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1. Introduction

Liquid-phase, quasi-epitaxial growth is used to stack asymmetric, dipolar

organic compounds on inorganic substrates, permitting porous, crystal-
line molecular materials that lack inversion symmetry. This allows material

Solids with noncentrosymmetric (NC)
structure (i.e., those lacking spatial inver-
sion symmetry) exhibit a variety of inter-

fabrication with built-in electric fields. A new programmed assembly strategy
based on metal-organic frameworks (MOFs) is described that facilitates
crystalline, noncentrosymmetric space groups for achiral compounds. Electric
fields are integrated into crystalline, porous thin films with an orientation

esting properties, e.g., piezoelectricity and
nonlinear optical (NLO) effects including
second-harmonic  generation (SHG).l!
Furthermore, the corresponding absence

normal to the substrate. Changes in electrostatic potential are detected via
core-level shifts of marker atoms on the MOF thin films and agree with theo-
retical results. The integration of built-in electric fields into organic, crystal-
line, and porous materials creates possibilities for band structure engineering
to control the alignment of electronic levels in organic molecules. Built-in
electric fields may also be used to tune the transfer of charges from donors
loaded via programmed assembly into MOF pores. Applications include
organic electronics, photonics, and nonlinear optics, since the absence of
inversion symmetry results in a clear second-harmonic generation signal.

of inversion symmetry is a prerequisite
for integrating static electric fields into a
material.

A small number of inorganic NC mate-
rials exist in nature, e.g., ZnO, KH,PO,
(KDP), LiNbO;, and KTiOPO,.[3] Recently,
artificial inorganic NC compoundst have
become available through sophisticated
deposition processes,’! which allow to
assemble asymmetric (dipolar) subu-
nits into NC structures. This fabrication
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strategy allowed the integration of electric fields into heterolay-
ered superstructures,l® which also outperform the natural com-
pounds as regards their NLO properties.

In the field of organic materials, an obvious and straightfor-
ward way to obtain NC structures is to use chiral compounds.
However, for dipolar building blocks, electrostatic forces pro-
hibit the formation of macroscopic electric fields. Electric fields
have been integrated into ultrathin, self-assembled monolayers
(SAMs), where organic compounds are anchored to coinage
metal substrates via the formation of thiolate bonds.”) In this
case, by using SAM-forming monomers with one or more polar
entities incorporated into their backbone, periodic 2D arrays of
short dipole stacks have been fabricated.®] Such strategies are,
however, restricted to monolayers and cannot be straightfor-
wardly extended to (hetero) multilayers and thin films. Fabrica-
tion methods that break inversion symmetry in assemblies of
achiral, dipolar organic molecules to yield a build-up of elec-
tric fields are currently underdeveloped compared to methods
for inorganic compounds. One rare example is the organic
molecular beam deposition of Alqs (tris(8-hydroxyquinolinate)
aluminium (I11)).”) A thorough theoretical analysis revealed a
unique compensation of electrostatic interactions by van der
Waals forces, which allowed for the build-up of an electrostatic
potential.l

Generally, for dipolar asymmetric building blocks, electro-
static interactions favor the formation of dimers with antiparallel
dipoles, which then aggregate into larger units. This quenching
of macroscopic electrostatic fields, occasionally referred to as
center-symmetry trap,l!! is a general process in self-assembly
of dipolar building blocks!'! prohibiting the formation of NC
structures. In selected cases, sophisticated H-bonding schemes
have been employed to achieve head-to-tail arrangements with
aligned dipoles and interesting electro-optical effects.l'”l How-
ever, no corresponding supramolecular arrangements into NC
crystalline compounds have been reported.

Layer-by-layer (LbL) techniques are among the very few
experimental approaches compatible with creating NC struc-
tures from asymmetric, achiral organic chromophoric com-
pounds. One example is the Langmuir-Blodgett technique, a
method that can be used to transfer molecular monolayers from
an air-liquid interface onto a substrate. Such approaches have,
indeed been employed for fabricating samples with NLO prop-
erties.3™ However, sophisticated strategies are often needed
to avoid the above-mentioned center-symmetry trap, e.g., by
using two different asymmetric monomers.}l Concerning
applications, the necessity of forming monolayers at the air—
water interface before transfer, as well as the limited stability
of Langmuir-Blodgett films, creates further severe limitations;
consequently, built-in electric fields have not yet been reported
for this type of layered system. Alternative LbL techniques that
have been applied for realizing NC films, e.g., for exploiting
first-order nonlinear optics, comprising either sol-gel processes
or covalent self-assembly, but none of these approaches affords
the realization of porous and crystalline films.['>-0]

The center-symmetry trap also prohibits the integration of
static electric fields into molecular heterostructures. Such an
engineering of the electrostatic landscape would allow for the
experimental realization of structures that have hitherto only
been predicted theoretically. This includes dipolar doping!?*23]
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and the tuning of band structures at an atomic length scale,
which would be required for the fabrication of defined quantum
cascades or quantum wells for electrons and holes (e.g., pro-
moting charge carrier separation in solar cells).[2#2°]

In multilayers-containing heterojunctions, the inclusion of
polar layers would allow switching between Type I and Type II
band alignments, as suggested recently for layered semicon-
ductors.?%l Additionally, built-in electric fields could be used to
enhance properties of organic light-emitting devices,!?”) to pro-
mote carrier injection from electrodes or to shift electrostatic
energies to a degree that triggers ground-state charge transfer
into formerly unoccupied orbitals.?®l This would also allow
electrostatic tuning of the electrical conductivity of organic
multilayer systems.[?’] Finally, anisotropic exciton transport and
subsequent separation could be precisely controlled in struc-
tures with a bespoke electrostatic landscape, in particular if lat-
eral (parallel to the substrate) gradients could be realized. The
particular appeal of realizing porous polar films would be that
by filling the pores with functional entities, e.g., organic semi-
conductors, polar entities, or electron donors and acceptors,
one could exploit the change of their properties in the presence
of a potential gradient (screening effects notwithstanding).

Here, we overcome previous technical limitations and realize
porous, crystalline NC assemblies of dipolar building blocks
taking a liquid-phase, quasi-epitaxial LbL approach based on
metal-organic frameworks (MOFs).?% This highly interesting
class of crystalline compounds is obtained by connecting suit-
ably functionalized organic compounds (linkers) via metal- or
metal-oxo clusters (nodes).B While MOFs are conventionally
fabricated by one-pot solvothermal methods at elevated temper-
atures, low-temperature LbL methods have been introduced?®?
that allow for the fabrication of multi-heterolayers with compo-
sitional gradients directly onto solid substrates.ll Concerning
photonic applications of such surface-mounted MOFs (SUR-
MOFs), a huge variety of appropriate chromophoric linkers has
been synthesized, and numerous chromophore-based MOFs
and SURMOFs with interesting optical properties have been
realized.3**! In addition, with regard to lateral patterning of
SURMOFs, first results using photo-1*%l or electron beam lithog-
raphy®3® have been reported.

Bulk MOF compounds have been fabricated from asym-
metric nondipolar subunits to yield NC structures.[223%4] To
our knowledge, dipolar subunits have not yet been successfully
used to assemble MOFs with a macroscopic electrostatic field,
although theoretical predictions*! have indicated the huge
potential of such assemblies. Since the ability to produce thin
films is a prerequisite for fabricating NC layers with a perma-
nent electric field normal to the surface, we initiated a system-
atic experimental research effort to reach this goal.

The crucial step in the LbL quasi-epitaxial process for assem-
bling asymmetric MOF linkers into a crystalline structure is
to achieve parallel orientation of the dipolar building units.
Such an alignment typically does not correspond to the ther-
modynamic minimum, lattice entropy and electrostatic interac-
tions favor a random, on average anti-parallel alignment of the
individual dipoles. To realize fully aligned arrays, we designed
ditopic, bifunctional asymmetric MOF linkers that combine a
substantial dipole moment with a pronounced asymmetry in
the binding energy of the two docking sites. When a suitably

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Scheme 1. An illustration of static electric field design using asymmetric
subunits in a SURMOF and its effect on Br-core levels (Eg = Fermi energy).
The shift of the core levels is caused by a change in electrostatic energy
AE, which also reduces the work function of the substrate, ®.

functionalized substrate is exposed to these asymmetric bipy-
ridine units, the latter property enforces that the units first
bind with the stronger binding site, thus yielding an oriented
adlayer. This process can then be repeated to yield an NC mate-
rial, as illustrated for a SURMOF in Scheme 1. To demonstrate
the successful generation of electric fields by this programmed
assembly, we monitor the electrostatically induced potential
shifts across the entire MOF thin film as a function of the film
thickness via recording the Br core-level energies of a corre-
spondingly functionalized top layer (Scheme 1). Furthermore,
the NC nature of the fabricated layers is evidenced by the pres-
ence of a substantial SHG signal. The observed effects are in
full agreement with the results of an extensive set of density
functional theory (DFT) calculations.

2. Results and Discussion

The approach presented here is based on a class of MOFs
known as the pillared-layer type.**~*! Briefly, these coordina-
tion networks are made with two different types of linkers (see
Figure 1a). The first type is a ditopic carboxylate linker that cre-
ates a 2D network by connecting the paddlewheel-type (Cu?*),
metal nodes. These 2D layers are stacked on top of each other
by employing ditopic bipyridine pillars, thus yielding a so-called
pillared-layer MOF (see Figure S1, Supporting Information).

In the present work, we chemically modified the pillar
linkers to yield asymmetric subunits with a permanent dipole
moment. We selected 2,6-dimethyl-4,4"-bipyridine (Me,-BPY)
(Figure 1a), which is an asymmetric bipyridine derivative. This
ditopic organic compound exhibits a sizeable dipole moment
directed toward the substituted ring with a calculated value of
1.0 D. 4,4-Biphenyldicarboxylic acid was used as the second
dicarboxylate linker to construct a pillared-layer Cu(BPDC)
(Me,-BPY) SURMOF. To realize an electric field oriented
normal to the surface, the 2D layers formed by the paddlewheel
node and dicarboxylate linkers must be oriented parallel to the
substrate plane, as illustrated in Figure 1a. This was achieved by
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functionalizing the corresponding substrates (either Au or sap-
phire) such that they were terminated by hydroxyl (—OH) groups
(see the Experimental Section in the Supporting Information).
Previous work has shown that, for this type of substrate func-
tionalization, the growth direction of pillared-layer SURMOFs
is along the [001] crystallographic direction, i.e., the axis of
the bipyridine units is orientated along the surface normal
(Figure 1b).1#)

The methyl-substitution-induced charge redistribution
results from the inductive effect of the methyl (-CHj3) groups.
Importantly, this intramolecular shift of charges not only cre-
ates a dipole but also gives rise to substantial differences in the
energies that bind the two different pyridine units of the Me,-
BPY compound to the Cu paddlewheels. For a single Cu?* ion,
this effect would increase the binding energy, but the carboxy-
late groups of the paddlewheel units cause steric repulsions of
the methyl substituent. As a consequence, the nonmodified end
of the substituted bipyridine binds more strongly to the Cu-PW
unit (see Figure S2, Supporting Information). According to
DFT calculations (for details see the Supporting Information),
the resulting binding asymmetry amounts to 58 meV, i.e., the
calculated binding energy for the dipole-up conformation with
the unsubstituted pyridine facing the paddlewheel amounts
to 759 meV, while it is only 700 meV for the dipole-down
orientation.

As a reference, a nonfunctionalized pillar 4,4’-bipyridine
(BPY) was used to grow symmetric Cu(BPDC)(BPY) SUR-
MOFs. In accord with expectation, X-ray diffraction (XRD) data
(Figure 1c) revealed that the growth direction was the same as
in the case of the asymmetric SURMOF. To determine the pres-
ence of electric field gradients (and the corresponding changes
in electrostatic energy) within the SURMOFs, a Br-substituted
linker (tetrabromoterephthalic acid, Br,-BDC) was attached to
the top of the MOF thin film in the last deposition step (see the
Experimental Section in the Supporting Information).

All symmetric and asymmetric SURMOFs used in the con-
text of this work were characterized using out-of-plane and in-
plane XRD (Figure 1c), as well as IR (see Figure S3, Supporting
Information) and X-ray photoelectron (XPS) spectroscopies (see
Figure S4, Supporting Information). The XRD results revealed
the presence of highly oriented, crystalline MOF thin films with
the crystallographic [001] orientation directed perpendicular to
the surface, i.e., the pillars were orientated such that their coor-
dination axis was aligned normal to the substrate plane. Scan-
ning electron microscopy (SEM) investigations of the SURMOF
cross-sections enabled the determination of the film thickness
and the estimation of the surface roughness (Figure S5, Sup-
porting Information).

To demonstrate the presence of built-in electric fields, we
determined the XPS core-level shifts of Br marker atoms, an
often-used approach in detecting electrostatic gradients at sur-
faces and in thin films.%l To be able to determine the overall
shift in electrostatic energy across the entire film, the marker
atoms were attached only to the outer surface of the symmetric
and asymmetric SURMOFs by using tetrabromoterephthalic
acid in the last LbL step. For the symmetric Cu(BPDC)(BPY)
SURMOFs, the XPS results revealed a core-level binding energy
of the Br 3d signal of 72.5 eV, as expected (see the Supporting
Information for details of the XPS calibration process using the

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. a) A schematic illustration of an NC pillared-layer SURMOF design using an asymmetric pillar. b) Structure of Cu(BPDC) (Me,-BPY) oriented
along the [001] direction. c) Simulated (light blue curve) as well as experimental in-plane (IP) and out-of-plane (OP) XRD patterns of asymmetric (Asym)
Cu(BPDC) (Me,-BPY) and symmetric (Sym) Cu(BPDC)(BPY) SURMOFs. d) Shift in electrostatic energy for a Cu(BPDC) (Me,BPY) thin film containing
three polar Me,BPY apical linker layers. The scale is aligned relative to the vacuum energy below the thin film and is specified relative to the overall
change in the vacuum level (VL, calculated as —0.82 eV). e) XPS data recorded for symmetric Cu(BPDC) (BPY) (green circles) and asymmetric Cu(BPDC)
(Me2-BPY) (red circles) SURMOFs of 150 nm thickness. Both SURMOFs are coated with a Br,-BDC-containing layer on top. The Gaussian fit of Au 4f; ,
and Br 3d peaks with the corresponding background is shown with black lines. f) SHG spectra of the asymmetric Cu(BPDC) (Me,-BPY) and symmetric

Cu(BPDC) (BPY) SURMOF were recorded with an excitation wavelength (4,,) of 1064 nm.

Au 4f signal of the substrate as a reference). In the case of the
asymmetric Cu(BPDC)(Me,-BPY) SURMOFs, the Br 3d signal
was shifted to higher energies, the maximum observed value
amounted to 0.9 eV. The actual values of the binding energy
shifts were found to depend on the SURMOF film thickness,
as illustrated in the inset of Figure S4 (Supporting Informa-
tion). A similar XPS-based approach was used earlier to dem-
onstrate the presence of potential gradients originating from
oriented dipoles included in the backbone of SAM-forming
monomers. [+l

The known structure of the Cu(BPDC)(Me,-BPY) SURMOFs
allows for a consistent explanation of the observed core-level
shifts. Since the binding energy to the Cu paddlewheel sec-
ondary building units is larger for the dipole-up orientation
(vide supra), we expect the resulting electric field to be oriented
such that the electrostatic energy for an electron decreases
when moving away from the surface. This increases core-level
binding energies, as shown schematically in the bottom panel
of Scheme 1. This heuristic expectation is corroborated by
DFT calculations of the electrostatic energy for a hypothetical
free-standing SURMOF containing three oriented Me,-BPY
layers. These results, shown in Figure 1d, reveal a lowering of
the vacuum level above the SURMOF by 0.82 eV. This change
directly translates into a core-level shift of atoms at the outer
SURMOF surface. Overall, the simulations suggest a shift of
0.27 eV per polar layer for perfectly aligned dipoles (see the
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Supporting Information). A quantitative comparison to the
experimental data for a 70 cycle SURMOF with a thickness of
150 nm (corresponding to about 100 layers; see the Supporting
Information) reveals that the experimentally observed change is
substantially smaller.

To understand this deviation, we must consider in more
detail the LbL process used to fabricate the SURMOFs. A
perfect SURMOF, with the top layer consisting of Cu®* pad-
dlewheel units, exposes free axial sites. In the next deposition
cycle, when the Me,-BPY pillars are introduced, these will pref-
erentially bind with their nonfunctionalized end (see Figure 1)
to accessible surface Cu?* ion, causing the molecular dipoles to
be oriented away from the substrate. If this orientation is strictly
maintained, the Cu®* ions provided during the subsequent LbL
step will coordinate to the opposite, methyl-substituted end of
the Me,-BPY, yielding a perfect NC structure. However, two fac-
tors might cause orientational defects. First, there is a chance
that the asymmetric units simply bind with the “wrong” end.
If an attachment via the functionalized and nonfunctionalized
ends was to be equally probable, an up/down ratio of 1 would
be expected, with no resulting net electric field and a quasi-
centrosymmetric structure. Second, while in contact with the
solvent, a “flipping” process of the Me,-BPY unit might occur.
Such flipping processes are unlikely to be triggered by lateral
electrostatic interaction, since DFT calculations as well as elec-
trostatic considerations reveal only small repulsive interactions

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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between adjacent linkers of less than 2 meV.* But, of course,

entropic effects come into play, which also favor an up/down
ratio of 1.

From the comparison of the experimental shifts in binding
energy to the theoretical results, we conclude that the up/down
ratio amounts to 1.07, i.e., 52% of the asymmetric bipyridine
linkers exhibit an upward and 48% exhibit a downward ori-
entation. Thus, although the overall impact on the electronic
structure of the SURMOF is substantial, there is still plenty of
room for improvements in the SURMOF fabrication process
to achieve higher alignment ratios, including screening of sol-
vents and optimizing fabrication temperatures.

Since a preferential orientation of the asymmetric Me,-BPY
removes the centrosymmetry of the symmetric Cu(BPDC)
(BPY) SURMOF, the asymmetric thin film should also exhibit
second-order NLO properties. While the generation of odd-
numbered harmonics has been observed for numerous MOF
materials (with a particularly strong third-order harmonic gen-
eration®>#)) the observation of even-order harmonics is not
possible for centrosymmetric compounds. Although the obser-
vation of SHG has been reported for a small number of MOF
powder materials,?! this interesting feature has not yet been
seen for MOF thin films.

In Figure 1f, we show the optical response of a Cu(BPDC)
(Me,-BPY) SURMOF grown on (0001)-oriented sapphire sub-
strates (see the Supporting Information for preparation details)
when irradiated with light at 1064 nm and a pulse duration
of 28 ps. A pronounced SHG signal at 532 nm can be clearly
observed. Control experiments for the corresponding Sym
SURMOFs, Cu(BPDC)(BPY), showed a strongly reduced, by
an order of magnitude, SHG signal. The small, residual peak
at 532 nm seen for the Sym SURMOF is attributed to surface
SHG occurring at the MOF/air interface. These observations
unambiguously demonstrate that the Cu(BPDC)(Me,-BPY)
SURMOF grown with the asymmetric linkers must exhibit a
substantial fraction with an NC structure, in full accord with
the shift of the Br 3d core levels.

To investigate the role of orientational defects on the SHG
signal, we estimated the optical response of our asymmetric
SURMOFs by computing the response functions connected to
SHG (first (quadratic) hyperpolarizability Bj(-2@; @, @)). As a
first step, we considered a single asymmetric Me,-BPY chromo-
phore, the NLO active elements of the MOFs (for details see
the Supporting Information). From these molecular properties
we then estimated the macroscopic second-order susceptibili-
ties (yyx and dyjg) of the crystalline SURMOF thin films. The
highest susceptibility (for a fully aligned sample) amounts to
dys = —0.057 pm V71, which is a factor of 25 lower than urea
(14 pm V)% and an order of magnitude lower than that of
second-order NLO organic crystal of KDP.%

For investigating the role of orientational defects, calcula-
tion was also carried out for a large supercell consisting of 1000
(10 x 10 x 10) unit cells with an up/down ratio of 1.07 (517/483,
as estimated from the core-level shifts—vide supra). This gives
a value of d,s(supercell) = —0.002 pm V7., a factor of =30 less
than that for a perfectly aligned NC crystalline material. These
results fully support the above interpretation of the SHG
signal and demonstrate that recording SHG intensities is well
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suited to identify NC structures even in the absence of perfect
ordering.

3. Conclusions

We have demonstrated a programmed LbL process to yield crys-
talline thin films of an NC structure with built-in electric fields.
Using dipolar pillars as a basic unit, NC structures with inte-
grated electric fields can be fabricated with shifts in the electro-
static potential up to 0.9 eV. Completely independent evidence
for the NC nature of these MOF thin films is provided by the
detection of a pronounced SHG signal. A theoretical analysis
reveals that the observed NLO SHG efficiency is limited by the
incomplete alignment of the dipolar building blocks. Thus, we
see a distinct potential to further increase the first (quadratic)
hyperpolarizability of asymmetric SURMOFs—and thus the
total SHG efficiency—by further optimizing growth conditions
to increase the degree of orientational order and by using pil-
lars with larger, fully conjugated backbones.

The presence of tuneable, built-in electric fields opens up
the possibility of engineering band structures and aligning
electronic levels, in particular in connection with the loading
of charge-donating guests (e.g., C¢°") into the pores of the
SURMOFs.PP2 In principle, the magnitude of the electrostatic
potential shifts can be increased further—potentially even
to the point where charge transfer from the substrate to the
lowest unoccupied states at the outer SURMOF surface takes
place. A further, highly promising route for future research is
to orient asymmetric guests by embedding them into the pores
of the NC SURMOFs, in which cases charge transfer might
lead to further enhancement of the NLO properties. At pre-
sent, the major obstacle hindering such further progress is the
pronounced surface roughness and the high degree of orien-
tational disorder in the SURMOFs. To overcome these limita-
tions, in the future we will exploit automatized optimization of
synthesis parameters using robot-based approaches to improve
the structural quality of the NC SURMOFs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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