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for the Crystal Growth of the Metal-Organic Framework CdIF-4
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Abstract: Identifying the form and role of the chemical species
that traverse the stages of crystallization is critical to under-
standing the formation process of coordination polymers.
Herein, we report the combined use of in situ atomic force
microscopy and mass spectrometry to identify preformed,
complex, cadmium 2-ethylimidazole containing solution spe-
cies in the growth solution of the cadmium 2-ethylimidazolate
metal-organic framework CdIF-4, and show that they are
critical in the surface nucleation for the crystal growth of this
material. Surface nucleation appears to be instigated by these
[Cd.(CH;CO,),(CsH,N/CsHgN,), [-containing  solution spe-
cies and not by sole addition of the ligand molecules. The
CH;CO,™ or Cd(CH;CO,), groups of the former are substi-
tuted subsequently as the framework growth proceeds. Our
greater understanding of such solution species and their role in
crystallization will guide future syntheses of designed func-
tional coordination polymers.

Understanding crystal formation is critical for the design of
the rich varieties of function in which crystals are applied in
modern society.!! Numerous advances have been made in
comprehending the stages of crystallization,” which, for
solution crystallization, typically involve the formation of
species in solution, nucleation, and crystal growth.’! How-
ever, detailed nanoscale information on how these stages are
connected, for example, which species identified in solution
are the actual species involved in nucleation or crystal
growth, is often lacking especially for non-molecular
crystals. There is a particular paucity of information in this
regard for the crystallization of coordination polymers, an
important family of compounds relevant to many fields, which
includes porous metal-organic frameworks (MOFs) amongst
its ranks.”! Indeed, to the best of our knowledge, there are no
reports of the identification of any metal-containing solution
species that can be correlated directly with the real-time
crystallization process for any coordination polymer.

To obtain such information, characterization techniques
need to be used that allow for molecular identity information
to be extracted from in situ crystallization experiments and
the crystallization solutions involved. For MOFs, spectro-
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scopic studies have identified various solution species
involved in their formation,®” and insitu atomic force
microscopy (AFM) studies have enabled the observation of
the growing of the crystal surface and provided structural
information to identify surface nucleation by the ligand
only.”! We herein report a crystal growth study on the MOF
CdIF-4, using a combination of in situ AFM and electrospray
ionization mass spectrometry (ESI-MS). For the first time, the
preassembled metal-containing solution species that are
critical for surface nucleation and growth of a coordination
polymer were identified.

The cadmium imidazolate framework CdIF-4 (Cd-
(eIm),;**! HeIm = 2-ethylimidazole) is a porous MOF con-
structed from corner-sharing Cd(eIm), tetrahedra in which
the eIm™ ligands bridge pairs of Cd”*™ ions to form a three-
dimensional framework with the RHO topology (cubic, a =
30.887 A, space group Im3m), as shown in the Supporting
Information, Figure S1. Phase-pure approximately 150 um
large rhombic dodecahedral CdIF-4 crystals (see Figures S2
and S3) were prepared that were suitable as substrate crystals
for insitu AFM work. In situ crystal growth on the {110}
crystal facets was observed from a room-temperature static
supersaturated growth solution containing a solution used to
prepare the substrate crystals that had been heated to 120°C
for 3.5 hours (see the Supporting Information for details).
This n-butanol growth solution contained Cd(CH;CO,),-
(H,0),, Helm, and growing, < 0.5 um large CdIF-4 crystals.

Insitu AFM deflection micrographs revealed crystal
growth to proceed by both spiral and “birth and spread”
mechanisms on the {110} facets of CdIF-4 as shown in
Figures 1 and S4 (see also Movie S1). The growth islands and
spirals exhibit a truncated rhombohedral morphology, which
reflects the twofold symmetry of the {110} facets. Height
analysis on many monolayer steps yielded a height of 2.2 £+
0.1 nm (see Figures 1 f and S4), which corresponds to the d,
spacing of CdIF-4.

The relatively slow rate of crystal growth during this
experiment allowed for the observation of the formation of 27
two-dimensional nuclei and their growth into stable mono-
layer terraces. The nuclei were observed to grow into stable,
2.2 nm high monolayers through metastable sublayers; the
observed heights of these sublayers encompass all the 0.1 nm
incremental values in the range 0.5 nm to 2.1 nm except for
1.6 nm. For example, the nucleus shown in Figure 1 is
observed to grow through metastable sublayers with heights
of 0.6,1.2,1.5,1.7, and 1.9 nm as shown in Figure 1a—e. These
observed sublayer step heights match well with the height
differences between the solvated Cd*" ions in the plane
marked X in Figure 1g and the vertical projections of all
solvated Cd*" ions (0.64, 0.96, 1.09, 1.41, 1.73, and 1.86 nm)
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600 Figure 1. a—f) Real-time cross-sectional analyses and AFM deflection
5400: images of a developing growth step on a {110} face of a CdIF-4 crystal.
5200: g) The structure 9f CdIF-4 viewed along the <110 > direction, high-
e lighting the possible heights of the metastable sublayer steps through

0 which the stable monolayer step is formed. The nucleus for which
1005 growth is being monitored is indicated by a white arrow in (a), and all
image sizes are 1.8x 1.1 um?. The structure in (g) is represented in
. ball-and-stick mode with balls decreasing in size for Cd, N, and C.
'§1‘2. Bonds are depicted as thin gray lines, and the organic linkers as thick
%0'8: black lines. H atoms omitted for clarity. A color version of this Figure
':c‘é"-:: is provided as Figure S5.
-0.2;
_16¢ sublayers with heights of less than 0.5 nm, in conjunction with
‘E’;: the other observed metastable sublayer heights, uniquely
;%’0'4: defines the surface termination of the {110} surface as
ol consisting of solvated Q° Cd*" ions of completed double
1 100 it o) 220 eight ring (D8R) cages such as those marked along plane X in
v Figure 1g (where Q° indicates that the Cd*" ion is only bound
R into the bulk crystal structure by 3 of 4 possible linkers), and
€10 W ’ that the stable 2.2 nm monolayer steps are comprised of an
E.," P I inclined D8R and the edge of a single six ring (S6R) as shown
= in Figure 1g. A surface termination consisting of completely
Ap— 16{{ engtr; (nm)zéo | closed cage structures is consistent with our findings for other
: MOFs.** The observation of the growth of the surface nuclei
i 20 into stable, 2.2 nm high monolayers through metastable
§1~° sublayers indicates that a stable monolayer terrace grows
2 through a process of nucleation and spreading of metastable
o sublayers. We have reported a similar surface crystal-growth
B mechanism for other MOFs. 72!

The complex nature of the CdIF-4 structure and the
£ °‘§ e vertical resolution of the AFM height measurements
§'°-5: 2.2nm (£0.1 nm) mean that the most definitive information con-
S 45} | cerning the identity of the actual growth species and the

o . ; heights of the metastable sublayers can only be ascertained
° Lgﬁ&h (nm) for the first potential metastable sublayer heights of 0.4 nm
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and the uppermost nitrogen atoms of the solvated eIm™ ions
(0.43,0.84,0.90, 1.24,1.36, 1.57,1.74, 2.08, and 2.09 nm) if it is
assumed that the sub-step heights directly relate to the CdIF-4
crystal structure (see Figure 1g). The lack of any metastable
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and 0.6 nm, which correspond to the height differences
between the solvated Cd*" ions in the surface-termination
plane X and the vertical projections to the first uppermost
nitrogen atoms of solvated eIm™ ions (0.43 nm) and solvated
Cd*" ions (0.64 nm), respectively. The lack of any metastable
sublayers with heights of less than 0.5 nm for any of the
analyzed 27 two-dimensional nuclei and the observation that
seven of these 27 nuclei develop through a metastable
sublayer with a height of 0.6+0.1 nm provide convincing
evidence that successful surface nucleation is achieved only
when a preassembled growth species containing a [Cd(HeIm
or eIm),] unit (n=1 or 2) is present. This contrasts with the
behavior of other MOFs, for which it has been shown that
surface nucleation is achieved by addition of the organic
linker only.”) The observation that numerous nanodots
appear in the insitu AFM images and then disappear in
subsequent images provides additional evidence that supports
this theory. The vast majority of these nanodots have heights
of 0.4+0.1 nm (see Figure S6), which corresponds to the
uppermost nitrogen atoms of a solvated eIm™ ion (0.43 nm)
binding to the Cd*" ions in the surface-termination plane X.
This height of 0.4 nm is also consistent with the surface
addition and loss of acetate groups that are present in the
growth solution, but are more likely to arise from the eIm™
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groups as they are present in excess and bind more strongly to
the Cd*" ions. The observation of these 0.4 nm nanodots
indicates the ability of AFM to differentiate between differ-
ent species in the height range of 0.4-0.6 nm within the
conditions of this experiment and highlights the absence of
any metastable sublayers with heights of less than 0.5 nm for
any of the analyzed 27 two-dimensional nuclei that develop
into 2.2 nm monolayer terraces.

Other trends observed when analyzing the heights of the
growing 27 two-dimensional nuclei are that the heights for
some metastable sublayers are greater than 0.6 = 0.1 nm upon
first observation, suggesting the surface addition of a preas-
sembled [Cd(Helm/eIm),] (n=2-4) unit. The > 0.9 nm
height of some of these nuclei makes it unlikely that these
nuclei develop through the initial surface addition of a pre-
assembled [Cd(eIm)] unit followed by subsequent addition of
simple Helm/eIm™~ or [Cd(Helm/eIm)] units although the
temporal limitation of approximately 1-86s between the
successive imaging of the same spatial point in the experiment
does not entirely preclude the possibility of smaller preas-
sembled nucleating units being involved for these developing
nuclei. Three of the 27 developing surface nuclei were also
observed to have an initial height that decreases in the
subsequent image before growing through successive heights
into a stable extended step as shown in Figure S7. These
observations imply that certain nucleating species on the
surface contain fragments that exactly fit into the final CdIF-4
framework structure, for instance, a [Cd(eIm)] or [Cd(eIm),]
unit, but also contain additional units that may not form part
of the final framework and are removed subsequently to
enable the continued growth of the nucleus into the stable
extended step.

Overall, the AFM results strongly suggest that surface
nucleation of this material is only achieved when a preassem-
bled growth species containing at least one [Cd(eIm)] unit is
present, and that HeIm/eIm~ groups on their own do not
nucleate surface growth.

Further evidence for the likelihood of such preassembled
[Cd(HeIm/eIm),] (n = 1-4) units being the nucleating species
was provided by ESI-MS analysis of the growth solution.
Many growth species were identified in the positive- and
negative-ion spectra (see Table S1 and Figures 2, S8, and S9).
The more abundant Cd(Helm/eIm)-containing growth spe-
cies in the solutions are [Cd(CH;CO,)(Helm),]", [Cd-
(CH;CO,)(Helm);]*, and [Cd,(CH;CO,);(Helm),]" as well
as [Cd(CH;CO,),(eIm)] in the positive-ion and negative-ion
spectra, respectively, with the most abundant of these species
being [Cd(CH;CO,)(Helm),|" and [Cd(CH;CO,),(eIm)] ", in
the positive-ion and negative-ion spectra, respectively. We
assumed that the coordination environment of the Cd*" ions is
completed by n-BuOH molecules, which may be lost during
the ionization process in the mass spectrometer. The domi-
nance of [Cd(CH;CO,)(Helm),]* amongst the Cd(Helm/
elm)-containing growth species agrees well with our expect-
ation for the formation of a product of formula Cd(eIm),. The
identification of a variety of species and the high abundance
of the [Cd(CH;CO,)(Helm),]* and [Cd(CH;CO,),(elm)]”
species support the results of the in situ AFM study.
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Figure 2. Positive-ion ESI-MS spectrum displaying the most abundant
cadmium-containing species. The inset provides confirmation of the
chemical composition for the [Cd(CH;CO,) (Helm),]” species centered
at about m/z 365 through comparison of the measured and theoretical
isotopic distributions.

The observation that seven of these 27 nuclei develop
through a metastable sublayer with a height of 0.6 £0.1 nm
agrees with either deprotonated [Cd(CH;CO,)(Helm),|* or
[Cd(CH;CO,),(eIm)]~ initiating nucleation (as shown for
such a fragment in Figure 3a,b). The surface addition of
deprotonated [Cd(CH;CO,)(Helm),]" could also provide an
initial metastable sublayer with a height of 0.8/0.9 nm
depending on the orientation of the species upon addition
to the surface as shown in Figure 3 c,d. Moreover, addition of
lower-abundance  deprotonated [Cd(CH;CO,)(Helm),]*
could also generate nucleation heights of 0.8/0.9 nm as
exemplified in Figure 3e—g. The latter two scenarios would
explain the observation that some initial metastable sublayers
have heights of > 0.7 nm, which indicates that a preassembled
[Cd(Helm/eIm),] (n =2-3) unit is the nucleating entity on the
surface in these cases. The presence of [Cd,(CH;CO,)s-
(HeIm),]" as a relatively abundant species in the growth
solution also provides an explanation for the observation that
the developing surface nuclei initially have a height that
decreases in the subsequent image before growing into
a stable extended step. Addition of a >0.6nm large,
deprotonated [Cd,(CH;CO,);(Helm),]* unit of the form
shown in Figure 3h,i to the crystal surface followed by loss
of the framework-incompatible Cd(CH;CO,), unit would
leave a remaining deprotonated [Cd(CH;CO,)(Helm),]*
unit, from which subsequent growth into the stable extended
growth step could proceed. The acetate groups attached to all
of these Cd(Helm/eIm™)-containing species are present in
insufficient numbers to contradict the results of the height
analysis of the AFM results and are assumed to be substituted
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(a) (b) G

Figure 3. a—i) Representation of the initial nucleation of a new stable
monolayer terrace on the crystal surface of CdIF-4 through addition of
various preformed [Cd,(CH;CO,),(Helm/elm)_]-containing solution
species of different sizes. The crystal surface is represented by Cd
atoms connected by lines, and the structures of the nucleating species
are derived from the crystallographic structure of CdIF-4. Atoms in
order of decreasing size: Cd, O, N, C. Hydrogen atoms and terminal
acetate groups that are attached to directly surface-bound Cd atoms
omitted for clarity. A color version of this Figure is provided as

Figure S10.

during the subsequent development of the stable extended
growth step. The ESI-MS spectra also reveal the presence of
elm™, and more noticeably H,eIm*, as solution species in the
growth solution, making it likely that they are also involved in
the growth of the stable monolayer terraces. However, the
AFM results suggest that the Helm/eIm~ species do not
nucleate the initial growth of the stable monolayer terraces
and are more likely to be the growth species that add directly
to the more poorly coordinated Q* and Q' Cd*" ions that are
present in the metastable sublayers as the stable monolayer
terraces develop after the initial nucleation.

It is interesting to note that whereas preassembled
Cd(Helm/eIm)-containing species are critical to nucleate
the surface growth of CdIF-4 in this study, only HmIm/ mIm~
(HmIm = 2-methylimidazole) was observed to be necessary
to nucleate the MOF ZIF-8 in a similar study," even though
the imidazole linker is in much greater excess in the former
work. This may reflect the greater bond strength of a Zn—N
bond compared to a Cd—N bond,"” which will sufficiently
stabilize surface HmIm/ mIm™ species to allow for further
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growth of the stable monolayer terrace in ZIF-8 whilst
limiting the occurrence of surface nucleation for CdIF-4 via
larger preassembled nucleating species that are sufficiently
stable to enable further growth to a critical size instead of
desorbing or dissolving.

In conclusion, insitu AFM and ESI-MS studies have
revealed the crystal growth mechanism of CdIF-4 and shown
that a partially preassembled component of the resulting
crystal structure is the critical solution species that instigates
the surface nucleation of the material. Our greater under-
standing of the solution species and their role in the crystal
growth process will aid future syntheses and the design of
coordination polymers and other extended solids as well as
their crystal form and function.
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