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force microscopy†
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Atomic force microscopy has been used to determine the surface crystal growth of two

isostructural metal–organic frameworks, [Zn2(ndc)2(dabco)] (ndc ¼ 1,4-

naphthalenedicarboxylate, dabco ¼ 4-diazabicyclo[2.2.2]octane) (1) and

[Cu2(ndc)2(dabco)] (2), from a core crystal of 1 for the former and a core–shell 1@2

crystal for the latter. AFM studies show that the surface terrace morphology expressed

is a function of supersaturation, with steps parallel to both the <100> and <110>

directions being expressed at higher supersaturations for 1, and steps parallel to the

<110> direction being expressed solely at low supersaturation for 1 and 2. The crystal

growth mechanisms for both 1 and 2 are essentially identical and involve 2D nucleation

and spreading of 0.5 nm high metastable sub-layers of the stable extended 1.0 nm high

growth terrace. Surface growth features of 2 indicate that there is an in-plane rotational

epitaxy between 2 and 1 of 5.9(7)� that may be directed by the synthesis conditions and

that intimate mixtures of different domains of �5.9(7)� rotational epitaxy are not

observed to coexist on the several micron scale on the shell surface. The results

provide potential routes and understanding to fabricate MOFs of different crystal forms

and defect structures, which are necessary for future advanced function of these

versatile materials.
Introduction

Crystalline metal–organic frameworks (MOFs) form the largest family of nano-
porous materials in numerical terms and still sustain great interest due to their
underlying chemistry and potential applications.1–3 One important subset of
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interest of the MOF family are MOF-on-MOF compounds that consist of a shell of
one MOF grown on a core of another different MOF to form a core–shell
product.4–8 These core–shell compounds possess unique properties and diverse
structures. The variety of the latter is enhanced by the ability of MOFs to form
core–shell MOFs from lattice-matched and lattice-mismatched pairs of MOFs.9–16

The synthesis of core–shell MOF-on-MOF compounds of particular form and
function will be aided by greater understanding of the growth of such compounds
and the inuence of the core on the growth of the shell through the interface
between the different MOFs.17 However, there is a paucity of information
regarding the formation of such compounds at the nanoscopic level of detail that
is required to gain signicant understanding of such processes.

Ex and in situ atomic force microscopy (AFM) provides a unique technique to
probe the crystal growth processes at the nanoscale which is further com-
plemented by aspects of the MOFs themselves, for example the presence of the
pore space in the framework, the relatively large chemical components of the
MOF and the ability to growMOFs under ambient conditions.18–20 Combination of
these aspects has enabled nanoscopic information on the formation of different
types of core–shell MOF-on-MOF compounds to be determined, including lattice-
matched and lattice-mismatched pairs of MOFs.21–23

A rare type of core–shell MOF-on-MOF compound that has been reported is
one in which there is a slight lattice-mismatch of the core and the shell that is
compensated for in the core–shell product through inclusion of an in-plane
rotational epitaxy between the shell and the core.24 The only reported example
of such a compound consists of a [Zn2(ndc)2(dabco)] (ndc ¼ 1,4-naph-
thalenedicarboxylate, dabco ¼ 4-diazabicyclo[2.2.2]octane) core crystal (1)25 and
a [Cu2(ndc)2(dabco)] shell (2).26 The structure of 1 contains Zn2(ndc)2 layers
containing metal paddle wheel dimers that are connected together by the ditopic
dabco ligands as shown in Fig. 1a and b. The ndc ligands are rotationally disor-
dered over four positions in the structure. 2 is isostructural to 1 as shown in
Fig. 1c and d. 1 and 2 are both tetragonal (space group P4/mmm) and possess
slightly different lattice parameters (a ¼ 10.921(1), c ¼ 9.611(1) Å for 1 and a ¼
10.8190(3), c ¼ 9.6348(6) Å for 2).24 The slight mismatch in the a-lattice parame-
ters of the MOFs gives an approximate mismatch [{a(1) � a(2)}/a(1)] of 0.93%
which is compensated for in the core–shell product by an in-plane rotational
epitaxy between 1 and 2 on the {001} facets. This behaviour contrasts with the
growth of [Zn2(ndc)2(dpndi)] (dpndi ¼ N,N0-di(4-pyridyl)-1,4,5,8-
naphthalenetetracarboxydiimide) as the shell on 1, where the negligible differ-
ence in the a-lattice parameters leads to epitaxial growth on the {001} facets
without any in-plane rotational component.27

Currently little is known about the crystal growth of 1, 2 or core–shell 1@2 at
the nanoscopic level. A lattice resolution in situ AFM study of the {001} facets of 1
has been reported, which observedmodications in the surface terraces or terrace
dissolution upon interaction with different organic molecules.28 Growth of
coordinatively immobilized monolayers of monocarboxylic acid has also been
demonstrated on the {100} facets of 1.29 Nanoparticles, nanocubes and nanorods
of 2 have also been synthesised through a process of coordination modulation to
direct the resultant crystal morphology to favour growth in the <001> direction.30

In this work, we use a combination of ex and in situ AFM to investigate the
crystal growth of 1 solely, and 2 as part of core–shell 1@2 to provide information
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 112–126 | 113
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Fig. 1 Crystal structures of 1 (a, b) and 2 (c, d) viewed perpendicular to the ab-plane (a, c)
and the bc-plane (b, d). Zn, Cu, C, O, N, and H are coloured green, blue, black, red, light
blue, and pink, respectively.
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at the nanoscale concerning the formation of these compounds and the inuence
of the slight mismatch in the a-lattice parameters on the growth of 2 via the
interface with 1. Such information will aid future synthetic efforts to produce such
core–shell MOF-on-MOF compounds.

Experimental
Materials

The chemicals 1,4-naphthalenedicarboxylic acid (1,4-ndc) (98%, Alfa Aesar),
Zn(NO3)2$6H2O (98%, Sigma Aldrich), 4-diazabicyclo[2.2.2]octane (dabco) (99%,
Sigma Aldrich), N,N-dimethylformamide (DMF) (99.8%, Sigma Aldrich) and
CuSO4$5H2O (98.5%, BDH Chemical) were used as received.

Synthesis of 1

A mixture of 1,4-ndc (0.05 mmol, 11 mg) and Zn(NO3)2$6H2O (0.1 mmol, 30 mg)
was placed in a 20 mL scintillation vial. The mixture was then dissolved in 1.5 mL
of DMF and sonicated for at least 30 min until the solid reagents were completely
dissolved. Dabco (0.05 mmol, 6 mg) was added to the reaction mixture which was
then sonicated for 60 min, resulting in a turbid solution. The solution was
centrifuged at 3000 rpm to obtain a colourless ltrate that was then transferred to
a new scintillation vial. A round glass cover slide (diameter of 13 mm, thickness
no. 1.5, VWR) was inserted into the vial. The mixture was capped and heated in
a pre-heated oven at 120 �C. The reaction was heated for different time periods of
114 | Faraday Discuss., 2021, 231, 112–126 This journal is © The Royal Society of Chemistry 2021
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24, 48, 72, 96 and 120 h to yield brick-shaped crystals attached to the round glass
cover slide.25

Powder X-ray diffraction (PXRD) was used to determine the phase purity of the
samples of 1. Diffraction data were collected from ground samples contained in
a cut silicon sample holder using a Philips X’Pert diffractometer (Cu-Ka radiation)
under ambient conditions in the 2q range of 3.5–50�. Scanning electron micros-
copy (SEM) was used to determine the crystal habit of 1. SEM images were
collected from gold coated crystals of 1 using a Quanta environmental scanning
electron microscope (20 kV, 90–110 mA).
Atomic force microscopy

All AFM experiments were conducted on a NanoWizard II (JPK instruments AG) in
contact mode using rectangular-shaped silicon cantilevers (MikroMasch) with
a nominal tip radius curvature of 10 nm, a force constant of 0.18 Nm�1 and a scan
rate of 3.0 Hz. Scanning of crystal faces approximately parallel to the glass cover
slide was performed to avoid artefacts created by the non-linear displacement of
the piezoelectric scanner along the z-axis. Image analyses were conducted using
the JPK image processing soware provided by JPK Instruments AG. AFM height
images were used to determine the height of surface nuclei and terrace layers. The
height images were attened through a line-by-line tting routine, followed by
a plane t to further correct for any residual tilt prior to height measurements.
The height of the nuclei and layers was measured using cross-section analyses
with a single scan line passing through the highest point of the nuclei or terrace
layers.

Measurement of the rotational angles of the crystals in the optical micrographs
and the crystal surface features in the AFM deection micrographs relative to the
edges of the micrographs was carried out using standard geometric measurement
soware (CorelDRAW 2018).

Ex situ AFM of 1. The round glass cover slide with crystals of 1 attached was
dipped several times in fresh DMF, air-dried at room temperature and attached to
the AFM instrument. The dried crystal samples were imaged in air.

In situ AFM of 1. Crystals of 1 were prepared as described above with a 48 h
reaction time. The round glass cover slide with crystals of 1 attached was initially
washed with fresh DMF to wash away any remaining growth solution from the
crystal surfaces. In situ growth experiments were performed by xing the round
glass cover slide with crystals of 1 onto a homemade AFM uid-cell that was then
attached to the AFM. Only at crystals rmly affixed to the glass cover slide on the
large {001} facets were scanned, as rmly xed crystals with the {100} facets
attached to the glass cover slide were not formed.

Growth solution 1 used in the in situ AFM experiments was the remaining
supernatant from a 48 h synthesis of 1 from which the solid products had been
separated.

In situ AFM of core–shell 1@2. In situ AFM experiments were performed on
crystals of 1 which had been prepared through the 48 h synthesis of 1. A round
glass cover slide with affixed crystals of 1 was washed with fresh DMF and then
attached to the homemade AFM uid-cell before being positioned on the AFM.

Growth solution 2 was prepared by mixing CuSO4$5H2O (0.084 mmol, 0.021 g),
1,4-ndc (0.084 mmol, 0.0182 g), and dabco (0.041 mmol, 0.0046 g) in a 20 mL
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 112–126 | 115
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scintillation vial. The mixture was dissolved in 5 mL of DMF and sonicated for
60 min to yield a turbid green solution that was centrifuged at 3000 rpm to obtain
a colourless ltrate. The colourless solution was heated for 48 h at 120 �C. The
supernatant was decanted to separate it from the solid product and then loaded
into a 3 mL syringe prior to the in situ AFM experiment.

Initially, the AFM uid-cell containing crystals of 1 was lled with 0.7 mL of
DMF, and AFM scanning was performed on the {001} facets of selected crystals.
0.2 mL of growth solution 2 was injected into the uid cell using an automatic
syringe pump at a low ow rate of 0.05 mL min�1 to minimise the disturbance to
the system during scanning. The crystal was scanned continuously during the
introduction of growth solution 2 to fully capture the growth processes.
Results and discussion

The synthesis of 1 resulted in tetragonal prism-shaped crystals terminated by the
(100), (�100), (010), (0�10), (001), and (00�1) crystal faces as shown in the SEM images
in Fig. S1.†24,28 The PXRD pattern of the as-synthesised sample is shown in
Fig. S2† and indicates the formation of 1 in addition to another unidentied
crystalline phase.24 The latter is also observable in the SEM images (Fig. S1†).

A series of ex situ AFM experiments was conducted on the {001} facets for all
ve different samples prepared aer 24, 48, 72, 96 and 120 h of reaction time, and
the resulting micrographs are shown in Fig. 2. The ex situ AFM images of 1 aer
24 h of reaction time (see Fig. 2a) indicate a crystal surface with a rough
appearance due to the presence of many two-dimensional (2D) nuclei on the
surface. Crystal terraces are observable beneath these nuclei. In addition, there
are also several observable hillocks of growth islands in Fig. 2a(ii) of somewhat
isotropic shape that are covered by 2D nuclei. Both these features suggest that the
supersaturation of the crystal growth solution aer 24 h is still relatively high.

The AFM deection images of 1 aer 48 h of reaction time shown in Fig. 2b
reveal crystal surfaces with few 2D nuclei present compared to the sample aer
24 h of reaction time. Surface crystal terraces emanating from dominant growth
mounds cover the observed crystal surfaces and these terraces display a more
pronounced shape with steps parallel to both the <100> and <110> directions
expressed, as indicated by the white and green arrows in the AFM images,
compared to the orientation of the scanned crystals given in the respective optical
images. These observations suggest that the supersaturation of the crystal growth
solution aer 48 h was much lower than that aer 24 h of reaction time, but that
the supersaturation level is still high enough for step growth in a specic direc-
tion not to dominate. Similar phenomena were also detected for the sample of 1
aer heating for 72 h of reaction time, as shown in Fig. 2c. However, examples of
approximately square growth mounds with steps expressed parallel to either the
<100> directions or the <110> directions solely were observed in different areas of
the crystal surface as shown in Fig. 2c(i) and (ii), respectively. At this lower
supersaturation, there is some indication that the rate of growth in the <100>
directions is becoming dominant, as evidenced by the nature of the growth
mound in Fig. 2c(ii) and also the terraces at the top of the growth mound in
Fig. 2c(i) that are beginning to signicantly express steps parallel to the <110>
directions.
116 | Faraday Discuss., 2021, 231, 112–126 This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Ex situ AFM deflection images of 1 formed after different reaction times. Optical
images of the respective crystals of 1 are provided in the inset of each image. The white
and green arrows indicate the <100> and <110> directions, respectively.
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Aer 96 h and 120 h of reaction time, the AFM deection images of 1 exhibit
a much more pronounced terrace orientation, with birth and spread growth
producing terraces with steps parallel to the <110> directions as shown in Fig. 2d
and e(i). This indicates that the supersaturation level has dropped to the point
where step growth in a specic direction dominates. Some crystal surfaces in the
sample of 1 heated for 120 h also appear much rougher, as shown in Fig. 2e(ii),
suggesting that aer this heating time the supersaturation level may be close to its
equilibrium value and surface dissolution and redeposition is occurring. The
formation of terraces with steps parallel to the <110> directions has also been
reported in prior studies of 1.28

The ex situ AFM results of 1 isolated at different reaction times indicate that at
a high supersaturation level, approximately isotropic terraces are formed that
begin to express steps parallel to both the <100> and <110> directions as the
supersaturation drops further. The tendency to express steps parallel to the <100>
directions is greater at higher supersaturation levels, as is also reected by the
overall crystal morphology. As the supersaturation drops further, the rate of
growth in the <100> directions becomes dominant and terraces with steps parallel
to the <110> directions form solely. This suggests that the overall crystal
morphology of 1 can be modied by extended treatment of the crystals in low
supersaturation solutions to produce crystals expressing the {110} facets.20 Such
crystals may have different surface adsorption and diffusion properties. A change
in the overall crystal morphology is known to occur for molecular crystals grown
at different supersaturations,31–33 and for MOF crystal morphologies as the
supersaturation level in the growth medium drops.34 However, this represents the
rst observation of the variation of terrace growth in distinct crystallographic
directions on the surface of a MOF as a function of supersaturation only.

Analyses of AFM height images of numerous surface terraces show that most
have step heights of 0.98 � 0.1 nm (see Fig. 3b and S3†) which corresponds to the
d001 lattice spacing of 1. This is similar to the value reported by Hosono et al. from
their study of 1.28 The growth mechanism from nucleation to completion of the
0.98 nm high extended terraces was revealed by the in situ AFM study and images
as shown in Fig. 3. A 0.98 nm high growth island is observed to grow via a 2D
nucleus with a height of 0.50 � 0.1 nm (see Fig. 3a(i)) prior to forming a 1.00 �
0.1 nm (see Fig. 3b(ii)) growth island as the stable extended terrace height. The
latter is further conrmed by the cross-section analysis of another completed
stable terrace with the step height of 0.98 � 0.1 nm (see Fig. 3b(iii)). This series of
heights provides some information on the surface crystallographic plane that
terminates the extended growth terraces. Comparison of the crystal structure of 1
and the observed heights suggests that the surface plane is formed by the
uppermost Zn2+ ions and the H atoms of the C6H4 rings of the ndc linkers in the
[Zn2(ndc)2] layers, or by the nitrogen atoms of the dabco ligands exposed on the
{001} facets, as indicated by X and X0 in Fig. 3c, respectively. Plane X in Fig. 3c is
shown passing through themost rigid part of this surface plane, which consists of
the uppermost Zn2+ ions of the [Zn2(ndc)2] layers, however the actual averaged
surface may be approximately 0.07 nm higher when the orientations of the ndc
ligands dened within the crystal structure are considered. Additional uncer-
tainty in the orientation of the ndc ligands also arises as the surface orientation of
the ndc ligands may not be the same as that in the bulk, and rotation of the ndc
groups may occur through surface tip interactions during collection of the AFM
118 | Faraday Discuss., 2021, 231, 112–126 This journal is © The Royal Society of Chemistry 2021
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Fig. 3 In situ AFM deflection images of 1 with cross-section analyses showing the
developing 2D nuclei (encircled by dotted green circles in (a and b)). Crystal structure of 1
(c) displaying the various vertical heights of certain structural components above the
possible surface terminating planes X and X0. AFM image size is 3.0 � 1.5 mm2.
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images in contact mode. The possibility of these two different surface termina-
tions arises because the vertical distance of a dabco ligand and the associated Zn–
N bond is indistinguishable from the vertical distance of a Zn2(ndc)4 dimer unit
and the associated Zn–N bond in the crystal structure of 1 when the error of AFM
height measurements (�0.1 nm) is considered. Both terminating planes will yield
the same d001 lattice spacing distance aer growth of a new growth terrace as
indicated by the blue arrows in Fig. 3c.

Comparison of the observed step heights and the interatomic distances in the
crystal structure of 1 provides information regarding the crystal growth mecha-
nism of 1. If it is assumed that the unsaturated Zn2+ ions terminate the crystal
surface, as has been previously reported for in situ AFM studies on other
MOFs,18–20,22,35,36 then the rst observed 0.50 � 0.1 nm high metastable nucleus
corresponds to the attachment of a dabco ligand at an under-coordinated Zn2+ ion
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 112–126 | 119
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in the [Zn2(ndc)2] layer at the terminating plane X (corresponding calculated
height from crystal structure ¼ 0.46 nm as shown in Fig. 3c or 0.40 nm if the
averaged surface 0.07 nm above X is used).25 Completion of the 1.0 � 0.1 nm high
growth island from the metastable nucleus is achieved by addition of the
Zn2(ndc)4 dimers and subsequent formation of the [Zn2(ndc)2] layer (corre-
sponding calculated height from crystal structure ¼ 0.96 nm as shown in Fig. 3c).
The formation of the 1.0 nm high growth island will also involve additional
species, presumably solvent molecules, in the formation of the meta-stable
nucleus and sub-layer involving the dabco ligands to enable the correlated
growth observed for these growth islands. The same type of mechanism would
also be observed if the surface termination plane was X0, as shown in Fig. 3c, with
attachment of Zn2(ndc)4 dimers and subsequent formation of the [Zn2(ndc)2]
layer on the nitrogen atoms of the dabco molecules followed by the addition of
dabco ligands.

Furukawa et al. report that formation of single crystal domains of 2 could only
be achieved by forming core–shell 1@2.24 In situ AFM was used to study the
formation of core–shell 1@2 to investigate the crystal growth of 2 and the effect of
the in-plane rotational epitaxy between 2 and 1 on crystal growth.

Micrographs of the surface of 1 under DMF and aer injection of a growth
solution of 2 are shown in Fig. 4. The surface of 1 imaged under DMF is shown in
Fig. 4a and b. The images display terraces and small growth islands of 1 with the
expected step height of 0.96� 0.1 nm as shown in Fig. 4i(I). A growth solution of 2
was injected using an automatic syringe pump and the resulting AFM images
captured under this growth solution are shown in Fig. 4c–h. Few apparent
changes occur at the crystal surface of 1 under the growth solution of 2 for 6.4 min
aer injection as shown in Fig. 4c–f. However, the AFM image obtained aer
6.4 min aer injection of the growth solution of 2 shows the presence of many 2D
nuclei and small growth islands of 2 spread across the surface of 1 as shown, and
exemplied by the yellow circles, in Fig. 4g. The number density and size of the
nuclei of 2 increase from the bottom to the top of the image as this is the scanning
direction of the AFM tip during data collection for this image. Direct comparison
of Fig. 4b and g as a whole and at points such as that indicated by the green arrow
in these gures demonstrates that the new 2D nuclei of 2 grew on the apparently
intact terraces of 1 present from the start of the experiment (a direct comparison
of these two images is provided in Fig. S4†). The cross-section analyses of the step
marked by the yellow line in approximately the same position in Fig. 4b and g are
shown in Fig. 4i(I) and (II), which again indicates that the terraces of 1 remain
intact during this in situ experiment with a height of 1.0� 0.1 nm. Rapid birth and
spread growth of 2 on the terraces of 1 continues as indicated by the presence of
the large growth islands and multiple terraces of 2 shown in Fig. 4h, the subse-
quent image collected at time 7.9 min. Cross-section analyses of numerous
surface terraces in Fig. 4h show that most have step heights of 1.00 � 0.1 nm, as
exemplied in Fig. 4h and i(V) and (VI), which agrees with the expected d001 lattice
spacing of 2 (0.96 nm).24

The growth mechanism from nucleation to completion of the 0.96 nm high
extended terraces of 2 was also revealed by the in situ AFM study and images as
shown in Fig. 4. Cross-section analyses were performed on selected nuclei in
Fig. 4g and it was found that these nuclei had two distinct heights, as exemplied
by the 2D nuclei (III) and (IV) marked in Fig. 4g, whose heights are 0.53 and 0.96�
120 | Faraday Discuss., 2021, 231, 112–126 This journal is © The Royal Society of Chemistry 2021
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Fig. 4 A series of in situ AFM deflection images of 1 in the presence of DMF (a, b) and after
the injection of the growth solution of 2 (c–h), and the corresponding cross-section
analyses of selected terraces and 2D nuclei as indicated by yellow lines and circles
respectively (i). AFM image sizes are 3.0 � 1.5 mm2.
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0.1 nm, respectively, as is shown in the cross-section analyses in Fig. 4i(III) and
(IV) respectively. Comparison of these observed heights and the interatomic
distances in the crystal structure of 2 indicates that the growth islands and
terraces of 2 formed on the crystal surface of 1 follow an identical growth
mechanism to that observed for 1. This is expected due to the isostructural
nature, and the similarity in unit cell parameters and chemical components of 1
and 2. The rapid terrace formation and spreading in lateral directions also
indicate that the in-plane rotational epitaxy between 2 and 1 and the presence of
the resultant defects at the interface between 1 and 2 produce little impediment to
terrace spreading and growth.
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 112–126 | 121
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The potential effects of the in-plane rotational epitaxy between 2 and 124 on the
crystal growth of core–shell 1@2 were investigated further by considering the
crystal surface of 2 on crystals of 1@2 that had been grown for numerous minutes
aer introduction of a growth solution of 2 above the core crystals of 1. AFM
images of some regions of 2 that had been grown on 1 for approximately 106–
119 min are shown in Fig. 5a–c. The entire crystal surface in all the images
consists of terraces, growth mounds and growth spirals. The growth mounds and
spirals are square with steps expressed parallel to the <110> directions of 2.
Fig. 5 AFM deflection images of 1 105.6 min (a), 109.7 min (b) and 118.5 min (c) after
injection of growth solution 2, showing the orientation of several growth layers, mounds
and spirals relative to the bulk crystal of 1 in optical micrograph (d). Schematic of the in-
plane rotational epitaxy between 2 and 1 in core–shell 1@2 (e). The green arrows indicate
the <110> directions, and the green dashed and solid lines act as guides to indicate the
relative orientations of the surface features and crystals respectively. The AFM image sizes
are 20 � 20 mm2.

122 | Faraday Discuss., 2021, 231, 112–126 This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fd00033k


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
4 

 2
02

1.
 D

ow
nl

oa
de

d 
on

 0
6/

11
/2

5 
12

:5
6:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Consideration of the ex situ AFM studies of 1 suggests that the crystal growth is
occurring from a growth solution of 2 with low supersaturation in which the rate
of growth in the <100> directions is dominant. It is unsurprising that the relative
growth kinetics in particular directions of 1 and 2 appear comparable due to the
close similarities of many aspects of 1 and 2.

Closer inspection of the square growth mounds and spirals in Fig. 5a–c indi-
cate that their diagonals are not parallel to the edge of the actual core–shell 1@2
crystal as seen in the optical image shown in Fig. 5d. This demonstrates that there
is an in-plane rotational epitaxy between 2 and 1 as reported by Furukawa et al.
that can be identied through use of AFM. Measurement of the angles between
the diagonals of several square growth layers, mounds and spirals and the edges
of the core–shell 1@2 crystals (as listed in Table S1†) indicates that this in-plane
rotational epitaxy between 2 and 1 is 5.9(7)� where the number in parentheses
denotes the standard deviation of the last digit of the mean value. This in-plane
rotational epitaxy between 2 and 1 is shown schematically in Fig. 5e. Interestingly
this value is approximately half the in-plane rotational epitaxy angle of 11.7� re-
ported by Furukawa et al. that was determined by surface synchrotron X-ray
diffraction analysis of a core–shell 1@2 crystal.24 The difference in in-plane
rotation angles may be due to the different preparative routes of 2. In this
work, 2 was grown from a growth solution using DMF as the solvent at 298 K,
whilst Furukawa et al. used a toluene/methanol solvent mixture and the mixture
was heated at 393 K for 48 h.24 The lower in-plane rotational epitaxy angle reported
here will result in the interface between 1 and 2 being directly connected by fewer
dabco ligands per unit area in their normal coordination mode than in the
compound reported by Furukawa et al., using the samemodel as that proposed by
those authors in this assignment. This implies the presence of a more highly
defective interface in the compound reported here. The formation of such
a highly defective interface with a paucity of dabco linkers connecting 1 and 2 is
plausible as 2D MOFs constructed from [Cu2(ndc)2] layers with water or methanol
molecules occupying the nal coordination site of the Cu coordination environ-
ment have been reported, for instance [Cu(ndc)(MeOH)]$MeOH and
[Cu(ndc)(H2O)]$1.8H2O.37 The [Cu2(ndc)2] layers in these compounds are held
together by a combination of sufficiently strong interactions to allow crystal
formation, thus supporting the suggested presence of a highly defective interface
in 1@2. Such a defective interface would introduce a highly probable cleavage
plane in the resulting core–shell 1@2 crystal. The formation of different in-plane
rotational epitaxy angles between 1 and 2 demonstrates the structural versatility
of MOFs to accommodate different defect structures of differing degrees of
defectiveness.

Furukawa et al. also reported that domains of 2 could grow on 1 with an in-
plane rotational epitaxy between 2 and 1 of �11.7�.24 This would suggest that
growth features of 2 with two possible relative orientations to each other could be
present in close proximity on the crystal surface. Inspection of the features in the
AFM images captured for the surface of 2 in 1@2, such as the square growth
layers, mounds and spirals shown in Fig. 5a–c, suggests that this is not the case
and that these features all have approximately the same orientation within the
imaged 400 mm2 regions of the surface. The bulk crystal structures of 1 and 2 do
not provide an apparent reason as to why one in-plane rotational epitaxy direction
between 2 and 1 should be favoured over another, so presumably the reason lies
This journal is © The Royal Society of Chemistry 2021 Faraday Discuss., 2021, 231, 112–126 | 123
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within the crystal growth processes occurring. One potential reason could involve
a process where aer initial nucleation and development of small growth islands
with either in-plane rotational epitaxy angle, random faster growth and merging
of growth islands of one in-plane rotational epitaxy angle could isolate growth
islands of the other in-plane rotational epitaxy angle. This will create numerous
growth islands that cannot simply merge to form a continuous layer as there will
be extended structure incoherency at the interface of the island edges. However,
these isolated growth islands may undergo a process of dissolution and assimi-
lation into adjacent growth islands as all the necessary components of 2 are in the
local vicinity for such a process and bond formation in a MOF is a rapidly
reversible process.38 Aer the rst layer of 2 is formed over the crystal surface,
further crystal growth of 2 can occur easily as the underlying structure is now 2,
although there will be defects present where larger domains of 2 with either in-
plane rotational epitaxy angle merge.
Conclusions

AFM has been applied successfully for the rst time to identify in-plane rotational
epitaxy in a core–shell MOF and indicates that the rotational epitaxy within core–
shell MOFs can be different for the same pair of MOF frameworks, so demon-
strating the structural versatility of MOFs to accommodate different interfacial
defect structures. Intimate mixtures of different domains of growth features of
different in-plane rotational epitaxy angle also do not appear to be apparent on
the several micron scale. Use of this approach has also determined the inuence
of supersaturation on the surface crystal growth of two isostructural MOFs and an
essentially identical crystal growth mechanism for both MOFs that involves 2D
nucleation and spreading of metastable sublayers of the stable extended growth
terrace. The latter mechanism appears to be common amongst MOFs grown
under low supersaturation conditions. These results provide potential routes and
understanding to fabricate MOFs of different crystal forms and defect structures,
which are necessary for future advanced function of these versatile materials that
may integrate attributes from the component MOFs and their interfacial
connection.
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