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Experimental Section
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%), Copper nitrate trihydrate
(Cu(NO3)2·3H2O,

99%),

Pyrazine

Tetrakis(4-carboxyphenyl)porphyrin
acid(98%),

(TCPP,

(3-Aminopropyl)triethoxysilane

(99%),

Benzaldehyde(99.5%),

97%),

2,5-Dihydroxyterephthalz

were

purchased

from

Aladdin.

2-methylimidazole (98%), Rhodamine 6G(95%) were purchased from Sigma-Aldrich.
N,N-Dimethylformamide (DMF, 99.5%) ， Methanol (AR), Ethanol(AR), Methyl
Orange(RG), Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 98.5%), phosphoric
acid(H3PO4, 85%) , toluene (99%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. All chemicals used were of high commercial purity and received
without further purification.

Characterizations. The surface morphologies of the samples were measured using an
FEI Quanta 400 FEG field emission scanning electron microscope (SEM). TEM
images were obtained using an FEI Tecnai G2 F20 S-Twin at 200 kV. PXRD patterns
of the samples were recorded on a Bruker AXS D8 Advance X-ray diffractometer
with a Cu K radiation target (40V, 40A). UV-Vis spectra were collected in
transmission geometry on a UV-Vis spectrophotometer (V660, JASCO) over a
wavelength range of 200-800 nm. The properties of the pores in the MOF materials
were analyzed from N2 adsorption-desorption isotherms obtained at 77 K using an
adsorption apparatus (Micromeritics Tristar Ⅱ3020M). The pore size distribution
curves were calculated from the desorption branch of the nitrogen isotherm by the HK
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(microporous region (<2 nm)) and BJH methods (mesoporous region (2-50 nm)). XPS
measurements were performed on a PHI Quantera XPS scanning microprobe
spectrometer with Al Kα (hν = 1486.6 eV) as the x-ray radiation source, which was
carefully calibrated on the valence band.

Preparation of ZIF-67. Typically, Co(NO3)2·6H2O (1.64 g) was first dissolved in 80
mL of methanol. A mixture of 2-methylimidazole (3.70 g) with 80 mL methanol was
then added to the above solution under vigorous stirring for 24 h. Finally, the purple
product precipitates formed at the end of the reaction were collected by centrifugation,
washed with methanol several times, and dried overnight at 60 °C. Before use, the
samples were re-dried at 100 °C under vacuum for 5 h to remove the solvent.

Preparation of ZIF-8. Typically, Zn(NO3)2·6H2O (1.68 g) was first dissolved in 80
mL of methanol. A mixture of 2-methylimidazole (3.70 g) with 80 mL methanol was
then added to the above solution under vigorous stirring for 24 h. Finally, the white
product precipitates formed at the end of the reaction were collected by centrifugation,
washed with methanol several times, and dried overnight at 60 °C. Before use, the
samples were re-dried at 100 °C under vacuum for 5 h to remove the solvent1.

Preparation of Co-TCPP MOFs. Typically, Co(NO3)2·6H2O (8.7 mg, 0.03mmol),
TCPP (7.9 mg, 0.01 mmol), pyrazine (1.6 mg, 0.02 mmol), DMF (1.5 mL) and
ethanol (0.5 mL) were first mixed in a small capped vial, and then heated at 80 °C for
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24 h. The dark red product precipitates formed at the end of the reaction were then
collected by centrifugation, washed with ethanol several times, and re-dispersed in 2
mL of ethanol. Before use, the samples were re-dried at 60 °C to obtain a powder of
Co-TCPP MOFs, and then re-dried at 100 °C under vacuum for 5 h to remove the
solvent2.

Preparation of Zn-TCPP MOFs. Typically, Zn(NO3)2·6H2O (8.9 mg, 0.03 mmol),
TCPP (7.9 mg, 0.01 mmol), pyrazine (1.6 mg, 0.02 mmol), DMF (1.5 mL) and
ethanol (0.5 mL) were first mixed in a small capped vial, and then heated at 80 °C for
24 h. The dark brown product precipitates formed at the end of the reaction were then
collected by centrifugation, washed with ethanol several times, and re-dispersed in 2
mL of ethanol. Before use, the samples were re-dried at 60 °C to obtain a powder of
Zn-TCPP MOFs, and then re-dried at 100 °C under vacuum for 5 h to remove the
solvent2.

Preparation of Cu-TCPP MOFs. Typically, Cu(NO3)2·3H2O (21.6 mg, 0.09 mmol),
TCPP (23.7 mg, 0.03 mmol), DMF (1.5 mL) and ethanol (0.5 mL) were first mixed in
a small capped vial, and then heated at 80 °C for 24 h. The red product precipitates
formed at the end of the reaction were then collected by centrifugation, washed with
ethanol several times, and re-dispersed in 2 mL of ethanol. Before use, the samples
were re-dried at 60 °C to obtain a powder of Cu-TCPP MOFs, and then re-dried at
100 °C under vacuum for 5 h to remove the solvent2.
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Preparation of Co-MOF-74. Typically, 2,5-dihydroxyterephthalz acid(144.4 mg,
0.729 mmol) and Co(NO3)2•6H2O (713 mg, 2.45 mmol) were first dissolved in a
mixture of DMF-ethanol-water (1:1:1 volume ratio, 60 mL) under vigorous stirring
for 1 h, and then heated at 100 °C for 24 h. The red-orange product precipitates
formed at the end of the reaction were then collected by centrifugation, washed with
methanol several times, and dried overnight at 60 °C. Before use, the samples were
re-dried at 100 °C under vacuum for 5 h to remove the solvent3.

Acid etching of ZIF-67. The as-prepared ZIF-67 samples were put into a phosphoric
acid/DMF solution (1:479 volume ratio), and sonicated for 10 minutes at room
temperature. The samples were kept at 60 ℃ in an oven for 2 hours to control the
extent of the etching. After the acid etching was completed, the etched samples were
washed with DMF and ethanol several times, and dried under vacuum overnight4.

Preparation of APTES@ZIF-67. Before surface modification, the original ZIF-67
sample was dried at 100 °C under vacuum for 5 h to remove the solvent. The sample
was then immersed in a solution containing 30 ml of anhydrous toluene and 1.5 ml of
(3-aminopropyl)triethoxysilane and subsequently refluxed at 110 ℃ for 20 hours.
Finally, the surface-modified ZIF-67 sample was washed with hexane to remove the
excess unreacted reagents, and dried under vacuum overnight.
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Raman measurement. The SRES behaviors of these MOF materials were examined
using R6G as a target molecule at an excitation wavelength of 532 nm. Typically, a
stock solution of 10-3 M R6G was initially prepared, which was diluted to form R6G
aqueous solutions with concentrations ranging from 10-4 to 10-7 M. Next, 800 μL R6G
solutions with known concentrations were mixed with 200 μL of MOFs aqueous
solution (0.3 mg/ml) and then stored in the dark for 2 hours to reach the
adsorption-desorption equilibrium. Finally, 20 μL of suspension was dripped onto a
cleaned silicon wafer before drying at 60 °C for 2 hours.
Raman spectra were subsequently achieved on a high-resolution confocal Raman
spectrometer (LabRAM HR-800). A 50 × L objective lens with a laser spot diameter
of about 1 μm and power of 0.3 mW in all acquisitions was used to collect the Raman
spectra, with an acquisition time of 5 s. Raman spectra from different locations were
collected for each sample, with the signal intensity averaged for final analysis to
estimate the RSD values of the enhancement factors. Using a similar procedure, the
SRES behaviors of these MOF materials were also examined using MO as a target
molecule at an excitation wavelength of 633 nm.
The SERS behaviors of ZIF-67 and APTES@ZIF-67 were examined using
benzaldehyde as a target molecule at an excitation wavelength of 532 nm. Typically,
3 ml of MOF substrate dispersed in ethanol (0.1 mg/ml) was mixed with different
volumes of benzaldehyde (50, 40, 30, 20, and 10 μL, respectively). The solutions
were then stored in the dark for 2 hours to reach the adsorption-desorption
equilibrium. Finally, 20 μL of the suspension was dripped onto a clean silicon wafer
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before drying at room temperature for 2 hours. The Raman test conditions were the
same as that described above.

Calculation of the enhancement factor: The EF was calculated according to the
formula:
EF=(ISERS/NSERS)/(Ibulk/Nbulk)

(1)

NSERS=CVNAARaman/ASub

(2)

Nbulk=ρhARamanNA/M

(3)

where ISERS and Ibulk are the intensities of the selected Raman peak in the SERS and
normal Raman spectra, and NSERS and Nbulk are the average number of molecules in
the scattering area on the SERS and non-SERS substrates, respectively. The data of
R6G (0.05 M) on the non-SERS Si/SiO2 wafer were used as the normal Raman
reference. Specifically, the intensity was averaged from the data on 20 random spots,
and the number of analyte molecules within the scattering area was estimated by
Supplementary equation 2 on the assumption of a uniform distribution of the analyte
molecules on the substrates. C is the molar concentration of the analyte solution, V is
the volume of the droplet, and NA is the Avogadro constant. ARaman is the laser spot
area (1 μm in diameter) of the Raman scanning. 20 μL of the analyte solution on
substrate spread spontaneously into a circle of about 3 mm in diameter after the
solvent evaporated. The effective area of the substrate ASub can then be obtained. For
bulk R6G with a molecular weight (M) of 479 g/mol and density (ρ) of 1.15 g·cm-3,
the confocal depth (h) of the laser beam is 23.64 μm, and Nbulk can be calculated by
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Supplementary equation 35-6.
Adsorption capacity measurement: 800 μL of R6G solution (10-5 M) was mixed
with 200 μL of MOFs aqueous solution (0.3 mg/ml), followed by storing in the dark
for 2 hours to reach the adsorption-desorption equilibrium. The R6G left in solution
was collected by centrifugation with the absorbance subsequently measured by
UV-Vis absorption spectroscopy. Finally, the amount of un-adsorbed R6G was
calculated according to Lambert-Beer law: A=Kbc.
The reproducibility and stability for statistical analysis: For the estimation of the
reproducibility of MOF substrates. 20 spectra from four different substrates (five
stochastic spots per substrate) are acquired to estimate the reproducibility of the
different substrates. Intensities of the 612 cm-1 (P1) band for the R6G Raman spectrum
and 1115 cm-1 (P5)7 band for the MO Raman spectrum are chosen for quantification.
For the examination of the stability of MOF substrates, Raman profiles of R6G (10-5
M) acquired from MOF substrates after two days of storage in the open air are
compared with those obtained on freshly prepared ones.

S12

Figure. S1 FTIR spectra of ZIF-67, Co-TCPP MOFs and Co-MOF-74.

S13

Figure. S2 SERS spectra for R6G (10-6 M) on the ZIF-67 and Si/SiO2 substrates.
Almost no clear signals related to the R6G molecule can be discerned on the bare
SiO2/Si substrate except for the fluorescence background, while a substantial Raman
enhancement for R6G is observed on the ZIF-67 substrate.
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Figure. S3 R6G adsorption isotherm shows a plot of the adsorbed amount versus the
equilibrium concentration of R6G on the as-prepared ZIF-67 substrate. For an initial
concentration of R6G less than 3.4×10-4 M, the maximum amount of R6G absorbed
onto the ZIF-67 substrate (the effective substance concentration of ZIF-67 is about
0.06 mg/ml) is not reached.
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Figure. S4 The intensities of the P1 (612 cm-1) Raman vibration mode of R6G on the
different ZIF-67 substrates. Four different concentrations of R6G, namely 10-4, 10-5,
10-6, and 10-7 M, are examined using data acquired by recording 20 spectra from four
different substrates. The RSDs of the P1 mode of R6G at the four different
concentrations, 10-4, 10-5, 10-6, and 10-7 M, are calculated to be 17.7%, 10.7%, 12.3%,
and 24.1%, respectively.
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Figure. S5 The intensities of the P1 (612 cm-1) Raman vibration mode of R6G on the
different Co-TCPP substrates. Three different concentrations of R6G, namely 10-4,
10-5, and 10-6 M, are examined using data acquired by recording 20 spectra from three
different substrates. The RSDs of the P1 mode of R6G at the three different
concentrations, 10-4, 10-5 and 10-6 M, are calculated to be 22.7%, 41.1%, and 51.3%,
respectively.
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Figure. S6 The intensities of the P1 (612 cm-1) Raman vibration mode of R6G on
different Co-MOF-74 substrates. Two different concentrations of R6G 10-4 and 10-5 M
are examined using data acquired by recording 20 spectra from two different
substrates. The RSDs of the P1 mode of R6G at the two different concentrations, 10-4
and 10-5 M, are calculated to be 37.7% and 45.5%, respectively.

Figure. S7 The intensities of the P1 (612 cm-1) Raman vibration mode of R6G on the
S18

different Cu-TCPP substrates. Three different concentrations of R6G, 10-4, 10-5, and
10-6 M, are examined using data acquired by recording 20 spectra from three different
substrates. The RSDs of the P1 mode of R6G at the three different concentrations, 10-4,
10-5, and 10-6 M, are calculated to be 32.0%, 46.6%, and 29.5%, respectively.

Figure. S8 FTIR spectra of the Co-TCPP MOFs, Cu-TCPP MOFs, and Zn-TCPP
MOFs.
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Figure. S9 SEM image of the ZIF-8 crystals.

Figure. S10 The intensities of the P5 (1115 cm-1) Raman vibration mode of MO on
different ZIF-8 substrates. Three different concentrations of MO, 10-4, 10-5, and 5 ×
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10-6 M, are examined using data acquired by recording 20 spectra from three different
substrates. The RSDs of the P5 mode of MO at three different concentrations, 10-4,
10-5, and 5 × 10-6 M, are calculated to be 15.7%, 22.1%, and 21.3%, respectively.

Figure. S11 PXRD patterns of WO3, W18O49, and WO2 samples.

Figure. S12 (a) SERS spectra of R6G (10-6 M) on the WO2, W18O49, and WO3
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substrates when excited by a 532 nm laser. (b) SERS spectra of MO (10-4 M) on the
WO2, W18O49, and WO3 substrates when excited by a 633 nm laser.
To demonstrate the unique tailorability of MOFs as SERS substrates, the selective
detection of two different target molecules (R6G and MO) using semiconductor
materials as SERS substrates are examined to provide a comparison. Tungsten oxide,
characterized by its tremendous sub-stoichiometric compositions, is taken as an
example due to the greater flexibility of its electronic structures over most other
semiconductors. Three types of tungsten oxide samples with different concentrations
of oxygen vacancies, WO3, W18O49, and WO2, are prepared as SERS substrates, with
their phase structures well-confirmed by the PXRD measurements (Figure S11). It can
be observed that all three substrates show distinct SERS enhancement for R6G
detection (10-6 M) under 532 nm laser excitation. Notably, the SERS intensity is
shown to increase with the increase of the oxygen vacancy concentration in the
tungsten oxide, WO3 < W18O49 < WO2 (Figure S12a). However, for the detection of
MO (10-4 M), almost no SERS signals belonging to the target molecules are detected
on

all

three

substrates

(Figure

S12b),

probably

due

to

the

lack

of

thermodynamically-feasible resonances such as exciton, charge-transfer, and molecule
resonances, which cannot be manipulated to be in resonance with the incident laser
frequency (633 nm) due to the limited flexibility of the band structures of
semiconductors. This contrastive result clearly highlights that MOFs as SERS
substrates with high tailorability provide excellent selectivity for different target
molecules.
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Figure. S13 PXRD patterns of ZIF-67, acid-treated ZIF-67, and simulated ZIF-67
crystals, respectively.

Figure. S14 SEM image of APTES@ZIF-67 crystals.
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Figure. S15 Raman spectrum of liquid-phase benzaldehyde.
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Figure. S16 N2 adsorption-desorption isotherms of (a-b) the raw and acid-treated
ZIF-67 samples, (c) Co-MOF-74, (d) Co-TCPP MOFs, (e) Cu-TCPP MOFs, and (f)
ZIF-8.
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Figure. S17 Raman spectra of MOF substrates with and without the loading the of the
R6G analyte, for (a) ZIF-67, (b) Co-TCPP MOFs, (c) Cu-TCPP MOFs, and (d)
Co-MOF-74. The characteristic band of ZIF-67 centered at 677 cm-1 is denoted as
“△”, and the band labeled as “#” is likely to be attributed to the Si-H bonds on the
surface of Si/SiO28. Also note that the characteristic band of the Co-TCPP MOFs and
Cu-TCPP MOFs centered at 1360 cm-1 shows appreciable overlapping with the P3
band of the R6G analyte.
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Figure.
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(a)

Absorption

spectra

for

R6G

left

in

the

solution

at

adsorption-desorption equilibrium in the presence of ZIF-67, acid-treated ZIF-67,
Zn-TCPP, Co-MOF-74, Co-TCPP, and Cu-TCPP substrates, respectively. (b)
Adsorption capacities of ZIF-67, acid-treated ZIF-67, Zn-TCPP, Co-MOF-74,
Co-TCPP, and Cu-TCPP substrates determined from the decrease in the dye
concentrations. The smallest adsorption capacity shown by ZIF-67 may be ascribed to
its small pore size (0.76 nm), incapable for the accommodation of R6G molecule in a
dimension of about 0.8 nm × 1.6 nm. Instead, for TCPP-based MOFs and
Co-MOF-74 with an average pore size of 1.18 nm and 1.2 nm2, 9, the R6G molecule
may enter into the pores of the MOFs along the long axis for an enhanced adsorption
capacity.
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Figure. S19 A summary comparison of the EF values of ZIF-67, Zn-TCPP,
Co-MOF-74, Co-TCPP, and Cu-TCPP substrates, which is normalized by the
adsorption capacity of R6G. The result shows that although ZIF-67 has the lowest
adsorption capacity, it exhibits the best SERS enhancement among the measured
SERS substrates.
Here, the adsorption capacity and adsorption orientation of R6G molecules on
MOF substrate are excluded as the main reason for the considerable difference in the
SERS behavior over different MOF materials. Firstly, the adsorption capacity toward
R6G analyte is taken into consideration from the aspect of the nano-scaled cavities in
MOFs (Figure S18). Interestingly, the most significant SERS enhancement is obtained
on a substrate with lowest R6G adsorption, that is, ZIF-67 substrate shows the largest
normalized EF value for R6G detection (Figure S19), which suggests that the
adsorption capacity toward analyte is not the main reason for the observed SERS
S28

enhancement on MOF substrates. Secondly, adsorption orientation of analyte on MOF
substrates is examined from the aspect of the variation of ligand groups on MOFs, by
a comparison between intensities of the three characteristic vibration modes P1, P2,
and P4 (Figures 1f and 2f). Clearly, P1 band is most enhanced among three
characteristic peaks on all the MOF substrates except the non-SERS active Zn-TCPP
substrates, whereas P4 band is only weakly enhanced, which indicates that the
aromatic rings of R6G are either not parallel to the aromatic rings of MOF substrates
or are separated from the aromatic rings of MOF substrates by chemical groups10.
Thus, the adsorption orientation also doesn’t play an important role in
MOFs-mediated SERS enhancement.

S29

Figure. S20 (a) Valence-band XPS spectrum of ZIF-67. The HOMO position of the
ZIF-67 sample is determined by linear extrapolation of the leading edges of the
profile to the base line11-12. After calibration with the reference Fermi level, the
HOMO value for ZIF-67 is calculated to be 5.80 eV with respect to vacuum. (b)
UV-Vis absorption spectrum and (c) a plot of the transformed Kubelka-Munk
function versus the energy of the exciting light, giving a band-gap energy of 1.99 eV
for ZIF-67, which is in accordance with the literature13. (d) Energy-level diagram of
ZIF-67. Based on the energy values of the HOMO level and band-gap, the LUMO
level of ZIF-67 is determined to be about -3.81 eV with respect to vacuum.
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Figure. S21 (a) Valence-band XPS spectrum of Co-MOF-74. The HOMO position of
Co-MOF-74 is determined by linear extrapolation of the leading edges of the profile
to the base line11-12. After calibration with the reference Fermi level, the HOMO value
for Co-MOF-74 is calculated to be 6.08 eV with respect to vacuum. (b) UV-Vis
absorption spectrum and (c) a plot of the transformed Kubelka-Munk function versus
the energy of the exciting light, giving a band-gap energy of 1.81 eV for Co-MOF-74.
(d) Energy-level diagram of Co-MOF-74. Based on the energy values of the HOMO
level and band-gap, the LUMO level of Co-MOF-74 is determined to be about -4.27
eV with respect to vacuum.
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Figure. S22 (a) Valence-band XPS spectrum of Co-TCPP MOFs. The HOMO
position of Co-TCPP MOFs is determined by linear extrapolation of the leading edges
of the profile to the base line11-12. After calibration with the reference Fermi level, the
HOMO value for Co-TCPP MOFs is calculated to be 5.82 eV with respect to vacuum.
(b) UV-Vis absorption spectrum and (c) a plot of the transformed Kubelka-Munk
function versus the energy of the exciting light, giving a band-gap energy of 1.46 eV
for Co-TCPP MOFs. (d) Energy-level diagram of Co-TCPP MOFs. Based on the
energy values of the HOMO level and band-gap, the LUMO level of Co-TCPP MOFs
is determined to be about -4.36 eV with respect to vacuum.
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Figure. S23 (a) Valence-band XPS spectrum of Cu-TCPP MOFs. The HOMO
position of Cu-TCPP MOFs is determined by linear extrapolation of the leading edges
of the profile to the base line11-12. After calibration with the reference Fermi level, the
HOMO value for Cu-TCPP MOFs is calculated to be 7.03 eV with respect to vacuum.
(b) UV-Vis absorption spectrum and (c) a plot of the transformed Kubelka-Munk
function versus the energy of the exciting light, giving a band-gap energy of 1.99 eV
for Cu-TCPP MOFs. (d) Energy-level diagram of Cu-TCPP MOFs. Based on the
energy values of the HOMO level and band-gap, the LUMO level of Cu-TCPP MOFs
is determined to be about -5.04 eV with respect to vacuum.
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Figure. S24 (a) Valence-band XPS spectrum of Zn-TCPP MOFs. The HOMO
position of Zn-TCPP MOFs is determined by linear extrapolation of the leading edges
of the profile to the base line11-12. After calibration with the reference Fermi level, the
HOMO value for Zn-TCPP MOFs is calculated to be 8.19 eV with respect to vacuum.
(b) UV-Vis absorption spectrum and (c) a plot of the transformed Kubelka-Munk
function versus the energy of the exciting light, giving a band-gap energy of 1.82 eV
for Zn-TCPP MOFs. (d) Energy-level diagram of Zn-TCPP MOFs. Based on the
energy values of the HOMO level and band-gap, the LUMO level of Zn-TCPP MOFs
is determined to be about -6.37 eV with respect to vacuum.
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Figure. S25 (a) Valence-band XPS spectrum of ZIF-8. The HOMO position of ZIF-8
is determined by linear extrapolation of the leading edges of the profile to the base
line11-12. After calibration with the reference Fermi level, the HOMO value for ZIF-8
is calculated to be 7.43 eV with respect to vacuum. (b) UV-Vis absorption spectrum
and (c) a plot of the transformed Kubelka-Munk function versus the energy of the
exciting light, giving a band-gap energy of 5.2 eV for ZIF-8. (d) Energy-level diagram
of ZIF-8. Based on the energy values of the HOMO level and band-gap, the LUMO
level of ZIF-8 is determined to be about -2.23 eV with respect to vacuum.
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Figure S26. SERS spectrum of R6G at the concentration of 10-5 M on the ZIF-67
substrate (tested in solution)

Figure. S27 (a) SERS spectra collected for the ZIF-67 substrate at four different
concentrations, 10−4, 10−5, 10−6, and 10−7 M, respectively. (b) A plot of SERS signal
intensity versus R6G concentration (10-4~10-7 M) for the band at 612 cm-1 on the
ZIF-67 substrate.

S36

Figure. S28 (a) The Raman signal intensities at 612 cm-1 recorded for blank
substrates of acid-treated ZIF-67 (without the loading of any analyte molecules). For
each blank sample, data are acquired by recording 20 spectra from different substrates.
The SD of the signal on the blank acid-treated ZIF-67 is calculated to be 26.4%. (b) A
plot of SERS signal intensity versus R6G concentration (5 × 10-7~10-8 M) for the band
at 612 cm-1 on the acid-treated ZIF-67 substrate.

Figure. S29 Schematic illustrating the GSCT process between analyte molecules and
MOFs for (a) ZIF-67/R6G and (b) ZIF-8/MO system.
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Figure. S30 The intensities of the P1 (612 cm-1) Raman vibration mode of R6G
acquired from parallelly prepared ZIF-67 substrates at four different concentrations of
R6G, namely 10-4, 10-5, 10-6, and 10-7 M, respectively. 20 spectra from four different
substrates (five stochastic spots per substrate) are acquired to estimate the
reproducibility of the different substrates. The relative standard deviation (RSD) of
the characteristic peak of R6G at 612 cm-1 is used to estimate the reproducibility of
the SERS signal. The RSDs of the P1 mode of R6G at the four different concentrations,
(10-4, 10-5, 10-6, and 10-7 M) are calculated to be 20.2%, 13.8%, 8.6%, and 21.5%,
respectively, indicating good reproducibility.
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Figure. S31 (a) SERS performances of the ZIF-67 samples obtained before/after two
days of storage in the open air, for the detection of 10-5 M R6G. It is noted that neither
a shift in the major Raman peaks nor a significant change in the Raman intensity
occurs for two days of storage, and (b) the RSD value remains as low as 14.1%.

Figure S32. Schematic of the chemical bonding between silyloxy group and Co sites
for the modification of ZIF-67 with APTES monomers.
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Figure S33. SERS spectra for BPA (10-3 M) on the APTES@ZIF-67 and bare Si/SiO2
substrates.

Figure S34. Raman intensity-depth profile determined by plotting the integrated
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intensity of 520.6 cm-1 band for a silicon wafer against the distance of the silicon
wafer deviating from the ideally focused plane. The pinhole size of 200 μm and a 50 ×
long working-length objective are used.

Figure S35 SERS spectra for PDAB (10-3 M) on the (a) ZIF-8 substrate, (b) ZIF-67,
Co-TCPP, Zn-TCPP, Cu-TCPP, and Co-MOF-74 substrates.
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Figure. S36 Raman spectra of the Zn-TCPP substrate with and without the loading of
R6G analyte.

Figure. S37 (a) SERS spectra of R6G on the Cu-TCPP substrate at the concentration
of 10-4 M, when excited by 532 and 633 nm lasers. (b) SERS spectra of R6G on the
Cu-TCPP substrate at two different concentrations, 10-4 and 10-5 M, when excited by
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633 nm laser.

Figure. S38 (a) SERS spectra of R6G (10-6 M) on the ZIF-67 and ZIF-8 substrates
when excited by 633 nm laser. (b) A comparison of SERS activity between ZIF-67
and ZIF-8 under 532 and 633 nm laser excitations, based on the intensity of
vibrational band at 612 cm-1 of R6G. (c) SERS spectra of MO (10-4 M) on the ZIF-67
and ZIF-8 substrates when excited by 532 nm laser. (d) A comparison of SERS
activity between ZIF-67 and ZIF-8 under 532 and 633 nm laser excitations, based on
the intensity of vibrational band at 1115 cm-1 of MO.
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Table S1. Elemental composition of APTES@ZIF-67 obtained by ICP-OES analysis.
APTES@ZIF-67

Co

Si

ZIF-67

APTES

wt%

15.96

2.22

89.38

10.62

Supplementary Note S1. Sampling approaches
In general, three typical sampling approaches have been used to obtain SERS
spectra of analytes adsorbed on SERS substrates in power form in many of the
references. One approach is to soak the SERS substrates in a solution of analytes
(soaking method)14. The SERS substrates are then centrifuged and rinsed with water
to remove excess analytes. In the second approach, analytes and SERS substrates are
mixed together and the mixture solution is then dropped and dried onto a cleaned
silicon wafer (mixing method)15-16. For the third approach, the analytes are spread on
the pretreated SERS substrates (drop-casting method)17-18. In contrast, obtaining
SERS spectra by directly measuring the analyte-SERS substrate suspension solution is
not usually used, to the best of our knowledge, probably due to the large dissipation of
laser during its penetrating through the suspension solution that results in low
detection limits and large fluorescence backgrounds (Figure S26).
Comparing with soaking method and mixing method, more reproducible data
acquisition could be obtained using drop-casting method in our present system, so we
finally resort to the drop-casting method, a widely reported method especially suitable
for powder materials as SERS substrates15-16, in our SERS detection based on MOF
materials. To further minimize the influences of coffee-ring effect, two specific
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strategies are introduced: (1) SERS spectra are acquired from the inner area of the
casting film with a relatively uniform distribution, but not from the droplet edge
caused by the coffee-ring effect, similar to the case reported by Xu et al19. (2)
Although the situation in a real micro-Raman experiment may be complicated, EF
calculation is still necessary for the selection of substrate, since it may be the only
reference we can appeal for the performance evaluation between different substrates.
Also, we have improved the EF calculation by averaging the SERS mapping signals
to minimize the random cause, as described in Figure S4-S7 and S10.

Supplementary Note S2. The confocal depth (h) of the laser beam
The calculation of the enhancement factor (EF) in our work is detailed as follows:
EF=(ISERS/NSERS)/(Ibulk/Nbulk)

(1)

NSERS=CVNAARaman/ASub

(2)

Nbulk=ρhARamanNA/M

(3)

where ISERS and Ibulk are the intensities of the selected Raman peak in the SERS and
normal Raman spectra, and NSERS and Nbulk are the average number of molecules in
the scattering area of the SERS and non-SERS substrates, respectively. Here the data
for R6G (0.05 M) on bare Si/SO2 substrate were used as non-SERS-active reference.
Specifically, the intensity was obtained by taking average from measurements of 20
spots, and the number of analyte molecules (NSERS) was estimated by Supplementary
equation 2 on the assumption that the analyte molecules were distributed uniformly on
the substrates. C is the molar concentration of the analyte solution, V is the volume of
the droplet, and NA is the Avogadro constant. ARaman is the laser spot area (1 μm in
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diameter) of the Raman scanning. 20 μL of the analyte solution was spontaneously
spread into a circle of about 3 mm in diameter on the substrate after solvent
evaporation, from which the effective area of the substrate, ASub, can be obtained. On
the other side, Nbulk can be calculated by Supplementary equation 3 on the basis of
molecular weight (M) and density (ρ) of bulk R6G (1.15 g cm-3) and the confocal
depth (h) of the laser beam.
For the confocal depth (h) of the laser beam, recent references give different values
for solid bulk crystalline R6G from 10, 13, 21 to 26 μm20-23, which might be related to
different pinhole sizes and objective lens of their used Raman instruments. To provide
a more accurate estimate of the confocal depth in our system, a Raman intensity-depth
profile of the 520.6 cm-1 band for a silicon wafer has been made in the light of the
model assumed by Cai et al.22 (Figure S34). Judging from the profile, the confocal
depth (h) is determined be 23.64 μm in our system, in contrast to the one previously
used (21 μm).

Supplementary Note S3. Relationship between SERS signal intensity and R6G
concentration
We have added a new plot of SERS signal intensity versus R6G concentration
(10-4~10-7 M) for the band at 612 cm-1 on the ZIF-67 substrate (Figure S27b). From
the plot, it is clear that there is a positive correlation between the Raman intensity and
the R6G concentration in the concentration range from 10-7 to 10-5 M, and a negative
one at a concentration lager than 10-5 M (Figure S27b). Such a negative correlation
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can be explained by the shading effect of the analytes at high analyte concentrations
In fact, since the chemical mechanism determined by the charge transfers between
analyte molecules and MOF materials is believed to mainly contribute to the SERS
effect on MOF materials, the direct contacts between analyte molecules and MOF
materials are needed to achieve SERS enhancement. Accordingly, it can be inferred
that the largest enhancement may be observed when maximum monolayer adsorption
of analyte molecules on the surface of SERS substrates is achieved, while further
loading of analyte would cause a detrimental effect on SERS enhancement due to the
shading effect of the analytes. To avoid such suppressing effect on the Raman
intensity at high analyte concentrations, the adsorption isotherm for R6G onto MOF
substrate are plotted (as shown in Figure S3), from which it can be roughly estimated
that a sub-monolayer adsorption of R6G molecule onto the MOF substrate can be
reached at an initial R6G concentration lower than 3.4*10-4 M. Therefore, to ensure a
monolayer coverage of analyte on the substrate surface, a R6G concentration of 10 -6
M is chosen for the EF calculation in the present work, except for Co-MOF-74 using a
concentration of 10-5 M, since no conspicuous signals can be obtained with
Co-MOF-74 substrate at R6G concentration of 10-6 M.

Supplementary Note S4. Discussion about the SERS enhancement mechanism
between Co-MOF-74 and Cu-TCPP MOFs
In the case of Co-MOF-74, there are two kinds of photo-induced charge-transfer
transitions (PICT) at energies of 1.43 and 2.68 eV between analyte molecules and
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SERS substrate, neither of which is close to the excitation laser energy for resonance,
explaining the observed weak SERS activity of Co-MOF-74 under 532 nm laser
excitation. As for Cu-TCPP MOFs, its poor SERS enhancement can also be explained
in terms of the two types of charge-transfer transitions at the energies of 0.66 and 3.63
eV, both of which are far from the excitation laser energy (λL=2.33 eV). However, the
photo-induced charge-transfer transition is not the only reason for the different SERS
enhancement among MOFs, especially when it is out of effective resonance with the
incident laser. Other thermodynamically feasible resonances, such as the interband
transition involving the creation of an electron−hole pair within MOFs (1.81 eV for
Co-MOF-74 and 1.99 eV for Cu-TCPP MOFs), may be other factors responsible for
the slight difference in SERS performances between Co-MOF-74 and Cu-TCPP
MOFs, which may contribute to the overall Raman enhancement through intensity
borrowing based on the Herzberg-Teller vibronic coupling.

Supplementary Note S5. Herzberg−Teller coupling term24
A-Terms. Molecule to Substrate Charge Transfer

B-Terms. Substrate to Molecule Charge Transfer
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Supplementary Note S6. Discussion about the SERS enhancement mechanism
between Co-MOF-74 and ZIF-8
In the case of Co-MOF-74, there are two kinds of photo-induced charge-transfer
transitions (PICT) at energies of 1.43 and 2.68 eV between analyte molecules and
SERS substrate, neither of which is close to the excitation laser energy for resonance,
explaining the observed weak SERS activity of Co-MOF-74 under 532 nm laser
excitation. As for the ZIF-8/MO system, the ground-state charge-transfer (GSCT)
transition plays a more decisive role in the SERS detection of MO with ZIF-8. The
GSCT, referring to the fact that even in the ground state there exists a charge transfer
between the aligned energy levels of SERS substrate and analyte, can also contribute
to in an increased polarizability of the analyte molecules and thus improving SERS
signals25 (Figure S29). In the ZIF-8/MO system, the HOMO level of ZIF-8 is located
at -7.43 eV, close to that of MO (-7.07 eV), so GSCT may be expected to occur
(Figure S29).

Supplementary Note S7. The role of charge-transfer transition in the selectivity
and tailorability of MOF based SERS substrate
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The charge-transfer resonance, which is in close relationship with the
photo-induced charge transfer between the band edges of the SERS substrate and the
affinity levels of the adsorbed analyte, typically comprises the core of
MOFs-mediated SERS enhancement. Strong SERS enhancements for specific
analytes can only occur when ensuring high-efficiency charge-transfer process.
Otherwise, there will be no SERS signal observable for the analytes. Thus,
charge-transfer transition plays a crucial role in the selectivity and tailorability of
MOF-based SERS substrates.
Tailoring the band structures of MOFs by modifying the metal centers, ligands and
surface groups of MOFs is indispensable to adjusting the overall charge-transfer
efficiency and then the selective SERS effect. As a demonstration of the concept,
MOFs (ZIF-67 and ZIF-8) with distinct band levels are designed, which has been
proved to be suitable for the selective SERS detection of different analytes (R6G and
MO), with their SERS performances successfully illustrated by the role of band
structure matching. The tailorability of the band structure of MOFs and their
selectivity in SERS detection have initiated our work on MOFs-based SERS, which
will be further enriched with more detailed studies, such as the MOFs with different
crystalline structure and surface groups, the interaction between the metal center,
ligand and the analyte.

Supplementary Note S8. The advantage of MOFs-based substrates for surface
modification
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Compared with classical noble metal-based SERS substrates, the key advantage of
MOFs-based substrates for surface modification is that MOFs have strong bonding
capability and versatile coordination modes, featured by strongly designable surface
groups that can be combined with different modifiers, which allows the easy grafting
of the modifiers to the MOF surfaces. In contrast, noble metals are not versatile
materials for surface modification, which can only be effectively modified with a very
limited number of compounds with specific functional groups such as mercapto
groups.

Supplementary Note S9. The estimation of the detection limit for R6G
In a recent review article26 reported by A. Shrivastava and V. B. Gupta, three
strategies have been introduced as the method of obtaining the Limit of detection
(LOD), including (1) visual evaluation, (2) the calculation from the signal-to-noise
ratio (S/N), and (3) the calculation from the calibration line at low concentrations.
In our present work, the first method of visual evaluation is adopted for the
estimation of detection limit for R6G on MOFs, that is, a rough detection limit for
R6G is determined from the lowest concentration at which the signals of analytes can
still be clearly noticed, which has been commonly used in the recent SERS
literatures15, 17-18.
To assure correct understanding of the reviewer’s comment, the value of limit of
detection (LOD) is also estimated using other two methods. (1) The value of detection
limit is estimated from the calibration line at low concentrations, based on the
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relationship between the standard deviation of blank (sbl) and the slope of a calibrated
curve (Figure S28 in Supporting Information). According to the method, the detection
limit for acid-treated ZIF-67 is estimated to be 6.24 × 10-10 M, obviously lower than
that measured by the lowest concentration of analyte with detectable signals. (2) The
detection limit for R6G is also calculated based on the signal-to-noise ratio (S/N=3).
The noise (N), is estimated from the Raman signal intensity at 612 cm-1 of blank
acid-treated ZIF-67 substrates (without the loading of any analyte molecules) by the
average of 20 spectra acquired from different spots, with the value calculated to be
1.34. Then, since the signal intensity for the band at 612 cm-1 on the acid-treated
ZIF-67 substrate at R6G concentration of 5 × 10-9 M is just lager than 4.02 (3*N), the
detection limit for R6G can be determined to be 5 × 10-9 M.

Supplementary Note S10. The SERS effects of other toxic or important
molecules.
In addition to R6G, methyl orange and benzaldehyde, other types of molecules such
as bisphenol A (BPA) and p-(dimethylamino)benzaldehyde have also been selected as
analytes for SERS detection with MOF materials. Distinguishable SERS signals
related to BPA (10-3 M) can be observed on APTES@ZIF-67 substrate, with four
characteristic bands at 640, 818, 1112, and 1180 cm-1 for BPA (Figure S33).
Noticeably, the selective SERS effect is also seen for PDAB adsorbed on different
MOF substrates. Strong SERS signals for PDAB (10-3 M) can be detected from ZIF-8,
but other MOFs show almost no detectable signals (Figure S35).
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Supplementary Note S11. The vibration band at about 1365 cm-1 of TCPP-based
MOFs.
As is known, R6G can give a characteristic band at about 1360 cm-1, named as P3,
which can be assigned to aromatic C–C stretching vibration modes27. However,
Zn-TCPP MOFs also gives a main peak in a very similar position (about 1365 cm -1)
(Figure S36), which is probably related to the aromatic C–C stretching vibration mode
of Zn-TCPP MOFs28. In that case, P3 must just overlap with the characteristic band of
Zn-TCPP MOFs. It appears that the band overlapping also occurs for Co-TCPP MOFs
and Cu-TCPP MOFs.

Supplementary Note S12. The SERS performances of Cu-TCPP MOFs/R6G
system at 633 nm laser excitation.
The SERS signals from Cu-TCPP MOFs/R6G system are also obtained at an
excitation wavelength of 633 nm, as shown in Figure S37. Clearly, the signals at 633
nm laser excitation are comparatively weaker than those at 532 nm laser excitation. A
possible explanation for the observed signal difference is given as follows:
According to the chemical mechanism of SERS, The existence of photo-induced
charge-transfer (PICT) transition with energy at or near that of incident laser for an
effective resonance may be one of the premises for strong SERS enhancements based
on MOFs. However, other thermodynamically feasible resonances such as interband
transition within MOFs and molecular transition of analyte have also been found to
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play crucial roles in the SERS enhancement of MOFs through vibronic coupling,
according to the theory established by Lombardi et al29. On coupling, the relatively
weak charge-transfer resonance borrows intensity from the stronger nearby
resonances, which can be expressed by a Herzberg-Teller coupling term hCK and hIV
for intensity borrowing from molecular and interband transitions, respectively
(Supplementary Note S5). In the case of the Cu-TCPP MOFs/R6G system, there are
two kinds of PICT transitions at energies of 3.63 and 0.66 eV, neither of which is
close to the laser excitation energies of 532 nm (2.33 eV) or 633 nm (1.96 eV),
indicating that Cu-TCPP MOFs cannot exhibit intense SERS signals from R6G under
either 532 nm or 633 nm laser excitation. Therefore, the small difference in SERS
enhancement between the two different laser excitations originates from other types
of thermodynamically feasible resonances, such as interband transition within MOFs
and molecular transition of analyte. In fact, although the excitation wavelength at 633
nm is energetically near the interband transition within Cu-TCPP MOFs (1.99 eV), it
is off resonance with the molecular transition of R6G (2.30 eV) as perfectly fulfilled
at 532 nm. Accordingly, when compared with that obtained at 532 nm laser excitation,
the SERS enhancement of Cu-TCPP MOFs/R6G system is not further improved at
633 nm laser excitation, with a detection limit for R6G estimated to be 10-5 M (Figure
S37b).
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Supplementary Note S13. The SERS performances of MOFs at two different
excitation wavelengths (532 nm and 633 nm).
The SERS performances of MOFs have been carefully analyzed using 532 nm and
633 nm incident wavelengths. For example, The SERS signals from Cu-TCPP
MOFs/R6G system have been obtained at two different excitation wavelengths (532
nm and 633 nm), as shown in Figure S37. Clearly, the signals at 633 nm laser
excitation are comparatively weaker than those at 532 nm laser excitation, and a
possible explanation for the observed signal difference has been given in
Supplementary Note S12. Moreover, the SERS spectra of R6G and MO at different
excitation wavelengths (532 nm and 633 nm) on ZIF-67 and ZIF-8 have also been
measured (Figure S38). As shown in Figure S38a, the characteristic vibrational bands
of R6G (10-6 M) can be well discerned on ZIF-67 but not observed on ZIF-8 at 633
nm laser excitation, showing similar trends at 532 nm laser excitation. However, the
SERS signals of R6G are greatly weakened at 633 nm laser excitation when compared
with those obtained at 532 nm laser excitation (Figure S38b), which is probably due
to the energetic off-resonance for both PICT transition (2.40 eV) and molecule
transition (2.30 eV) in such a system with a 633 nm excitation laser (1.96 eV). As for
the MO system, the characteristic vibrational band of MO (P5) appears at 1115 cm-1
on both ZIF-67 and ZIF-8 at an excitation wavelength of 532 nm and 633 nm (Figure
S38c and Figure 3c). Clearly, ZIF-8 always shows much stronger SERS signals
compared with ZIF-67 at both excitation wavelengths (532 nm or 633 nm),
demonstrating its superior SERS activity toward the SERS detection of MO analyte
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over ZIF-67.

Supplementary Note S14. Different types of resonances contributing to the SERS
enhancement of MOFs
We consider three types of resonances including the charge-transfer, exciton (or
interband transition), and molecule resonances, together with the ground-state
charge-transfer (GSCT) interactions, can contribute to the SERS enhancement of
MOF substrates. As a matter of fact, the existence of photo-induced charge-transfer
(PICT) transition with energy at or near that of incident laser for an effective
resonance may be one of the major premises for strong SERS enhancements based on
MOFs. On the other side, other thermodynamically feasible resonances such as
interband transition within MOFs and molecular transition of analyte have also been
found to play crucial roles in the SERS enhancement of MOFs through vibronic
coupling, according to the theory established by Lombardi et al29. On coupling, the
relatively weak charge-transfer resonance borrows intensity from the stronger nearby
resonances, which can be expressed by a Herzberg-Teller coupling term hCK and hIV
for intensity borrowing from molecular and interband transitions, respectively
(Supplementary Note S5). In addition, the GSCT effect could also act as a possible
contributor to the prominent SERS enhancement, when there is effective charge
transfer between the aligned ground states of analyte and substrate.
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