Open Access Article. Published on 09 January 2020. Downloaded on 1/17/2020 6:19:20 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Chemical
Science
View Article Online

EDGE ARTICLE

Cite this: DOI: 10.1039/c9sc05881h
All publication charges for this article
have been paid for by the Royal Society
of Chemistry

View Journal

Auto-controlled fabrication of a metal-porphyrin
framework thin ﬁlm with tunable optical limiting
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Metal–organic frameworks (MOFs) with third-order nonlinear optical (NLO) properties are still in their
infancy but are very important. In this work, we ﬁrst develop a layer by layer autoarm immersion method
for preparing porphyrin-based MOF (PIZA-1) thin ﬁlms with third-order NLO properties. By precisely
controlling the thickness, the nonlinear absorption of PIZA-1 thin ﬁlms can be switched continuously
between reverse saturable absorption (RSA) and saturable absorption (SA) by using the Z-scan technique.
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In addition, the optical limiting eﬀect could be further optimized by loading C60 in the pores of the PIZA1 thin ﬁlm. These ﬁndings not only open a new route for the exploitation of third-order NLO thin ﬁlm
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materials, but also oﬀer an insightful understanding of porphyrin-based MOF thin ﬁlms for future broad
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practical applications.

Introduction
Third-order nonlinear optical (NLO) materials have attracted
much attention due to their potential applications in optical
switching, optical limiting, logic devices, image transmission
and mode-locked laser systems.1–5 Thus, the design and
synthesis of new third-order NLO materials are important in
modern chemistry and materials science. The NLO behavior
mainly includes reverse saturable absorption (RSA), saturable
absorption (SA), nonlinear scattering (NLS), nonlinear refraction (NLR), etc. So far, various organic/inorganic and hybrid
materials have been synthesized for third-order NLO response,
including carbon nanodots, semiconductor quantum dots,
conjugated organic molecules (porphyrins and phthalocyanines) or polymers, black phosphorus, metal-oxo clusters and
so on.6–11 As a kind of porous crystalline hybrid material, metal–
organic frameworks (MOFs)12–15 are constructed by the coordination of metal nodes (clusters) with organic linkers and are
supposed to be promising candidates to exploit optical properties including NLO behaviour, upconversion luminescence,
lasing and so on.16–20 A few cases of powder MOFs have been
realized to investigate the third-order NLO properties.21–23
However, such powder MOFs have large scattering and are
usually required to be dispersed in solvents for investigating the
third-order NLO properties. Thus it is diﬃcult to avoid the
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inuence from solvents. So far, MOFs in the form of thin lms
have not been studied in terms of their third-order NLO properties, but they are important for practical applications.
Recently, MOF thin lms have been used in various applications.24–28 In particular, the liquid-phase epitaxy (LPE) layer by
layer method has been widely used for preparation of MOF thin
lms on substrate surfaces (also called SURMOFs)29–32 which
showed controllable thickness, a homogeneous surface,
compactness, controllable growth orientation and eﬀective
loading of functional guests into MOF pores.33–36 Such highquality MOF thin lms will oﬀer an opportunity for tuning the
third-order NLO performance and enhancing practical device
applications, such as pulse compression, Q-switching, modelocking and optical limiting. In addition, as a special subclass
of MOFs, metal-porphyrin frameworks (also called porphyrinbased MOFs) have interesting properties for catalysis, conductivity and photo-electric eﬀects.37–41 Moreover, highly p-conjugated porphyrin based materials are well-known to exhibit good
third-order NLO response, particularly the optical limiting
eﬀect.42,43 Therefore, the porphyrin-based MOF thin lms may
be promising materials for third-order NLO response, but no
reports are available so far.
Herein, we develop a universal layer by layer autoarm
immersion method with heating for the preparation of MOF
thin lms. This method is very labor-saving and cost-eﬀective
and can be widely applied to prepare MOF thin lms (such as
many classic MOFs HKUST-1, MOF-2, Co2(BDC)2TED, PIZA-1,
etc). The autoarm immersion setup and preparation process
of MOFs and guest loaded MOF thin lms are shown in Fig. S1.†
Notably, as a porphyrin-based MOF, the high quality PIZA-1 thin
lm is an ideal candidate for studying the third-order NLO
properties. Here we rst prepare the porphyrin-based MOF
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PIZA-1 thin lm on quartz glass by tuning the thickness and
loading fullerene molecules in the pores of the PIZA-1 thin lm
(Fig. 1). Such a PIZA-1 thin lm with diﬀerent thicknesses
showed switching of the nonlinear absorption from reverse
saturable absorption (RSA) to saturable absorption (SA) and the
optical limiting eﬀect could be further improved by loading C60
molecules. The superior optical limiting eﬀect of the C60 loaded
PIZA-1 thin lm may be attributed to the accumulation eﬀect of
energy transfer/photoinduced electron transfer (ET/PET)
between the porphyrin group and C60, RSA, nonlinear scattering (NLS), and nonlinear refraction (NLR). Density functional
theory (DFT) calculations reveal that the ET/PET derived from
electron-donor/electron–acceptor interactions can enhance the
RSA behavior, which will optimize the optical limiting eﬀect.

Results and discussion
Fig. 2a and b show the structure and X-ray diﬀraction pattern of
the PIZA-1 thin lm, respectively. Two obvious XRD peaks of the
PIZA-1 thin lm located at 6.1 and 12.2 were observed, indicating a [110]-oriented thin lm.44 To study the thicknessdependent NLO behavior, PIZA-1 thin lms prepared with 5,
10, 15, 20, and 25 cycles were grown on quartz glass under the
same conditions. The SEM image (Fig. 2c) of the PIZA-1 thin
lm showed a homogeneous surface and a continuous thin lm
as well as an average domain width size of 1.4 mm (Fig. S2a†).
Moreover, the PIZA-1 thin lm has a low surface roughness of
10 nm (Fig. S2b†), and the thicknesses of the PIZA-1 thin lms
(Fig. S2c†) are 130, 230, 300, 360 and 420 nm for 5, 10,
15, 20 and 25 cycles (named PIZA-1-n, n is the LPE cycle
number), showing an approximately linear dependence on the
LPE cycles (Fig. 2d). This illustrates that the PIZA-1 thin lm can
be prepared successfully and the thickness can be well
controlled by the layer by layer process. In addition, the transmittance of the PIZA-1 thin lm with diﬀerent thicknesses
decreases with the increasing thickness (Fig. 2e and f) showing
an approximate exponential decay with LPE cycles, and the

Fig. 1 The preparation of PIZA-1 and C60@PIZA-thin ﬁlms by the
autoarm immersion layer by layer method and tunable NLO behavior
by tuning the thickness and loading of fullerene molecules.
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(a) Structure of the PIZA-1 thin ﬁlm; (b) XRD pattern of the PIZA1 thin ﬁlm; (c) surface SEM image of the PIZA-1 thin ﬁlm prepared with
10 cycles; (d) plot of the thickness versus preparation cycles; (e)
transmittance curves of the PIZA-1 thin ﬁlm prepared with diﬀerent
cycles; (f) curves of the transmittance and absorbance versus preparation cycles.
Fig. 2

absorbance of the PIZA-1 thin lm prepared with diﬀerent
cycles exhibits an approximate exponential increase with LPE
cycles. Aer tting the data, the points were identical to the
tted nonlinear curve according to the equation A ¼ 2  log(T).
In order to show the universality of the thin lm preparation
method, MOFs HKUST-1, MOF-2 and Co2(BDC)2TED thin lms
are successfully prepared in this work, which can be demonstrated by the XRD and SEM characterization data in Fig. S3–
S5.†
The NLO properties of the PIZA-1 thin lm with diﬀerent
thicknesses grown on quartz glass (Fig. 3b) are studied using
a typical open and closed aperture Z-scan system (Fig. 3a) with
a nanosecond laser at 532 nm. As shown in Fig. 3c–g, PIZA-1-5
and PIZA-1-10 thin lms exhibit a typical RSA response and
the RSA response increases with the increase of the incident
pulse energy. The minimum normalized transmittances (Tmin)
at Z ¼ 0 are about 1 (30 mJ), 0.96 (50 mJ), 0.81 (80 mJ) and 0.74
(100 mJ) for PIZA-1-5 and 0.87 (30 mJ), 0.78 (50 mJ), 0.70 (30 mJ)
and 0.65 (100 mJ) for PIZA-1-10, suggesting that PIZA-1-5 and
PIZA-1-10 have a good RSA response with an optical limiting
eﬀect at 532 nm. PIZA-1-15 and PIZA-1-20 thin lms show RSA
responses at low pulse energy (30 and 50 mJ) rst and then
display a switching behavior from RSA to SA response aer 80
mJ. The normalized transmittance of PIZA-1-25 gradually
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Fig. 3 (a) A typical open and closed aperture Z-scan system; (b)
photograph of the PIZA-1 thin ﬁlms on quartz glass with diﬀerent
thicknesses; third-order NLO behavior of the PIZA-1 thin ﬁlms with
diﬀerent thicknesses: (c–g) 5, 10, 15, 20 and 25 cycles; (h) the thickness-dependent NLO behavior of the PIZA-1 thin ﬁlms at an incident
pulse energy of 100 mJ.

increases and this SA behavior could allow it to be developed as
a passive mode locker or Q-switcher for ultrafast laser pulse
generation.
The nonlinear absorption coeﬃcient b was calculated by
tting the Z-scan curves from Fig. 3c, d, and g and is shown in
Table S1 and Fig. S6.† The negative value represents the SA
response while the positive value corresponds to the RSA
response.45 The increase of b with incident pulse energy implies
that the nonlinear absorption is also inuenced by nonlinear
scattering in the high-uence regime.46 To compare the NLO
behavior of the PIZA-1 thin lm with diﬀerent thicknesses
clearly, a comparison of the results obtained at the same incident pulse energy of 100 mJ is shown in Fig. 3h and S7, S8.† The
switching from RSA to SA with the increasing thickness was
clearly observed. For the PIZA-1-15 and PIZA-1-20, the RSA-SARSA switching behavior can be attributed to the dominant
excited state absorption at lower intensities (far from the laser
focus) and saturation of excited states at higher intensity (near
the laser focus).47 Furthermore, the UV-vis absorbance spectra
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(Fig. S9†) showed that the absorbance of the PIZA-1 thin lm
increased with the increasing thickness. The band gaps of the
PIZA-1 thin lms with diﬀerent thicknesses (Fig. S10†) were
calculated to be the same, 1.73 eV. Therefore, the thickness
dependence of the NLO behavior can be attributed to the
transmittance decrease of the PIZA-1 thin lms with the
increasing thickness. The behavior resulted in the nonlinear
absorption of the PIZA-1 thin lm changing from RSA to SA
when tuning the thickness.
Another eﬀective approach for tuning the NLO response is
introducing guest species into MOF thin lms. Herein an
eﬀective method of enhancing the NLO properties is introducing C60 into the thin lm due to its good RSA behavior. The
C60 loaded PIZA-1 (C60@PIZA-1) thin lm prepared with 10
cycles on quartz glass was prepared successfully by the modied
autoarm immersion layer by layer approach. The successful
loading of C60 in the PIZA-1 thin lm was proved by the characterization results such as the quartz crystal microbalance
(QCM) results (Fig. S11†), UV-vis absorption spectrum
(Fig. S12†), photocurrent response (Fig. S13†) and current–
voltage curves (Fig. S14†). For comparison, all experiments were
carried out with the same treatment. The water uptakes of PIZA1 and C60@PIZA-1 thin lms in the QCM test were calculated to
be 4.94 mg cm2 and 1.91 mg cm2, demonstrating that C60
molecules were loaded in the pores successfully. Absorption
bands at 330 nm were observed in the UV-vis absorption spectrum of the C60@PIZA-1 thin lm and the enhanced photocurrent properties also indicated that C60 was encapsulated in the
PIZA-1 thin lm. This introduction of C60 could increase the
separation eﬃciency of photogenerated electrons and holes,
resulting in the improved photoactivity. Besides, embedding
C60 in the PIZA-1 thin lm increases the electrical conductivity
compared with the PIZA-1 thin lm (Fig. S14†). In addition, the
stability of the C60@PIZA-1 thin lm was veried by XRD, IR and
SEM. The XRD data (Fig. S15†) of the C60@PIZA-1 thin lm
reveal that the diﬀraction pattern did not change before and
aer loading. Moreover, the IR spectra (Fig. S16†) and SEM
images (Fig. S17†) of the C60 loaded PIZA-1 thin lm was similar
to those of the pristine thin lm. The IR spectral bands in the
range of 1390–1700 cm1 corresponded to the vibrational
stretching of carboxylate groups and pyrrole groups. Because
the IR bands of C60 overlapped with the PIZA-1 IR spectrum, the
C60@PIZA-1 spectrum didn't show the peak of C60.
For comparison, the samples were adjusted to maintain an
identical linear transmittance of 85% at 532 nm. Fig. S18†
shows the open-aperture Z-scan curves of the C60@PIZA-1 thin
lm which exhibit a distinct reduction in transmittance when it
reached the laser focus. The normalized transmittance gradually increased with the increasing incident pulse energy, indicative of the excellent optical limiting eﬀect. The comparison
results at the same incident pulse energy of 100 mJ are shown in
Fig. 4a and S19.† The C60@PIZA-1 thin lm has the smallest
transmittance of 0.54 at the laser focus compared with the
PIZA-1 thin lm, C60, porphyrin ligand and porphyrin ligand
mixed with the C60 lm on quartz glass. The thicknesses of the
compared lms were about 200–250 nm as shown in Fig. S20.†
This is because the presented PIZA-1 thin lms have some
Chem. Sci.
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Fig. 4 (a) The open aperture plots and (b) comparison of nonlinear
transmittance and nonlinear absorption coeﬃcients (b) of the PIZA-1
and C60@PIZA-1 thin ﬁlms at 100 mJ; (c) variation in the normalized
transmittance as a function of input intensity and (d) nonlinear
refraction response of the PIZA-1 and C60@PIZA-1 thin ﬁlms at 100 mJ.

advantages, such as good orientation, low surface roughness
and low laser scattering. Moreover, the curves of output uence
versus input uence of the PIZA-1 and C60@PIZA-1 thin lms
showed that the output uence linearly increased at lowincident uence as shown in Fig. S21.† However, at highincident uence, the output uence deviated from linearity
which is the typical behavior of the optical limiting response. To
quantitatively evaluate the NLO responses of the samples, the
measured Z-scan curves in Fig. 4a were tted using eqn (1)–(3)
in the experimental section.48 By tting the curves, the values of
b were obtained. The calculated b values for the C60@PIZA-1
thin lm and PIZA-1 thin lm are 2.8  106 m W1 (s ¼ 9
 108) and 1.9  106 m W1 (s ¼ 8  108), respectively
(Fig. 4b), indicating that the optical limiting eﬀect of the PIZA-1
thin lm can be improved by loading C60. Furthermore, the
optical limiting starting threshold (FS) and optical limiting
threshold (FOL)49 were evaluated to be 3.33 J cm2 and 5.04 J
cm2 and 3.61 J cm2 and 5.51 J cm2 for the C60@PIZA-1 and
PIZA-1 thin lms, respectively (Fig. 4c). The input uence where
the transmittance starts to decrease is called the optical limiting
starting threshold (FS) and the input uence at which the
transmittance decreases to half the linear transmittance is
known as the optical limiting threshold (FOL). The lower FS and
FOL exhibiting C60@PIZA-1 thin lm will be an ideal candidate
for optical limiting applications. Similarly, the C60@PIZA-1 thin
lm also showed a valley/peak signal (Fig. 4d) in the closedaperture Z-scan data, indicating the self-focusing behavior of
propagating light. The nonlinear refractive coeﬃcients g for the
PIZA-1 and C60@PIZA-1 thin lms were found to be 4.1 
1013 m2 W1 (s ¼ 1.9  1014) and 3.5  1013 m2 W1 (s ¼
1.5  1014) by tting the curves in Fig. 4d. Using eqn (6)–(8),
the nonlinear susceptibilities c(3) of the PIZA-1 and C60@PIZA-1
thin lms were calculated to be 7.7  108 esu and 1.1 
107 esu, respectively. These results showed that C60@PIZA-1
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possesses better third-order optical nonlinearities than the
PIZA-1 thin lm.
Fullerenes (C60), as a class of carbon-only molecules, have
been considered favorable electron acceptors, while porphyrin
serves as an electron donor. The observed luminescence
quenching (Fig. S22†) indicates that there is a strong interaction
between the excited state of PIZA-1 and the fullerene moieties in
the C60@PIZA-1 thin lm. Possible pathways for the uorescence quenching of the C60@PIZA-1 thin lm may be attributed
to two possible competitive processes: photoinduced electron
transfer (PET) and energy transfer (ET). An eﬃcient ET/PET
process in several porphyrin–carbon structure systems has
been reported.50–53 The photoinduced electron transfer can be
evidenced by the photocurrent responses and the electrochemical impedance spectroscopy (EIS) measurements (Fig. S13
and S23†). Regarding the donor–acceptor structure and uorescence quenching behavior, the ET/PET from the electron
donor PIZA-1 to the acceptor fullerenes plays an important role
in enhancing the optical limiting eﬀect. In addition, the RSA,
NLS and NLR of porphyrin and C60 should be responsible for
the third-order NLO response of the C60@PIZA-1 thin lm.
Thanks to the accumulation eﬀect of the RSA, NLS, NLR and ET/
PET process, the C60@PIZA-1 thin lm exhibited superior NLO
performance compared to the individual components.

Fig. 5 The optimized structures of the PIZA-1 thin ﬁlm (a) and
C60@PIZA-1 thin ﬁlm (b); the corresponding density of states (DOS)
calculations (c).
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To gain further insight into the observed electron-donor/
electron-acceptor interactions in the C60@PIZA-1 thin lm,
theoretical calculations are carried out based on density functional theory (DFT). The optimized periodic structures and the
results of electronic density of states (DOS) calculations for the
PIZA-1 and C60@PIZA-1 thin lms are shown in Fig. 5.
Compared with the PIZA-1, the valence band maximum (VBM)
of the C60@PIZA-1 is contributed by the PIZA-1, while the
conduction band minimum (CBM) originates from the C60
moiety. Besides, the calculated nominal band gap of the
C60@PIZA-1 thin lm decreases by 0.66 eV compared with that
of the PIZA-1 thin lm, indicating that excited electrons easily
transfer from the porphyrin to the C60 moiety in the presence of
laser light. The band gap of the C60@PIZA-1 thin lm was
comparable or smaller than those of many reported porphyrinfullerene systems (Table S2†). The occurrence of electron
transfer herein is thought to be responsible for the enhancement of the third-order NLO properties. The combination of
PIZA-1 with C60 results in the improvement of the charge
separation and transport capability between porphyrin groups
and C60 moieties, which is consistent with the results of
photocurrent response and electrical conductivity. Resultantly,
the structure of C60@PIZA-1 with a high density of donor–
acceptor interfaces had enhanced optical limiting responses.

Conclusions
In summary, we have reported a layer by layer autoarm
immersion method for preparing MOF thin lms with a tunable
thickness, homogeneous surface and eﬀective guest loading.
The third-order nonlinear absorption of PIZA-1 thin lms was
switched continuously between RSA and SA by tuning the
thickness. Moreover, the optical limiting eﬀect was improved by
loading C60 in the pores of the PIZA-1 thin lm. The electronic
DOS calculations demonstrated that the enhanced optical
limiting eﬀect of the C60@PIZA-1 thin lm was mainly attributed to the energy transfer/photoinduced electron transfer (ET/
PET) between porphyrin groups and fullerenes. Taken as
a whole, a promising thin lm material for optical limiting is
reported and it provides an insightful understanding of
porphyrin-based MOF thin lms for future broad optical
applications in pulse compression, Q-switching, mode-locking
and optical limiting.

Experimental
Materials and instrumentation
All of the chemicals purchased were used without further
purication. The quartz glass and Si substrate were rst cleaned
using distilled water in an ultrasonic bath and dried before
activation. And then they were treated with a mixture of
a 0.2 mM NaOH aqueous solution and hydrogen peroxide (30%)
with a volume ratio of 3 : 1 at 80  C for 30 min and then cleaned
with deionized water and dried under nitrogen ux for the next
step. Powder X-ray diﬀraction (PXRD) analysis was performed
on a MiniFlex2 X-ray diﬀractometer using Cu-Ka radiation (l ¼
0.1542 nm) in the 2q range of 5–30 with a scanning rate of
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0.5 min1. IRRAS data were recorded using a Bruker Vertex 70
FTIR spectrometer with 2 cm1 resolution at an angle of incidence of 80 relative to the surface normal. Scanning electron
microscope (SEM) images showing the morphology of thin lms
were obtained using a JSM6700. AFM images were recorded
with a Bruker Dimension ICON. The thickness was measured
using a stylus proler (Bruker DEKTAK XT). The UV-vis spectra
of the samples were measured using a Lambda 365. Photoluminescence spectra were measured by using an Edinburgh
Instruments FLS920. The photocurrent response was analyzed
using a CHI760e electrochemical workstation (Shanghai Chenhua Instrument China).
Fabrication of PIZA-1 thin lms with diﬀerent thicknesses
The PIZA-1 thin lms used in the present work were grown using
the layer-by-layer autoarm immersion method and were fabricated using the following diluted ethanolic solutions at room
temperature: cobalt acetate (1.0 mM) and TCPP (5,10,15,20-(4carboxyphenyl)porphyrin, 0.1 mM). The details are as follows:
rst, functionalized quartz glass was immersed in a solution of
cobalt acetate for 10 min and then was immersed in a solution of
TCPP for 15 min. Aer each step the glass was washed with pure
ethanol to remove residual reactants. The above details represent
one cycle. A total of 5, 10, 15, 20, and 25 growth cycles were used
for PIZA-1 thin lms grown on quartz glass.
Fabrication of C60 loaded PIZA-1 thin lms
The C60@PIZA-1 thin lm was fabricated by the layer-by-layer
autoarm immersion method. The substrate was immersed in
cobalt acetate (1.0 mM), TCPP (5,10,15,20-(4-carboxyphenyl)
porphyrin, 0.1 mM) and C60 (0.2 mM) solutions sequentially.
The immersion times were 10, 15, and 5 min for the Co(OAc)2,
TCPP ethanol solution and C60 toluene solution, respectively.
Aer each step the lm was washed with pure ethanol to remove
residual reactants. A total of 10 growth cycles were used for C60
encapsulation in the PIZA-1 thin lm in this work.
Fabrication of the HKUST-1 thin lm, MOF-2 thin lm and
Co2(BDC)2TED thin lm
The method of preparing the HKUST-1 thin lm and MOF-2 thin
lm was the same as the fabrication method of the PIZA-1 thin
lm, except for the type of metal and linker solution. For the
HKUST-1 thin lm, the metal and linker solutions were copper
acetate (1 mM) and BTC (1,3,5-benzenetricarboxylic acid, 0.4 mM),
respectively. The metal and linker solutions were copper acetate (1
mM) and H2BDC (1,4-benzenedicarboxylic acid, 0.4 mM) for the
MOF-2 thin lm. The Co2(BDC)2TED thin lm was prepared at
50  C. The metal and linker solutions were cobalt acetate (1 mM)
and a mixed solution of H2BDC (1,4-benzenedicarboxylic acid, 0.4
mM) and TED (triethylenediamine, 0.4 mM), respectively.
Fabrication of the porphyrin ligand, the C60 and the porphyrin
ligand mixed with C60 lms on quartz glass
A 0.1 mM TCPP (5,10,15,20-(4-carboxyphenyl)porphyrin)
ethanol solution was coated on quartz glass using a drop-
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coating method. Aer the solvent evaporated at room temperature, the TCPP ethanol solution was coated on quartz glass
again. The above operation was repeated several times until the
samples were adjusted to maintain an identical linear transmittance of 85%. The preparation methods of the C60 and the
porphyrin ligand mixed with C60 lms on quartz glass were
similar to the fabrication method of the porphyrin ligand lm
on quartz glass.

Leff ¼
TðZ;DFÞ ¼ 1 þ

ð3Þ

Electrochemical measurements

Quartz crystal microbalance (QCM) measurements

Z-scan measurements
The nonlinear optical properties of the sample were evaluated
using the Z-scan technique. The excitation light source was an
Nd:YAG laser with a repetition rate of 10 Hz. The laser pulses
(period, 5 ns; wavelength, 532 nm) were 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 shied each sample along the z-axis.
The measured Z-scan curves were tted using the following
expressions:
ðN
i
h
1
2
TðZ; S ¼ 1Þ ¼ pﬃﬃﬃﬃ
(1)
Ln 1 þ q0 ðZ; 0Þer dr
pðZ; 0Þ N
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4DFx
ðx2 þ 9Þðx2 þ 1Þ

(4)

ð3Þ

cR ¼

(5)

230 c n0
b
3u

(6)

4cn0 2 30
n2
3

(7)

2

2

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2  2
ð3Þ
ð3Þ
|c | ¼
cR
þ cI
ð3Þ

(8)

In these equations, I0 is the on-axis peak intensity at the focus (Z
¼ 0), Leﬀ is the eﬀective thickness of the sample, a0 is the linear
absorption coeﬃcient, l is the sample thickness, x ¼ z/z0, z is the
Z-scan displacement, DF is the phase change, 30 is the
permittivity of vacuum, c is the speed of light, n0 is the refractive
index
of
the
medium,
u
¼
2pc/l,
and
cn0
2
1
n2 ðesuÞ ¼
gðm W Þ. By tting the curves, the nonlinear
40p
absorption coeﬃcient b, the nonlinear refractive coeﬃcient g
and the third-order nonlinear susceptibilities c(3) were
obtained.

Conﬂicts of interest

A commercial QCM 200 with a ow module for measurements
in the gas phase was used to monitor the mass uptake and
absorption rate of the synthesized PIZA-1 thin lm and
C60@PIZA-1 thin lm using 10 cycles, which were prepared on
MUD SAM functionalized QCM working electrodes. The QCM
can be used in gas phase environments for monitoring the
change of mass by monitoring the resonance frequency changes
on the electrode thin lm. In this work, water was chosen as the
loading analyte.

q0(Z,0) ¼ bI0Leff

(3)

DF ¼ 2pgI0Leff/l
cI ¼

The photocurrent tests and EIS were carried out on a CHI760e
electrochemical workstation (Shanghai Chenhua Instrument
China) in the three electrode electrochemical mode in a 0.2 M
Na2SO4 aqueous solution at room temperature where a Pt wire
served as the counter electrode and Ag/AgCl as the reference
electrode; the PIZA-1 thin lm and C60@PIZA-1 thin lm grown
on FTO were directly used as the working electrode without any
ancillary materials (electrode size of 1  1 cm2). The photocurrent responses of the samples were recorded with a voltage
bias of 0 V and the working electrode was illuminated using
a 300 W Xe lamp (Beijing Perfect Light, PLS-SXE300C). The EIS
measurements were carried out an open-circuit voltage in the
frequency range from 0.1 Hz to 100 kHz with an amplitude of
5 mV and the working electrode was illuminated with a 532 nm
laser.
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