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Regulating nonlinear optical (NLO) property of metal-organic frameworks
(MOFs) is of pronounced significance for their scientific research and practical
application, but the regulation through external stimuli is still a challenging
task. Here we prepare and electrically control the nonlinear optical regulation
of conductive MOFs Cu-HHTP films with [001]- (Cu-HHTPg0y;) and [100]-
orientations (Cu-HHTP;00y). Z-scan results show that the nonlinear absorption
coefficient (8) of Cu-HHTP[goy; film (7.60 x 107° m/W) is much higher than that
of Cu-HHTP;00; film (0.84 x 10" m/W) at O V and the 8 of Cu-HHTP[goy; and Cu-
HHTPyyo; films gradually increase to 3.84 x 10 and 1.71x 10 m/W at 10 V by
increasing the applied voltage, respectively. Due to 2D Cu-HHTP having ani-
sotropy of charge transfer in different orientations, the NLO of MOFs film can
be dependent on their growth orientations and improved by tuning the elec-

trical field. This study provides more avenues for the regulation and NLO
applications of MOFs.

Metal-organic frameworks (MOFs) are a kind of crystalline network
materials made from metal nodes and organic linkers through robust
coordination binding'>. Due to their high porosity, large surface area,
abundant active sites, designability structures, and tunable
functionalities*®, MOFs have attracted great attention in adsorption/
separation'*", catalysis'*", biomedicine'®”, optics'®?°, electronics**
and so on. Especially recently MOFs with m-electronic conjugated
systems possess third-order nonlinear optics (NLO), showing potential
applications in optical limiting (OL), optical switching, and mode-
locked laser systems, etc?* . So far, third-order NLO performances of
MOFs have been investigated by adjusting different MOFs structural
parameters, including the types of metal chelated ligands®, con-
struction of interpenetrated networks”, encapsulation of guest spe-
cies and thickness of MOFs film*. However, to expand the practical
third-order NLO applications of MOFs, more flexible and direct reg-
ulation strategies need to be developed. This calls for the studies to
tune the third-order NLO response of MOFs by stimulating external
factors, which will help to better understand their NLO performance
and expand their optical applications. Particularly, electrical regulation
provides a fast and high-efficient strategy for developing new optoe-
lectronic devices and sensors®°, Despite electrical regulation has

been used for the study and applications in the fields of materials
synthesis®?*?,  adsorption/separation®**,  catalysis®*,  optical
applications®*, electrical regulation of NLO in MOFs has not been
reported and is still a challenging task.

Most types of MOFs reported so far have low conductivity, thus
limiting their diverse electrical applications®>*>**, To achieve efficient
electrical tunning of third-order NLO performance, conductive MOFs
provide a kind of excellent candidate materials with layered structure
and large m-conjugation, which usually are beneficial for high charge
mobility and possess good NLO performance** %, Furthermore, com-
pared with powder or bulk MOFs, MOFs films with less light scattering
and continuous surface are better for understanding their NLO per-
formance and broadening the practical application?. In particular,
MOFs films prepared by liquid phase epitaxial layer-by-layer (LPE LBL)
method (surface-coordinated MOFs thin films, SURMOFs) not only
have well-defined high transparency and homogeneous surface, but
also have the features of controllable growth orientation and adjus-
table thickness**°, which exhibit obvious advantage for preparing
high-quality films in the NLO regulation and application of MOFs.

Based on the above considerations, in this work, we prepare con-
ductive MOFs Cu-HHTP (HHTP =2,3,6,7,10,11-hexahydroxytriphenylene)
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films with [001]- and [100]-orientations by using the LPE LBL method,
namely Cu-HHTPgoy; and Cu-HHTPpo¢; films, to study electrically reg-
ulating third-order NLO. Z-scan measurement results show that the
conductive MOFs with large conjugated systems have strong nonlinear
OL. Interestingly, the [001]-orientation has a stronger third-order non-
linear absorption coefficient () than that of [100]-orientation and the
of different orientations increases with different rates via increasing
applied voltage due to the anisotropy of charge transfer in different
orientations. The f of Cu-HHTPgoy film increases from 7.60 x 1076 m/W
(0V) to 3.84 x10° m/W (10 V) while that of Cu-HHTP300; film increases
from 0.83 x10°m/W (0 V) to 1.71 x10° m/W (10 V) with increasing the
applied voltage, implying Cu-HHTPoo;; has higher increase rate of
electrical tunning third-order NLO performance than Cu-HHTPo0;. The
density functional theory (DFT) calculations also demonstrate the third-
order nonlinear response of Cu-HHTPooy is better than that of Cu-
HHTP;00; and can be enhanced by applying the voltages. To the best of
our knowledge, this work is the first achievement in the regulation of the
nonlinear optical limiting effect by changing the growth orientations and
applying the electric voltage in MOFs materials.

Results

Preparation of the Cu-HHTP[goy; and Cu-HHTP ;¢ films

In this work, Cu-HHTP films were assembled on the functionalized
substrates with LPE LBL autoarm immersion method by sequentially
immersing Cu(OAc), and HHTP solutions (Fig. 1 top). Between each
step, the samples were washed to remove the unreacted reactants.
Note that two oriented Cu-HHTP films along [001]- and [100]-
orientations were prepared by changing the types of solvents and
reaction temperature during the preparation process (Fig. 1 bot-
tom). Cu-HHTP[poy; film was obtained using ethanol as solvent
under 40 °C while Cu-HHTP100; film was prepared when the solu-
tion was deionized water and the reaction temperature was 70 °C.
For further studies, ITO glasses were used as the substrates for Cu-
HHTP films growth.

Characterization of the Cu-HHTPgo;; and Cu-HHTP[yo; films

In the MOFs structure, Cu-HHTP has a graphene-like honeycomb
porous and layered structure (Fig. 2a). The crystallinities and growth
orientations of Cu-HHTP films were characterized by out-of- and in-
plane XRD patterns (Fig. 2b). The out-of-plane XRD pattern of Cu-
HHTP|ooy; film showed a peak at 27.7°, which was identified as (001)
peaks of Cu-HHTP. The diffraction peaks at 4.6° and 9.5° in the in-plane
XRD pattern were attributed to the (100) and (200) peaks. The dif-
fraction peaks at 4.6°, 9.5°, and 12.6° in the out-of-plane XRD pattern of
Cu-HHTP00; film corresponded to the (100), (200), and (210) peaks of
simulated Cu-HHTP, respectively. Its in-plane XRD pattern showed
diffraction peaks at 4.6°, 9.5°, and 27.7° corresponding to (010), (020),
and (001) peaks. The XRD data showed that Cu-HHTP films with [001]-
and [100]-orientations were successfully prepared on substrates.

The morphology and thickness of Cu-HHTP films were char-
acterized by scanning electronic microscopy (SEM). Surface SEM
images showed that both Cu-HHTPjgo;; and Cu-HHTPyq0; films had
good homogeneity and flat surfaces (Fig. 2c and Supplementary Fig. 1a,
b). The cross-sectional SEM images showed that the thickness of Cu-
HHTP|001; and Cu-HHTP(;0; films were about 60 and 120 nm, respec-
tively (Fig. 2d and Supplementary Fig. 1c). The atomic force micro-
scope (AFM) images of Cu-HHTPoo;; and Cu-HHTP[;00; films showed
that both films had good smooth and continuous surface (Fig. 2e and
Supplementary Fig. 1d). In addition, the crystalline phase of Cu-HHTP
nanosheets stripped from the sample substrates (Fig. 2f~h and Sup-
plementary Fig. 1e, f) and powder samples prepared by heat capacity
method (Supplementary Fig. 2) could be seen in the transmission
electron microscope (TEM) images. The TEM images and selected area
electron diffractions (SAED) measurements further corroborated the
high crystalline phase and revealed an obvious lattice spacing of
~1.87 nm, which was consistent with [100] crystal plane of Cu-HHTP.

IR spectra of Cu-HHTP powder and films showed that the C-O
stretching vibration peak shifted from 1217 to 1206 cm™, and the C=C
and C=0 peaks intensities weakened at 1600 and 1540 cm™ compared

Metal ions solvent

ligands solvent
[ S )

Cu-HHTP 4y,

Fig. 1| Preparation of Cu-HHTP films. The preparation process of Cu-HHTP films with [001]- and [100]-orientations by LPE LBL method.
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Fig. 2 | Structural analysis and morphological characterization of Cu-HHTP
films. a Structural models of Cu-HHTP along c-axis (top) and b-axis (down), H
atoms are omitted for clarity. b The out-of- and in-plane XRD patterns of Cu-
HHTPo01 and Cu-HHTPpy00; films, and XRD pattern of Cu-HHTP powder in

comparison to the simulated XRD pattern. ¢ The surface, d cross-sectional SEM and
e AFM images of Cu-HHTPjgoy; films. f The TEM and g, h HRTEM images of Cu-HHTP
nanosheets scraped from the Cu-HHTPooy; film sample (inserted g: SAED pattern).
arb. units: arbitrary units.

with that of ligand HHTP, indicating the coordination between ligand
and Cu*" (Supplementary Fig. 3). The Raman spectra of HHTP, Cu-
HHTP,owder, Cu-HHTPp00), and Cu-HHTPqqy; films (Supplementary
Fig. 4) showed that the OH absorption peaks of Cu-HHTP powder and
films at 2881, 3054, and 3197 cm™ and the C=0 absorption peaks at
1620 cm™ almost disappeared, which proved that Cu? was highly
coordinated with ligand HHTP. The Cu2p, Cls, and Ols XPS spectra of
Cu-HHTP[po;; and Cu-HHTPj00; films (Supplementary Figs. 5, 6)
showed that Cu, C, and O elements were uniformly distributed in
MOFs films.

Since the charge transfer in MOFs films with different orienta-
tions has anisotropy, and the charge transfer rate of the interlayer
transport path is different from that of the intralayer transport
path®*2, In order to investigate the conductivity of Cu-HHTPpoy
and Cu-HHTPp0; films, the current-voltage (/-V) curves were
measured by two-probe method and the data showed the con-
ductivity of Cu-HHTPooy; film was better than that of Cu-HHTP100;
film (Fig. 3a). Notably, electrochemical impedance spectroscopy
(EIS) showed that both oriented Cu-HHTP|go;; and Cu-HHTP[;o;

thin films were conductivity and the interfacial resistance of Cu-
HHTPooy; (77.95Qcm?) was lower than that of Cu-HHTPpo
(237.74 Q cm?) (Supplementary Fig. 7a, b). Photocurrent measure-
ments (Fig. 3b) revealed that the photocurrent response of Cu-
HHTP ooy film was higher than that of Cu-HHTP;o¢; film, indicating
that orientations influence the charge transfer in conductive MOFs
and showing different conductivities. Solid-state UV-vis spectra
(Fig. 3¢c) showed there were three characteristic absorption peaks at
269, 356, and 637 nm for Cu-HHTPgoy; film, and three peaks at 270,
363, and 644 nm for Cu-HHTP[100; film. The peak at about 270 nm
was attributed to the ligand itself, 360 nm could be attributed to the
m-r* transition of the MOFs structure, and 640 nm could be attrib-
uted to the charge transfer between metal and ligand*. Compared
to the solid-state UV-vis spectra of Cu-HHTP[goq film, Cu-HHTP 100,
film showed a red-shift, which may be related to the orientation of
the films. Both Cu-HHTP[g01; and Cu-HHTP;o¢; films showed broad
absorption bands in the near-infrared region, and their band gaps
were estimated to be 1.53 and 1.32 eV by the Tauc plots, respec-
tively (Fig. 3d).
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Fig. 3 | Photoelectrochemical characterization of Cu-HHTP films. a /-V characteristics with the vertical devices. b Photocurrent properties. ¢ UV-vis spectra and d Tauc

plot of Cu-HHTPoo1; and Cu-HHTPo0; films. arb. units: arbitrary units.

The third-order NLO test of the Cu-HHTPooy; and Cu-
HHTP[loo] films

The third-order NLO properties of Cu-HHTP films were tested by using
Z-scan technology with a 532 nm nanosecond laser at 80 pJ. The Cu-
HHTPo0y; and Cu-HHTP00; films were installed on the computer-
controlled translation platform. The thickness of the films could be
controlled by optimizing the number of immersion cycles during film
preparation, resulting in the linear transmittance of Cu-HHTP[go;; and
Cu-HHTPo; films remained at 70% and 61%, respectively (Fig. 4a). The
open-aperture Z-scan test for both films showed typical reverse
saturation absorption (RSA) responses (Fig. 4a). The minimum nor-
malized transmittances (T ;) of Cu-HHTPgo1; and Cu-HHTPyo0; films
at Z=0 were about 0.70 and 0.85, respectively. The bare ITO glass
substrate was used as reference. Figure 4b showed the relationship
between the normalized transmittance of the films and the laser input
fluence. It could be seen that the normalized transmittance of the two
films were basically unchanged at low input fluence, and gradually
decreased with the increase of input fluence and the decreasing speed
of Cu-HHTP|goy; film was faster than that of Cu-HHTP;o0; film. Fig-
ure 4c showed the relationship between the sample laser output flu-
ence and the laser input fluence. Similarly, at low input fluence, the
output fluence of the samples showed a high linear relationship. With
the further increasing of the laser input fluence, the output fluence
began to decay, and then gradually tended to be constant. The decay
degree of Cu-HHTPgo;; film was higher than that of Cu-HHTP;0; film.
As shown in Fig. 4b, ¢, the NLO curves of Cu-HHTPgoy and Cu-
HHTP100; films showed the typical feature of optical limiting (OL).
Figure 4d showed the S of the two films after fitting the measured
Z-scan curves. The S values Cu-HHTP go5; and Cu-HHTP10; films were
calculated to be -7.60 x 107 m/W and -0.84 x 10® m/W, respectively.
These oriented Cu-HHTP films exhibited higher nonlinear OL perfor-
mance (Supplementary Table 1) than most of reported OL materials

and the OL performance could be dependent on the growth orienta-
tions, in which [001]-orientation was better than that of [100]-
orientation.

To investigate the NLO performance of the MOFs films with
different growth orientations, the density of states and third-order
polarizabilities (y) of two Cu-HHTP structural models (Fig. 4e and
Supplementary Fig. 10a, b and Supplementary Figs. 12, 13) were
compared through density functional theory (DFT) calculations.
The calculated y for Cu-HHTP along [0O1]-orientation was
2.36 x 107 esu, which was much higher than that of Cu-HHTP along
[100]-orientation (2.60 x10~* esu), indicating that the third-order
NLO response of Cu-HHTP[go;; was stronger than that of Cu-
HHTP[100;. In addition, the excitation features calculated by time-
dependent DFT (Supplementary Fig. 11a, b) showed that the nor-
malized UV-vis spectra of Cu-HHTP along [001] and [100] growth
orientations had strong absorption peaks at 672 nm (So-Sog) and
632 nm (So-Sss), respectively. The analysis results of electron-hole
distributions (Fig. 4f, g) and charge transfer paths of different
orientations (Supplementary Table 2) showed that Cu®* and ligands
were involved in the composition of holes and electrons in Cu-HHTP
along both orientations. However, the electron-hole distribution of
Cu-HHTP along [001]-orientation was more concentrated than that
of Cu-HHTP along [100]-orientation, which was easy to achieve
electron transfer. Consequently, Cu-HHTP along [001]-orientation
had multiple electron transfer pathways including metal-ligand
charge transfer (9.1%), ligand-ligand charge transfer (36.78%), and
local excitation (54.02%) while Cu-HHTP along [100]-orientation
was dominated by local excitation (95.13%). Meanwhile, Cu-HHTP
along [001]-orientation exists both intralayer (86.21%) and inter-
layer electron transfer (13.79%) while Cu-HHTP along [100]-orien-
tation only existing intralayer electron transfer (intralayer: 100%),
similar to the analysis of density of states. Therefore, the multi-
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electron transfer pathways of Cu-HHTP along [001]-orientation
resulted in a higher third-order NLO response relative to Cu-HHTP
along [100]-orientation.

As a kind of conductive MOFs film, we tested the NLO perfor-
mance changes of Cu-HHTP films with different orientations under
different external voltage conditions. The experimental setup com-
bining the open-aperture Z-scan system and applied votage apparatus
were shown in Fig. 5a. Cu-HHTP films was grown on ITO conductive
glass surface by LPE LBL method, and then another ITO glass was
attached to MOFs film to obtain “sandwich” ITO-MOFs-ITO for Z-scan
test, and the input voltage was adjusted by external power supply. As
shown in Fig. 5b, c, the linear transmittances of Cu-HHTP|oo;; and Cu-
HHTP100; films gradually reduced with the increase of voltage. When
the external voltages were 0, 2, 4, 6, 8, and 10V, the T, of Cu-
HHTPooy; film at Z=0 were 0.70, 0.56, 0.48, 0.41, 0.39, and 0.37,
respectively. And the Ty, of Cu-HHTP[100; film at Z =0 were 0.85, 0.83,
0.78, 0.76, 0.75 and 0.74, respectively. The corresponding plots of
normalized transmittance and output fluence versus input fluence

with different voltages of Cu-HHTP[go;; and Cu-HHTP ;o0 films were
shown in Supplementary Figs. 8 and 9 respectively. It could be seen
that both films exhibited enhanced OL properties under applied vol-
tage conditions.

To quantitatively evaluate the NLO response of Cu-HHTP[oo;; and
Cu-HHTP00; films with applied voltage, the S was calculated by fitting
the open-aperture Z-scan curves from Fig. 5b, ¢, and the values were
shown in Fig. 5d. Due to the high voltage can destroy the MOFs, the
0-10V were applied in both films for the study. The S of Cu-HHTP g0y
film were calculated to be 7.60 x 107, 1.61 107, 2.39x107%,3.12x 107,
3.62x107, and 3.84 x10° m/W for 0, 2, 4, 6, 8 and 10V, respectively.
And for the Cu-HHTPo0; film, when the voltage were 0O, 2, 4, 6, 8, and
10V, the B were 0.84x10° 110x10° 135x107°% 154x107,
1.66 x107%, and 1.71 x 10° m/W, respectively. It is worth noting that Cu-
HHTPo01; at 10 V have highest 8 value exceeding other reported NLO
materials (Supplementary Table 1). Moreover, compared with Cu-
HHTPy00; film, Cu-HHTPooy; film had a higher increase rate of 5. We
used Eq. (1) to quantify the effect of voltage on the g values. The
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variation of g for both films conformed to the equation, where R and 8
were positively correlated (Fig. 5e). By calculation, the R values of Cu-
HHTPp01; were 9, which was larger than that of the Cu-HHTPo¢; film
reflecting the calculated  growth rate of Cu-HHTPoo;; film was greater
than that of Cu-HHTPjo0; film. The calculated results were in good
agreement with the experimental results, showing that the OL effect
could be adjusted by adjusting the applied voltage.

Function fitting of the S for the film showed that they all con-
formed to the following equation:

B=Bo+ Ae® @

Where S, is the nonlinear absorption coefficient constant of thin film
without the influence of external conditions, A is a constant, R is the

changing rate of the film itself affected by voltage and, V is the external
applied voltage.

In order to explore the relationship between the electric-field
effect and the third-order NLO response, by comparing the two spin
modes™, a calculation model (CusL,) was constructed (Supplementary
Figs. 10c and 14) to investigate the variation of the third-order NLO
response of Cu-HHTP with anisotropy before and after voltage appli-
cation (Fig. 5f). The third-order NLO response increased after applying
voltage in c-axis ([001]-orientation) and ab-plane (containing [100]-
orientation). The calculated results showed that the y value were larger
than those of Cu-HHTP without voltage (7.33 x 107> esu). In addition,
the y value was 2.01x107* esu when applying voltage in c-axis, which
was significantly higher than that applying voltage in ab-plane
(1.64 102 esu). The calculated results further demonstrated the
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increased y of [001]-orientation have much higher than that of [100]-
orientation, which is consistent with the experimental g increase. Due
to the electron transfer rate in c-axis was higher than that in ab-plane,
indicating that the transfer of electrons had an impact on the third-
order response of Cu-HHTP. The calculation results also illustrated
that the NLO property of the conducive MOFs was not only dependent
on growth orientations but also greatly influenced by the stimulation
of applied voltage, which was consistent with the experimental results.

Discussion

In summary, we have successfully fabricated [001]- and [100]-oriented
Cu-HHTP films by using a LPE LBL dipping method. The Z-scan results
showed that conductive Cu-HHTP films has excellent third-order NLO
performance and Cu-HHTPooy; film had higher B than Cu-HHTPo0;
film, as well as their nonlinear optical limiting (OL) performance could
be greatly improved by changing the applied voltage. Interestingly, the
Cu-HHTPooy film at 10 V has higest 3 value, which is better than other
reported NLO materials. The nonlinear OL of the conductive MOFs
films obviously influenced by growth orientations and applying elec-
trical voltage can be attributed to being that the anisotropy of charge
transfer in different orientations of 2D conductive Cu-HHTP, which is
also confirmed by theoretical DFT calculation of electron-hole dis-
tributions and third-order polarizabilities. This study proposes an
effective way to tune the third-order NLO properties of MOFs thin film
through by changing the growth orientations and stimulating with
applied voltages, expanding a meaningful strategy to develop high-
performance NLO materials in practical optoelectronic applications.

Methods

Materials and instrumentation

All of the chemicals were used after purchase without further
purification. The Powder X-ray diffraction (PXRD) analysis were
performed on a MiniFlex2 X-ray diffractometer using Cu-Ka
radiation (A =0.1542 nm) in the 20 range of 3-30° with a scanning
rate of 0.5° min’. IRRAS data were recorded using a Bruker Vertex
70 FTIR spectrometer with 2 cm™ resolution at an angle of inci-
dence of 80° relative to the surface normal. Scanning electron
microscope (SEM) images for the morphology of Cu-HHTP films
were measured by JSM6700. JEM-2010F was used to record trans-
mission electron microscope (TEM) images. The AFM images were
recorded with a Bruker Dimension ICON. X-ray photoelectron
spectroscopy (XPS) spectra for the samples were recorded by using
an ESCALAB250Xi. The UV-vis spectra for the samples were mea-
sured by Lambda 365. Photocurrent measurement was carried out
by using a CHI760e electrochemical workstation (Shanghai Chen-
hua Instrument China).

Fabrication of Cu-HHTP Powder

A solid mixture of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP,
7 mg) and Cu(OAc),-2H,0 (10 mg) was dissolved in 4 mL of deio-
nized water in a 20mL glass vial and 0.165mL of 1-methyl-2-
pyrrolidone (NMP) was added drop wise. Then, The vial was capped
and sonicated for 30 min. The solid mixture was heated at 85 °C for
36 h, followed by natural cooling to room temperature. The
resulting black solid mixture was isolated by centrifugation and
washed three times by deionized water and acetone. The solid
product was dried under vacuum.

Preparation of functionalized substrates

The ITO glass substrates were firstly cleaned by sequentially ultra-
sonicating in deionized water, ethanol, acetone. Then, the functiona-
lized substrates were treated with a mixture of concentrated hydrogen
peroxide (30%) and NaOH (2 mmol) aqueous solution at a volume ratio
of 1:3 was treated at 80 °C for 30 min, then cleaned with deionized
water and dried under nitrogen flux for the next preparation.

Fabrication of Cu-HHTP films with different orientations

The Cu-HHTP films with different orientations were grown on ITO glass
substrates using the liquid-phase epitaxy (LPE) layer-by-layer (LbL)
method.

(1) Fabrication of Cu-HHTP film with [001] orientation(Cu-
HHTP(go1)). The Cu-HHTPgoy; film were fabricated using the following
ethanolic solutions: Cu(OAc),*2H,0 (1 mM) and HHTP (0.015 mM). The
functionalized ITO glass substrates were immersed in the solution of
Cu(OAc),2H,0 for 10 min and then was immersed in HHTP solution
for 15min at 40 °C. Each step was washed with ethanol to remove
residual reactants. A total of 10 growth cycles were used for in situ LPE
LBL Cu-HHTPgoy film in this work.

(2) Fabrication of Cu-HHTP film with [100] orientation(Cu-
HHTPp100)). The Cu-HHTP00; film was fabricated using the following
deionized water solutions: Cu(OAc),*2H,0 (2mM) and HHTP
(0.02 mM). Meanwhile, 10 pL of NMP were added to 100 mL of HHTP
solution. The functionalized ITO glass substrates were immersed in the
solution of Cu(OAc),°2H,0 for 10 min and then was immersed in HHTP
solution for 15min at 70 °C. Each step was washed with deionized
water to remove residual reactants. A total of 15 growth cycles were
used for in situ LPE layer-by-layer Cu-HHTP;o0; films in this work.

Z-scan measurements

The third-order NLO properties of the sample were evaluated by using
the Z-scan technique. The excitation light source was an Nd:YAG laser
with a repetition rate of 5 Hz. The laser pulse (period, 5 ns; wavelength,
532 nm) was split into two beams with a mirror. The pulse energies at
the front and back of the samples were monitored using energy
detectors 1 and 2. All of the measurements were conducted at room
temperature. The sample was mounted on a computer-controlled
translation stage that shifted each sample along the z-axis.

The relationship of the transmission and input laser intensity for a
spatially Gaussian beam can be plotted from the open-aperture Z-scan
curve. From the input laser pulse energy £;, and beam radius w(z), the
light fluence F;,(2) at any position can be obtained. F;,(2) is defined as

4E._v/In2
Fin(@)=—"—5

mw(z)
Where w(z) is defined as:

1

212
w(Z)=w, {H (%) }

where wg (29 pm) and z, are the light beam radius and the Rayleigh
range, respectively, and z, is defined as:

_ kg
o=
Where k is defined as:
21
k=%

The equation fits for the nonlinear adsorption coefficient S as
follows:

TZ,5=1)= 1+ qO(Z,O)e"Z]dr

.
J40Z,0) J
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qo(Z,0) :ﬁlol-eff

1— e—al

Legr=

In these equations, /o is the on-axis peak intensity at the focus
(Z=0), Loy is the effective thickness of the sample, a is the linear
absorption coefficient, and [ is the sample thickness.

DFT calculations

All the calculations were using Gaussian 16. The second hyperpolariz-
abilities (y) in this work were used cam-B3LYP functional and
6-31+g(d,p) basis sets for C, H, O, and LanI2DZ for Cu with D3 dis-
persion correction of Grimme. The TDDFT calculations were used cam-
B3LYP functional with 6-31g(d,p) basis sets for C, H, O, and Lanl2DZ
for Cu. Multiwfn 3.8(dev) code and VMD software were used to analyse
the hyperpolarizabilities and excitation characteristics. The second
hyperpolarizabilities were calculated by the coupled perturbed Kohn
-Sham method. After the Taylor expansion of the energy (E) to the
uniform external electric field (F) is as follows:

—FO) —uF_Yarr g _ 1 g
E(F)=E(0) - poF — 5aF* — P> — 5, yF* — .

OF 1 1
WF)= — o5 =po +aF+ <§>ﬁF2+ (g>yF3+

The i components of y are defined as

1 ..
Y= <E> Z(Yij,"i Yy + Vi) 8 = (X.0.2}
J

The total magnitude of y is measured as

Ytot=\/Y)2r+Y§+Y§

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that all relevant data are available in this paper and
its Supplementary Information and that data supporting the results of
this study are available from corresponding authors upon reasonable
request.

References

1. Yaghi, O. M. et al. Reticular synthesis and the design of new
materials. Nature 423, 705-714 (2003).

2. Zhou, H.-C., Long, J. R. & Yaghi, O. M. Introduction to metal-organic
frameworks. Chem. Rev. 112, 673-674 (2012).

3. Furukawa, H., Cordova, K. E., O'Keeffe, M. & Yaghi, O. M. The
chemistry and applications of metal-organic frameworks. Science
341, 1230444 (2013).

4. Eddaoudi, M. et al. Systematic design of pore size and functionality
in isoreticular MOFs and their application in methane storage. Sci-
ence 295, 469-472 (2002).

5. Stock, N. & Biswas, S. Synthesis of metal-organic frameworks
(MOFs): routes to various MOF topologies, morphologies, and
composites. Chem. Rev. 112, 933-969 (2012).

6. Deng, H. et al. Large-pore apertures in a series of metal-organic
frameworks. Science 336, 1018-1023 (2012).

10.

1.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Chae, H. K. et al. A route to high surface area, porosity and inclusion
of large molecules in crystals. Nature 427, 523-527 (2004).

Chen, B., Xiang, S. & Qian, G. Metal-organic frameworks with
functional pores for recognition of small molecules. Acc. Chem.
Res. 43, 1115-1124 (2010).

Hu, Z., Deibert, B. J. & Li, J. Luminescent metal-organic frameworks
for chemical sensing and explosive detection. Chem. Soc. Rev. 43,
5815-5840 (2014).

Ma, S. Gas adsorption applications of porous metal-organic fra-
meworks. Pure. Appl. Chem. 81, 2235-2251 (2009).

Hong, D. H. & Suh, M. P. Selective CO, adsorption in a metal-organic
framework constructed from an organic ligand with flexible joints.
Chem. Commun. 48, 9168-9170 (2012).

Li, J.-R., Kuppler, R. J. & Zhou, H.-C. Selective gas adsorption and
separation in metal-organic frameworks. Chem. Soc. Rev. 38,
1477-1504 (20009).

Rosi, N. L. et al. Hydrogen storage in microporous metal-organic
frameworks. Science 300, 1127-1129 (2003).

Lee, J. et al. Metal-organic framework materials as catalysts. Chem.
Soc. Rev. 38, 1450-1459 (2009).

Wang, C., Xie, Z., deKrafft, K. E. & Lin, W. Doping metal-organic
frameworks for water oxidation, carbon dioxide reduction, and
organic photocatalysis. J. Am. Chem. Soc. 133, 13445-13454
(2011).

Simon-Yarza, T., Mielcarek, A., Couvreur, P. & Serre, C. Nano-
particles of metal-organic frameworks: on the road to in vivo effi-
cacy in biomedicine. Adv. Mater. 30, 17707365 (2018).

Wu, M.-X. & Yang, Y.-W. Metal-organic framework (MOF)-based
Drug/Cargo delivery and cancer therapy. Adv. Mater. 29,

1606134 (2017).

Allendorf, M. D., Bauer, C. A., Bhakta, R. K. & Houk, R. J. T. Lumi-
nescent metal-organic frameworks. Chem. Soc. Rev. 38,
1330-1352 (2009).

Medishetty, R. et al. A new class of lasing materials: intrinsic sti-
mulated emission from nonlinear optically active metal-organic
frameworks. Adv. Mater. 29, 1605637 (2017).

He, H. et al. Confinement of perovskite-QDs within a single MOF
crystal for significantly enhanced multiphoton excited lumines-
cence. Adv. Mater. 31, 1806897 (2019).

Koo, W.-T., Kim, S.-J., Jang, J.-S., Kim, D.-H. & Kim, I.-D. Catalytic
metal nanoparticles embedded in conductive metal-organic fra-
meworks for chemiresistors: highly active and conductive porous
materials. Adv. Sci. 6, 1900250 (2019).

Wu, G., Huang, J., Zang, Y., He, J. & Xu, G. Porous field-effect
transistors based on a semiconductive metal-organic framework. J.
Am. Chem. Soc. 139, 1360-1363 (2017).

Li, D.-J., Gu, Z.-G. & Zhang, J. Auto-controlled fabrication of a metal-
porphyrin framework thin film with tunable optical limiting effects.
Chem. Sci. 11, 1935-1942 (2020).

Medishetty, R., Zareba, J. K., Mayer, D., Samoc, M. & Fischer, R. A.
Nonlinear optical properties, upconversion and lasing in metal-
organic frameworks. Chem. Soc. Rev. 46, 4976-5004 (2017).
Dissanayake, D. M. A. S., Cifuentes, M. P. & Humphrey, M. G. Optical
limiting properties of (reduced) graphene oxide covalently func-
tionalized by coordination complexes. Coord. Chem. Rev. 375,
489-513 (2018).

Li, D.-J., Li, Q.-h, Gu, Z.-G. & Zhang, J. Oriented assembly of 2D
metal-pyridylporphyrinic framework films for giant nonlinear opti-
cal limiting. Nano. Lett. 21, 10012-10018 (2021).

Li, D.-J. et al. Interpenetrated metal-porphyrinic framework for
enhanced nonlinear optical limiting. J. Am. Chem. Soc. 143,
17162-17169 (2021).

Jiang, T. et al. Gate-tunable third-order nonlinear optical response
of massless Dirac fermions in graphene. Nat. Photonics 12,

634 (2018).

Nature Communications | (2022)13:6347



Article

https://doi.org/10.1038/s41467-022-34139-2

29. Soavi, G. et al. Broadband, electrically tunable third-harmonic
generation in graphene. Nat. Nanotechnol. 13, 583-588 (2018).

30. Talin, A. A. et al. Tunable electrical conductivity in metal-organic
framework thin-film devices. Science 343, 66-69 (2014).

31. Schaefer, P., van der Veen, M. A. & Domke, K. F. Unraveling a two-
step oxidation mechanism in electrochemical Cu-MOF synthesis.
Chem. Commun. 52, 4722-4725 (2016).

32. Liu, Y. et al. Electrochemical synthesis of large area two-
dimensional metal-organic framework films on copper anodes.
Angew. Chem. Int. Ed. 60, 2887-2891 (2021).

33. Trefalt, G., Behrens, S. H. & Borkovec, M. Charge regulation in the
electrical double layer: ion adsorption and surface interactions.
Langmuir 32, 380-400 (2016).

34. Elhenawy, S. E. M., Khraisheh, M., AlMomani, F. & Walker, G. Metal-
organic frameworks as a platform for CO, capture and chemical
processes: adsorption, membrane separation, catalytic-conversion,
and electrochemical reduction of CO,. Catalysts 10, 1293 (2020).

35. Xu, K. et al. Dual electrical-behavior regulation on electrocatalysts
realizing enhanced electrochemical water oxidation. Adv. Mater.
28, 3326-3332 (2016).

36. Xiao, Y.H., Gu, Z. G. & Zhang, J. Surface-coordinated metal-organic
framework thin films (SURMOFs) for electrocatalytic applications.
Nanoscale 12, 12712-12730 (2020).

37. Baugher, B. W. H., Churchill, H. O. H., Yang, Y. & Jarillo-Herrero, P.
Optoelectronic devices based on electrically tunable p-n diodes in
a monolayer dichalcogenide. Nat. Nanotechnol. 9, 262-267 (2014).

38. Yao, Y. et al. Electrically tunable metasurface perfect absorbers for
ultrathin mid-infrared optical modulators. Nano. Lett. 14,
6526-6532 (2014).

39. Low, T. et al. Polaritons in layered two-dimensional materials. Nat.
Mater. 16, 182-194 (2017).

40. Kang, L. et al. Study on dye wastewater treatment of tunable con-
ductivity solid-waste-based composite cementitious material cat-
alyst. Desalin. Water Treat. 125, 296-301 (2018).

41. Tam, T. K., Ornatska, M., Pita, M., Minko, S. & Katz, E. Polymer brush-
modified electrode with switchable and tunable redox activity for
bioelectronic applications. J. Phys. Chem. C. 112,

8438-8445 (2008).

42. Li, B. et al. Emerging multifunctional metal-organic framework
materials. Adv. Mater. 28, 8819-8860 (2016).

43. Sun, L., Campbell, M. G. & Dinca, M. Electrically conductive porous
metal-organic frameworks. Angew. Chem. Int. Ed. 55,

3566-3579 (2016).

44. Hmadeh, M. et al. New porous crystals of extended metal-
catecholates. Chem. Mater. 24, 3511-3513 (2012).

45. Sheberla, D. et al. High electrical conductivity in Ni-3(2,3,6,7,10,11-
hexaiminotriphenylene)(2), a semiconducting metal-organic gra-
phene analogue. J. Am. Chem. Soc. 136, 8859-8862 (2014).

46. Maehringer, A. et al. Oriented thin films of electroactive tripheny-
lene catecholate-based two-dimensional metal-organic frame-
works. ACS Nano 13, 6711-6719 (2019).

47. Sun, Y. et al. Superb nonlinear absorption of triphenylene-based
metal-organic frameworks associated with abundant metal d
electrons. Adv. Opt. Mater. 9, 2100622 (2021).

48. Le, K. N. & Hendon, C. H. Pressure-induced metallicity and piezo-
reductive transition of metal-centres in conductive 2-dimensional
metal-organic frameworks. Phys. Chem. Chem. Phys. 21,
25773-25778 (2019).

49. Liu, B. et al. Enantiopure metal-organic framework thin films:
oriented SURMOF growth and enantioselective adsorption. Angew.
Chem. Int. Ed. 51, 807-810 (2012).

50. Liu, J. et al. A novel series of isoreticular metal organic frameworks:
realizing metastable structures by liquid phase epitaxy. Sci. Rep. 2,
921 (2012).

51. Wang, Z. et al. Interfacial synthesis of layer-oriented 2D conjugated
metal-organic framework films toward directional charge transport.
J. Am. Chem. Soc. 143, 13624-13632 (2021).

52. Hwang, S., Lee, E. J., Song, D. & Jeong, N. C. High proton mobility
with high directionality in isolated channels of MOF-74. ACS Appl.
Mater. 10, 35354-35360 (2018).

53. Song, X. et al. 2D semiconducting metal-organic framework thin
films for organic spin valves. Angew. Chem. Int. Ed. 59,

1118-1123 (2020).

54. Tiana, D., Hendon, C. H. & Walsh, A. Ligand design for long-range
magnetic order in metal-organic frameworks. Chem. Commun. 50,
13990-13993 (2014).

Acknowledgements

Z.-G. Gu acknowledges support from the National Natural Science
Foundation of China (21872148), the Youth Innovation Promotion Asso-
ciation of the Chinese Academy of Sciences (2018339), and Fujian Sci-
ence & Technology Innovation Laboratory for Optoelectronic
Information of China (Grant No. 2021ZR131).

Author contributions

Z.-G.G. and J.Z. contributed to the conception of the study; Z.-Z.M.
performed the experiment; Z.-G.G. and Z.-Z.M. contributed significantly
to analysis and manuscript preparation; Z.W. and Q.-H.L. helped perform
the theoretical calculation part and relative discussions.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34139-2.

Correspondence and requests for materials should be addressed to
Zhi-Gang Gu.

Peer review information Nature Communications thanks Nak Cheon
Jeong and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:6347


https://doi.org/10.1038/s41467-022-34139-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Electrically regulating nonlinear optical limiting�of metal-organic framework film
	Results
	Preparation of the Cu-HHTP[001] and Cu-HHTP[100] films
	Characterization of the Cu-HHTP[001] and Cu-HHTP[100] films
	The third-order NLO test of the Cu-HHTP[001] and Cu-HHTP[100] films

	Discussion
	Methods
	Materials and instrumentation
	Fabrication of Cu-HHTP Powder
	Preparation of functionalized substrates
	Fabrication of Cu-HHTP films with different orientations
	(1) Fabrication of Cu-HHTP film with [001] orientation(Cu-HHTP[001])
	(2) Fabrication of Cu-HHTP film with [100] orientation(Cu-HHTP[100])
	Z-nobreakscan measurements
	DFT calculations
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




