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Pore alignment and linker orientation influence diffusion and guest molecule interactions in metal—-organic
frameworks (MOFs) and play a pivotal role for successful utilization of MOFs. The crystallographic
orientation and the degree of orientation of MOF films are generally determined using X-ray diffraction.
However, diffraction methods reach their limit when it comes to very thin films, identification of
chemical connectivity or the orientation of organic functional groups in MOFs. Cu-based 2D MOF and
3D MOF films prepared via layer-by-layer method and from aligned Cu(OH), substrates were studied
with polarization-dependent Fourier-transform (FTIR) spectroscopy in transmission and
attenuated total reflection configuration. Thereby, the degrees for in-plane and out-of-plane orientation,
the aromatic linker orientation and the initial alignment during layer-by-layer MOF growth, which is

infrared
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impossible to investigate by laboratory XRD equipment, was determined. Experimental IR spectra

DOI: 10.1035/d1sc02370e correlate with theoretical explanations, paving the way to expand the principle of IR crystallography to
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Introduction

In metal-organic frameworks (MOFs), organic linkers and
metal-containing units are combined, forming porous mate-
rials with great variety and multiplicity regarding constituents’
geometry, pore size and functionality." Their fields of applica-
tions are equally manifold and include photonics,” energy-
related applications such as solar or fuel cells,>* homoge-
neous and heterogeneous catalysis,>® gas and fuel storage,”® or
(bio-)sensing.®** While MOFs are available in a great variety of
shapes, such as nanocrystals, nanospheres, or hierarchical
monoliths, MOF thin films hold tremendous potential to
translate the structural properties of individual crystals to
continuous, scalable materials. Scalability and processability
are essential for the application of MOFs in numerous fields****
such as optics,” photonics,” catalytic coatings, sensing, solar
cells or for batteries."* The majority of these applications rely on
the precise crystallographic orientation and uniform porosity of
the MOF to allow for e.g. electron- or photoconduction. Hence,
controlling and determining the crystallinity and orientation,
including framework and linker orientation, of the MOF film
with respect to the substrate is of prime importance for
successful implementations.
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oriented, organic—inorganic hybrid films beyond MOFs.

Typically, oriented MOF thin films are synthesized by the
layer-by-layer (LbL) approach on substrates modified with self-
assembled monolayers (SAM)."”* Thereby, MOF films
composed of 2D sheets (2D MOF) and coordinatively connected
2D sheets by pillar molecules (3D MOFs) with a multitude of
different organic and metallic building blocks have been ob-
tained.'**® Although, this method allows to control the orien-
tation of the lattice plane parallel to the substrate (out-of-plane
orientation) by changing the terminated functional group of the
SAM, these MOF films lack in-plane orientation.' Recently, our
group reported a synthetic method to obtain three-
dimensionally oriented 2D and 3D Cu-based MOF films by
epitaxial growth on copper hydroxide,*>* yielding large scale
films with controlled pore alignment.

The standard method to determine the crystallographic
orientation, and thus the pore alignment, of MOF films is X-ray
diffraction (XRD) in out-of-plane (OOP) and in-plane (IP)
configuration, i.e. perpendicular and horizontal relative to the
substrate. The degree of in-plane orientation of films can be
quantified using azimuthal angle dependent intensity profiles
(¢ scan) in the in-plane XRD configuration, i.e. rotating the
sample around the axis perpendicular to the substrate center (¢
axis) at constant X-ray source and detector position.>*>* Besides
dedicated diffractometer equipment and rather long measure-
ment times of several hours, this method requires for consid-
erably thick MOF films (typically >40 layers of LbL MOF films) to
achieve sufficient signal-to-noise ratios.

With respect to high surface sensitivity, infrared reflection
absorption spectroscopy (IRRAS) has proven as powerful tool to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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determine the structure and orientation of molecular layers on
planar surfaces,** to study the initial growth of MOF films,* or
determine structural defects within MOF films.***” Polarized IR
radiation is reflected from a thin film deposited on metallic
surfaces under a grazing angle of incidence. In this configura-
tion, parallel-polarized light is solely absorbed by molecules
with chemical bands having their transition dipole moment
perpendicular to the substrate's surface.”®** Thus, IRRAS
provides structural, chemical information on the axis perpen-
dicular to the surface. This fact has been exploited by Terfort
and co-works to differentiate between surface-attached MOF
(SURMOF) films synthesized in different crystallographic
orientations.?*® The carboxylate bands originating from the
coordination of the organic linker with the metal nodes are
ideally suited to study the MOF orientation: four carboxylate
bonds in their bridging configuration are oriented in a Cu-
paddle wheel that directs the structure of all MOFs with
bimetal building units (e.g. MOFs based on M = Cu, Cr, Mo, etc.,
compare Fig. 1).** The perpendicular orientation of the
carboxylate bonds to each other and also to the surface allowed
Terfort and co-works to determine the out-of-plane orientation
of MOF films with different preferred orientation synthesized by
LbL synthesis on gold surfaces functionalized with SAMs.***°
Although IRRAS is well suited to study MOF films prepared from
SAMs, the technique is restricted to oriented films deposited on
metal surfaces. Furthermore, information on the orientation of
chemical bonds apart from perpendicular orientation, i.e. out-
of-plane, is not accessible.

Polarization-dependent IR spectroscopy in transmission and
attenuated total reflection (ATR) geometry is highly sensitive to
structural changes and atomic interactions in x, y and x, y, z-
direction (ie. in-plane and out-of-plane, compare Fig. 1),

Oriented Metal-Organic Framework (MOF) film
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Fig. 1 Cu-paddle wheel structure within an oriented MOF film.
Transition dipole moments of the IR vibrations of the carboxylate and
the aromatic ring present in the MOF are indicated with arrows.
Schematic of IR spectroscopy in transmission and ATR configuration
for thin film analysis and accessible transition dipole moments with
respect to the surface.
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respectively. Researchers mainly in the fields of macromolec-
ular chemistry and structural biology have taken advantage of
these sensitivity to study the degree of crystallinity and the
orientation in (semi-)crystalline polymers®*=* or the conforma-
tional changes in biomolecules.***” In this context, the term
infrared crystallography is commonly used, even though the
method only provides information on the orientation of mole-
cules and functional groups but not the crystal's periodicity.*

In this contribution, as outlined in Fig. 1, we employed
polarization-dependent IR spectroscopy to study the in-plane
and out-of-plane orientation of Cu-based 2D and 3D MOF
films on Si substrates. Besides confirming the film orientation
and comparing favorably with results from XRD measurements
just obtained at shorter time scales, additional structural
information was retrieved: the orientation of the aromatic
linker in the 3D MOF Cu,(BDC),DABCO (BDC: 1,4-benzenedi-
carboxylate, DABCO: 1,4-diazabicyclo[2.2.2]octane), to date
inaccessible with conventional techniques such as XRD and
IRRAS, and highly essential for the accessibility of the pores,
was determined to be parallel to the 2D MOF sheets and
perpendicular to the bridging carboxylate plane. Furthermore,
the initial orientation of MOF films in the LbL synthesis,
otherwise only feasible with synchrotron techniques due to the
low amount of material, could be investigated.

Results and discussion

Degree of in-plane orientation from polarization-dependent
IR spectroscopy in transmission

Oriented CuBDC and Cu,(1,4-NDC),DABCO (1,4-NDC: 1,4-
naphthalenedicarboxylate) films were grown from Cu(OH),
nanobelt films via a heteroepitaxial growth approach.?*** MOF
films with high and low degrees of in-plane orientation were
prepared on silicon substrates from aligned and randomly
aligned Cu(OH), nanobelt films (see ESI} for Cu(OH), prepa-
ration and characterization). The corresponding SEM images
and XRD patterns are given in Fig. 2. SEM observation indicates
that MOF crystals grown from oriented Cu(OH), nanobelts are
oriented in three dimensions (x, y and z direction), while
randomly oriented Cu(OH), nanobelts yield MOF crystals only
oriented perpendicular to the surface (z-direction) without in-
plane orientation. This conclusion drawn from MOF morphol-
ogies in the SEM images was further confirmed with XRD. For
MOF thin films prepared from randomly oriented Cu(OH),,
there is a clear difference between out-of-plane and in-plane
XRD patterns, but no difference is observed between the two
types of in-plane XRD patterns, confirming that the CuBDC and
Cu,(1,4-NDC),DABCO MOF films have only out-of-orientation
as reported previously.***® In contrast, MOF films prepared
from oriented Cu(OH), nanobelt films show strong dependence
on X-ray incidence angle as visible in the IP XRD patterns,
confirming the fabrication of three-dimensionally oriented
MOF films. Collectively, in MOF thin films synthesized from
oriented Cu(OH),, the ¢ axis in CuBDC and b axis in Cu,(1,4-
NDC),DABCO are along the z-direction and the b axis in CuBDC
and ¢ axis in Cu,(1,4-NDC),DABCO are parallel to the longitu-
dinal direction (y-direction) of the underlying Cu(OH),
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Fig. 2

(A) Schematic representation of a MOF film on Si substrate studied in transmission configuration using polarized IR light. Orientation of the

long axis of the Cu(OH), nanobelts is indicated with white lines. (B) and (C) Cu-paddle wheel units in CuBDC (B) and Cu,(1,4-NDC),DABCO (C)
with respect to the polarization of the incident light. Transition dipole of symmetric and asymmetric carboxylate vibrations are highlighted in
yellow and orange, respectively. Atom color code: C: black, H: white, Cu: blue, N: lilac, O: red. CuBDC and Cuy(1,4-NDC),DABCO films obtained
from random and aligned Cu(OH), nanobelts and corresponding SEM images, and polarized IR transmission spectra. v45ymm(COO ™) bands are
highlighted in orange, while the bands corresponding to the vs,mm(COO™) band are highlighted in yellow. XRD patterns in out-of-plane (black
lines) and in-plane configurations (gray and orange lines, where the X-ray incident angle is parallel and perpendicular to the longitudinal direction
of the nanobelts at 26 = 0°): reflections originated from MOFs are indicated. ¢ scans were recorded for the 100 reflection for CuBDC and for the
001 reflection for Cu,(1,4-NDC),DABCO. For comparability, ¢-scans for random and aligned MOF films are given for the same scale on the y-axis

for each MOF pair.

nanobelts (see Fig. S4T for visualization of MOF film structures).
This alignment was further quantified by ¢ scan measurements,
which are given in Fig. 2.

From these profiles, the degree of in-plane orientation was
determined using the full width at half maximum (FWHM) of
the peaks and eqn (1):*

180° — FWHM (1)
180°

yielding Fxgp = 0.80 and 0.82 for aligned CuBDC and Cu,(1,4-
NDC),DABCO films, respectively. MOF films from randomly

FXRD =

9300 | Chem. Sci,, 2021, 12, 9298-9308

aligned Cu(OH), nanobelts show only broad signals in the ¢
scan as expected.

FTIR spectra recorded with s- and p-polarized light of the
same set of films with different degrees of orientation were
acquired in transmission using blank silicon as background
and are given in Fig. 2 The bands at 1570 cm™ " and 1616 cm ™"
stem from the asymmetric carboxylate vibration, and the bands
at 1390 ecm™ " and 1423 cm ' are assigned to the symmetric
carboxylate vibration, which is consistent with previous
reports.®>*! The bands at 1465 and 1370 cm™ " in the 3D MOF
stem from C-H vibrations of DABCO with a transition dipole

© 2021 The Author(s). Published by the Royal Society of Chemistry
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moment perpendicular to the N-N axis.*” No spectral differ-
ences between the polarized IR spectra were observed for the
MOF films obtained from random Cu(OH), nanobelts, while
a strong polarization-dependence is visible for three-
dimensionally oriented MOF films.

The reason for this becomes clear if we set the orientation of
the Cu-paddle wheel of CuBDC and Cu,(1,4-NDC),DABCO in
relation to the Si substrate as given in Fig. 2A: the transition
dipole of the vgy;,m(COO™) band (yellow arrow) is oriented in x-
direction, thus, this band can only interact with p-polarized
light. Vice versa holds true for the asymmetric vibration that
can only interact with s-polarized light. This polarization
dependence is visible in the spectra of both aligned films.
Furthermore, the transition dipole moments of the C-H vibra-
tions of DABCO present in the 3D MOFs are oriented in x-
direction and hence show the same polarization-dependence as
the equally oriented dipole of the v4mm(COO ™) band. Note that,
even if DABCO can rotate freely around the N-N axis, this would
not change the fact that it C-H groups only interacts with p-
polarized light. For a perfectly aligned film, no bands for the
symmetric and asymmetric vibration would be visible for p- and
s-polarized light, respectively. However, the investigated MOF
films show a degree of in-plane orientation of 0.80 and 0.82
determined from XRD data, respectively, hence, misaligned
crystallites are present. This misalignment leads to vibrations of
Veymm(COO ™) in the s-polarized spectrum and ¥,ymm(COO ™) in
the p-polarized spectrum. This fact allows to use the linear
dichroism, i.e. the ratio of absorbance for s- and p-polarization,
of each COO™ vibration to calculate the degree of in-plane
orientation Fir from IR transmission spectra. The respective
band areas A were integrated, and Fir was retrieved using the
following equations:

A -
Vasymm (COO™ ) || 2)

Fir (v CO0O")) =
i (um ) Avagmm(€007), 1+ Avymm(coo) |

Ayum(C007), 1

Fir (Usym(cooi)) = (3)

A€o0, 1+ Auyn(coo),|

Thereby, Fir(Vasymm(COO™)) values of 0.80 and 0.80 were
obtained from the spectra of both aligned MOF films in Fig. 2,
which is in excellent agreement with the degree of orientation
obtained from XRD experiment. Fig(Vsymm(COO™)) = 0.68 for
CuBDC, which has less correlation with the corresponding Fxgp
value. We attribute this deviation of Fjr to Fxgp to crystallite
tilting and a different structure, as we will discuss in the last
section.

To demonstrate that this method is valid over the entire
range of in-plane orientation values, we prepared CuBDC and
Cu,(1,4-NDC),DABCO films from Cu(OH), films with different
degrees of orientation. The in-plane orientation of all films was
determined with ¢-scans in XRD and FTIR transmission spec-
troscopy. The results are compared in Fig. 3 and show similar
values for Fir values >0.5. A lower correlation was found for the
Veymm(COO ™) band for CuBDC. Note that Fir = 0.5 corresponds
to completely unoriented films, while Fir = 0 results only from
films perfectly aligned perpendicular to films with Fiz = 1 (see

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Correlation of degree of orientation F obtained from XRD and
FTIR spectroscopy in transmission for CuBDC and Cuj;(1,4-NDC),-
DABCO films for vgymm(COO™) and v,5ymm(COO™) bands.

Fig. S6 in ESIT for graphical illustration). In contrast, Fxgp is an
arbitrarily defined ratio that allows comparison between
oriented films.*” In addition, peak fitting and determining the
FWHM becomes increasingly prone to errors for Fxgp < 0.5 and
yields — o for films without preferential orientation and flat ¢-
scans. For these reasons, a correlation between Fiy and Fxgp is
physically not valid and shall only be used to compare films
during material development for F > 0.5. Nevertheless, these
findings show that the degree of in-plane orientation of 2D and
3D MOF films in the given boarders can be derived from simple
FTIR transmission spectra on Si substrates, which allows for
fast screening without the need of dedicated diffraction
instrumentation or substrates with metallic coatings.

Crystallographic orientation of MOF films in all three axes
studied with ATR spectroscopy

In contrast to spectra acquired in transmission, ATR spectros-
copy provides two advantages: (i) higher interaction path-
lengths, and hence higher sensitivity, can be achieved with
multibounce ATR crystals, as used in this study; and (ii) ATR
spectroscopy gives access to all three axes of the studied mate-
rials. This is due to the fact that the evanescent wave generated
upon total reflection at the ATR crystal/sample interface has
fractions of the field amplitude in all directions, namely E,, E,,
E,, which are polarization-dependent: s-polarized light only
generates an evanescent wave in y-direction, while p-polarized
light induces an evanescent wave in x and z-direction
(compare Fig. 4). E,, E,, E, are not equal in amplitude and
depend on the refractive index of sample and ATR crystal
material, n, and n,, respectively, and the angle of incidence 6.
The fractions of the field amplitudes at the ATR crystal's (z = 0)
surface can be determined using eqn (4)-(6):*

2icos 0

Eyo=—— (4)
2
(%)
&
1
2
sin® 6 — -
E. =2 6 £ 5
%0 cos(¢) s 1 cos?d (5)
sin” § — —+
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Fig. 4 (A) Linearly polarized light entering a trapezoidal Si ATR crystal
coated with a MOF film at an angle of incidence 6. Total reflection of s-
polarized light causes an evanescent wave amplitude E,, while p-polarized
light generates E, and E,. (B) Fractions of £,2, £,2 and E,? as function of the
refractive index of the MOF film for Si ATR crystals with § = 45°. Effective
refractive indices Nz efective Of CUBDC and Cu,(1,4-NDC),DABCO films are
indicated by gray and black dashed lines, respectively.
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with e = (n,/n,)*. The polarization dependent absorbance A and
A is proportional to the evanescent wave, the transition dipole
vector of the vibration in question and the angle between both
vectors (compare Fig. 4):*%°

Ay o (uE,)* = (uo sin a sin BE,) (7a)

AH o (:uxEx)z + (:qu‘z)2 = (MO sin & cos :BEx)Z + (:u'() €os aEz)2(7b)

The simplified eqn (7a) and (7b) hold true for MOFs with the
molecule axis aligned along the coordination system of the ATR
crystal, as in the case for the studied MOF films (see ref. 44 and
45 for more complex systems), and only for aligned dipoles, not
for dipole distributions. The vgymm(COO™) and vasymm(COO0 )
bands in the films investigated have dipole moments with @ and
J$ being either 0° or 90°, which simplifies interpretation of
polarization dependent spectra. However, the trigonometric
relationship allows also to study bands under a specific angle.

A x: random
y: random
z:||[001]

1700 1500 1300 1700 1500 1300
Wavenumber (cm™) Wavenumber (cm™)
B  x:random A j0.1AU. Sl |o1Au.
y: random 4
z:||[010] \F

1700 1500 11300 1700 1500 1300
Wavenumber (cm™) Wavenumber (cm")
C  x|roq UL .05 A, lo2Au.
y: [[[001]

z: ||[010]
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Wavenumber (cm™’)

,1300

1700 1500 ,1300
Wavenumber (cm™)

(D

MOF with [001]-preferred OOP orientationl E  MOF with [010]-preferred OOP orientation

s

=D Vieymn(COO)
:>Vsymm(COO-)

[010]

ATR crystal surface

Fig. 5 Cu,(BDC),DABCO and Cu(1,4-NDC),DABCO in different crystallographic orientation with respect to the Si ATR crystal's surface: IR

spectra (p-polarized spectrum = blue, s-polarized spectrum = black) of

MOF films with z||[001] (A row) show polarization-dependence for the

Vasymm(COO™) band, while equal absorbance is visible for the vsmm(COO™) band (compare D). IR spectra of MOF films with z||[010] show
polarization-dependent remm(COO™) bands for MOFs only aligned in z-direction (B row), while both COO™ bands are affected for MOF films
oriented in x, y, z direction (C row and compare E). Background of IR spectra = blank silicon ATR crystal.
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The ratio of absorbances A and Ajormar measured for p-
polarized and s-polarized light, respectively, is called the
dichroic ratio R:

_E’+E’ 4

R="xT12 _ 20 8
s (8)

Experimentally, R can be determined by comparing the
absorbance of a specific band in both polarizations. R = 2 for an
angle of incidence of 45° (as used in this study) and isotropic
bulk samples such as water (see Fig. S9t for spectra). Note that R
is unity for isotropic media investigated in transmission. The
calculated field amplitudes for varying refractive indices of the
sample are depicted in Fig. 4 (see ESI{ for further information).
The fraction of E, remains constant, while E, and E, are affected
by the refractive index of the sample (see ESIf for further
information on the determination of the refractive index of the
films). With the relative intensities of the evanescent wave in
each direction of E,” = 0.30, E,” = 0.33, E,” = 0.37 at hand, the
orientation of MOF films can be determined. 3D MOFs with
different crystallographic orientation were prepared on Si ATR
crystals and the SEM images of the films and corresponding
ATR-IR spectra of Cu,(BDC),DABCO and Cu,(1,4-NDC),DABCO
films are given in Fig. 5. Their crystallographic orientations
were confirmed by XRD (see Fig. S10 in ESIf) and the orienta-
tion of the MOFs in x, y and z-direction is shown schematically
on the left in Fig. 5.

The Cu-Cu axis of Cu-paddle wheel unit and the N-N axis of
the DABCO pillar are oriented perpendicular to the substrate in
3D MOF films with [001] preferred OOP orientation (compare
Fig. 5D). Both MOF films with [001] preferred OOP orientation
show no in-plane orientation (Fig. 5A). This gives rise to tran-
sition dipole moments of the v,symm(COO ) bands oriented in z-
direction, while the dipole moments of the vgymm(COO™) band
are aligned in the x-y plane, which is consistent with the
recorded IR spectra: v,qmm(COO™) is only visible in the p-
polarized spectrum and only contributions of MOF crystallites
deviating from the z-axis alignment contribute to this band in
the s-polarized spectrum (compare Table 1 for R values). As
MOF films with [001] preferred OOP orientation rotate freely

Table 1 Theoretically and experimentally determined dichroic ratios
for all MOF films given in Fig. 5

R (Vasymm) R (Vasymm) R (Voymm) R (Vasymm)
predicted found” predicted found”
x: random 0 5.0 0.9 1.1
y: random 3.7 1.1
Z|[001]
x: random 0.9 1.0 2 2.0
y: random 0.9 2.0
z[[010]
x||[100] 0 0.2 ® 5.5
y|I[001] 0.3 5.0
Zl[010]

“ Top and bottom values correspond to Cu,(BDC),DABCO and Cu,(1,4-
NDC),DABCO, respectively.
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around the z-axis and due to the fact that both v¢ym,,(COO™) and
Vsymm(C-H) are oriented in the x-y plane, these bands show the
same absorbance for both polarizations. Two types of MOFs
films with [010] preferred OOP orientation (compare Fig. 5E)
were prepared from random and aligned Cu(OH), nanobelts,
yielding MOFs films with and without in-plane orientation (Fig.
5B and C). For 3D MOFs prepared from randomly oriented
Cu(OH),, the transition dipole moment of the v,gmm(COO0™)
rotates freely around the z-axis, characterized by identical
absorbance in p- and s-polarized spectra. For the transition
dipole moment of the »gmm(COO™) and of »(C-H) bands
determining the dichroic ratio is more complex as contribu-
tions in all three axes have to be considered (see ESIt for full
explanation).

A dichroic ratio of 2 was derived for this case as found in the
spectra of both 3D MOFs. Lastly, 3D MOF films prepared from
oriented Cu(OH), nanobelts show a high degree of IP and OOP
orientation. The transition dipole moment of the v,5mm(COO0™)
band is oriented in y-direction, thus yielding absorbance in the
s-polarized spectra. The dipole moments of vgymm(COO ) and
veymm(C-H) bands are oriented in x- and z-direction and there-
fore interact with p-polarized light. Analogous to the previous
section, ¢ scans were recorded and Fxgp was determined to be
0.83 and 0.82 for Cu,(BDC),DABCO and Cu,(1,4-NDC),DABCO,
respectively. Fir was determined from the ATR spectra (using
eqn (2) and (3)) to be 0.84 and 0.83 for vsymm,(COO™) band. For
aligned films, Fig(Vasymm(COO ™)) = Fir 0opr and was determined
to be 0.83 and 0.82 for the Cu,(BDC),DABCO film and Cu,(1,4-
NDC),DABCO film, respectively.

Note that also transmission IR spectra show distinct differ-
ences that can be used to determine the MOF orientation
(compare ESIt for explanation). This set of 3D MOF films
demonstrates that different crystallographic orientations can be
easily distinguished and the degree of in- and out-of-plane
orientation can be determined using ATR-IR spectroscopy.

Initial orientation of MOFs prepared via layer-by-layer
deposition

So far, MOF films obtained from Cu(OH), have been discussed,
which have film thicknesses of 300-1200 nm (see Table S1 in
ESIT for all films). The high thickness of the films allowed
analysis in transmission and showed great absorbance values of
up to 1 A.U. for spectra obtained in ATR configuration. The high
sensitivity of the multibounce ATR crystals allows studying even
thinner films as obtained by LbL synthesis. These films typically
require a high number of deposited layers, typically >40 layers,
to reach sufficient material enabling the characterization with
laboratory XRD equipment. We studied the initial orientation of
CuBDC, Cu,(BDC),DABCO and Cu,(1,4-NDC),DABCO films
prepared on Si ATR crystals via LbL deposition methods (see
ESI} for synthesis). In contrast to standard LbL deposition on
SAM-modified Au surfaces, which would impede IR spectros-
copy due to the high absorbance of Au, we followed a recent
report on LbL on blank Si surfaces.*® The LbL method yields
MOF film oriented in z-direction but without in-plane orienta-
tion. Therefore, the obtained XRD patterns of all films for >10
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layers for 3D MOFs and >40 layers for CuBDC were in accor-
dance with the XRD patterns obtained from films grown from
randomly oriented Cu(OH), nanobelts (see Fig. S12 in ESI} for
XRD data) and with patterns reported in literature.***
Polarization-dependent ATR spectra of CuBDC, Cu,(BDC),-
DABCO and Cu,(1,4-NDC),DABCO with 3 and 10 layers,
respectively, are given in Fig. 6. While due to the low film
thickness of the films with three layers, no reflections in the
XRD patterns were detected using standard integration times,
the polarization dependence of the vagmm(COO™) is clearly
visible for the 3D MOFs films. Spectra of CuBDC after 3 and 10
layer deposition are identical with the spectra of CuBDC films
from random Cu(OH),. Cu,(BDC),DABCO fits the structure of
the film with [001] preferred OOP orientation without in-plane
orientation: the vaemm(COO™) band shows strong polarization
dependence, as its transition dipole moment is aligned in z-
direction, thus, this band is only visible in the p-polarized
spectrum. Free rotation around the z-direction yield identical
absorbance values for the vg,m(COO™) band. The vagymm(-
COO7) bands allow to determine the degree of out-of-plane
orientation (Fir(Vasymm(COO ")) = Fir oop) according to eqn (2)
to be 0.95 and 0.97 for 3 and 10 layers, respectively. A similar
behavior was found for Cu,(1,4-NDC),DABCO for three depos-
ited layers. However, the polarization-dependent spectra of the
film with 10 layers show an increased absorbance for the p-

I
|0.005A.U. L 10.01AU.
ol
[a]
o
=
(&]
1 1 1 1 1
1700 1500 1300 1700 1500 1300
Wavenumber (cm'") Wavenumber (cm™)
ol l0.02AU. 10.05A.U.
O
m -
<t
DN Firo0-=0.95 Firoor=0.97
G - -
Q
ol . .
3 1700 1500 ,1300 1700 1500 1300
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fe) Fro0=0.70 | 0.01A.U. 10.05A.U.
(8]
)
<
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o
[=]
4
St 1 " 1 " 1
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Wavenumber (cm™) Wavenumber (cm™)
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Fig. 6 Polarization-dependent ATR-IR spectra of MOF films prepared
with the layer-by-layer method with 3 and 10 layers. The vasymm(-
COO™) band of both 3D MOFs, Cu,(BDC),DABCO and Cuy(1,4-
NDC),DABCO, shows strong polarization dependence, which allows
to calculate the degree of out-of-plane orientation from the band
areas. Background = blank Si ATR crystal.
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polarized spectrum for all bands (Fir,oop = 0.70 and 0.57 for 3
and 10 layers, respectively). This indicates that the preferential
order in z-direction of the Cu,(1,4-NDC),DABCO MOF decreases
with increasing the number of deposition cycles. Although
being less ordered, a dichroic ratio of R = 2 (for isotropic
materials) is not observed. We attribute the deviation from R =
2 to the low film thickness that is known to decrease the field
amplitude of E, and thus the dichroic ratio for thin films
converges to 1 for a film thickness of 0.*® Given these results,
polarization-dependent ATR spectroscopy allows for quick
inspection and in-depth investigations of the orientation of
MOF ultrathin films that are otherwise only accessible with long
integration times or in synchrotron facilities.

Orientation of aromatic linkers in MOF films

So far, the carboxylate vibrations have been used to study the
orientation of the MOF film. By analyzing the vibrational
modes of the aromatic rings in the MOF linkers, their orien-
tation can be investigated as well. The skeletal ring vibrations
of aromatic compounds are located between 1400 cm™* and
1600 cm ™' with a transition dipole moment in-plane of the
ring and perpendicular to the 1,4-C-C-axis (compare Fig. 7).
Furthermore, the out-of-plane vibration of 1,4-substituted
benzenes is found at 805 cm ™ '.*> We determined the direction
of the transition dipole moments from a model compound
using DFT calculations (see ESIT for details and Fig. 7A for
orientation). The skeletal ring vibration is located at
1506 cm~ ' for BDC. The film without in-plane orientation
shows no polarization dependence because of the free rotation
of the MOF film around the z-axis. In contrast, a strong
polarization dependence is observed for three-dimensionally
oriented Cu,(BDC),DABCO films (see Fig. 5). The dichroic
ratioAj/A | of the band at 1506 cm ™' was calculated for aligned
and random MOFs films with [010] preferred OOP orientation
and yielded 2 and 7.3, respectively. These ratios are almost
identical to the Aj/A, values of 2.1 and 6.4 found for the
Veymm(COO™) band that has its transition dipole moment in
the same direction. Based on this fact, we conclude that the
aromatic ring is oriented perpendicular to its carboxylate
plane (a-b lattice plane) as shown in Fig. 7B.

This finding was further verified in polarization dependent
IR transmission spectra of the out-of-plane vibration at
798 cm !, which has its dipole moment oriented in y-direction
and perpendicular to the band at 1506 cm ™. Strong absorbance
of the Si-ATR crystal at wavenumber <1000 cm™ ' prevents
measurements in ATR configuration. With a single path
through the substrate in transmission configuration, however,
the vibrational modes around 800 cm ™' can be analyzed (see
Fig. S14 in ESIT for spectra). The band at 798 cm ™' shows high
absorbance in the s-polarized spectrum, which is in line with
the dipole assignment for an aromatic ring oriented perpen-
dicular to the carboxylate plane.

Here, IR spectroscopy provides for the first time information
on the linker orientation in Cu,(BDC),DABCO, which is not
accessible with XRD measurements as the rotation of the
aromatic linker causes no change in the MOF patterns (compare

© 2021 The Author(s). Published by the Royal Society of Chemistry
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v,(CC) at 1506cm”

au A ' A l. {
T ks

(A) lllustration of the transition dipole moments for the aromatic

vibrations found in the BDC linker. (B) Crystal structure of Cuy(-

BDC),DABCO with the proposed aromatic linker orientation perpen-
dicular to the carboxylate plane.

Fig. 7

calculated patterns for crystal structures with different linker
orientation in Fig. S16 in ESIT).

In contrast to Cu,(BDC),DABCO, the aromatic linker vibra-
tion at 1515 ecm ™" of Cu,(1,4-NDC),DABCO shows no polariza-
tion dependence in the ATR spectra (compare Fig. 5). However,
a strong polarization dependence, identical to Cu,(BDC),-
DABCO, is found for the out-of-plane vibrations in the region
around of 800 cm ™" for the aligned MOF film (compare spectra
in Fig. S17 in ESIf). Although this confirms a preferential
orientation of the aromatic linkers with similar linker orienta-
tion as found in the Cu,(BDC),DABCO, the polarization
dependence is less pronounced. This is most likely due to the
fact that the 1,4-NDC linker can either rotate freely as it has
been suggested for coordination polymers,* or because the
aromatic ring is not oriented parallel or perpendicular to the
Cu-paddle wheel plane and is oriented under an angle of 48° as
found in the reported crystal structure.>

Structure of CuBDC

The in-plane orientation of CuBDC films synthesized from the
oriented Cu(OH), nanobelts was confirmed by XRD patterns
and transmission IR spectra, as shown in Fig. 1. Although the
Vasymm(COO™) band showed good correlation with ¢ scan data
of XRD investigations, Fir(vsymm(COO™)) showed deviations
from Fxrp. In order to investigate this cause in more detail,
polarization-dependent ATR spectra of CuBDC films were
collected to investigate the three-dimensional molecular
orientation. While the spectra of the three-dimensionally
oriented CuBDC film only allow for retrieving the degree of
orientation, information of the molecular orientation can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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=>Vym(COO)
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Fig. 8 (Top) Polarization-dependent ATR spectra of CuBDC prepared
from random and aligned Cu(OH),. Background spectrum = blank Si
ATR crystal. (Bottom) Cu-paddle wheel subunit found in 2D MOFs and
BDC linker alignment in a layered coordination polymer. The transition
dipole moment of the v¢mm(COO™) bands are indicated by yellow
arrows.

gained from the CuBDC film without in-plane orientation
prepared from random Cu(OH), (compare Fig. 8): equal absor-
bance values for p- and s-polarized light were expected for the
Vasymm(COO ™) band and were found in the spectra (R = 0.3/0.33
= 0.9, found: 1.2). Although the v4;,m(COO™) band was ex-
pected to exhibit a dichroic ratio of 2, R = 1.15 was observed.
The dichroic ratio from IR spectra in ATR and transmission
configuration of the vgym,m(COO™) band suggests that the BDC
linkers are to a great extent oriented parallel to the surface;
unlike in the Cu paddle wheel structure with 50% of the
carboxylate bands in perpendicular orientation. The XRD
pattern of CuBDC shown in Fig. 1 can be attributed to the
structure consisting of Cu paddle wheels linked by four BDC
with P4 symmetry, as found in previous reports.*® However, in
general, there is less certainty in identifying the structure when
there are few reflections in XRD patterns. It is also difficult to
identify the local coordination structure in MOF by XRD. Our IR
results indicate a different CuBDC structure constituting of
different coordination bonds between Cu and carboxylic acids,
similar to the structures observed in copper(u) terephthalate
and copper(un) hydroxy-terephthalate coordination polymers
(see Fig. S18 and S19 in ESIf).>>™%*

We considered these structures and tested them against the
IR spectra: for linkers parallel to the surface (y = 0°), both
carboxylate vibrations would show no contribution in z-direc-
tion. Thus, the transmission spectra and the ATR spectra would
be identical. However, the band ratio vemm(COO™)/Vasymm(-
COO7) of 0.77 for transmission spectra of random CuBDC
compared to 0.92 for the same film in ATR configuration
suggests that the vgmm,(COO ) band has a component in z-
direction, which is not accessible in transmission. From this
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ratio, a percentage of 19% of linkers aligned perpendicular to
the surface was derived. The fraction of CuBDC with linkers
oriented perpendicular to the surface causes a 100 reflection in
the out-of-plane XRD pattern at 260 = ~8.2°, while the parallel
oriented fraction leads to the same reflection in the in-plane
pattern. Typically, the occurrence of this reflection in both
XRD configurations is used to confirm the presence of the Cu
paddle wheel subunit connected by BDC linkers, and thus, the
2D MOF structure. Since XRD patterns obtained from different
configurations cannot be compared quantitatively, we cannot
assign the 100 reflection in the OOP pattern unambiguously to
either the fraction of 19% of misaligned crystallites or the
presence of a 2D MOF structure. However, the usually low
porosity observed for CuBDC* and the position of the COO™
bands in the IR spectrum further point towards a more densely
packed layered structure. While in 3D MOFs the va5ymm(COO ™)
band is located between 1610-1640 cm ™~ *,* this band is located
at 1570 cm ™" for CuBDC, which is the same position as reported
for layered structures.”® Therefore, a different copper carbox-
ylate connectivity, as reported for the layered structure, can be
assumed in the CuBDC structure. Note that the methodology to
calculate the degree of in-plane orientation Fiz based on IR
spectroscopy in transmission, as presented in the previous
section, is still applicable for this structure: Fjr derived from
Vasymm(COO™) is not affected by the tilting as its direction of the
transition dipole moment is still in x-y plane. In summary,
polarization-dependent IR spectroscopy provided information
of the types of coordination bonds and their three-dimensional
orientations in the CuBDC structure, which are difficult to
reveal by XRD. It can be expected that the combination of XRD
and polarization-dependent IR spectroscopy will contribute
significantly to the complete clarification of the real structure of
other coordination polymers and MOFs with unknown
structures.

Conclusion

The orientation of 2D and 3D MOF films was studied using
polarization dependent IR spectroscopy. MOF films were
prepared on Si substrates and Si ATR crystals by layer-by-layer
synthesis and from aligned Cu(OH), precursor films. Cuy(-
BDC),DABCO and Cu,(1,4-NDC),DABCO served as model
systems as their established synthesis allowed to easily adjust
their crystallographic orientation.*® However, we provide the
theoretical underpinnings to extend the principle to MOFs with
different subunits (compare eqn (7a) and (7b)). A new method to
determine the degree of in-plane orientation of MOFs based on
straight-forward IR transmission measurements was presented
that bears comparison with conventional techniques based on
XRD. The method is not suitable for investigations of ultrathin
MOF films, as FTIR spectroscopy in transmission has a low
sensitivity and the presented method thus relies on sufficient
film thickness. In contrast, the high sensitivity of multibounce
ATR crystals allowed us to study the orientation of the initial few
layers of MOF films during LbL synthesis, usually requiring
synchrotron irradiations or extensive integration times. We
found a decrease in out-of-plane orientation with increasing
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number of layers only for Cu,(1,4-NDC),DABCO, while Cu,(-
BDC),DABCO remains oriented. For the first time, experimental
evidence of the organic linker alignment perpendicular to the
carboxylate plane in Cu,(BDC),DABCO films was derived from
the dichroic ratio of the ring vibrations of the aromatic linker.
Information on the linker orientation is essential for applica-
tions that rely on mass transport along the pores that might be
hindered by linkers extending into the pore channel. Finally,
inexplicable polarization dependent IR spectra of the 2D MOF
CuBDC made us revisit its structure. In contrast to data from
XRD, IR crystallography revealed that the metal ions are not
connected via a Cu-paddle wheel subunit as reported so far but
in a layered structure.

Future work will combine the experimental setup with
adsorption studies of probe molecules, similar to ref. 56 and 57.
These would not just allow to investigate the orientation of the
MOF itself but the alignment of guest molecules during the
adsorption process. Insights into the orientation and adsorp-
tion site of the probe molecules will deepen the understanding
of interactions between adsorbent and adsorbate, which is key
to exploit the full potential of MOF films.

The presented principles are not limited to MOF films but
can be easily translated to other thin films, e.g. inorganic,
organic and inorganic-organic hybrid thin films. For instance,
the orientation of nanocrystal films based on heavy atoms can
be easily studied by X-ray and electron diffraction. However,
these nanocrystals are typically stabilized with organic ligands,
which significantly influence the nanocrystal's properties. For
organic ligands and the orientation of functional groups,
diffraction techniques lack in sensitivity. In general, inorganic-
organic composite materials account for the majority of nano-
materials with highly promising properties currently under
intense investigations. Consequently, the potential of IR crys-
tallography has yet to be fully exploited, allowing to fill the
information gap left by diffraction techniques and giving access
to key information of hybrid material structures.
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