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I. Optimizing the preparation conditions of VGel

2.

Since the synthesis of VGel metallogel seemed to require some optimization, several experiments

were carried out according to the changes described as following tables:

Temperature key factor experiments:

Test T (C) Gel efficiency® (%)  Description

code

11 70 15 Green precipitation with gel
12 80 85 -

13 90 83 -

14 100 79 -

15 110 80 Gel with orange crystals

* efficiency = weight of formed gel. 100/ total weight of reactants

Heating-time key factor experiments:

cT:(::e Time (hours) Gel efficiency (%) Description

21 12 51 Gel with green precipitation
22 16 57 Gel with green precipitation
23 18 75 -

24 20 84 -

25 22 85 -

26 24 84 -

Cooling-rate key factor experiments:

;[:32 Cooling-rate (°C /min) Gel efficiency (%) Description
31 Oven just turned off 85 .
32 2 76 ]
33 5 77 ]
34 10 75 ]
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4. Components’ key factors experiments:

In this section all the experiments were carried out in the absence of each components as following
table:

Test

code Gel preparation in the absence of ... Description

41 Adenine Unstable gel

42 BTC Clear solution

43 VOSOs4 White precipitation

44 H0 White and green precipitation
45 DMF White and green precipitation

In summary, according to the results of the above experiments, it appears that all the
components VOSOQOs, 1,3,5-benzentricarboxylic acid, Adenine, H,O, and DMF, are critical for
the production of the reported vanadium metallogel. Overall, the optimized conditions are

concluded at 80 °C for 20 hours with no regular cooling-rate program.

II. Computational details.

H3;BTC, adenine and, V2(SO4)3 molecules were randomly dispersed at concentrations 3.0, 2.5
and, 2.5 M respectively in the solvent mixture of H O/DMF by using packmol [S1]. In order to
determine the contribution of each component of the solvent mixture in the gelation and also to
distinguish the formation of the robust metallogel in the molecular dynamics approach by
comparison, three systems with the different HoO/DMF ratios in the solvent mixture are
investigated. In the following, aforementioned systems with 71.43:28.57, 50:50 and, 28.57:71.43
v/v % H,O/DMF are denoted as MG1, MG2 and, MG3 in order. Initially, the simulation of
systems was performed for 35 ns at 410 K (high temperature), afterwards we decreased the
temperature to 310 K and all systems were simulated for 40 ns at this ambient condition. Table

S2 represents the number of each component used in the three systems in detail.

Moreover, equilibrated systems that were prepared by the previous simulation have been
pulled under the external force with the constant velocity of 1 A/ns for 40 ns with a focus on
studying mechanical properties. A number of molecules in specified thick layers (~2A), located

at the top and bottom of the system along the Z axis, were selected. The first chosen layer at the
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bottom of the simulation box was fixed and an external force with constant velocity along the
positive direction of the Y axis was applied to the second layer at the top of the simulation box.
In the constant velocity SMD, the harmonic constant was considered 1 kcal/mol.A2. In Fig. 1, the

initial configuration of the system is depicted in particular.

Table S1. Lennard-Jones parameters for vanadium (mr) sulfate (V2(SO4)3) and their partial charges [S2-
S4].

Atom o(A) ¢ (kcal/mol) q (a.u.)
\% 2.4950 0.0128 +3.0
S 3.5500 0.2500 +2.4
(0) 3.1500 0.2500 -1.1

Table S2. The simulation box dimension and the number of molecules of each component used in
the MG1, MG2, and MG3 systems.

System The number of molecules” Box dimension (A)
Acronym "H.BTC  Adenine V¥ SO  DMF  H:0 [dx, dy, dz]”
MG1 63 54 54 81 231 2499 [57.44, 55.87, 56.02]
MG2 63 54 54 81 409 1750 [57.25,57.67, 56.33]
MG3 63 54 54 81 584 1000 [57.87,57.44, 56.83]

"We only changed the number of solvents (DMF and H20), and the number of the rest of the molecules is
the same in all three systems.

** The dx, dy, and dz show the simulation box dimension in the direction of the X, Y, and Z axes, in order.
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1,3,5-benzene tricarboxylic acid (BTC) Adenine (ADE)  Dimethylformamide (DMF)  Sulfate ion (SO,?  Vanadium ion

Fig. S1. The initial configurations of the MG1 (a) and MG2 (c) systems together with the
final configurations of the MG1 (b) and MG2 (d) after 80 ns (water is shown in quick

surface representation). Different components including BTC, adenine and DMF

molecules, V" and sulfate ions ().

II1. Molecular dynamics simulation

For more evaluations the formation of our metallogel network, in all simulated systems,
including MG1, MG2 and MG3, five V! ions were randomly marked and their 2D trajectories
(under ambient conditions in the last 4 ns of simulation time) were traced in XY plane (Fig. S2).

As shown in Fig. S2, by Comparing 2D trajectories of VIl ions in all the simulated systems, it
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can be concluded that more restriction in the MG3 system indicate the formation of the gel

network.
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Fig. S2. 2D trajectories in the XY plane of the marked V"' ions in the (a) MG1, (b) MG2, and (c) MG3

systems under ambient conditions
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For all simulated systems, the time evolution of the VDW and electrostatic interactions

between VI ions, and H,O, DMF, BTC, and adenine molecules are presented in Fig. S3 and S4.
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Fig. S3. The Van der Waals (VDW) interaction energies between V! ions and the other components in

(a) MG1, (b) MG2, and (¢) MG3 systems under ambient conditions.

—~
Ll
>
-
X
il 00— e e T e
g M P, MAAA SN SN e oI APl St P 0
—_ T
5 07N Mt AN M AP NS N A SN A TN AN
4 -10 - - “ , . . W aa® « . -
=
7]
5 z ——-Water
g i I DMF
= 20 g —— Adenine ]
£ = ~--BTC
g
< <
< 2 5
=
£ 30- i
s -
o
2
= -3
S 0 10 20 30 40
g
L \ i
= - . Aol At Ay A - aa N o Iy 1\
WY ona [WEACRENEY Y M, \ 1 M e N Mgy A ALV P
P i K ! N [t S e VG i e RN "‘"’1"""«\/’ M "‘n,l\"‘"‘ I
= I I I | '
=
0 10 20 30 40
Time (ns)
-
Lag)
S
-
X
P 0 = e e —= = S =
£
= VA M o AN AN i VAN N A NN G NSNS €PN NN I NN Sl Nl i NN s WP NN
2
= L [ e T S e eSS e s i
S
&6
) - —-Water
é 2 z -=-DMF
g 3 —— Adenine
£ 20 B - BTC
<9 a
g + =
B E
E a
-
20 =30 K 4
=]
=
S |
§ 0 10 20 30 40
= ST - . . . . R N LAY NN
8 O ‘\/l\' T\ e g h‘"'“\'-v"/"\".‘“”M“"" . j'“,. e \ \I‘I‘\V\‘I“/‘“ 'f'-n-\/‘,u’: (IR ARV \/ “_\,.“l \\\\,"/ N v
2 < A
= 40
0 10 20 30 40

Time (ns)

(b)

Electrostatic Interaction Energy (Kcal.mol'1X103)

——-Water
201 ——Adenine | |

---BTC

iy, A e [ gy N SVt N
po
1 1 1 I
0 10 20 30 40
Time (ns)

(©)

S9



Fig. S4. The electrostatic interaction energies between V! ions and the other components in (a) MG1,

(b) MG2, and (¢) MG3 systems under ambient conditions.

In the MG3, a system with a more robust metallogel, the accumulation of gelator molecules,
especially Ade, in the first neighboring layers of the V! ions is higher (Fig. S5). The gelator
molecules aggregated in farther neighboring layers of the V! jons than solvent components,
comparing Fig. 3 and Fig. S5. In Fig. S5 the better ordering of the gelator molecules’ peaks in
MG3 than MG, in confirmation of Fig. 3, represents the better arrangement of n-m stacked

gelator molecules around the V! ions.
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Fig. S5. RDFs between V! ions and gelator molecules (BTC and Ade) at room temperature, in MG1
and MG3 systems.

The n-n stacking between BTC and BTC-adenine molecules (at room temperature), in the MG1

and MG3 systems are represented in Fig. S6 and S7, respectively. The geometric criteria of the
separation of 3.6 to 4.2 A between aromatic ring centroids of two adjacent HsBTC or H3BTC and

adenine molecules are used to identify the n-n interaction [S6-S7].
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(b)
Fig. S6. The snapshot of the n-n stacking between (a) BTC and (b) BTC-adenine molecules for the

MGT1 system under ambient conditions.
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(b)
Fig. S7. The snapshot of the n-m stacking between (a) BTC and (b) BTC-adenine molecules for the

MG3 system under ambient conditions.

All the simulated systems were exposed to shear stress along the positive direction of the Y axis

and the initial/final configurations for each case are showed in Fig. S8.
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Fig. S8. The snapshots of the influence of shear stress loading along the Y axis in (a) MG1 and (b) MG3

systems (left side the initial and right side the final configuration).

IV. VGel characterization
Infrared spectroscopy

As we know, infrared spectroscopy (IR) is a simple and reliable technique that can be used to
characterize gels, we studied IR spectra of VGel and its component, to provide an insight into the
assembly of molecular-scale building blocks and responsible non-covalent interactions for

gelation [S7]. According to Fig. S9, although some of BTC molecules were deprotonated to
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neutralize the overall charge of the resulted metallogel it appears that all the VGel components

are assembled through non-covalent interactions.
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Fig. S9. FTIR spectra for the VGel and its reactants

Fig. S10. SEM micrographs of the VGel

UV-Visible spectroscopy

As vanadium ions exhibit an engaging distinctive color changes (V':violet, VI!: green, V!V:
blue, and VV yellow) according to the oxidation state, UV-Visible spectroscopy can provide a

finger print for vanadium ions. Typical UV-Visible spectrum of VGel (in 1% aqueous
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concentration) was recorded (Fig. S11 and S12). The transition states, including vi = 400nm, v, =
-58% nm, and, v3 = 266 nm, were according to previous reports for solvated V' (d?). The
absorbance peak at 581 nm was selected for the quantitative analyses (v3 according to T, (F)

A, falls in UV and is not shown in Fig. S11) [S8-S10].
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Fig. S11. The UV-Visible absorption spectrum of VGel [S8-S10]

1.5 1
V(V) peak (375) V(111) peak (581)

|

e VGel
VGel-alcohol

Absorbance

0.5 1

300 400 500 600 700
Wavelength (nm)

Fig. S12. The UV-Visible absorption spectrum of (a) VGel and (b) VGel in the presence of EtOH/MeOH
(40/6%) for 2.5 min [S11].

Furthermore, some literatures survey disclosed the reduction possibility of VIVO?" complexes to
VI species. This reduction is almost quantitatively and happened easily in the presence of some

organic ligands with neither catalyst nor heat [S12]. In this study, when the reaction was run in
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the absence of BTC, only a clear yellow solution (no green precipitations nor green metallogel)
was obtained. Thus, it could be concluded that VIVO?* specie in the presence of BTC gelator,

leads to the formation of a dark green metallogel of V! in a very high yield [ 85%.
Rheological properties

The rheological behavior of the VGel was also studied. In the frequency sweep experiment,
the measured storage modulus (G') values were significantly greater than the loss modulus (G")

and the linear response confirmed the elastic behavior of the metallogel (Fig. S11).
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Fig. S14. Solvent stimuli-response of VGel

Self-healing

To test the self-healing properties, the VGel treated with external mild mechanical stress by
vortex for 5 min at 100 rpm. In response VGel lost its integrity to stable green pieces without any
marked visible change after a couple of months. In addition, the resulted dark-green pieces
doesn’t show any reconstitution behavior also after 24 hours, as expected from a colloidal gel
that its self-assembly directed by weak interactions is demonstrated in computational sections

(Fig. S13).

24 hours

. Vortex

Fig. S15. Self-healing of VGel
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