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1. The Synthesis of C4NP
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Figure S1. The synthesis route of C4NP.

1.1 Synthesis of compound 25!

2 g Compound 1 (2.76 mmol) and six methyl tetramine 17 g mixture slowly add
trifluoroacetic acid (TFA) and nitrogen protection at room temperature under stirring
reaction about eight hours, after the reaction, the reaction liquid pour into the left and
right sides of crushed ice cool stir constantly, after waiting for ice to melt completely,
by several times with chloroform extraction, chloroform layer with saturated sodium
chloride water washing to neutral. The chloroform was removed by rotary evaporation
and the white product was 0.92g after column chromatography, the yield is 50%. 'H
NMR (600 MHz, CDCl,) &: 9.85 (s, 2H, CHO), 7.77 (s, 2H, ArOH), 7.67 (s, 4H, ArH),
6.79 (s, 4H, ArH), 4.78 (s, 4H, OCH,), 4.39 (d, J = 13.6 Hz, 4H, ArCH,), 3.50 (d, J =
13.6 Hz, 4H, ArCH,), 2.63 (s, 2H, CH,C=CH), 0.93 (s, 18H, Bu!) ppm. 3C NMR (150
MHz, CDCl;) &: 191.71, 191.11, 159.11, 149.41, 148.48, 131.48, 130.69, 128.95,
128.60, 126.03, 125.97, 78.08, 64.57, 63.47, 34.07, 31.88, 31.11, 30.89 ppm.

1.2 Synthesis of C4NP

In the double-mouthed flask, isoniazid compound (0.01g, 0.68 mmol) and
Compound 2 (0.2g, 0.29 mmol) was added, 20 mL anhydrous methanol was added. The

mixture was stirred and refluxed under the catalysis of acetic acid, Compound 2 was
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gradually dissolved. The solution was clarified and then gradually turned yellow,
followed by gradual precipitation of yellow solids, cooling and filtration. A small
amount of methanol was washed for three times to obtain the yellow solids 0.15g, 60%
yield. '"H NMR (600 MHz, DMSO) 8: 8.78 (s, 4H, PyH), 8.33 (s, 2H, HC=N), 8.26 (s,
1H, ArOH), 7.83 (s, 4H, PyH), 7.62 (s, 4H, ArH), 7.09 (s, 4H, ArH), 4.86 (s, 4H,
OCH,), 4.30 (s, 4H, ArCH,), 3.81 (s, 2H, CONH), 3.61 (s, 4H, ArCH,), 1.07 (s, 18H,
Bu') ppm. 13C NMR (150 MHz, DMSO) &: 161.25, 150.28, 149.80, 149.59, 147.43,
132.45, 128.73, 128.01, 125.89, 125.18, 121.56, 79.71, 78.96, 63.37, 34.04, 31.37,
30.97 ppm. Calcd for m/z=929.399 (M+Na"), found m/z= 929.399 (M+Na").
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Figure S2. '"H NMR (600M Hz, DMSO-d;) of CANP.
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Figure S3. 3C NMR (150M Hz, DMSO-dg) of C4NP.
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Figure S4. Mass spectrum of C4NP.
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2 Characterization of nanochannel pore size

In order to obtain the conical nanochannel, the etching was performed in only one
side of the conductivity cell, and the other side of the cell was filled with stopping
solution which was able to neutralize the etchant as soon as the pore opened. In this
work, the PI membrane was embedded between the two chambers of a conductivity cell
at 50°C. One chamber was filled with etching solution (NaClO, 13% available chlorine,
pH~12.5), and the other chamber was filled with stopping solution (1 M KI). Then, a
voltage of 1 V was applied across the membrane to monitor the current. The etching
process was stopped at a desired current value corresponding to a certain tip diameter.
The membrane was immersed in distilled water to remove residual salts.

The diameters of large opening (base side) of conical nanochannels were
determined by field-emission scanning electron microscopy (FESEM), the tip diameter

was estimated by the following relation: S

4y -
7 k(c)UD
L is the length of the nanochannel, which could be approximated to the thickness
of the membrane after chemical etching (12 um); / is the measured ion current; U is the
applied voltage; d,, and D is the diameter of tip and base respectively; k(c) is the
specific conductivity of the electrolyte. For 1 M KCI solution at 25 °C, k(c) 1s 0.11173

Q'lem.

Figure S5. SEM image of the PI membrane. As shown, the base diameter was about

800 nm.
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3 Modification of APAM and C4NP

Firstly, the PI film is immersed in the solution that pH 12.5 and the chloride
content of sodium hypochlorite is 13% for half an hour at about 50°C, after that, take
out and soak in the stop solution of 1M KI for twenty minutes. Then the PI film is rinsed
with secondary water and immersed in secondary water overnight. Secondly, the 30 mg
EDC and the 6 mg NHS are dissolved in 4mL of 0.1M 4-morpholine ethane sulfonic
acid (pH 5.4), oscillating to dissolve completely. The prepared PI film is immersed in
the above solution, still standing for 1 hour at room temperature. Then to remove the
PI film, After rinsed with secondary water, The film is immersed in 1 mM solution of
the APAM to be modified overnight, Lastly, PI film is immersed in 1 mM C4NP
solution, 0.87 mg copper sulfate pentahydrate and 1.4 mg sodium ascorbate are
dissolved in 10 mL water, the mixed solution that acts as catalytic is added to the above
title compound solution, standing overnight. CA test drop is 2 uL, choose five different

position to test in a film and get the mean value.
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Figure S6. The modification process.
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4 XPS of the PI film
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Figure S7. XPS spectrum of the PI film before and after modification.
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5 Control experiments of different nanochannels

(A) 5 (B) 4
0 2i7 "‘m
—&— Control 0
=] = HI: Py —s— Control
< -10 - i o Br
£ v H,PO; < 41 e
< -15 4 -« ATP = 5 4 v HPOy
) »— ADP c < ATP
= -20 4 . s
5 —&— HCO, o -89 »- ADP
(&] 5 :
-25 4 —a— P,0* 6 -10 1 —4— HCO,
-30 4 -12 1 Bl
35 4 141
16 -
-40 T r T T T T T r
-2 -1 0 1 2 -2 -1 0 1 2
Voltage (V) Voltage (V)

(C)

Figure S8. The I-V curves of (A) Bare nanochannel and (B) APAM nanochannel upon
adding 1mM various anions. (C) The current change ratio at -2V in three different

nanochannels.
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6 Determination of the binding constants (K) in nanochannel

In previous literature, it was discovered that the Langmuir model provided a
perfect fit to the experimental data for nanochannels. 33-54 In our work, furthermore, the
variation of the rectification ratio (R..) with increasing concentration of different
anions, was similar to the trend of the Langmuir absorption isotherm (C/R_+ = 1/KR .«
+ C/Ryax), Where C is the concentration of anion, R is the rectification ratio, and K is
the binding strength constant. Consequently, we speculated that it would be possible to
describe the binding of anion on the internal surface of the C4NP nanochannel using

the Langmuir model.
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Figure S9. Langmuir isotherm plots of anion adsorption on C4NP nanochannel derived
from the data shown in Figure 2D. The degree of rectification (R_., the ratio of negative
to positive current at 2 V) generally increased with increasing initial anion
concentrations from 1x10-8 to 1x10-> M. The Langmuir model was found to provide a
perfect fit to the experimental data. The regression values (R?) > 0.995 indicate a good
fit for both systems. The binding strength constants of various anion in C4NP

nanochannel are shown in Table S1.
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Table S1. K values (binding constants) for the different anions calculated using the
Langmuir equation. K (P,0,*) denotes the K of P,O4*, and K (other anion) is the K of

any anion except P,O*.

Anion K/ M1 K (P,0,*) / K (other anion)
P,O;* 6.86x10° /

Br 1.64x10° 4.18
I 0.97x10° 7.06
H,PO4 1.08x10° 6.34
ATP 0.72x10° 9.54
ADP 1.13x10° 6.08
HCO5" 1.19x10° 5.77
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7 Determination of the association constants (K,) in solution

To determine the stoichiometry and association constant (K,) between C4NP and
different anions, 'H NMR titrations were done with solutions which had a constant
concentration of CANP (10 mM) and varying concentrations of anion. Using the
nonlinear curve fitting method, the association constant was obtained for each host-

guest combination from the following equation: 3

A8 = (A8,,/[G]y)[0.5[H], + 0.5([G], + 1/K,) - (0.5([H]02 + 2[H]O(Ki - [G]O) + (Ki + [610)2)0-5))

a a

Where 46 is the chemical shift change of H; of tertiary-butyl in C4NP at [H]o, 49,
is the chemical shift change of H; when the C4NP is completely complexed, [G]j is the

fixed initial concentration of the C4NP, and [H] is the varying concentrations of anion.
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Figure S10. Partial 'H NMR spectra (DMSO-dg, 298 K, 600 MHz) of C4NP at a

concentration of 10 mM upon addition of different concentrations of PPi (0-20 mM,

dissolved in D,0).
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Figure S11. (A) Mole ratio plot for the complexation between C4NP and PPi,

indicating a 1:1 stoichiometry; (B) The non-linear curve-fitting (NMR titrations) for the

complexation of CANP with different concentration of PPi. The association constant

(K,) was calculated to be 1.08x10° M1,

S12



_JJ‘ § " | e
) B —
o AT
J i Al i N
) i i : J\_E
J s e e 1 |
L L | N
A el .
L B\ Y
) J\ e VLN :
A A L Lol _iCaNP
46 42 38 34 30 26 2.2 1.8 14 i 1.0 : 06 i 1.00 :
1 (ppm) LEEEEEESSS il | 1 (epm)__}

Figure S12. Partial 'H NMR spectra (DMSO-dg, 298 K, 600 MHz) of C4NP at a
concentration of 10 mM upon addition of different concentrations of H,PO4 (0-20 mM,

dissolved in D,0).
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Figure S13. The non-linear curve-fitting (NMR titrations) for the complexation of
C4ANP with different concentration of H,PO,. The association constant (K,) was

calculated to be 0.78x103 M-!.
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Figure S14. Partial 'H NMR spectra (DMSO-dg, 298 K, 600 MHz) of C4NP at a
concentration of 10 mM upon addition of different concentrations of ADP (0-20 mM,
dissolved in D,0).
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Figure S15. The non-linear curve-fitting (NMR titrations) for the complexation of
C4NP with different concentration of ADP. The association constant (K,) was

calculated to be 0.51x103 M-,
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8 Gaussian calculation and three-dimensional coordinates of C4NP

and PPi

The binding of CANP and PPi were examined by computational calculations at

HF/6-31g(d) levels by using Gaussian 09.

Side view Top view
C-H---0 1.9A
N-H---O 1.3A
C-H---O 2.0A
C-H---0 2.3A
C-H---O 2.0A
C-H---0 2.9A
C-H---O 1.9A
N-H---O 1.7A
C-H---0 2.2A

AE= -240.17 kcal/mol

Figure S16. Energy-minimized complex of CANP with PPi, optimized at the HF/6—

31G(d) level. This result shows that C4NP can strongly bind PPi through multiple

hydrogen bonds.
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Computational model of C4NP binding PPi

%chk=C4NP+PPi.chk
%mem=14GB

%nprocshared=8

# opt ht/6-31g(d) geom=connectivity
C4NP+PPi

41

Cartesian Co-ordinates (XYZ format)
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2.10508200
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2.21628100

2.43957800

2.81260400
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4.20361000
-0.51921900
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1.51033900
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-3.47904100
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2.05315700
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-2.98049500

2.90878400
2.01321600
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-1.52449800
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-2.14279800
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1.26610500
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9 Surface charge density (6) measurement of nanochannels through

Electroosmotic Flow (EOF) tests 5657

The rate of EOF was investigated by measuring the flux of a neutral probe
molecule (phenol) across the membrane. A PI membrane which contains multiple
nanochannels (channel density ~107 per cm?) was mounted in the home-made cell. The
feed half-cell was filled with 10 mM phenol in 10 mM phosphate buffer, pH 7.38, and
the permeate half-cell was filled with buffer. EOF was driven from feed to permeate by
using a Pt electrode in each half-cell solution to pass a fixed voltage of 2 V through the
membrane. Because the nanochannel surfaces have excess negative charge, EOF is in
the direction of cation migration. For this reason, the cathode was in the permeate

solution for all EOF experiments, as shown in Figure S17.

® ° Pt Pt
o > "
- » -—--> o e -
> a B » @ =
Feed e Permeate - Feed > Permeate
solution solution solution solution
N the diffusive flux. Nj: the total flux.

Figure S17. The experimental equipment of phenol transport measurements.

The electroosmotic velocity was obtained by spectrophotometrically measuring
the flux of phenol across the membrane. This was accomplished by periodically
measuring the fluorescence emission of the phenol in the permeate solution and making
plots of moles of phenol transport vs time. The slope of this line is proportional to the
flux of phenol across the membrane. When transport is assisted by EOF, the total flux,
N;, has both diffusive and electroosmotic contributions. The diffusive flux, Ny, was

obtained independently by doing an analogous experiment in the absence of current.
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N.

4

E= Formula (1)

Naigg

Pe
F=——— Formula (2)
1-exp (- Pe)
D

Veof=Pexf=_ g(x]am’xg Formula (3)
o=¢cX L Formula (4)

k-1

N; and Ny were then used to calculate the enhancement factor, £ (Formula 1),
which was used to calculate the Peclet number, Pe (Formula 2). Pe is related to
electroosmotic velocity, Veor, via Formula 3 (L is the membrane thickness and D is the
diffusion coefficient for phenol, L=12 um, D=8.9x10"° cm2s!; ¢ and # are the
permittivity and viscosity of the solution, respectively, £&=6.95x1071° C2J " !m™!, #=0.890
cp; p is the resistivity of the electrolyte within the nanochannel, p=2.23 KQ; J,,, is the
constant applied current density; { is the zeta potential of the nanochannel wall). We
may extract the { and then surface charge density (o) values can be estimated from the
Gouy-Chapman equation (x ! is the effective thickness of the electrical double layer,
Kk 1=(9.61x107%)(z*c) ~"?) (Formula 4). Hence, the surface charge density can be

calculated from above formulas.
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Figure S18. The fluorescence spectra of phenol transport through C4NP nanochannel

(A) without and (B) with an external electric field.
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Figure S19. The fluorescence spectra of phenol transport through C4NP+PPi

nanochannel (A) without and (B) with an external electric field.
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Figure S20. The plotted curve of the fluorescence intensity changing with time.

According to Figure S20, the enhancement factors of C4NP nanochannel and

CANP+PPi nanochannel were 1.15 and 2.67, respectively. So the surface charge

densities could be calculated, which are shown in Table S2.

Table S2. The inner surface charge density (o) of the nanochannel

Japp (MA cm?2)  Ver(ems) & (mV) o (e nm?)

C4NP nanochannel

C4NP+PPi nanochannel

0.065
0.195

2.26x1073 -0.726 -0.018
1.81x10-3 -0.949 -0.048
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10 The numerical simulation of ion concentration distribution

The Finite-element computations were performed on the Poisson and Nernst—Planck

equations using COMSOL Multiphysics 5.3. 8 The equations are shown below:

z;Fc,
Ji= Di(Vcl. + V(p) + uc;
RT Formula (5)
F
Vz(p =— —Zzici
€ Formula (6)
V]i=0 Formula (7)

Formula 5 is the Nernst-Planck equation that describes the transport property of a
charged nanochannel. The electric potential and ionic concentration can be
characterized by Formula 6. Besides, the flux should satisfy the time-independent
continuity when the system reaches a stationary regime (Formula 5). The physical
quantities J;, D;, ¢;, ¢, u, R, F, T, and ¢ refer to the ionic flux, diffusion coefficient, ion
concentration, electrical potential, fluid velocity, universal gas constant, Faraday
constant, absolute temperature, and dielectric constant of the electrolyte solutions,
respectively. The coupled equations can be solved by assuming appropriate boundary
conditions. The boundary condition for potential ¢ on the channel wall is Formula 8;
and the ionic flux has zero normal components at boundaries (Formula 9), where o

represents the surface charge density and is given by the EOF experiment.

o
—— V(p —_—
n € Formula (8)
- -]i =0
n Formula
)

Electrolyte solution was 0.1 M KCI, and the diffusion coefficients of K™ and Cl~ were

set as 1.957x10° m? s7! and 2.032x10"° m? s7!, respectively. The simulated model is
S24



shown in Figure S21.

C4NP nanochannel Reservoir
O=_
£ 0.018 e.npy2 %
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)iy 3
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Figure S21. The model of numerical simulation about C4NP nanochannel and
C4ANP+PPi nanochannel (length and width are not to scale). As shown in the Figure,
the model of nanochannel is set to 12000 nm (length), 800 nm (base side), and 18 nm
(tip side). The reservoirs with a width of 1000 nm and a height of 1000 nm. The surface
charge density of C4NP nanochannel (-0.018 ¢ nm?) and C4NP+PPi nanochannel (-
0.048 ¢ nm) are measured by EOF experiments. Applying -2V potential at the base

side as a driving force to demonstrate the ion behavior under experimental conditions.
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Figure S22. The numerical simulation of ion concentration (total of K*) distribution in

the C4NP nanochannel and C4NP+PPi nanochannel (at —2 V, with 0.1 M KCl).
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