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1. Materials and methods 

The chemicals were reagent grade and used as purchased from Merck (Austria) and VWR 

(Austria) without further purification. 

Physical methods 

The infrared spectrum (4000−400 cm
-1
) of Na

2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) was recorded 

on a Bruker Vertex 70 IR Spectrometer equipped with a single-reflection diamond-ATR unit. 

Elemental microanalysis of C/H/N/O contents was performed by Mikroanalytisches 

Laboratorium (University Vienna, Faculty of Chemistry). An elemental analyzer 3000 

(Eurovector) was used for C/H/N/S-analysis. O-determination was performed by high 

temperature digestion using the HT 1500 (Hekatech, Germany) pyrolysis system in 

combination with the EA 3000 system. Thermal characteristics were determined by thermal 

gravimetric analysis (TGA) with a Mettler SDTA851e Thermogravimetric Analyzer under air 

flow with a heating rate of 5 K min
-1
 in the region 298−1023 K. Mass spectrometry was 

performed with an ESI−Qq−oaRTOF supplied by Bruker Daltonics Ltd. Bruker Daltonics Data 

Analysis software was used for peaks assignment. The measurement was carried out in H
2
O, 

collected in negative and positive ion mode and with the spectrometer calibrated with the 

standard tune−mix to give an accuracy of ca. 5 ppm in the region of m/z 300−1900. X-ray 

powder diffraction was performed in a range 10º≤ 2θ ≤ 50º on a Bruker D8 advance 

diffractometer equipped with Cu Kα radiation, λ = 1.54056 , Lynxeye silicon strip detector and 

SolX energy dispersive detector, variable slit aperture with 12 mm. 183W NMR spectra were 

recorded with a Bruker FT-NMR spectrometer Avance Neo 500 MHz in 10 mm tubes for a 

total experiment time of ca. 60 h, using standard pulse programs at 20.836 MHz and a 63° 

flip angle with 1 s of relaxation delay; the temperature was kept at 25 °C. Chemical shifts 

were measured relative to external aqueous 1 M Na
2
WO

4
. 13C NMR spectra were recorded 

with a Bruker AV-600 spectrometer at 600.25 MHz and 25 °C Chemical shifts were 

measured relative to external tetramethylsilane (TMS). Raman spectra in the solid state were 

acquired on a Cora 5600 Raman spectrometer with a 532 nm laser at 50 mW. Solution 

phase Raman spectra were collected on 0.2 g of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O or Na

2
WO

4
 in 

0.5 ml deionized water that was degassed in N
2
 for 30 minutes. For the Raman calculations 

Gaussian 16 rev. A.03
1
 using the hybrid exchange–correlation functional functional

2
 and the 

all-electron TZP basis set by Jorge et al.,
3
 on structures optimized at the PBE0/def2-tzvp 

level of theory.
4
 

Synthesis of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2). 

A sample of Na
2
WO

4
·2H

2
O (0.99 g, 3 mmol) was dissolved in water (12 mL) and HCl [1.0 M] 

(4 mL) was added, resulting in a solution with pH 4.4. The addition of 

tris(hydroxymethyl)aminomethane TRIS (0.3 g, 2.4 mmol) increased pH to 7.5. The reaction 

mixture was heated to 90 °C and stirred for 1 h, cooled to room temperature and left covered 
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with parafilm. Colorless block crystals were isolated after 2 weeks. Yield: 210 mg (16 % 

based on W). Elemental analysis found (calculated) for Na
2
W

2
O

18
C

8
N

2
H

32
: C 10.98 (11.20), H 

3.78 (3.76), N 3.14 (3.26), O 33.17 (33.57). Elements ratio found (calculated): 

C : H : N : O = 4.08 (4) : 16.70 (16) : 1 (1) : 9.25 (9). IR (Figure S1): 3324 (s), 3251 (s), 3199 

(b, s), 2941 (s), 2921 (s), 2908 (s), 2877 (s), 1668 (w), 1637 (w), 1573 (m), 1485 (w), 1463 

(w), 1450 (w), 1439 (w), 1398 (w), 1382 (m), 1311 (m), 1276 (m), 1220 (m), 1184 (m), 1085 

(s), 1056 (s), 1041 (s), 921 (m, sh), 892 (s), 839 (s), 777 (s), 752 (s), 710 (s), 681 (s), 623 (s), 

611 (s), 598 (s), 577 (s), 501 (s), 488 (m, sh), 467 (s), 423 (s), 407 (s) cm‒1
. The maximum 

solubility of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) in H

2
O and 0.1 M TRIS (pH 7.5) buffer is 

50 mg/mL. 

To explore the conditions of Na2W2 formation, we varied the pH of the initial solution from 1.5 

to 7.8 and reduced the amount of TRIS to 0.2 g (1.67 mmol, 0.1 M), while the final pH of the 

solution after adding the ligand was in the range between 6.6 and 8.6. Under all conditions 

Na2W2 was formed, which confirms the stability of this small POT in the presence of TRIS. 

2. X-ray Crystallography 

X-ray data were collected on a Bruker D8 Venture equipped with a multilayer 

monochromator, MoKα INCOATEC micro focus sealed tube and Kryoflex cooling device. The 

structure was solved by direct methods and refined by full-matrix least-squares. Non-

hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms 

were inserted at calculated positions and refined with riding coordinates. The following 

software was used for the structure solving procedure: Frame integration, Bruker SAINT 

software package
5
 using a narrow-frame algorithm (absorption correction), SADABS

6
 

(structure solution), SHELXS-2013
7
 (refinement), SHELXL-2013,

7
 OLEX2,

8
 SHELXLE

9
 

(molecular diagrams). Experimental data and CCDC-codes are listed in Table S1. 

 

Table S1. Crystallographic data of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2). 

  

Empirical formula C
8
H

32
N

2
Na

2
O

18
W

2
 

CCDC-Code 2078090 

Formula weight Mr 858.03 

Crystal system triclinic 

Space group P   

Т, К 100 

a, b, c (Å) 7.1695(5), 9.0714(6), 10.0065(7) 

α, β, γ (°) 64.517(2), 71.339(2), 89.512(2) 

V (Å
3
) 550.22(7) 
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Z 1 

D
calc

, g/cm
3 

2.590 

μ, mm
–1
 10.572 

Abs. correction type multi-scan 

Abs. correction T
min

 0.5177 

Abs. correction T
max

 0.3882 

F(000) 408 

Crystal size, mm 0.05× 0.05 × 0.05 

Theta range for data 

collection 
2.52 – 62.53 

Index ranges 

–11 ≤ h ≤ 11 

–14 ≤ k ≤ 14 

–16 ≤ l ≤ 16 

Reflections collected 24516 

Independent reflections 5075 

R
int
 0.0399 

Data / restraints / 

parameters 
5075/0/172 

Goodness-of-fit on F
2
 1.083 

Final R indices 

R
F
 = 0.0185, wR

2
 = 0.0389 

(all data) 

R
F
 = 0.0170, wR

2
 = 0.0380 

(I>2σ(I)) 

Largest diff. peak and 

hole, e. Å
-3
 

0.180/-1.734 
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3. IR spectrum of Na2[W2O6(C4O3NH10)2]·6H2O (Na2W2) 

 

Figure S1. IR spectrum of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) in the range from 4000 to 400 

cm
-1
. 
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4. Thermogravimetric analysis of Na2[W2O6(C4O3NH10)2]·6H2O (Na2W2) 
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o
C

9.2%      0.75 L

III step   214 - 400 
o
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o
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2
O + 0.25 L

m
a

ss
 l
o

ss
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I step   25 - 110 
o
C

9.3%    4.5 H
2
O 

 

Figure S2. Thermogravimetric curve of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O Na2W2 in the temperature 

region 25 – 700 ºC with a heating rate of 5 ºC min
-1
. Isothermal equilibration was performed 

at 110 ºC for 10 minutes. L stands for attached TRIS ligand without one H in the structure – 

(C(CH
2
OH)

2
(CH

2
O)NH

2
). 
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5. Powder X-ray diffraction 

 

Figure S3. Experimental (blue) and simulated (black) X-ray diffraction patterns of 

Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2). 

 

6. ESI-MS 

 

Figure S4. ESI mass spectrum of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) in H

2
O (pH 6.8) 

recorded in a negative mode. The envelope of [W
2
O

6
(C

4
O

3
NH

10
)(C

4
O

3
NH

10
)]

- at 687.0 m/z is 

shown in black with the corresponding simulated spectra shown in red. 
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Figure S5. ESI mass spectrum of Na
2
W2 in H

2
O (pH 6.8) recorded in a positive mode in the 

range from 100 to 1000 m/z. 

 

Table S2. Peak assignment in the ESI-MS spectrum Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) in 

H
2
O (pH 6.8) recorded in positive mode (Figure S5). 

Cation Calculated m/z Experimental m/z 

H(C
4
O

3
NH

11
)

+
 (TRIS-H

+
) 122.1 122.1 

Na(C
4
O

3
NH

11
)

+
 (TRIS-Na

+
) 144.1 144.1 

Na(C
4
O

3
NH

11
)

2

+
 ((TRIS)

2
-Na

+
) 265.1 265.1 

HNa
2
WO

4

+
 294.4 294.4 

Na
3
WO

4

+
 316.8 316.8 

H[W(C
4
O

3
NH

8
)

2
]
+
 421.1 421.1 

H[W(C
4
O

3
NH

8
)

2
](H

2
O)

+
 439.1 439.1 

Na[W(C
4
O

3
NH

8
)

2
](H

2
O)

+
 461.1 461.1 

Na[W(C
4
O

3
NH

8
)

2
](H

2
O)

2

+
 479.1 479.1 

Na
2
[W(C

4
O

3
NH

7
)(C

4
O

3
NH

8
)](H

2
O)

2

+
 501.0 501.0 

HNa[W
2
O

6
(C

4
O

3
NH

10
)(C

4
O

2
NH

9
)]

+
 711.0 711.0 

Na
2
[W

2
O

6
(C

4
O

3
NH

10
)(C

4
O

2
NH

9
)]

+
 733.0 733.0 

Na
3
[W

2
O

6
(C

4
O

3
NH

9
)(C

4
O

2
NH

9
)]

+
 755.0 755.0 

H[W
2
O

4
(C

4
O

3
NH

9
)

2
](TRIS)

+
 792.1 792.1 

Na[W
2
O

4
(C

4
O

3
NH

9
)

2
](TRIS)

+
 814.1 814.1 

Na[W
2
O

4
(C

4
O

3
NH

9
)

2
](TRIS)(H

2
O)

+
 832.1 832.1 

Na
2
[W

2
O

4
(C

4
O

3
NH

9
)(C

4
O

3
NH

8
)](TRIS)(H

2
O)

+
 854.1 854.1 
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7. NMR spectroscopy 

 

 

Figure S6. 
183

W NMR spectra of Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) (150 mg in 3 mL of 

solvent, 0.058 M) solutions A) in D
2
O with the final pH of 7.5; B) in D

2
O with addition of 100 

mg of Na
2
WO

4
·2H

2
O; C) in NaOAc buffer (1.5 mL, pH 5.8) and D

2
O (1.5 mL) with the final pH 

of 6.0; and 
183

W NMR spectrum of Na
2
WO

4
·2H

2
O (150 mg in 3 mL of solvent, 0.058 M) 

solution D) in Na-citrate buffer pH 6.8 with 10% D
2
O. The NMR signals in D) are assigned to 

W nuclei sharing the same chemical environment according to literature data.
10
 The total 

recording time is ~ 60 h for each measurement; chemical shifts were measured relative to 

external 1 M Na
2
WO

4
. Color code: {WO

6
}, blue, green, red. 

  



 

S10 
 

Table S3. Experimental and calculated chemical shifts (ppm) for a selection of tungstates, 

including W
2
. Shifts were calculated with the Gauge-Independent Atomic Orbital

11
 method as 

implemented in Gaussian 16 rev. A.03
1
 using the hybrid exchange–correlation functional 

PBE0 functional
2
 and the all-electron TZP basis set by Jorge et al.,

3
 on structures optimized 

at the PBE0/def2-tzvp level of theory.
11
 All calculations us implicit solvation (water) via the 

polarizable continuum model.
12
 Local minima were confirmed by the absence of negative 

vibrational modes. 

Compound Experimental shift (ppm)
13
 Shielding (Jorge-TZVP) Calculated shift (ppm) 

[WO
4
]

2-
 0 1885.6 0 

WF
6
 -1120 2581.1 -697 

WCl
6
 2181 -548.7 2433 

W(CO)
6
 -3505 5159.0 -3274 

[W
6
O

19
]

2-
 59 1799.6-1800.3 85 

W2 -3.4 1901.9 -17 
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Figure S7. 
13

C {
1
H} NMR spectra of A) TRIS (30 mg in 0.6 mL of solvent) in D

2
O; B) 

Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) (30 mg in 0.6 mL of solvent) in D

2
O with the final pH of 

7.5; C) Na
2
[W

2
O

6
(C

4
O

3
NH

10
)

2
]·6H

2
O (Na2W2) (30 mg in 0.6 mL of solvent) in D

2
O acidified with 

HCl to pH of 6.0. 
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