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Abstract

Metal-organic frameworks (MOFs) are promising materials because of their high designability of
pores and functionalities. Especially, MOF thin films and their properties have been investigated
toward the application in nanodevices. Typically, MOF thin films are fabricated using a bottom-up
method such as layer-by-layer (LbL) growth in air. Because the water molecules can coordinate and
replace with organic linkers during synthesis, humidity conditions will be expected to influence the
LbL growth processes. In this study, we fabricated MOF thin films composed of Zn**, tetrakis-(4-
carboxyphenyl)-porphyrin (TCPP), and 4,4’-bipyridyl (bpy) at 10% and 40% relative humidity (RH)
conditions. Then we investigated the humidity effects on chemical compositions of TCPP and bpy,
periodic structure, orientation, and surface morphology. At high RH, coordination replacement of
water with the organic linkers becomes more competitive than that at low RH, resulting in a different
TCPP:bpy composition ratio between the two RH conditions. Also, more frequent coordination
replacements of water with the organic linkers at high RH led to formation of phases other than that
observed at low RH, loss of growth orientation and rough surface. The findings clarified the
importance of controlling RH condition during LbL growth to obtain the desired coordination

networks.



1. Introduction

Metal—organic frameworks (MOFs) are hybrid and periodic nanoporous materials composed of metal
ion/metal oxide clusters connected with organic linkers.!™ The pore sizes and pore dimensions can
be designed by choosing the appropriate combination of secondary building units (SBUs)*® and

organic linkers. MOFs are promising materials for use in selective gas absorption and separation,’'?

18-21

catalysts,'>"!” luminescence,'®?! ion transport,>??” and so on. Especially, development of MOF thin

film assemblies is an essential technique for applications involving membranes and nanodevices, such

28-30 31,32

as chemical sensing,?® > photovoltanics®'*** and fuel cells.** ¥ Using bottom-up methods, the growth

direction and the rate of the thin assembly films can be controlled.**° Well-ordered MOF thin films

are fabricated by various methods such as layer-by-layer (LbL) method,** Langmuir—

44-46 47,48 49-51

Blodgett/Langmuir—Schifer methods, surfactant-assisted approaches, and others.

Porphyrin derivatives are intensively studied functional organic linkers in MOF thin film

60-63 and

assemblies.’>® They are desirable for applications such as catalysts,>’>° light harvesting,
sensors.**%” Hupp, Farha and coworkers reported syntheses of MOF thin films consisting of Zn?",
tetrakis-(4-carboxyphenyl)-porphyrin (TCPP), and 4,4’-bipyridyl (bpy) by LbL method on SiO»
substrates.®®® They proposed that the obtained films adopted paddlewheel-type Zn-TCPP
coordination networks based on XRD results and reports of the literature.”® One salient feature of this

MOF thin film is that bpy can be replaced with pyridine vapor in a post-synthetic manner: solvent-

assisted linker exchange (SALE).”! This coordination replacement led to structural change and



enhanced energy transfer ability.”! Considering the coordination ability, other solvents such as water
in the air can also compete with the replacement reaction. The coordination competition and
replacement of the water with the organic linker has often been observed during bulk MOF
syntheses.”>7* Nevertheless, no report describes an investigation of the influence of humidity during
MOF thin film fabrication on the LbL growth manner or the structure.

In this study, MOF thin films consisting of Zn*" ion, bpy, and TCPP were synthesized on the
surface-modified SiO: substrate under low (10%, 1L) and high (40%, 1H) relative humidity (RH)
conditions using LbL method (Figure 1), and the influences of humidity on LbL growth and structure
were examined. The TCPP:bpy chemical composition ratio of 1L was nearly 1:1; it was consistent
with the ideal chemical formula [Zna(TCPP)(bpy)],®® whereas that of 1H was clearly distinct from
1:1 because of the enhanced coordination replacement and competition of water with organic linkers.
This difference of the chemical composition influenced the periodic structure and orientation of the
thin film. In 1L, [Zn2(TCPP)(bpy)] single-phase material was obtained with in-plane orientation of
the Zn-TCPP coordination network, as schematically shown in Figure 1(c). In contrast, because of
the enhanced coordination replacement of organic linkers in 1H, water inhibits construction of the
[Zno(TCPP)(bpy)] phase and loss of the orientation was observed (Figure 1(d)). Moreover, the high
RH condition led to the rough and heterogeneous surface. Our study demonstrates the importance of
humidity control during MOF thin film fabrication to obtain the desired phase and surfaces for

application in nanodevices.



2. Experimental Section

For the LbL growth of MOF thin films, the quartz substrate (25 x 15 x 0.5t mm?) was first cleaned
twice using 2-propanol with sonication for 10 min. Then, to form the self-assembled monolayer
(SAM), the substrate was immersed in a 10 mM ethanol solution of 3-aminopropyltrimethoxysilane
(APTMS) at room temperature for 1 h under an Ar atmosphere with mild shaking. Next, the substrate
was immersed in 2-propanol with sonication for 30 min. To fabricate the MOF thin films under
controlled RH conditions, a homemade humidity-controllable box using the saturated NaCl (aq) and
N> gas flow was developed (See SI for details). Inside the RH-controlled box, the SAM-modified
substrate was alternately immersed into 100 uM ethanol solution of Zn(CH3COQ);-2H>0 for 5 min,
2 uM ethanol solution of TCPP for 10 min, and 20 uM ethanol solution of bpy for 10 min (Figure 1).
After each immersion step, the substrate was washed thoroughly with ethanol and dried. The desired
number of layers by the alternate deposition of Zn?" ion and two organic linkers is defined as “n”
layers, denoted as (1L), or (1H)x.

To investigate the influence of humidity on LbL growth, ultraviolet visible (UV-vis)
spectroscopy was conducted for (1L), and (1H), in absorption mode using a UV-Vis
spectrophotometer (JASCO V-630Bio; Jasco Corp., Japan) at room temperature. Measurements were
taken at 300-800 nm with the step of 1.0 nm. To elucidate the chemical composition, X-ray
photoelectron spectroscopy (XPS) was conducted using a delay-line detector (DLD) spectrometer

(Kratos Axis-Ultra; Kratos Analytical Ltd., UK) with an Al Ka radiation source (1486.6 ¢V) and the



respective voltage and current of 15 kV and 10 mA. The conductive carbon tape was attached to the
sample. Each spectrum was calibrated to the C 1s peak at 284.5 eV as the inner reference. The
obtained spectra were fitted using XPSPEAK 4.1 software with subtraction of the background using
the Shirley method. Grazing-incidence X-ray scattering (GI-XRS) measurements were performed to
analyze the periodic structure and the orientation of the MOF thin films using an X-ray diffractometer
(FR-E; Rigaku Corp., Japan) with a two-dimensional (2D) detector (R-AXIS IV; Rigaku Corp.,
Japan). The film sample was placed onto a pulse motor stage composed of an oblique pulse (ATS-
C316-EM; Chuo Precision Industrial Co. Ltd., Japan) and a Z-pulse (ALV-300-HM; Chuo Precision
Industrial Co. Ltd., Japan) motor. The Cu Ka radiation source (4 = 0.1542 nm) was used with ¢ 300
um beam size and 300 mm camera length. The incident angle of the X-ray beam was adjusted to 0.21°
or 0.22° to the substrate surface using the pulse motors. One-dimensional (1D) diffraction patterns of
in-plane (IP), out-of-plane (OP), and 30, 50, and 70 degrees from the IP direction were obtained from
the 2D image using ImagelJ software. Le Bail fitting of these diffraction patterns was conducted using
TOPAS3 (Bruker AXS). An atomic force microscope (AFM) was used to observe the surface
morphology and roughness of the thin films. The AFM (MMAFM-2; Veeco Instruments, USA)
measurements were taken in the range of 1 x 1 pm?. The root mean square roughness was analyzed
using WSxM 5.0 software. X-ray reflectivity (XRR) measurements were used to characterize the film

thickness and roughness using the X-ray diffractometer (ATX-G; Rigaku Corp., Japan) at 50 kV



voltage and 300 mA current with Cu Ka radiation (4 = 0.1542 nm). Data acquisition was performed

at intervals of 0.02° between 0-2°. Fitting was conducted using GenX 3.
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Figure 1. (a) LbL growth of MOF thin film composed of Zn*" ions, TCPP and bpy under humidity
controlled condition. (b) to (d) Schematic images of (b) ideal MOF thin film structure

n; py)] and obtaine thin film structure synthesized at (c 0 an 0
[Zn2(TCPP)(bpy)] and obtained MOF thin fil hesized at (c) 10% RH and (d) 40% RH

on APTMS-modified SiO; substrate.



3. Results and Discussion

3.1. Humidity effects on LbL growth by UV-vis spectra

The MOF thin films (1L), and (1H), were fabricated using LbL growth at 10% and 40% RH

conditions, respectively. Figures 2a and 2b respectively depict the UV-vis spectra of (a) (1L)» and (b)

(1H), (number of layers n =1, 5, 10, 15, 20). For all spectra, the absorption bands corresponding to

the Soret band and Q-band from TCPP were observed respectively at 420 nm and 500—-650 nm. The

Soret band position did not shift as # increases, while a red shift was observed for the Q-bands (Figure

S3 and Table S1). Figure 2c depicts the peak top of the Soret band of (1L), (red) and (1H), (blue). At

each layer, the absorbance of the Soret band in (1L), was greater than that in (1H),, indicating that

coordination competition and replacement of TCPP with water occurred more often at 40% RH. The

absorbance of these bands increased linearly with n, except for the first deposition (n = 1), which

suggests that the TCPP linker is deposited a bit more in the first layer and that it contains

approximately equal amounts of TCPP at each layer during LbL growth. The slope in Figure 2c of

(1L)n (0.031 £ 0.001) was 1.2 times greater than that of (1H), (0.025 + 0.001). Similar trends were

observed for those of Q-bands (Figure S3 and Table S2). These results clearly suggest that humidity

affects LbL growth and the TCPP contents at each deposition step.
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Figure 2. (a) and (b) UV-vis absorption spectra of (a) (1L), and (b) (1H), (=1, 5, 10, 15, 20) thin
films. (¢) Layer number n dependence of the Soret band absorbance of (1L), (red) and (1H), (blue).

The error bars represent the standard deviation of triplicates.

3.2. Analysis of chemical compositions using XPS

To get insights into the composition ratio and the coordination of bpy and TCPP with Zn** or H", N
Is XPS was carried out. Figure 3a shows the N 1s XPS spectrum of the (1L)s thin film. The
deconvolution was conducted considering the different chemical environment: four components for
TCPP (non-coordinated species; P1 (=N-) and P2 (-NH), coordinated to H'; P3 (=NH'-), and
coordinated to Zn?" ions; P4 (Zn-N), Figure S4)*7>""7, one component for bpy (coordinated to Zn?*
ions; D1 (Zn-N), Figure S5), and two components for APTMS (NH; and NH3")’®7. Table 1 presents
the binding energy, area ratio and composition ratio of the peaks of TCPP (See SI for the
deconvolution process). Based on the ideal chemical composition of the MOF thin film,
[Zn2(TCPP)(bpy)], the expected composition ratio should be TCPP:bpy = 1:1. In (1L)s, the observed

composition ratio was calculated as TCPP:bpy = 0.48:0.52, which is nearly consistent with the ideal



[Zno(TCPP)(bpy)] structure. The structural consistency of 1L and [Zno(TCPP)(bpy)] was supported
further by GI-XRD measurement, vide infra. Figure 3b shows N 1ls XPS spectrum and the
deconvoluted result of (1H)s thin film. Judging from the area ratio of P4 (Zn—N) component of TCPP
(Table 2), we found that Zn>" ions were partially inserted into the TCPP center in both humidity
conditions (14% of TCPP for (1L)s and 10% of TCPP for (1H)s), although -COO™ groups preferably
coordinate to Zn?>' ions rather than the center of TCPP. It is noteworthy that the TCPP:bpy
composition ratio of the (1H)s was calculated to be 0.76:0.24, which differs greatly from 1:1. The
relative amount of bpy decreased distinctly at 40% RH, suggesting that bpy was replaced more easily
with water than TCPP,* although replacement of TCPP with water also occurred, as revealed by UV-
vis. From the analysis described above, it is indicated that the humidity clearly affects LbL growth;

namely the chemical composition of organic linkers due to coordination competition and replacement.
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Figure 3. Respective N 1s XPS spectra and fitting results of (a) (1L)s and (b) (1H)s thin films.
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Table 1 Peak deconvolution results of N1s XPS spectra of (1L)s and (1H)s thin films

Entry Compound Assignment

Binding energy / eV Area ratio

TCPP: bpy
composition ratio

P1 (=N-) 397.8 0.24
TCPP P2 (-NH-) 399.6 0.31 0.52
P3 (=NH*-) 400.1 0.06
(1L)s P4 (Zn-N) 398.5 0.07
bpy D1 (Zn-N) 400.4 0.32 0.48
NH, 402.1 0.94
APTMS NH;" 401.1 0.06 i
P1 (=N-) 397.7 0.34
TCPP P2 (NH-) 399.7 0.37 0.74
P3 (=NH"-) 400.3 0.03
(1H)s P4 (Zn-N) 398.7 0.12
bpy D1 (Zn-N) 400.4 0.15 0.26
NH, 402.5 0.51 -
APTMS NH;* 401.1 0.49

3.3. Humidity effects on the structure by GI-XRS profiles

GI-XRS measurements were conducted to evaluate the periodic structure and orientation of the MOF
thin film. Figure 4a shows the 2D GI-XRS profile of the (1L)2s thin film. Figures 4d and 4e
respectively portray its 1D projected profiles to the (d) IP and (e) OP directions. Two peaks were
observed at d = 1.7 nm (26 = 5.2°) and 1.2 nm (26 = 7.5°) in the IP direction, whereas no peak was
observed for the OP direction, indicating the construction of the periodic coordination network in the
IP direction. In an earlier report, Hupp and coworkers proposed that the obtained thin film has a Zn-
TCPP paddlewheel-type structure.®® The thin film examined for their study showed no IP scattering,
while only one OP scattering corresponding to the interlayer length (d = 1.4 nm) was observed.

Instead of the absence of the IP information, they identified the film orientation using polarized

11



fluorescence measurements. In our study, the IP network structure based on the paddlewheel-type
structure was supported by these two peaks. Figures 4b and 4c show our model structure of the
paddlewheel-type coordination network [Zn(TCPP)(bpy)]. A unit cell of the coordination network
was created using Materials Studio 2018 under the conditions of @ = b =1.70 nm, ¢ = 1.40 nm (space
group P4/mmm, see Sl for details of the space group determination) based on single-crystal structural
analysis result of the similar bulk structure.®’ The Zn** dimers coordinated with four -COO™ groups
of TCPP form the paddle-wheel type 2D layer in the ab plane (Figure 4b), and bpy molecules bridge
2D layers coordinating to apical position of Zn** ions (Figure 4c). We ignored the Zn>" insertion to
the center of TCPP because of the low content, confirmed by XPS. Using Le Bail fitting of the IP
diffraction pattern, cell parameter a (= b) of (1L)25 was fitted to be 1.6775(7) nm, which is consistent
with structural analysis results report®®. Two scattering peaks correspond to the 100 and 110
diffractions, and the intensity ratio of these two diffractions were in good agreement with the
simulated patterns from the model structure. Unfortunately, cell parameter c along the pillar direction
could not be fitted because of the fluctuated structure. Our study demonstrates that paddlewheel-type
coordination network extends periodically in IP direction, although periodic structure is hardly

observed in OP direction in (1L)os.

12
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Figure 4. (a) 2D GI-XRS image of (1L)2s thin film. (b) and (c¢) Constructed model structure of
[Zn2(TCPP)(bpy)] under the space group P4/mmm viewed along (b) c-axis and (c¢) a-axis, respectively
(orange, Zn; red, O; blue, N; black, C). H atoms are omitted for clarity. Panels (d) and (e) respectively
portray 1D projected of panel (a) in (d) IP direction and Le Bail fitting results, and (e) OP direction.
Black ticks correspond to 40 and 00/ diffractions of the simulated patterns, respectively.

On the other hand, a complicated Debye-ring-like scattering pattern was observed in the 2D GI-
XRS image of the (1H)s thin film (Figure 5a), indicating the polycrystalline nature and the loss of
the specific orientation of the coordination network. In the IP (Figure 5b) and OP (Figure 5¢) projected
patterns, 100 (26 = 5.2°) scattering was observed in both directions, while 110 (26 = 7.5°) scattering
peak, which was observed in the thin film synthesized at 10% RH, was not detected. Instead, two
peaks were observed at d = 1.3 nm (260 =6.9°) and 1.1 nm (26 = 8.1°) in both the IP and OP directions.

Considering the polycrystalline nature, we performed Le Bail fitting for refining both a (= b) and ¢

13



(Figures 5b and 5c), resulting in @ = 1.679(1) nm (1.701(1) nm) and ¢ = 1.287(1) nm (1.302(2) nm),
respectively, for the IP (OP) directions. The obtained cell parameters do not match and contain
unidentified peaks (black triangles in Figures 5b and 5c), and the experimental intensity ratios are
inconsistent with the those of the simulated patterns. We also conducted fitting to the 1D projected
patterns between IP and OP (Figure S7). The unidentified peaks were observed in all fitting results,
and the fitted cell parameters are not mutually consistent. These XRS analyses results indicate clear
structural differences between (1L)25s and (1H)2s; the amount of water in air during synthesis affects
the orientation and the structure. In (1L)2s, because the water content in the air was suppressed,
organic linkers were coordinated preferentially to the Zn?" ions to give the [Znx(TCPP)(bpy)]
coordination network with the IP orientation. By contrast, in (1H)2s, water competes with TCPP and
bpy in coordination to the Zn?" ions, leading to the formation of phases other than [Zn2(TCPP)(bpy)]
and to the loss of orientation. Especially, bpy was replaced preferentially with water supported from
XPS. Therefore, one of the expected phases will be the structure where water occupies the apical
position and Zn-TCPP layer stack in the interdigitated manner. While OP scattering was absent in
(1L)2s5 due to the fluctuated nature along this direction, several peaks appeared in the OP direction in
(1H)2s. This was derived from polycrystalline [Znx(TCPP)(bpy)] (including IP scatterings in (1L)25)
due to the loss of specific orientation. Also, since we could not fit the scatterings with
[Zno(TCPP)(bpy)] structure, scattering from other phases were observed. Results indicate that it is
necessary to suppress water vapor generation, i.e. humidity, to synthesize the [Zn2(TCPP)(bpy)]

14



coordination network in a single phase.
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Figure 5. (a) 2D GI-XRS image of (1H)s thin film. Panels (b) and (c¢) respectively portray 1D
projected patterns of panel (a) in (b) IP and (c) OP directions, along with their fitting results and
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3.4 Humidity effects on surface morphology by AFM and XRR analyses

To investigate humidity effects on surface morphologies, AFM was carried out. Figures 6a to 6d
respectively show AFM images of (a) (1L)s, (b) (1L)2s, (c) (1H)s and (d) (1H)2s thin films, and Table
2 presents the root mean square (RMS) roughness values of the thin films. Homogeneous and
relatively small (10-20 nm) islands were observed in (1L)s, and these small islands grew and merged
to form a smooth surface with negligible islands or domains in (1L)2s (Figure 6(c)). This observation
was consistent with the previous study.®® In contrast to (1L)s, inhomogeneous domains (20-100 nm
and height of ca. 10 nm) and rough surface (5.8 nm RMS roughness) were already formed for (1H)s
(Figure 6(c)). This was consistent with the XPS result in Figure 3, where the water replaces the ligand
and inhibits the uniform growth of MOF thin film. As the layer number increased, the inhomogeneous
domains retained with a grown domain height of ca. 50 nm in (1H)2s. This inhomogeneity led to the
loss of specific orientation and contamination of other phases than [Zno(TCPP)(bpy)], from GI-XRS
(Figure 5). To further investigate the surface roughness in large areas, XRR was applied to (1L)2s and
(1H)25 thin films (Figure 6(¢) and (f)). Clear fringes were observed in (1L)2s,whereas no fringe was
detected in (1H)2s, thereby reflecting the rougher surface of the thin film synthesized at higher RH.
Fitting was conducted for (1L)2s, and the estimated surface roughness (3.5 nm) showed close
agreement with the AFM result (3.0 nm). The fitted thickness was 21.3 nm, corresponding to 0.85 nm
deposition per cycle. This was inconsistent with the ideal MOF structure (1.4 nm), because of the
fluctuated nature along the OP direction from GI-XRS (Figure 4(e)). The findings indicated the clear

16



influence of humidity on the growth manner of the MOF thin film, and the importance of the RH

control to produce a MOF thin film with a smooth surface.

(L A— i)
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Figure 6. (a) to (d) AFM images of (a) (1L)s, (b) (1L)2s, (c) (1H)s and (d) (1H)2s. () XRR spectra
of (1L)2s (red) and (1H)2s (blue), and (f) fitting result of (1L)2s.

Table 2 Surface roughness of (1L)s, (1H)s, (1L)25 and (1H)2s thin films estimated from AFM.

Entry RMS roughness / nm
(1L)s 1.2
(1H)s 5.8
(1L)2s 3.0
(1H)2s 7.3

4. Conclusion
In this study, we fabricated the MOF thin films composed Zn?" ions and two organic linkers (bpy and
TCPP) using LbL method under different RH conditions, and its influence was investigated. Organic
linkers (especially bpy molecules) were replaced with water more frequently at higher RH than at
lower RH, thereby producing a change in the TCPP:bpy ratio. This difference of chemical

17



compositions at high RH caused contamination of the phase other than that observed at low RH,

[Zno(TCPP)(bpy)] phase. In addition, coordination replacement of water with organic linkers loses the

structural orientation on the substrate, as well as the rough surfaces. Our findings demonstrate the

importance of controlling humidity to achieve the desired structure and surface morphology during

LbL growth.
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Synopsis (75 words)

We report the effect of atmospheric water during layer-by-layer growth of MOF thin films on
chemical composition, structure, and surface morphology. Coordination replacement of water with
the organic linkers occurred more often at high RH, leading to imbalance in composition of two
organic linkers of MOF thin film, contamination of the other phases than that observed at low RH,
and rough surface. Our study demonstrates the importance of controlling humidity during MOF thin

film fabrication.
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