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ABSTRACT: We demonstrate the formation of uniform and oriented [001] 2w
metal—organic frameworks using a combination of anion effects and

surface chemistry. Subtle but significant morphological changes result T n
from the nature of the coordinative counteranion of the following metal <} [} nn
salts: NiX, with X = Br~, ClI, NO;~, and OAc™. Crystals could be \-n
obtained in solution or by template surface growth. The latter results in r
truncated crystals that resemble a half structure of the solution-grown l
ones. The oriented surface-bound metal—organic frameworks (sMOFs) @
are obtained via a one-step solvothermal approach rather than in a layer-

by-layer approach. The MOFs are grown on Si/SiOx substrates modified <
with an organic monolayer or on glass substrates covered with a
transparent conductive oxide (TCO). Regardless of the different morphologies, the crystallographic packing is nearly identical and is
not affected by the type of anion or by solution versus the surface chemistry. A propeller-type arrangement of the nonchiral ligands
around the metal center affords a chiral structure with two geometrically different helical channels in a 2:1 ratio with the same
handedness. To demonstrate the accessibility and porosity of the macroscopically oriented channels, a chromophore (resorufin
sodium salt) was successfully embedded into the channels of the crystals by diffusion from solution, resulting in fluorescent crystals.
These “colored” crystals displayed polarized emission (red) with a high polarization ratio because of the alignment of these dyes
imposed by the crystallographic structure. A second-harmonic generation (SHG) study revealed Kleinman symmetry-forbidden
nonlinear optical properties. These surface-bound and oriented SHG-active MOFs have the potential for use as single nonlinear
optical (NLO) devices.
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B INTRODUCTION

chemical reactivity, and porosity.'* To date, no generally
applicable approach exists, and there is insufficient funda-

The morphology and uniformity of crystals are fascinatin§
structural properties that are difficult to predict and design.'~
The relationship between the structure of the molecular
components and their crystal appearance (e.g., unit cell
structure and macroscopic crystalline shape) is often not
obvious.”” Crystal design often includes the use of additives
or modulators. For example, Wang, Sun, and Yaghi
demonstrated that the use of nucleation inhibitors resulted
in the formation of covalent ogganic frameworks suitable for
single-crystal X-ray diffraction.” Surface chemistry has also
been used to direct and control the crystallization of diverse
materials on inorganic surfaces, (patterned) monolayers, and
others as shown by Aizenberg and Whitesides.”® Interface
chemistry played a pivotal role in fundamental studies in
crystal nucleation by Leiserowitz, Lahav, Weissbuch, and Sagiv
using Langmuir—Blodgett films of amino acids.” These and
other approaches have been shown to be powerful tools to
control growth and even chirality.'’ Bottom-up approaches,
based on the structure and properties of the components, are
often utilized to control the molecular packing,'' photo-
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mental understanding of the pathway to bottom-up formation
of uniform crystals having defined sizes and shapes.””">'°
Modulators and additives have also been used to control
uniformity of metal—organic frameworks (MOFs).'"*™"® For
example, lauric acid or n-dodecanoic acid has been used to
control the morphology of [Cus(btc),], (btc = benzene-1,3,5-
tricarboxylate).'® Designing both molecular-level organization
and crystal morphology still remains a challenge. MOFs
represent an important class of crystalline materials with many
potential applications."”~*" Their tunable and permanent
porosity, huge surface area, and stability make them ideal
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Scheme 1. (Top) Concurrent Formation of Uniform Metallo-organic Crystals in Solution and on Surfaces (sMOFs) under

Solvothermal Conditions;” (Bottom) Inclusion of Dyes and Surface Detachment of NLO-Active Crystals by Sonication””
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candidates for energy storage, separation, 2831 hem-

ical sensing,”” and cata1y31s 373 Chiral chemistry with MOFs
is also of much interest.”® For example, enantioselective
catalysis,”” chiral sensing’® and separation’” have been
demonstrated with such materials. The design principles of
MOFs, like any crystal, are highly complex and include many
parameters and requirements.”’ For example, (I) the counter-
anions of metal salts, which are used in the synthesis of
MOFs, play an important role in their growth. Negatively
charged carboxylate-based ligands at least partially balance the
positive charges of the metal centers."’ The use of neutral
pyridine-based ligands requires counteranions to compensate
for the positive charge of frameworks. A clear correlation
between the nature of the applied counteranions, the formed
crystals, and their growth mechanism is not obvious.*?
Another example (II) is the surface-induced structural features
versus growth in solution. Interpenetration of molecular
networks, and hence the porosity, can be drastically affected
by growing MOFs on surfaces. Surface-mounted MOFs
(SURMOFs) were introduced by Woll and Fisher."”** The
preparation of these thin films involves dip and spray coating
techniques.”** Applications of these monolithic and homoge-
neous coatlngs include sensing, gas separation, and membrane
technology.””**™>* (III) The orientation of crystals on
surfaces is also an important structural feature (e.g, for the
formation of organic resonators’ and efficient use of
channels**™**). Methods to achieve macroscopically oriented
MOFs are mainly related to carboxylate-ligand chemistry and
specific structures. Oriented pyridine-ligand-based MOFs have
been less studied, although pyridine is known to be a useful
11gand 1n the rich chemistry of transition metal complexes.
Stang,*’ Futija,”’ and others®' ~* introduced many architec-
tures with well-defined geometries and shapes.
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We have previously shown that the coordination chemistry
of tetrahedral pyridine-based ligands offers opportunities to
synthesue diverse structures, each expressing high uniform-
ity.”> On the basis of copper and nickel salts, they assume
various forms including rare sm§le crystals having a multi-
domain “yo-yo-like” appearance.”” These unique enantiopure
crystals are formed from achiral components, and their growth
progresses with striking morphological changes. We have also
demonstrated the metal-mediated formation of fused and
hollow organic crystals.”” Furthermore, these pyridine-based
ligands have been used for the formation of three-dimensional
halogen-bond-based organic frameworks (XBOFs).%®

We demonstrate here the macroscopically oriented growth
of metallo-organic crystals with control over the crystal
morphology and dimensions (Scheme 1). Our crystals exhibit
a high level of uniformity in shape and size without the use of
additives or modulators. The crystallographic structures have a
unique molecular arrangement: The dense and chiral packing
of achiral building blocks with the rare space group P622 form
single crystals expressing both enantiomorphs. The crystals are
formed under solvothermal reaction conditions. Their macro-
scopic structures were systematically changed by (i) solution
versus surface chemistry, (ii) varying the anion, and (iii)
changing the concentration of both the metal salt precursor
and the organic ligand. The molecular packing is practically
invariant for these different crystallization conditions. The
surface-bound crystals are truncated and resemble one-half of
the morphology of those grown in solution and can be
detached by sonication. These crystals, grown on an organic
monolayer on silicon and quartz substrates or directly on bare
indium—tin-oxide substrates, are orientated with their
continuous channels perpendicular to the substrate surface.
These well-defined channels are chemically accessible for the
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J. Am. Chem. Soc. 2020, 142, 14210-14221


https://pubs.acs.org/doi/10.1021/jacs.0c05384?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05384?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c05384?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

MOF-NiBr,

225 N
315— §

5 6 7 8 9 1
Length (um)

=)
-
o

35

o o

15

MOF-Ni(NO,),

MOF-Ni(OAc),

Length (um)

10 2

30 40 50 60 70 80 90
Length (um)

sMOF-NiBr,

E

F

sMOF-Ni(OAc),

20

= =
o (%]

v

Relative Frequecny

1 2 3 4
Width (pm)
1.06 um
x: 5.0 um
y: 2.7 um

sMOF-NiBr,

=)

N 2.75+0.34 um

e

§
N :
\ Width
i L
&.‘\ i
I
s
MENY -
AN
?Q %\\
NN
NN
N
A
4 .

Figure 1. Morphological analysis of the metallo-organic crystals formed in solution and on the surface (sMOFs). (A—C) Scanning electron
microscope (SEM) images of MOF-NiBr, (hexagonal prism), MOF-Ni(NO;), (oval), MOF-Ni(OAc), (oval), and (A’—C’) corresponding
histograms showing the length distribution. (D—F) SEM images of sMOF-NiBr,, sMOF-Ni(NO;),, and sMOF-Ni(OAc), on a silicon wafer
coated with a covalently bound organic monolayer. (G) Zoom-out SEM image of sMOF-NiBr, shown in D. (H) SEM image of sMOF-NiBr, on
ITO/glass. (I) Histogram showing the width distribution of the hexagonal face of data shown in G. (I) AFM image of sMOF-NiBr, on a silicon
wafer coated with a covalently bound organic monolayer (Scheme 1). (J) Confocal fluorescent images of sMOF-NiBr, on ITO/glass after
inclusion of sodium resorufin, A, = 561 nm, A, = 571—649 nm. (K) Second-harmonic generation (SHG) microscope image of sMOF-NiBr, on

ITO/glass, A, = 940 nm, A, = 470 nm..
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Figure 2. Two X-ray crystal structures of enantiomorphs of MOF-NiBr,: ball and stick representation of the framework viewed from the ¢ axis.
(Top left) Octahedral coordination of the metal center. Pyridine moieties forming a propeller-type arrangement. (Top right) Distorted structure
of Ad-DB. Perspective and side view of two different helical channels with the Connolly surface shown in blue. Hydrogen atoms have been
omitted for clarity. P = CCDC1965786, M = CCDC1965784 (Table S1). The axial ligands coordinating to the metal center are from H,0O

(MOF-NiBr,-P) or Br~ (MOF-NiBr,-M).

supramolecular organization of guest molecules. Both the
solution- and the surface-bound crystals showed strong
Kleinman symmetry-forbidden second-order nonlinear proper-
.69

ties.

B RESULTS AND DISCUSSION

Reaction of the ligand 1,3,5,7-tetrakis(4-((E)-2-(pyridin-4-
yl)vinyl)phenyl)adamantane (Ad-DB) with NiX, (X = CI,
Br~, NO,~, or CH;COO™) was carried out in a molar ratio of
1:2 under solvothermal conditions at 105 °C. This reaction
mixture was heated in dimethylformamide (DMF) and
chloroform (9:1 v/v) for 48 h in a sealed glass pressure
vessel and gradually cooled down to room temperature. A
light green powder was isolated by centrifugation and
subsequently washed with common organic solvents (Scheme
1). Scanning electron microscope analysis revealed micro-
structures having a high level of uniformity, both in size and in

morphology (Figures 1A—C and S1). Two distinct morphol-
ogies were observed: (i) hexagonal-like rods for X = CI” or
Br™ and (ii) oval-shaped morphologies for X = NO;~ or
CH;COO™. Despite the morphological similarities and high
level of uniformity, the average sizes of the different crystals
vary significantly. This difference between the average length
of the crystals formed from NiCl, versus NiBr, is large (0.5 +
0.1 ym versus 10.2 + 0.7 pm, respectively). The small size of
the crystals formed with NiCl, is in the range of colloidal-
sized objects. The difference (2.5X) in the length of the oval-
shaped crystals formed from Ni(NO;), versus Ni(OAc),
(15.6 + 2.4 or 39.0 & 8.0 um, respectively) also demonstrates
that the nature of the anion largely determines both the
dimensions and the morphology. These observations indicate
that the nucleation process with NiCl, is relatively fast;
formation of larger numbers of seeds is expected to result in
smaller sized crystals. Varying the concentrations of Ad-DB

https://dx.doi.org/10.1021/jacs.0c05384
J. Am. Chem. Soc. 2020, 142, 14210-14221
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Figure 3. Structural characterization of solution-grown and surface-bound MOFs (sMOFs). (A) Powder X-ray diffraction (PXRD). Single-crystal
data of MOF-NiBr, was used to obtain the calculated pattern (black). (B) PXRD of sMOF-NiBr, on ITO/glass, the calculated diffraction
pattern, and experimental diffraction pattern of MOF-NiBr,. (C) Experimental nanobeam electron diffraction (NBED) pattern of sMOF-NiBr,
detached by sonication. Circles in C and D denote matching diffractions. (D) Simulated selected area electron diffraction from the single-crystal
data of MOF-NiBr,. (E) Micro-Raman spectra on silicon substrates, from top to bottom: Ad-DB, sMOF-NiBr, on a silicon wafer coated with a
covalently bound organic monolayer (Scheme 1), and MOF-NiBr,. Asterisk denotes (*) silicon background: 4 = 520 cm™.

and NiBr, while keeping their molar ratios constant at 1:2
revealed a nonlinear relationship between the concentration
and the crystal dimensions (Figure S2). Increasing the
concentrations reduced the crystal length from ~35 pm at
low concentration to ~2.5 ym at the highest concentration
used. In addition, in this experiment the crystals all displayed a
similar morphology despite the large size range and uniform
size for each concentration. These observations are consistent

14214

with the LaMer model for crystal growth: low concentrations
induce a slow nucleation, affording large crystals, whereas high
concentrations result in fast nucleation, resulting in small
crystals.

Four single-crystal X-ray diffraction analyses were per-
formed on two sets of morphologically different crystals.
These crystals were obtained using NiBr, and Ni(OAc),
(Figures 1 and 2 and Table S1). The X-ray diffraction pattern

https://dx.doi.org/10.1021/jacs.0c05384
J. Am. Chem. Soc. 2020, 142, 14210-14221
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is well ordered, and the reflections are well defined and
separated, indicative of single crystals. Their crystallinity is
also apparent from the birefringence observed with Cross-
Nicols polarized microscopy (Figures S3—S6). The materials
crystallized in a rare, hexagonal space group (P622) with the
crystallographic C; and C4 axes passing through helical
channels. The Flack parameters of the two crystals obtained
from NiBr, are 0.059(13) and 0.027(16). For the oval-shaped
MOFs prepared with Ni(OAc),, the Flack parameters are
0.06(5) and 0.06(6). These four near-zero values indicate that
the absolute structure determined by our structure refinement
is correct and that these crystals are not twinned.”® For each
set of two crystals, we observed crystals having a packing with
opposite handedness. Thus, the individual crystals are
enantiomerically pure, and the batches of crystals consist of
mixtures of enantiomorphs.

The coordination geometry around the nickel center is
twisted octahedral for all four structures with two oxygens or
counteranions in the axial position and four pyridine nitrogen
donors in the equatorial plane. The coordination geometry
and bond distances are in agreement with the d® nickel—
pyridine complexes.”’ For example, for crystals formed from
Ad-DB and NiBr,, the bond distances are Ni—N = 2.050 A
and Ni—O = 2.470 A (CCDC 1965786). The axial oxygens
coordinating to the metal center are from H,0. The anions of
MOF-Ni(OAc), are not part of the crystallographic structure;
however, their presence has been indicated by infrared
spectroscopy at v = 1653 cm™'. The anions of MOF-
Ni(NO;), were observed at v = 1384 and 1627 cm™" (Figures
S7 and S8). We previously reported the formation of
paradoxical multidomain single crystals formed from a similar
ligand (having tréple instead of double carbon—carbon bonds)
and Cu(NO,),.°° Although morphologically completely differ-
ent, these crystals have a molecular packing nearly identical to
the crystals reported here. These observations show that
varying the anion (Br~, CI7, NO;~, and OAc™) and metal
cation (Cu vs Ni) in the presence of these ligands results in
varied morphologies (shape, mono- to multidomain) and
dimensions while retaining a high level of uniformity and
nearly identical crystallographic structures. Two structural
features are apparent, namely, chirality and topology. The
origin of the chirality and handedness is probably related to
the coordination of the pyridine moieties of the ligands to the
metal centers. The pyridine moieties are arranged in a four-
blade propeller-type fashion around the metal center to
minimize the steric hindrance. Such conformation is known
for bivalent nickel complexes having four pyridine
ligands.””~”> However, the crystal structures of such nickel
complexes mainly consist of a racemic mixture. For example,
the unit cell of dichlorotetrakis(pyridine)nickel(II) contains
four pairs of complexes having an opposite “propellers”
arrangement.”> The unit cells of our MOFs contain only
propellers having the same handedness, hence the symmetry
breaking. Crystals having the same handedness have the same
propeller-type conformations (Figure 2). Interestingly, the
achiral Ad-DB is arranged as a chiral, slightly distorted
tetrahedral structure. In contrast, the crystal structure of the
ligand alone shows an achiral molecular arrangement (Figure
S9). A similar effect has also been observed for SiO, in quartz
and some chiral zeolites.”” Topological analysis revealed a
quadrupally connected tetrahedral ligand bridged by the metal
center, resulting in a unique binodal net (Figure S10) not
found in the database of ToposPro (which is based on the

data of the Cambridge Crystallographic Data Centre).”” The
Connolly surface shows two types of channels along the ¢ axis.
Space-filling representations and the simplified network clearly
show the presence of two kinds of channels having diameters
of ~7.0 and ~10.2 A. The hexagonal channel is formed by six
helical chains running around the C4 symmetry axis. The
triangular channel is generated by three helical chains related
by a C; symmetry axis. The chirality is expressed at three
levels: the metal—ligand coordination, the distortion of the
ligand, and the helical chains (Figure 2).

Powder X-ray diffraction (PXRD) analysis revealed that the
four morphologically different crystals have a very similar
molecular packing regardless of the nickel salt used (Figure
3A). Differences in the relative intensity of some peaks, e.g.,
(100) and (001), may be caused by morphological differences
due to the presence of the different anions. The phase purity
of the bulk samples is confirmed by comparing the observed
powder X-ray diffraction (PXRD) patterns with the calculated
patterns. These calculated patterns were obtained from the
single-crystal X-ray analysis of crystals formed from Ad-DB
and NiBr, (vide infra).

We succeeded to grow orientated MOFs from Ad-DB and
NiX, (Br~, NO;~, and OAc™) on various substrates that were
placed in solutions in the glass pressure vessels (Scheme 1).”*
Silicon and quartz substrates were first coated with a
monolayer to generate a pyridine-terminated surface that
would allow the nickel salts to bind. Similar results were
obtained with the same monolayers bound to quartz. No
crystal growth was observed on bare silicon and quartz
substrates. SEM images of silicon substrates functionalized
with the organic monolayer show structures having a high
level of uniformity and directionality (Scheme 1, Figure 1D—
G). The anion-morphology relationship observed for the
solution-grown crystals is also clear for the on-surface MOFs.
In all cases, the shapes of the surface-bound crystals reflect
truncated morphologies with approximately one-half the
structure of the crystals that were grown concurrently in
solution. In addition to the different shapes, the on-surface
crystals are smaller in comparison with the crystals formed in
solution. Compared to homogeneous crystallization, the
relatively low nucleation energy barrier for on-surface
crystallization can result in the rapid formation of numerous
nuclei. Such a process would be accompanied by the
consumption of the starting materials at the surface—solution
interface, resulting in smaller crystals. Strain can also
determine crystal sizes at surfaces. Statistical analysis of the
SEM data (100 crystals) revealed that the width of the
hexagonal face is 2.75 (+0.34) um (Figure 11). Measurements
by AFM show the surface-bound crystals of Ad-DB and NiBr,
are ~1 ym in height and width (Figures 1J and S11, S12).
The elastic modulus of these crystals is 7.3 + 2 GPa, which is
comparable to the reported values of organic crystals and
MOFs.*>"

Interestingly, using bare indium—tin oxide (ITO)-coated
glass substrates for the formation of surface-bound MOFs
from NiBr,, we succeeded to increase their density, further
reducing their size (~2X) while maintaining the same
morphology (Figure 1H). Metal—oxide surfaces can bind
metal salts. The relatively high roughness of ITO is a factor
that might enhance the formation of more nuclei, resulting in
smaller crystals (~1.0 ym width).

The dimensions of the surface-bound MOFs can also be
controlled as a function of the concentration of both the metal
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the crystal. (D) Excitation—emission spectrum showing two main emission peaks at A = 610 and 635 nm.

salt precursor and Ad-DB, similar to our observations for
crystal growth in solution (Figure S2). We demonstrated this
effect by reducing the concentrations by a factor of 3 for both
NiBr, and Ad-DB while keeping all other reaction parameters
identical. By doing so, the width of the surface-bound crystals
increased by a factor of 5, from ~2.8 to ~14.0 um.
Concurrently, the area density of the surface-bound crystals
dropped significantly. For example, only a few crystals are
found in an area of 170 ym X 150 ym (Figure S13) because
of the lower concentration of nuclei. Neither the uniformity
nor the morphology was affected.

The above-discussed observations might suggest that crystal
growth in solution and on the surface proceeds via the same
mechanistic pathway. One difference that we observed is the
secondary growth of morphologically identical small crystals
on the surface of some of the surface-bound crystals (Figure
S14). These nanosized crystals are as small as ~34 nm. The
formation of these structures might indicate that the initial
surface-bound crystals are formed on reactive, defect areas. In
time, these reactive areas become covered, whereas the surface

14216

areas of the surface-bound crystals increased and became
competitive as templates for crystallization.

A focused ion beam (FIB) microscope was used to cross-
section both the solution and the on-surface crystals generated
from NiBr,. Analysis of the on-surface-bound crystals showed
defects, especially found at the side bound to the substrate
surface. However, no such cracks were found in smaller sized
crystals. Consistently, solid and intact inner structures for the
solution-grown crystals were observed (Figure S15). These
observations suggest that the combination of relatively rapid
growth as well as defects at the substrate interface can cause
these structural flaws. Nevertheless, the crystal morphology is
not affected. The crystallinity of the surface-bound MOFs
grown from AD-DB and NiBr, was demonstrated by (i)
PXRD (Figure 3B), (ii) the birefringence observed in the
Crossed-Nicols polarized micrographs (Figure S16), and (iii)
electron diffraction (Figure 3C).

PXRD indicated the crystallinity and the orientation of
these sMOFs. These measurements showed two sharp
diffraction peaks (4.73 and 9.47 at 26), which we assigned
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Figure S. Raster scans and polarization-dependent measurements of a single crystal of MOF-NiBr, with different excitation and collection
polarizations (4., = 1000 nm). (A) Optical image of the measured crystal. (Inset) SEM image; scale bar 10 ym. (B) Lab x-axis direction. (C) Lab
y-axis direction. (D) Polar plot of the SHG intensity at the location indicated in B. (E) Polar plot of the SHG intensity at the location indicated in
C. For D and E, the blue and red plots are the x- and y-polarization components, respectively, collected through a polarizer. (F) Simulated SHG

based on the 622 symmetry.

as (001) and (002). This assignment is based on a
comparison of bulk PXRD and the calculated spectrum of
the solution-grown crystals (Figure 3B). The nanobeam
electron diffraction (NBED) patterns of these surface-bound
MOFs consist of sharp spots, which match well with the

simulated diffraction patterns of the crystals grown in solution
(Figure 3C and 3D).

Micro-Raman spectroscopy further confirmed that the
crystals grown in solution and on surfaces have the same
composition and structural features (Figure 3E). For example,
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the ethylenic double bonds observed at v = 1634.8 cm™ arise
from the coordination between ligands and Ni(II). Changes of
bands at v = 1607.5 (vs) and v = 1634.8 (s) cm™' are
indicative of the coordination between the pyridine moieties
of Ad-DB with the metal centers.

The surface-bound MOFs can be detached by sonication, as
demonstrated for the crystals obtained using NiBr, (Figures
4A and S17). This one-step on-surface crystallization and the
subsequent detachment is another tool used to control the
morphology of these uniform structures. To demonstrate the
porosity and accessibility of the continuous channels of
macroscopically oriented surface-bound MOFs, we immersed
an ITO substrate covered with NiBr,-based crystals (30 min)
and surface-detached crystals (24 h) in an ethanol solution of
sodium resorufin (dimensions 5 A X 10 A) (Scheme 1,
Figures 4A and S18). Confocal fluorescent microscopy
revealed the presence of red crystals on the surface (Figure
1K), indicating that the dye molecules were successfully
incorporated. Strong dichroism was observed under polarized
light for the detached crystals (Figure 4B). When the
polarization direction is parallel to the optical axis, the
crystals are clearly purple. However, when the polarization
direction is perpendicular to the optical axis, the crystals are
almost colorless. These crystals also show polarized-dependent
emission with the highest intensity when the excitation light is
parallel to the optical axis of the crystal (Figure 4C).
Excitation—emission measurements showed two main emis-
sion peaks of sodium resorufin at 4 = 610 and 635 nm (Figure
4D). These optical properties demonstrate the supramolecular
alignment of the dyes inside the 1D channels.

Crystals from AD-DB and NiBr, formed both in solution
and on surfaces exhibit Kleinman-forbidden SHG responses as
a result of the 622 symmetry (Figures 5 and S19). A signal is
observed at A = 470 nm when excited at 4 = 940 nm with
SHG microscopy. The frequency doubling is also observed
when varying the excitation wavelength (Figure S20). In order
to explore the local structural variations, we performed SHG
measurements on individual crystals. The SHG signal intensity
maps are polarization dependent. When the exciting polar-
ization at 4 = 1000 nm was perpendicular to the major crystal
axis (Figure SA), a strong signal appeared from the center of
the crystal with the same polarization (Figure SB and SD).
Exciting with polarization parallel to the crystal axis resulted in
increased signals from the particle edges (Figure SC and SE).
This polarization-dependent SHG is most likely due to the
large size of the crystal together with the convex morphology
causing refraction and scattering of the incident and emitted
light.>> The polar plot presents the SHG intensity along two
polarization axes as a function of excitation polarization. To
confirm the symmetry of the signals from both the center and
the edges in the polar plot, we performed a numerical
calculation. Assuming the existence of the point symmetry
group 622 (but not taking into account the exact particle
geometry), the calculated polarized SHG patterns are very
close to the experimentally observed patterns (Figure SF).
The second-order nonlinearity |d g value was quantified using
hyper-Rayleigh scattering (HRS) (Tables S2 and S3). ZnO
crystals with a similar shape were used as a reference (Figure
$21). This method can characterize the average hyper-
polarizability {#*). On the basis of this extracted value, it is
possible to infer the bulk equivalent value of the nonlinear
susceptibility tensor ¥, which is manifested by a reduced
representation d;; value. For a material with 622 symmetry,

there are only two components: d;, = —d,s. The ld g value
was found to be 17.8 pm V=1, which is ~13 times higher than
urea (dxyz = 14 pm V™1).% This value is very high for a
Kleinmann-forbidden transition. Literature values are typically
well below 1 pm/V, and even at very near-resonance
conditions values have been reported of below 10 pm/V.*
Chen et al. reported on strong Kleinman-forbidden SHG in a
chiral sulfide (La,InSbS,).”" They roughly estimated a value of
20 pm/V, which is comparable to the value obtained here.
Simulations suggest that the SHG originates from lattice
vibrations. Our values of y® are relatively large even when
comparing to MOFs with chiral ligands where SHG is not
symmetrg forbidden and are moderately high for MOFs in
general.””**

Bl CONCLUSIONS

The presented study can be considered as a new entry to the
formation of individually surface-bound and oriented MOFs
(sMOFs) on transparent and conductive substrates. The one-
step approach allows modulator-free control over the shape
and dimensions while maintaining a high level of mono-
dispersity. Whereas the SURMOF chemistry can affect the
packing,*”** our surface-bound MOFs have a nearly identical
packing as the solution-grown MOFs. A remarkable
correlation between the growth, morphology, and uniformity
of the solution and the surface-bound crystals was
demonstrated. Similar mechanistic pathways for the formation
of the morphologically different crystals might exist. The
crystallographic packing exhibits chirality at different levels; it
represents rare examples of crystals whose achiral molecular
components are arranged in the P622 space group. The use of
different coordinative counteranions (Br~, CI-, NO,, and
OAc™), metal cations (Ni*!, Cu®*), growth conditions, and
similar ligands (having triple instead of double carbon—carbon
bonds) results in nearly identical chiral framework struc-
tures.”® These observations indicate that a new class of chiral
crystals is achievable using metal cations known to form an
octahedral molecular geometry with four pyridine moieties in
plane. Although the crystallographic structures are nearly
identical, the crystals can take on many sizes and forms,
ranging from achiral mono- to chiral multidomain morphol-
ogies. The use of surface chemistry allows us to generate
crystals representing only one-half of the structures formed in
solution. The postcrystallization modification of the crystals
with arrays of aligned dyes in the macroscopically oriented,
continuous channels is an interesting feature. SHG-active
MOFs have been designed by Lin and others®”*” and have
been shown to have better properties in comparison to many
materials grown by other methods. SHG-active surface-bound
MOFs have been less explored. The dependence of both the
absorption and the emission properties of the SHG-active
crystals on the polarization of the applied light indicates that
they are suitable candidates for the formation of optical
switches.
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