sheets are darker (and therefore thicker), and
all sheets of the same size have similar transmitted

Figure 3. Surface topography of ethanol-exfoliated na-
nosheets acquired by AFM. (a) Two fully exfoliated unila-
mellar nanosheets, each featuring a single elementary host
layer of ca. 1 nm thickness. (b) Partially exfoliated na-
nosheet, in which one, two, and three host layers (L) are
discernible. (c) Multilayer film comprising about 100 host
layers andwith a relatively large lateral dimension of ca. 8�
11 μm2.

Figure 4. TEM bright-field images of ethanol-exfoliated
nanosheets supported on a holey amorphous carbon film.
(a) Typical morphology. (b) Larger multilayer film highlight-
ing pre-exfoliation cracking along directions indicated by
the arrows.

Figure 5. Selected area electron diffraction patterns from
ethanol-exfoliated nanosheets. (a) From a larger, thicker
nanosheet, showing a strong [001] crystallographic or-
ientation, in which the reciprocal vectors are also indi-
cated. (b) From a smaller, thinner nanosheet. Note the re-
latively stronger reflections along the arrowed direction
and that the pattern is symmetrical on either side of this
line. This is indicative of curling of the sheet in the (001)
plane, rather than a simple tilt misorientation; the latter
would cause greater asymmetry in the intensities of the
reflections.
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intensities. The only significant difference between the
ethanol-exfoliated and hexane-exfoliated samples is
that fragments of the former generally have sharper
corners, whereas hexane exfoliation causes some
rounding of the corner profiles (see Figure S5 in the
Supporting Information (SI)).

Diffraction patterns obtained from such nanosheets
demonstrate that, in all cases, the [001] zone axis is
normal to the sheets (Figure 5a). High-quality, highly
symmetric [001] zone axis patterns were obtained only
from the thicker multilayered films. Interestingly, we
discover that the best oriented diffraction patterns
from the somewhat smaller (and therefore thinner) na-
nosheets indicate strong evidence for curling (Figure 5b),
which tends to cause slight misorientation of the ob-
served patterns from the exact [001] axis.

Given the relatively uniform morphology, aspect
ratio, and orientation for the exfoliated nanosheets,
one might expect to find common directions for the
fragmented sheet edges. In fact, this is not the case.
Images of many such fragments were correctly aligned
with their corresponding diffraction patterns, but
showed no evidence for common alignment of either
the edges or the long axes of the fragments. Closer ex-
amination of the bright field images suggests a
possible reason for this. As shown in Figure 4b, the
surface of the thicker multilayer sheet features nu-
merous cracks that are evidently a precursor to full
exfoliation; while the symmetry of these cracks de-
monstrates that there are preferred crystallographic
cleavage planes, it is equally clear that there are a
number of “families” of crack orientations. We antici-
pate that there are several sets of cleavage planes that
are rather similar in energy but crystallographically
distinct. This will inevitably lead to the observed variety
of orientations for the edges of the thinner exfoliated
nanosheets.

4. Nanomechanical Property Mapping of Exfoliated Na-
nosheets. The nanomechanical characteristics of the
nanosheets were measured under the atomic force
microscope through implementation of the peak-
force tapping mode.25,26 Here we acquired the varia-
tion of the AFM tip force and the corresponding
vertical displacement as it tapped across the surface
of the nanosheet, from which the Young's modulus
(E) property map (Figure 6a) can be constructed by
analyzing the individual load�displacement (P�h)
curves.

Figure 6 shows the results obtained from amultilayer
nanosheet film comprising about 50 elementary host
layers. It can be seen that themaximum vertical displace-
ment (h) of theAFMtip remainsbelow2.5nm(Figure6b),
indicating thatmaterial deformation is limited only to the
first few elementary layers. Such vertical displacements
gave rise to reaction forces of below 20 nN, as measur-
ed by the cantilever tip. The Young's modulus map
(Figure 6a) shows that the elastic property of the

exfoliated nanosheet is largely homogeneous across
the {001}-oriented surface; the histogram of the mod-
ulus map (Figure 6c) indicates that E is 6�7 GPa. Such a
low elastic modulus resembles the stiffness property of
organic polymers (0.1�21GPa)27 andMOFs (3�9GPa),28

whereas the elastic moduli of dense hybrid framework
materials reported to date are typically above 10 GPa.29

Figure 6. AFM nanomechanical property mapping of two
MnDMS nanosheets located on a glass substrate (NB: the
AFM tip used here is designed to measure E j 20 GPa). The
thickness of nanosheet “A” is ∼50 nm. The histograms corre-
spond to data collected from the designated square. (a)
Young's modulus map. (b) Vertical displacement (defor-
mation) of the tip. (c) Histogram of Young's modulus.

Figure 7. Typical nanoindentation load�displacement
(P�h) curves on single crystals of MnDMS along the three
principal directions of the orthorhombic crystal. The “pop-
in” phenomena are displacement bursts (at a constant load)
indicated by the horizontal arrows; these are more pro-
nounced for the {100}- and {010}-oriented facets. Note that
the {001} facet exhibits an appreciably larger elastic recov-
ery upon unloading. The average values of the Young's
moduli (E) were determined from surface penetration
depths of 0 to 950 nm.
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5. Single-Crystal Nanoindentation Studies to Probe Elastic
Anisotropy. To elucidate the structure�mechanical pro-
perty relationships underlying the layered hybrid fra-
mework, we performed nanoindentation experiments
on bulk crystals of MnDMS. A spherical-tip diamond
indenter (10 μm radius) was employed so that the
strain field induced under the tip is less localized,which
is important for delaying the onset of irreversible
deformation (plasticity). The {001}-, {010}-, and {100}-
oriented crystal facets were indented (i.e., along the
three principal axes of the orthorhombic unit cell; see
Figure 1), and a maximum penetration depth of
1000 nm was chosen in order to strain at least 1000
elementary host layers.

The load�displacement (P�h) curves obtained are
presented in Figure 7. The nanoindentation results
show that the average Young's moduli of the {001}-,
{010}-, and {100}-oriented facets are (in GPa) 9.4( 0.3,
20.9 ( 0.2, and 13.6 ( 0.2, respectively. From these
values, we established the ratios of the elastic moduli
for the three orthogonal directions to be E{001}:
E{010}:E{100} = 1.00:2.22:1.45, demonstrating a mark-
ed change in stiffness exceeding 120%. Thus, it is clear
that the layeredMnDMS framework structure is highly
anisotropic in nature. We see that the stiffest direction
lies along the b-axis, which indeed corresponds to the
orientation of the 1-D inorganic chains (Mn�O�Mn);
cross-linking of the adjacent chains by the organic
linkers is thought to have also contributed toward the
relatively high elastic modulus observed here. In
comparison, an intermediate modulus was measured
along the a-axis, normal to the inorganic chains,
suggesting that the bulky succinate ligands are rela-
tively compliant building blocks, such that the anisot-
ropy in the in-plane (2-D) direction can vary by more
than 50%.

Given that the exfoliated nanosheets maintain the
crystalline architecture of the parent material (Figures
S2 in SI), it is reasonable to expect their in-plane elastic
response to be reminiscent of the host structure
(especially for multilayered films). On the other hand,
the picture should be very different along the c-axis,
for which the loading direction is perpendicular to the
2-D layers. We found that the elastic modulus deter-
mined from the bulk crystal along c gave the lowest
modulus of all, E{001}= 9�10GPa (response of >1000
host layers); this is consistent with the view that
adjacent layers held together by weak van der Waals
forces can be more readily compressed together. In
contrast, it is interesting to note that the correspond-
ing modulus determined from the exfoliated na-
nosheet (via AFM; see Figure 6c) gave a value about
30% lower, as determined from the deformation of
only a few host layers (Figure 6b). Our results there-
fore suggest that the stiffness property in the out-
of-plane direction is size-dependent and that the
compliance (i.e., the inverse of stiffness, E) of the

multilayered structure rises as the number of weakly
bonded constituting host layers decreases.

We see that the P�h curves of the {010} and
{100} facets display significant “pop-in” phenomena
(Figure 7), which are attributed to the shear-induced
delamination of the weakly bonded layers. On the
basis of knowledge of the critical load (P*) corre-
sponding to the first pop-in event, we applied the
Hertzian elastic contact theory30,31 to estimate the
critical resolved shear stress (τcrit) needed to initiate
splitting of two adjacent layers. Our analysis (see SI for
details) yielded relatively small τcrit values of only 0.39
and 0.24 GPa, for shear stresses acting antiparallel to
the [010] and [100] directions, respectively. An inter-
esting comparison can be drawn against another
dense layered hybrid framework material (copper
phosphonoacetate, polymorph 2),32 whose 2-D layers
are hydrogen-bonded to each other and exhibit a τcrit
of approximately 1 GPa. Hydrogen bonds are typically
an order of magnitude stronger than van der Waals
interactions, which explains why the magnitudes of
τcrit estimated here for MnDMS are noticeably lower.
Thus, our analysis confirmed that nanosheets can be
more readily delaminated from systems with only van
der Waals interactions between their layers. We en-
visage that micromechanical exfoliation may serve as
a viable route to achieve hybrid nanosheets and thin-
film structures (Figure S6 in the SI), especially when a
better control of sheet thickness is sought.

CONCLUDING REMARKS

While this study focused only on the nanosheets of
MnDMS, we have also discovered that it is possible to
make similar layered hybrid framework structures
with 2,2-dimethylsuccinic acid in combination with
other transition metals, such as Co2þ and Zn2þ and
that these, too, can be straightforwardly exfoliated by
means of ultrasonication. In addition, we have found
that similar hybrid structures can be obtained with
monovalent cations, such as Liþ, and the much larger
trivalent lanthanides, including La3þ and Y3þ (full
details will appear in future publications). This shows
that the bulky nature of the organic ligand is primarily
responsible for the formation of 2-D layered hybrid
frameworks, rather than the behavior of any particular
cation. The thickness and the structure of the layer, in
particular the cation coordination environments and
the extent of inorganic connectivity, vary significantly
between the different layered structures. In light
of this, we anticipate that it should be possible
to prepare hybrid nanosheets with distinctly different
physicochemical properties by adopting the same
synthetic route and exfoliation strategy presented
here.
Finally, unlike porous MOFs, whose framework sta-

bility is often closely linked to the presence of solvents
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trapped inside their cavities (e.g., the removal of DMF
molecules fromMOF-216 appears to have caused some
framework deterioration), the exfoliation of dense

hybrid frameworks should be more straightforward in
this respect given that their nonporous structures are
inherently more robust.29

EXPERIMENTAL SECTION
Material Synthesis. Bulk crystals of MnDMS, [Mn(C6H8O4)

(H2O)], were synthesized hydrothermally using commercially
available starting materials, which were utilized without further
purification. A typical synthesis involved adding 55 mmol of
MnCl 3 6H2O, 84 mmol of 2,2-dimethylsuccinic acid, and 140
mmol of KOH to 9 mL of water (i.e., corresponding to a mixture
of 1:1.5:2.5:200). This mixture was placed in a 23mL Teflon-lined
Parr autoclave and heated at 140 �C for 3 days, after which the
resulting product was filtered off and washed with water. After
drying for an hour at 60 �C, inspection of the product showed
that it contained colorless rod-shaped crystals suitable for
single-crystal X-ray diffraction and nanoindentation studies.
Phase purity was confirmed from powder X-ray diffraction
patterns (see Figure S1 in the SI) collected on a Bruker D8
Advance diffractometer, using a linear position detector and Cu
KR radiation. The purity of bulk MnDMS was confirmed by
microanalysis, which indicated that MnDMS contained 33.24%
C and 4.61% H (calcd 33.20% and 4.64%, respectively).

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
data for MnDMS were obtained at 120 K using an Oxford
Diffraction Gemini Ultra diffractometer using Mo KR radiation.
This instrument was equipped with an Eos CCD detector, and
the crystal was mounted on a cryoloop. Absorption corrections
were carried out for these samples using analytical methods
implemented in CrysAlisPro.33 The structure was solved by
using direct methods and subsequently refined against |F|2

using SHELX-9734 via the Win-GX interface (see Table S1 in
the SI for summary of crystal data).35 The displacement para-
meters of all non-hydrogen atoms were refined anisotropically,
and the positions of the hydrogen atoms attached to the
dicarboxylate ligands were geometrically constrained using
the AFIX commands in SHELX-97. The aquo hydrogen atoms
were readily located from the Fourier difference map. These
were restrained to have a bond distance of 0.85 Å to the oxygen
atoms to which they are attached, and the intramolecular bond
angles of the water molecules were appropriately restrained.
The thermal parameters of the methylene hydrogen atoms
were constrained to be 1.2 times the carbon to which they
are bonded, while themethyl hydrogen atoms and those hydro-
gen atoms bonded to oxygen atoms are 1.5 times that of the
atom to which they are attached.

Atomic Force Microscopy. General surface topographic imaging
was performed using a Veeco Dimension V AFM, operated
under the tapping mode (amplitude set point and scan rate
were set at 340mV and 0.8 Hz, respectively). Quantitativemech-
anical property mapping was carried out using a Bruker Dimen-
sion FastScan AFM, operated under the peak-force tapping
mode (PeakForce QNM),25 with which an amplitude set point
of 250mVwas applied and the scan ratewas set at 1 Hz. The type
of tip used was TAP525A, designed for measuring the Young's
moduli (E) in the range of 1 to 20 GPa; the performance of the
probewas verified using a polystyrene standard (E≈ 3 GPa). The
spatial distribution of E across the nanosheet surface was de-
termined from the AFM load�displacement curves by applying
the Derjaguin�Muller�Toporov model.36 The Poisson's ratio of
the sample was taken as 0.3.

Transmission Electron Microscopy. TEM was performed on a
Philips (FEI) CM30 transmission electron microscope operating
at 300 kV. Images and diffraction patterns were recorded on
high dynamic range Ditabis image plates. The layered MnDMS
material proved to be significantly beam sensitive, and even at
the lowest recordable intensities any crystallinity was lost within
less than 30 s. For this reason, all observations were carried out
at approximately�180 �Cusing a liquid nitrogen cooled sample
holder. The exfoliated MnDMS is sufficiently conductive that
there are no visible specimen charging issues in the TEM.

Nanoindentation Studies. Nanoindentation was performed
using anMTSNanoindenter XP (Agilent) fittedwith the dynamic
Continuous Stiffness Measurement module. Defect-free and
untwinned single crystals were first cold-mounted on the epoxy
resin, followed by grinding and fine polishing with diamond
suspensions to expose flat surfaces oriented in the {100}, {010},
and {001} planes. This procedure has been previously applied
successfully for preparing single crystals of dense hybrid frame-
works for nanoindentation studies.32,37,38 Indentation measure-
ments were carried out using a spherical diamond indenter
tip (R = 10 μm) to a maximum surface penetration depth of
1000 nm, under a prescribed strain rate of 0.05 s�1. Indenter
calibration was performed using a fused silica standard (E =
72 GPa). To determine the Young's moduli of the bulk crystal,
the indentation load�displacement data were analyzed by
applying themethod of Oliver and Pharr.39 The Poisson's ratio of
the sample was taken as 0.3.
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Supporting Information Available: Table S1 lists the crystal-
lographic data of bulk MnDMS. Table S2 lists the data used for
the critical shear stress analysis. Figures S1 and S2 show the
Le Bail fit to the X-ray diffraction pattern of bulk MnDMS and
the reconstituted nanosheets after ultrasonication, respec-
tively. Figure S3 depicts the coordination environment
around the Mn center. Figure S4 shows the TGA profile of bulk
MnDMS. Figure S5 shows the TEM micrograph of the hexane-
exfoliated nanosheets. Figure S6 depicts micromechanical de-
lamination of hybrid layers via a spherical nanoindenter tip.
X-ray crystallographic file (CIF) of the MnDMS structure. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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