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1. The synthesis of azobenzene-calix[4]arene (ABC4)

 

Scheme S1. The synthesis route of azobenzene-calix[4]arene (ABC4).
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1.1 Synthesis of compound 3S1

Sodium methoxide (0.39 g) and compound 2 (2.00 g) in acetonitrile (100 mL) 

was stirred at reflux for 0.5 h. Allyl bromide (0.6 mL) was added and the reaction 

mixture was stirred at reflux for a further 8 h. The solvent was evaporated and the 

residue was dissolved in trichloromethane (30 mL). The organic solution was washed 

diluted HCl and water then dried with sodium sulphate. Evaporation of the solvent 

gave a crude solid. The crude product was purified by column chromatography 

(petroleum ether/ trichloromethane (v/v)=4/1) to yield the desired compound 3 (1.49 g, 

yield 68%). 1H NMR (400 MHz, DMSO-d6) δ: 9.58 (s, 1H, ArOH), 8.90 (s, 2H, 

ArOH), 7.30-6.96 (m, 8H, ArH), 6.85 (s, 1H, ArH), 6.62 (s, 3H, ArH), 6.35 (m, 1H, 

CH=CH2), 5.74 (d, J = 16.4 Hz, 1H, CH=CH2), 5.49 (d, J = 10.7 Hz, 1H, CH=CH2), 

4.63 (s, 2H, OCH2), 4.33-4.13 (t, 4H, ArCH2Ar), 3.47 (dd, J = 23.8, 13.2 Hz, 4H, 

ArCH2Ar) ppm.

Figure S1. 1H NMR (400M Hz, DMSO-d6, 25℃) of compound 3.
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1.2 Synthesis of ABC4S2

p-aminobenzoic acid (0.93 g) and hydrochloric acid (1.5 mL) in water (15 mL) 

was stirred about 2 min. Then this solvent was cooled to -10℃. The NaNO2 (0.49 g) 

aqueous solution (6mL) was added to p-aminobenzoic acid solvent drop by drop. 

After the dropwise addition, the solvent was pale-yellow and clarified liquid (1).

Compound 3 (0.7 g) and anhydrous sodium acetate (1.6 g) was dissolved in 

DMF (16 mL) and methanol (10 mL). the solvent was cooled to -5℃. And then, liquid 

(1) was added in this solvent drop by drop. After the dropwise addition, the reaction 

system was stirred about 6 h at -5℃. To Stop the reaction, diluted HCl (50 ml, 0.1M) 

was added in it and continued to react about 2 h. After filtration, the solid was washed 

with water (30 mL) and methanol (30 mL) to give a crude solid. Lastly, the crude 

solid was purified by recrystallization to obtain the ABC4 (1.20 g, yield 88%). 1H 

NMR (400 MHz, DMSO-d6) δ: 14.66-11.38 (s, 2H, COOH), 10.58-8.99 (s, 2H, 

COOH), 8.13 (d, J = 7.4 Hz, 4H, ArH), 8.07-7.96 (m, 4H, ArH), 7.90 (dd, J = 21.8, 

13.3 Hz, 6H, ArH), 7.82-7.51 (m, 4H, ArH), 7.15 (d, J = 7.2 Hz, 2H, ArH), 6.84 (d, J 

= 7.0 Hz, 1H, ArH), 6.29 (m, 1H, CH=CH2), 5.74 (d, J = 16.6 Hz, 1H, CH=CH2), 

5.44 (d, J = 10.2 Hz, 1H, CH=CH2), 4.61 (s, 2H, OCH2), 4.39 (dd, J = 48.7, 12.7 Hz, 

4H, ArCH2Ar), 3.77 (dd, J = 37.8, 12.7 Hz, 4H, ArCH2Ar) ppm. 13C NMR (100 MHz, 

DMSO-d6) δ: 206.30, 166.74, 154.45, 152.56, 151.50, 145.10, 133.62, 133.36, 133.10, 

132.90, 131.58, 130.51, 129.13, 128.84, 128.48, 127.61, 125.28, 124.94, 124.63, 

123.8, 121.83, 119.03, 117.61, 76.70, 76.48, 35.70, 30.73, 30.59 ppm. ESI(+)MS 

calcd for C52H40N6O10 908.28 (M+), found: m\z =931.508 (M+Na+). 
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Figure S2. 1H NMR (400M Hz, DMSO-d6, 25℃) of ABC4.

Figure S3. 13C NMR (100M Hz, DMSO-d6, 25℃) of ABC4.
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Figure S4. Mass spectrum of ABC4.
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2. Responsive time of ABC4 to UV light

Figure S5. (A) The UV-Vis spectra of 1×10-5 M trans-ABC4 after irradiation at 365 

nm for different time; (B) The changes of absorbance at 266 nm and 378 nm with 

irradiation time. The absorption band at 378 nm decreased gradually as the irradiation 

went on.
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3. Photoisomerization of ABC4 on 1H NMR spectrum

Figure S6. The partial 1H NMR spectra of (A) 1 mM trans-ABC4 and (B) 1 mM 

trans-ABC4 after irradiation at 365 nm for 20 min, the four new signals (Protons H1*, 

H2*, H3* and H4*) indicated trans-to-cis isomerization occurred among ABC4.
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4. Gaussian calculation and three-dimensional coordinates of ABC4

The optimized structures were obtained by computational calculations at HF/6-

31g(d) levels by using Gaussian 09.

 

Figure S7. Energy-minimized structures of trans-ABC4 and cis-ABC4, optimized at 

the HF/6–31G(d) level. 

Table S1. Energy difference between trans-ABC4 and cis-ABC4.
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Computational structure of trans-ABC4

%chk=trans-Azo-C4.chk

%mem=4GB

%nprocshared=4

# opt hf/6-31g(d) geom=connectivity

trans-Azo-C4

0 1

Cartesian Coordinates (XYZ format)
O                 -0.08058200   -5.38023100   -0.01182700

 H                 -0.47439400   -2.13907300    4.04014900
 C                 -2.65690100   -2.83637500   -1.38819900
 O                  1.69011700   -3.80159800   -1.58179900
 C                 -0.39615400   -2.79886400    3.19504800
 C                 -1.53249300   -3.17735700    2.50494800
 C                 -1.46562800   -4.03101300    1.41045500
 C                 -3.24732000   -3.15267100   -0.15444900
 C                 -4.25044800   -2.34274800    0.32608700
 C                 -4.65022100   -1.21151600   -0.38501800
 C                 -4.02217500   -0.89706200   -1.57565000
 C                 -3.01398300   -1.69382300   -2.10051300
 C                  4.69565700   -1.69214900    0.27584200
 C                  4.05988000   -2.70888400    0.95968300
 C                  3.02471100   -3.43781000    0.38834800
 C                  2.33175800   -4.52761100    1.19502400
 C                  4.28173100   -1.37210400   -1.01353500
 C                 -0.21089700   -4.51792200    1.05088600
 C                  1.52274700    0.49479100   -2.66442600
 O                 -1.74240200   -3.70571500   -1.83131700
 C                  2.64645600   -3.11547500   -0.91162400
 C                  3.25392400   -2.06579300   -1.61518900
 C                  2.76857200   -1.66679600   -3.00115400
 C                  1.47701300   -0.85633400   -2.97900600
 C                 -2.73755600   -4.35165800    0.63094600
 C                  0.84253700   -3.24984700    2.77959300
 C                  0.95446300   -4.10914300    1.69614400
 C                  0.37708800    1.26480900   -2.62497200
 C                 -2.31602000   -1.30455900   -3.39936000
 C                  0.23330200   -1.41606300   -3.25106700
 C                 -0.85695400    0.67721700   -2.88200100
 C                 -0.94745200   -0.66513900   -3.18624900
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 C                  0.01237000   -7.54199600   -0.97116000
 H                  0.77880300   -3.23955000   -3.14353200
 O                  0.11724900   -2.72548400   -3.60112100
 C                 -0.20872000   -6.76215500    0.28801900
 H                 -1.19187400   -6.95684900    0.69829900
 H                  0.52654400   -7.02934700    1.04182600
 C                 -0.82958700   -8.44005400   -1.43950400
 H                 -0.61782100   -8.99762400   -2.33373500
 H                 -1.76325800   -8.65601300   -0.94912900
 H                  0.93650100   -7.34330900   -1.48934000
 H                  1.15642000   -4.38198800   -1.04081700
 H                 -2.48899100   -2.79171300    2.80968100
 H                 -4.73511400   -2.57389600    1.25511200
 H                 -4.34098500   -0.01470500   -2.10049500
 H                  4.39045600   -2.93636900    1.95665500
 H                  2.26574400   -5.43629400    0.61142800
 H                  2.95791100   -4.76261100    2.04728700
 H                  4.77219800   -0.57490800   -1.53753200
 H                  2.46378400    0.96793700   -2.45061900
 H                 -1.29069200   -3.40614400   -2.61333400
 H                  2.66089900   -2.54086600   -3.63101200
 H                  3.53825500   -1.06217800   -3.46565000
 H                 -2.56291400   -5.17326400   -0.04615700
 H                 -3.50681400   -4.66078600    1.33094600
 H                  1.73060000   -2.92632200    3.29338300
 H                 -2.22888300   -2.15941100   -4.05908500
 H                 -2.94626200   -0.59303100   -3.91893600
 H                 -1.74402500    1.27833400   -2.83061400
 N                 -0.43728400    3.32531400   -2.30255200
 O                 -0.93265300    9.48963800   -0.57019200
 H                 -1.63118500    8.89647300   -0.33173700
 N                  0.56617900    2.63102900   -2.30698800
 C                  0.13836900    8.84655500   -1.03845100
 O                  1.16524700    9.41784100   -1.17855700
 C                 -1.26433000    6.83601500   -1.68051000
 C                  1.10430300    6.58984600   -1.37367300
 C                  1.01414000    5.24762700   -1.66872600
 C                 -0.03441500    7.39375900   -1.36339400
 C                 -1.35810300    5.48901700   -1.98948200
 C                 -0.22613600    4.69254100   -1.97830000
 H                 -2.15339800    7.43987400   -1.72716000
 H                  1.88776000    4.62693000   -1.66621800
 H                  2.05358300    7.03539700   -1.14626800
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 H                 -2.30231600    5.04675300   -2.24583300
 N                 -6.23234000   -0.59315200    1.07499900
 O                -10.62180800    2.93826200    4.15854400
 H                 -9.95077900    2.50467200    4.66669700
 N                 -5.67015300   -0.32599500    0.02387300
 C                -10.36844600    2.89545600    2.84878000
 O                -10.98897700    3.56793300    2.09821400
 C                 -8.88510200    0.86091800    3.13569600
 C                 -8.65887900    2.23582000    1.18121300
 C                 -7.64990400    1.42343000    0.71321400
 C                 -9.27645300    1.97200900    2.40267400
 C                 -7.87990900    0.03398500    2.66289100
 C                 -7.25448200    0.31481600    1.45989500
 H                 -9.37520800    0.60248700    4.05791800
 H                 -7.16907700    1.63200800   -0.22155100
 H                 -8.98357300    3.08478600    0.61082800
 H                 -7.57580500   -0.83501400    3.21545200
 N                  6.30382600   -0.13868600    0.37174400
 O                 10.79737100    3.84850700    2.64049000
 H                 10.10884300    4.20736400    2.09837000
 N                  5.74147800   -1.04131400    0.97069600
 C                 10.54654100    2.59121400    3.00945700
 O                 11.19240600    2.07565800    3.85636300
 C                  9.00118500    2.24514600    1.03164000
 C                  8.81173300    0.82258800    2.95679700
 C                  7.77769200    0.13528300    2.36077300
 C                  9.42352600    1.89206000    2.30489000
 C                  7.97086200    1.54787700    0.42264800
 C                  7.35256600    0.50147400    1.08502700
 H                  9.48530500    3.03477800    0.48454300
 H                  7.30071600   -0.68074200    2.86585400
 H                  9.16052300    0.54386900    3.93253100
 H                  7.64209000    1.80348900   -0.56703400
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Computational structure of cis-ABC4

%chk=cis-Azo-C4.chk

%mem=4GB

%nprocshared=4

# opt hf/6-31g(d) geom=connectivity

cis-Azo-C4

0 1

Cartesian Coordinates (XYZ format)
O                  0.56875100   -3.75632000    0.98905500

 H                  1.22776200   -3.36582300   -4.15804200
 C                  2.46454000   -0.38182300    0.74032500
 O                 -1.67198400   -1.99176100    1.17233500
 C                  1.09265400   -3.43609900   -3.09395200
 C                  2.12553400   -3.09547000   -2.24052000
 C                  1.98294700   -3.17621200   -0.86091000
 C                  3.31783200   -1.20585400    0.00056800
 C                  4.30542500   -0.62163900   -0.76813500
 C                  4.42820700    0.76150600   -0.83306500
 C                  3.51140400    1.55582000   -0.16698000
 C                  2.53103000    1.00785600    0.64572300
 C                 -4.58016700   -2.12032100   -1.74219800
 C                 -3.66049000   -3.14849400   -1.65762800
 C                 -2.66313400   -3.15447000   -0.69379100
 C                 -1.67372200   -4.31048200   -0.64213500
 C                 -4.45013300   -1.02303400   -0.90488900
 C                  0.76721800   -3.64295200   -0.36579100
 C                 -2.27633900    1.98451800   -0.61645200
 O                  1.58471700   -1.01001600    1.53010700
 C                 -2.58124900   -2.06238600    0.16897700
 C                 -3.44666000   -0.97344800    0.04625200
 C                 -3.28222800    0.26358300    0.91654400
 C                 -2.12541900    1.15935000    0.48623400
 C                  3.12258400   -2.71359700    0.04102400
 C                 -0.12200100   -3.84183000   -2.57454700
 C                 -0.30492800   -3.94358100   -1.20287000
 C                 -1.26198600    2.83064700   -1.02656000
 C                  1.53612000    1.90630300    1.37109800
 C                 -0.89677900    1.16482600    1.14398700
 C                 -0.03824300    2.79477000   -0.37782000
 C                  0.16418200    1.95797800    0.70659000
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 C                  0.63358000   -4.94037300    3.03767800
 H                 -1.16184900   -0.43651100    2.14427300
 O                 -0.68687600    0.38594500    2.24086500
 C                  0.95068000   -4.99258100    1.57516900
 H                  2.00777900   -5.16231700    1.41256400
 H                  0.40492000   -5.79655500    1.08923900
 C                  1.50777200   -5.19181400    3.99027100
 H                  1.23046900   -5.16906000    5.02850400
 H                  2.53458200   -5.43119600    3.77312300
 H                 -0.38607200   -4.69620800    3.28803600
 H                 -0.96905500   -2.63793400    1.12626400
 H                  3.05572800   -2.74474100   -2.65087300
 H                  4.97143900   -1.24920900   -1.32867900
 H                  3.58352400    2.62274600   -0.27924100
 H                 -3.73646700   -3.96343900   -2.35444000
 H                 -1.58493300   -4.67609900    0.37214200
 H                 -2.08278400   -5.12846000   -1.22277400
 H                 -5.12223000   -0.19178500   -0.99894600
 H                 -3.19781300    1.98124200   -1.17009900
 H                  0.96774500   -0.41865400    1.94771000
 H                 -3.17922800   -0.01885400    1.95635400
 H                 -4.19683100    0.84148800    0.85920900
 H                  2.93769600   -3.01707000    1.05971400
 H                  4.04108700   -3.19321900   -0.28100500
 H                 -0.93761200   -4.07196900   -3.23709400
 H                  1.43353600    1.60590900    2.40665000
 H                  1.94155400    2.91051500    1.39427800
 H                  0.77477800    3.40203800   -0.72656000
 N                 -1.23206000    4.75416500   -2.37059300
 O                  1.75736500    9.33619400    1.00470800
 H                  1.75835000    9.39955000    0.05988700
 N                 -1.52938500    3.58468300   -2.21380400
 C                  0.92479000    8.39209800    1.44767200
 O                  0.63709900    8.33880400    2.59446300
 C                  1.04959800    7.14952300   -0.76053900
 C                 -0.80328600    6.77849900    0.71605400
 C                 -1.33724400    5.86775600   -0.17308800
 C                  0.39197600    7.43010400    0.43142300
 C                  0.51678800    6.24425200   -1.65988200
 C                 -0.66418600    5.58527800   -1.35515500
 H                  1.99163100    7.61272500   -0.99611000
 H                 -2.26625400    5.37699300    0.04719600
 H                 -1.30512500    6.99382100    1.63979100
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 H                  1.01141200    6.03972600   -2.59137700
 N                  6.53049900    1.18017700   -1.79433400
 O                 10.55638900   -3.31238400    0.42410100
 H                 10.76479300   -2.88368500   -0.39418300
 N                  5.35367600    1.46575000   -1.66485000
 C                  9.55422500   -2.70962600    1.06781200
 O                  9.32611800   -2.97370700    2.19885400
 C                  8.65418100   -1.74254100   -1.09591700
 C                  8.07792000   -0.72321400    0.99679100
 C                  7.31137600    0.21487200    0.33600700
 C                  8.75832100   -1.70905400    0.28952300
 C                  7.89254600   -0.80212400   -1.76528800
 C                  7.20042900    0.16181800   -1.04841800
 H                  9.14400800   -2.50989900   -1.66939300
 H                  6.79788700    0.97981600    0.88688300
 H                  8.15698800   -0.70306000    2.06681500
 H                  7.82565700   -0.81215600   -2.83752500
 N                 -6.70490500   -1.95598700   -2.72138200
 O                -10.70445000    0.09172100    1.87695600
 H                -10.93707100    0.25478000    0.97360400
 N                 -5.51919800   -2.21224000   -2.81852700
 C                 -9.67144300   -0.74515400    1.99045400
 O                 -9.40506300   -1.22825800    3.03751800
 C                 -8.84486200   -0.15103100   -0.33336500
 C                 -8.16332600   -2.21152600    0.68669300
 C                 -7.40885200   -2.52042000   -0.42687900
 C                 -8.88997000   -1.02710000    0.74460500
 C                 -8.09746400   -0.45744800   -1.45592800
 C                 -7.35976000   -1.63047100   -1.49273400
 H                 -9.37123600    0.78689600   -0.30725900
 H                 -6.86065400   -3.44231000   -0.47063200
 H                 -8.19750300   -2.88313700    1.52290200
 H                 -8.07747600    0.20642300   -2.30039200
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5. Modification of ABC4 and contact angle (CA) tests

The etched silicon substrate was immersed in the chromic acid solution for about 

2 h, washed three times with distilled water, and then dried under N2 flow. After that, 

the silicon substrate was soaked in HF aqueous solution (v/v=25/1) for 10 min, then 

washed with distilled water and dried dry under N2 flow to obtain the Si-H modified 

surface. 

The ABC4 was attached onto surface by hydrosilylation addition reaction. The 

Si-H modified silicon substrate was reacted with ABC4 (8 mg) in THF (10 mL) at 

30℃ under N2 atmosphere, using H2PtCl6·6H2O as a catalyst, to afford ABC4-

modified silicon surface.

Contact angles (CA) were measured using an OCA 20 contact angle system 

(Dataphysics, Germany) at ambient temperature and saturated humidity. Before the 

contact angle test, the sample was blown dry with N2 flow. In each measurement, an 

about 2 μL droplet of water was dispensed onto the surface of silicon substrate. The 

average contact angle value was obtained at five different positions of the same 

sample.

Figure S8. The modification process of ABC4 and contact angle characterization.
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6. XPS characterization

X-ray photoelectron spectra (XPS) data were obtained with an ESCA-Lab220i–

XL electron spectrometer from VG Scientific using 300 W Al Kα radiation. All peaks 

were referenced to C1s (CHx) at 284.6 eV in the deconvoluted high-resolution C1s 

spectra. The analysis software was used as provided by the instrument’s manufacturer.

Table S2. The XPS data of ABC4 modified silicon surface.

Figure S9. The XPS spectrum of the ABC4-modified silicon substrate, which 

indicates that the ABC4-SAMs were successfully constructed.
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7. Photo-reversibility of ABC4-SAMs

Figure S10. The photo-controlled cycling experiment on contact angle of ABC4-

SAMs, the irradiation time for UV light and Vis light are 10 min and 30 min, 

respectively. The result illustrated good photo-recyclability of ABC4-SAMs.
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8. Calculation of surface free energy (γs-g)S3

Figure S11. (A) Young modelS4; (B) Droplet movement on free energy gradient 

surfaceS5.

The basic theory of the liquid contact angle on a flat surface can be described by 

Young's equation (Formula 1) proposed by Young in 1805, which describes the 

relationship between the static contact angle (θ) of a droplet and the surface free 

energy of three interfaces (solid–liquid, solid–gas, and gas–liquid) (Figure S11):

                                    Formula (1)𝛾𝑠 ‒ 𝑔= 𝛾𝑠 ‒ 𝑙+ 𝛾𝑙 ‒ 𝑔 ∙ cos 𝜃

                            Formula (2)𝛾𝑠 ‒ 𝑙= 𝛾𝑠 ‒ 𝑔+ 𝛾𝑙 ‒ 𝑔 ‒ 2 𝛾𝑠 ‒ 𝑔 ∙ 𝛾𝑙 ‒ 𝑔

where γs-g, γs-l and γl-g are the surface free energy of the solid-gas interface, the solid-

liquid interface and the liquid-gas interface, respectively. And θ is the contact angle 

between the solid and the measuring liquid.

                         Formula (3)
𝛾𝑠 ‒ 𝑔=

(1 + cos 𝜃)2

4
∙ 𝛾𝑙 ‒ 𝑔

Formula (3) is obtained from Formula (1) and Formula (2) to calculate the 

surface free energy (γs-g) of solid–gas surface. For water, the γl-g is 72.8 mN/M at 25℃.

Table S3. The calculation of surface free energy (γs-g).
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9. Dynamic contact angle of water droplet movement

Figure S12. The UV light-driven directional measurable movement of water droplet 
(1 μL) on two ABC4-SAMs samples.
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10. Cycle experiments of water droplet movement

Figure S13. The cycle experiments of water droplet movement on ABC4-SAMs 
under asymmetric UV light irradiation.
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