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1. Suppliers, synthesis and characterization of Ac-Phe-NHNH2 

Compound (S)-N-(1-hydrazinyl-1-oxo-3-phenylpropan-2-yl)acetamide (4), abbreviated 
as Ac-Phe-NHNH2 (CAS#: 18934-57-1), can be purchased from the following 
suppliers: Angene Chemical; 3B Scientific Corporation; Indofine Chemical Company; 
Inc.; Senn Chemicals; Watanabe Chemical Industries; Honest Joy Holdings; Alfa Aesar; 
Aurora Fine Chemicals; BOC Sciences; DSK Biopharma; Shanghai Apichemical. 
Alternatively, Ac-Phe-NHNH2 can be easily synthesized according to literature known 
procedures as described below. All compounds displayed identical spectroscopic data to 
those reported in the literature: 

 
 (S)-Methyl-2-amino-3-phenylpropanoate hydrochloride (S2)1: (L)-Phenylalanine (S1) 
(5 g, 42 mmol) was added carefully in portions to a cooled solution of thionyl chloride 
(15.3 mL, 210 mmol) in MeOH (50 mL) at 0 °C. After stirring for 1 h, the solution was 
allowed to warm to RT and stirred for additional 24 h. The solvent was removed under 
reduced pressure and the resulting residue was co-evaporated with MeOH (5 × 20 mL) 
to give compound S2 as white solid in quantitative yield (9.05 g, 42 mmol) without 
need of further purification. 1H NMR (300 MHz, MeOD): δ (ppm) = 7.42–7.32 (m, 3H), 
7.29–7.24 (m, 2H), 4.33 (dd, J = 7.3, 6.2 Hz, 1H), 3.81 (s, 3H), 3.29–3.13 (m, 2H). 

(S)-Methyl-2-acetamido-3-phenylpropanoate (S3)2: Compound S2 (5 g, 23 mmol) was 
added in one portion to a cooled solution of acetic anhydride (11 mL, 120 mmol) in 
pyridine (9.5 mL) at 0 °C. After stirring for 0.5 h, the solution was allowed to warm to 
RT and stirred for additional 12 h. After addition of ice-water (50 mL), the aqueous 
mixture was extracted with CH2Cl2 (4 × 25 mL) and the combined organic layers were 
washed with aqueous saturated NH4Cl (3 × 25 mL), 0.1 M HCl (3 × 25 mL) and water 
(3 × 25 mL). The organic layer was dried over Na2SO4, filtered and the solvent removed 
under reduced pressure to afford compound S3 as white solid in 80% yield (4.14 g, 18.4 
mmol). 1H NMR (300 MHz, CDCl3): δ (ppm) = 7.31–7.20 (m, 3H), 7.11–7.05 (m, 2H), 
5.98 (s, 1H), 4.88 (dt, J = 7.9, 5.8 Hz, 1H), 3.71 (s, 3H), 3.18–3.03 (m, 2H), 1.97 (s, 
3H). 

(S)-N-(1-Hydrazinyl-1-oxo-3-phenylpropan-2-yl)acetamide (4)3: To a stirred solution of 
compound S3 (4.14 g, 18.4 mmol) in MeOH (125 mL) was added carefully NH2NH2 • 
H2O (2 mL, 40.1 mmol) and the mixture was stirred at RT for 2 days. The solvent was 
removed under reduced pressure to afford compound 4 as white solid in quantitative 
yield (4.35 g, 18.4 mmol). 1H NMR (300 MHz, MeOD): δ (ppm) = 7.31–7.16 (m, 5H), 
4.55 (dd, J = 8.5, 6.6 Hz, 1H), 3.08 (dd, J = 13.7, 6.5 Hz, 1H), 2.87 (dd, J = 13.7, 8.6 
Hz, 1H), 1.89 (s, 3H). 
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2. NMR spectra of synthesized compounds 
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3. Custom made set-up for Tgel determination 

 
Fig. S1 A) Front view showing the set-up composed of an electric heating plate, an 
alumina block and a digital thermo-couple. B) Top view of the set-up during 
experimentation containing vials (4 cm length × 1 cm diameter) with gel materials. The 
alumina block was constructed especially for the type of vials showed in the picture, 
which fit smoothly inside the molds to ensure a good transmission of the heat-flow. The 
set-up was previously calibrated with literature data for known compounds. The hereby 
obtained values have been also verified by correlation with those obtained using other 
methods such as the horizontal flow method (i.e., the sealed vial containing the gel was 
immersed horizontally into an oil bath, which was heated up at 1 ºC/5 min), the 
dropping ball method (i.e., a ball was placed on top of the gel, which was heated up at 1 
ºC/5 min; ball features: 0.1 ± 0.02 mm diameter, 0.105 ± 0.010 g weight) and 
differential scanning calorimetry (DSC) measurements. Moreover, verification on the 
independence of the position inside the apparatus was also carried out. The estimated 
error between the different methods was ± 2 ºC. 
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4. Table S1 Tabular data of gelation ability and gel properties obtained by heating-cooling and ultrasound protocolsa 

Heating-cooling protocol Ultrasound-enhanced protocolb Ultrasound-enhanced protocol  
Entry Solvent CGC 

(mg/mL) 
Gelation 

time (min) Tgel (°C) OA 
CGC 

(mg/mL) 
Gelation 

time (min) Tgel (°C) OA 
CGC 

(mg/mL) 
Gelation 

time (min) Tgel (°C) OA 
1 MeOH >200 - - PG - - - - 170 (15) 2.5 (0.5) 33 (1) OG 
2 EtOH >200 - - PG - - - - 95 (10) 3.5 (0.5) 32 (2) OG 
3 i-PrOH >200 - - PG - - - - 62 (6) 13 (1) 30 (2) OG 
4 2-BuOH >200 - - PG - - - - 71 (8) 19 (2) 31 (1) OG 
5 1-HexOH >200 - - PG - - - - 95 (10) 36 (3) 33 (1) OG 
6 Glycerine 0.1-200 - - I - - - - 0.1-200 - - I 
7 DMSO 54 (5) 25 (5) 36 (2) OG 54 4.5 (0.5) 38 (1) OG 18 (2) 48 (7) 32 (1) OG 
8 DMF >200 - - CS - - - - >200 - - CS 
9 MeCN 110 (10) 12 (2) 42 (1) OG 110 0.8 (0.1) 50 (1) OG 9 (1) 0.8 (0.1) 40 (1) OG 

10 THF >200 - - CS - - - - >200 - - CS 
11 Et2O 27 (4) 7 (1) 41 (1) OG 27 1.3 (0.1) 43 (1) OG 12 (1) 0.8 (0.1) 36 (2) OG 
12 EtOAc 67 (7) 10.5 (0.5) 49 (1) OG 67 0.8 (0.1) 54 (2) OG 10 (1) 1.3 (0.1) 46 (1) OG 
13 CH2Cl2 >200 - - CS - - - - >200 - - CS 
14 CHCl3 >200 - - CS - - - - >200 - - CS 
15 DCE >200 - - CS - - - - >200 - - CS 
16 PheCN 175 (15) 145 (15) 47 (1) TLG 175 11 (0.5) 51 (1) TLG 47 (4) 12.5 (1.5) 36 (2) TPG 
17 PheCl 167 (13) 180 (30) 36 (1) TLG 167 9.5 (0.5) 44 (1) TLG 42 (4) 10.5 (1) 37 (2) TPG 
18 Benzene 120 (10) 210 (15) 38 (2) TPG 120 4 (0.5) 48 (2) TPG 20 (2) 5.5 (0.5) 38 (1) TPG 
19 Toluene 72 (6) 780 (60) 40 (1) TPG 72 2.5 (0.2) 52 (2) TPG 17 (2) 2.5 (0.5) 40 (1) TPG 
20 Xylene 50 (4) 65 (5) 47 (2) TPG 50 1.5 (0.2) 51 (1) TPG 13 (1) 1.8 (0.2) 38 (1) TPG 
21 DOX 87 (8) 160 (20) 37 (2) OG 87 5 (0.5) 42 (1) OG 28 (3) 3.5 (0.5) 33 (2) OG 
22 Acetone 87 (8) 135 (15) 45 (1) OG 87 0.8 (0.1) 55 (2) OG 14 (2) 1.8 (0.2) 39 (1) OG 
23 n-Hexane 20 (2) 10 (0.5) 40 (1) OG 20 1.3 (0.1) 41 (2) OG 8 (1) 0.8 (0.1) 37 (1) OG 
24 IL-1 25 (3) 30 (5) 72 (1) OG 25 8.5 (0.5) 74 (2) OG 14 (2) 20 (5) 68 (2) OG 
25 IL-2 48 (4) 7 (1) 78 (2) OG 48 3.5 (0.5) 82 (2) OG 29 (3) 17 (3) 71 (1) OG 
26 O-oil 14 (2) 45 (5) 62 (1) TLG 14 5.5 (0.5) 72 (1) TLG 8 (1) 13 (1) 60 (1) TLG 
27 R-oil 13 (2) 75 (10) 63 (1) TLG 13 45 (5) 67 (1) TLG 5 (1) 125 (15) 58 (2) TLG 
28 S-oil 42 (4) 90 (15) 61 (2) OG 42 13 (1) 71 (2) OG 23 (3) 17 (3) 65 (1) OG 
29 Gasoline 85 (8) 125 (15) 39 (1) TLG 85 16.5 (1.5) 43 (1) TLG 63 (6) 6 (0.5) 33 (2) TLG 
30 Diesel 82 (8) 80 (10) 44 (2) TLG 82 7.5 (0.5) 53 (1) TLG 25 (3) 25 (5) 35 (1) TLG  

a Values in brackets indicate errors from at least 2 randomized experiments. Solvent volume = 1 mL. b Values determined at the corresponding CGC of the heating-cooling 
protocol. Abbreviations: OA = optical appearance; CS = clear solution; I = insolubility of the compound in the corresponding solvent; P = precipitation of the compound from 
an isotropic solution after cooling; PG = partial gel; OG = opaque gel; TLG = translucent gel; TPG = transparent gel; DCE = 1,2-dichloroethane; DOX = 1,4-dioxane; 1-
HexOH = 1-hexanol; IL-1 = 1-butyl-3-methylimidazolium hexafluoro phosphate; IL-2 = 1,3-dibutylimidazolium hexafluoro phosphate; PheCl = chlorobenzene; PheCN = 
benzonitrile; O-oil = olive oil; R-oil = rapeseed oil; S-oil = silicon oil. 
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5. Additional figures and tables 

  
Fig. S2 Proof of transparency of gels made in toluene (17 mg/mL) in comparison to gels 
made in MeCN (9 mg/mL). Top: Intact gels. Bottom: Gels destroyed using a spatula. 

 

 

Fig. S3 Comparison between the gelation times obtained using the heating-cooling 
cycle vs. the ultrasound-enhanced protocol. Abbreviations: Ionic liquid-1 = 1-butyl-3-
methylimidazolium hexafluorophosphate; Ionic liquid-2 = 1,3-dibutylimidazolium 
hexafluorophosphate. 
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Fig. S4 DTS experiments for the gels made of 6 in acetonitrile (9 mg/mL) and toluene 
(17 mg/mL) using the ultrasound protocol. MeCN: G’ = 575328 ± 464 Pa, G’’ = 95360 
± 2228.4 Pa, tan δ = 0.17 ± 0.004; strain at break = 4 ± 0.4 %. Toluene: G’ = 7946 ± 
514.0 Pa, G’’ = 1120 ± 117.8 Pa, tan δ = 0.14 ± 0.006; strain at break = 4 ± 0.6 %. 
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Fig. S5 Additional rheological plots comparing the materials obtained by heating-
cooling and ultrasound protocols: A) DSS experiment of the gel made of 6 in toluene 
(72 mg/mL). B) A) DFS experiment of the gel made of 6 in toluene (72 mg/mL). C) 
DSS experiment of the gel made of 6 in MeCN (110 mg/mL). D) A) DFS experiment of 
the gel made of 6 in MeCN (110 mg/mL). E) DTS experiment of the gel made of 6 in 
MeCN (110 mg/mL). 
 

Summary of the mechanical properties for the above materials depending on the solvent 
and protocol used for the gel preparation:  

- Solvent: MeCN; method: heating-cooling 
G’ = 720.3 kPa; G’’ = 206.1 kPa; tan δ = 0.29; strain at break = 2% 
- Solvent: MeCN; method: ultrasound 
G’ = 3162.8 kPa; G’’ = 672.5 kPa; tan δ = 0.21; strain at break = 6% 
- Solvent: Toluene; method: heating-cooling 
G’ = 0.12 kPa; G’’ = 0.04 kPa; tan δ = 0.35; strain at break >100% 
- Solvent: Toluene; method: ultrasound 
G’ = 33 kPa; G’’ = 3.1 kPa; tan δ = 0.09; strain at break = 8% 
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Fig. S6 Thixotropy loop test of the model gel made from 6 in toluene (17 mg/mL). The 
strain for each step during shear was first increased from 0.1% (gel state) to 100% 
(solution state) and subsequently returned to the original value (recovery of the gel 
state). Asterisks indicate the increase of the shear strain at the time scale. 
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Fig. S7 Responsive nature of gels derived from toluene (17 mg/mL) against aqueous 
solutions of metals. A) Digital photographs demonstrating the change of coloration of 
the toluene layer in comparison to metal-solution accompanied by a gel-to-sol phase 
transition. B) Corresponding UV-spectra of aqueous metal-solution (0.1M), the gel 
derived from toluene (17 mg/mL) and the toluene layers (diluted by a factor of 1:10) 
after phase separation. 

 

 

 

Fig. S8 Responsiveness of gels made of 6 in toluene (17 mg/mL) against aqueous 
solutions of Cu(II). A) Digital photographs showing the change in coloration of the 
toluene layer in comparison to metal-solution, accompanied by a gel-to-sol phase 
transition. B) Corresponding UV-vis spectra of aqueous CuSO4 • 5H2O solution (0.1M), 
gel made in toluene (17 mg/mL) and toluene layers (diluted by a factor of 1:10) after 
phase separation.  
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Note: The addition of Cu(II) and Fe(III) resulted in a change of color of the toluene 
layer very different to the color of the aqueous metal solutions accompanied by a gel-to-
sol phase transition. The toluene layer after phase separation caused by the addition of 
e.g. Cu(II) exhibited a shift of the maximum wavelength λmax from 808 to 418 nm. This 
finding could suggests either the formation of metal nanoparticles by reductive motifs 
of compound 6 or, more likely, the formation of metal-formamidine complexes.4 
Although it is out of the scope of this manuscript, further studies will still be necessary 
in order to unequivocally characterize these materials. In addition, these observations 
could be useful for the development of gel-based materials based on 6 for heavy metal 
sensing.  
 

 

 
Fig. S9 Multistimuli responsiveness of organogel made of 6 in MeCN (9 mg/mL) 
prepared by the ultrasound protocol. Pictures were taken 10 min after application of the 
corresponding stimulus.  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

4 a) D. D. Díaz, S. S. Gupta, J. Kuzelka, M. Cymborowski, M. Sabat and M. G. Finn, Eur. J. Inorg. 
Chem., 2006, 22, 4489–4493, and references therein. b) Z.-K. Chan, C.-H. Lin, C.-C. Wang, J.-D. Chen, 
J.-C. Wang and C.-W. Liu, Dalton Trans., 2008, 16, 2183–2189, and references therein.  
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Fig. S10 Additional electron microscopy images. A-F: FESEM images. A: xerogel 
obtained from the gel made in toluene (17 mg/mL) prepared by ultrasound treatment; B: 
xerogel obtained from the gel made in toluene (72 mg/mL) prepared by ultrasound 
treatment; C: xerogel obtained from the gel made in toluene (72 mg/mL) prepared by 
heating-cooling protocol; D: xerogel obtained from the gel made in MeCN (9 mg/mL) 
prepared by ultrasound treatment; E: xerogel obtained from the gel made in MeCN (110 
mg/mL) prepared by ultrasound treatment; F: xerogel obtained from the gel made in 
MeCN (110 mg/mL) prepared by heating-cooling protocol. G, H: TEM images. G: 
xerogels obtained from the gel made in MeCN (9 mg/mL) prepared by ultrasound 
treatment. H: xerogels obtained from the gel made in toluene (17 mg/mL) prepared by 
ultrasound treatment.  
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Fig. S11 Polarized light (90º) microscope images of A-C) gel made of 6 in acetonitrile 
(9 mg/mL) and D) solution upon gel-to-sol thermal transition. 
 

 
 

 

 

Fig. S12 Comparative FTIR spectra of solid 6, solution of 6 in MeCN and the 
corresponding gel (9 mg/mL) prepared by ultrasound treatment. 
 

Note: No differences were observed with the spectrum from the gel made in toluene (17 
mg/mL) prepared either by heating-cooling or ultrasound treatment. 
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Fig. S13 Sections of 1H NMR spectra of gel made of 6 in CD3CN (9 mg/mL) at variable 
temperature (from 35 ºC –red line– to 65 ºC –black line–, with steps of 5 ºC). 
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Note: Proton signals corresponding to NH– (≈ 8 ppm) and aliphatic chain (≈1.3 ppm) 
showed a clear shift to higher ppm with rising temperatures. Aromatic signals (≈ 7.2-7.3 
ppm) showed only a very slight shift. 
 

 

 
Fig. S14 PXRD patterns of A) solid 6 as synthesized and B) xerogel obtained from the 
gel made of 6 in acetonitrile (9 mg/mL). 

B) 

A) 



	
   S21	
  

 

Fig. S15 Plots showing the linear correlation of the corresponding aromatic solvent σi –
parameters5 with some gelation/gel properties of the gel made of 6: A) Critical gelation 
concentration (CGC), B) gelation time and C) sol-to-gel transition temperature (Tgel). 
 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

5 C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165–195 and references therein.  
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Table S3 Correlation of gelation properties of compound 6 in aromatic solvents with 
the corresponding σi –parameters.a  

Solvent σi CGC (mg/mL) Gelation time (min) Tgel (°C) 
Xylene -0.10 13 ± 1 1.5 ± 0.3 51 ± 1 
Toluene -0.05 17 ± 2 2.5 ± 0.3 48 ± 1 
Benzene 0.00 20 ± 2 3.5 ± 0.3 46 ± 1 

Chlorobenzene 0.47 42 ± 4 10.8 ± 0.5 38 ± 1 
Benzonitrile 0.59 47 ± 4 12.5 ± 0.5 36 ± 1 

a Gels were obtained by the ultrasound protocol. Solvent volume = 1 mL. Error values were estimated 
from at least 2 randomized experiments. Values for gelation time and Tgel of all systems were determined 
at the highest CGC in benzonitrile for comparative purposes. For xylene the σi –value caused by the 
methyl group has been doubled as approximation. 
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Fig. S16 Geometries and corresponding ΔEi values for dimers of 6 for the set A. Only 
the dimers with geometries significantly different are shown.  
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Fig. S17 Geometries and corresponding ΔEi values for dimers of 6 for the set B. Only the 
dimers with geometries significantly different are shown.  
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Fig. S18 Geometries and corresponding ΔEi values for dimers of 6 for the set C. Only 
the dimers with geometries significantly different are shown.  
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Fig. S19 Overlay of computed structures for dimer C3 in toluene and acetonitrile. 
 

 

 

 

Fig. S20 A) Illustration of the protonation of a formamidine group at the most likely 
protonation site (imine nitrogen). B) Representative digital photographs showing the 
gradual change of the optical appearance of hydrogels from translucent to opaque. 
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Fig. S21 DTS measurements for the hydrogel made of 6 (71 mg/mL) via pH gradient 
and ultrasound treatment. Average rheological data: G' = 11 ± 1.5 kPa, G'' = 1.5 ± 0.2 
kPa, tan δ = 0.14 ± 0.04, critical strain at break = 10 ± 2.7 %. 

 
 

 
 

 
Fig. S22 PXRD pattern of the hydrogel made of 6 (71 mg/mL). 
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Fig. S23 Hydrolysis kinetics of compound 6 (initial concentration = 5.29 × 10-4 M) in 
80% MeOH/citrate buffer (pH = 4.7) monitored every 30 min at 20 ± 1 °C. First order 
rate constant kobs has been determined to be 2.83 ± 0.012 × 10-4 min-1 with a half-life of 
41 ± 0.2 h.  
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6. Cartesian coordinates (computational studies) 
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