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Assignation of the 1H and 13C NMR spectra and protonation of Gul−

The assignment of all proton and carbon signals was obtained from the one-dimensional 1H 
NMR spectrum, as well as the 1H–13C HSQC (Heteronuclear Single Quantum Coherence) 
spectrum of NaGul solutions (Figure S1 and S2). When alkaline medium was employed, more 
resolved spectra with smaller line widths were obtained; similar observations were made for 
Gluc− [1]. The proton-proton coupling constants at neutral and alkaline solutions are shown in 
Table 1. The absolute values of the NMR parameters obtained by us were compared with 
those published in ref. [2]. Our 1H and 13C NMR chemical shifts are uniformly displaced 
upfield by ca. 0.2 ppm and 2.0 ppm, respectively. The reason of this displacement is most 
probably associated with the way of using D2O inside the samples contrary to our protocol 
(described above). The reported values of the JH,H constants were practically identical with the 
largest difference of 0.2 Hz. The only conspicuous difference was between the 3JH4,H5 values 
(5.0 and 1.3 Hz, respectively). Additionally, a repetition was made resulting the same 
coupling constants (the largest deviation between the two sets of data was 0.1 Hz). (It can be 
seen that the coupling constants were only slightly sensitive to the presence of NaOH, which 
possibly associated with the deprotonation of one of the OH groups.) The order of the carbon 
peaks according to decreasing chemical shift (C1, C2, C5, C3, C4, C6) matches with the 
reported ones, too.
On the 13C NMR spectrum of a close-to-neutral NaGul solution (Figure 2), six well-defined 
peaks for the six carbon atoms could be observed. When the pH of this solution was changed 
to ca. 2 by adding HCl to the system, the 13C NMR chemical shifts of C1, C2, C4 and C5 
moved significantly upfield (the extent of this variation changed in the order of 
C1 > C2 >> C4 ≈ C5), while those of C3 and C6 remained practically unchanged (or, if any, 
they moved downfield; see the lower spectrum in Figure 2). This is due to the protonation of 
the carboxylate group with the decreasing pH. The systematic change of the chemical shift for 
these peaks shows that the deprotonated and protonated forms are in fast exchange on the 
NMR timescale at 25 °C, which is a common property of carbohydrate derivatives. It is 
interesting to note that, beside C1 and C2, the extent of these pH-dependent displacements in 
the carbon signals of Gul– (as in case of Gluc– [1]) shows no correlation with the proximity to 
the protonation site. This implies that the shielding factor of these nuclei is very sensitive not 
only to the protonation of the COO– group, but to the simultaneous conformational change as 
well.
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Table S1. JH,H coupling constants (in Hz) of 0.15 M Na-L-gulonate in water and 
in 0.5 M NaOH solution and at T = (25 ± 1) °C, respectively.

JH,H (Hz)
H2 H3 H4 H5 H6 H6’

H2 5.3/5.1
H3 5.3/5.1 3.0/2.8
H4 3.0/2.8 4.9/4.7
H5 4.9/4.7 3.7/4.1 6.7/6.3
H6 3.7/4.1 11.7/11.7

JH,H 
(Hz)

H6’ 6.7/6.3 11.7/11.7

Figure S1. 1H NMR spectrum of 0.15 M Na-L-gulonate in water (pH ~ 7) and in 0.5 M NaOH 
solution with peak assignments at T = (25 ± 1) °C.
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Figure S2. The 1H–13C HSQC spectrum of an aqueous solution containing 0.5 M NaGul solution at 
T = (25 ± 1) °C.

Figure S3. 13C NMR traces of a close-to-neutral (lower spectrum) and an acidic (upper spectrum) 
at T = (25 ± 1) °C, I = 1 M with [Gul–]T = 0.200 M. The actual pH of the solutions is shown in the 

graphs. Spectra were recorded and the actual pH measured after 4 days of preparation. The letters γ 
and δ on the upper graph indicate carbon signals corresponding to the γ- and δ-lactones of HGul, 

respectively. For more experimental details, see text.
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Definitions used in the freezing point depression measurements and their evaluations. 
Freezing point depression is a colligative property of a solution, which is calculated according 
to Blagden’s law:

mKT ff 

where ∆Tf is the freezing point depression defined as the difference between the freezing point 
of the solvent and the solution, Kf is the cryoscopic constant (which is 1.86 °C.kg∙mol–1 for 
water) and m is the molality of the solute, which may be replaced by the practically identical 
molar concentration values for relatively diluted solutions. For a system containing n different 
species (denoted as X) with the analytical concentration of [X]T, the theoretical freezing point 
depression (ΔTf,theo) is proportional to the sum of the concentrations:





n

i
ftheof KT

1
Ti, ][X

If the number of solute particles decreases because of any association, e.g., complex 
formation process, the measured freezing point depression (ΔTf,meas), being a colligative 
property, also decreases. Thus, ΔTf,meas will be proportional to the sum of the equilibrium 
concentrations of species X:





n

i
fmeasf KT

1
i, ][X

Figure S4. Distribution of gulonate among the various aqueous species in presence of calcium, as a 
function of log ([Ca2+]T/M) at [Gul–]T = 0.2 M. The dashed and solid lines correspond to the fitted 

chemical model including CaGul+ only (log K1,1 = 1.06) and CaGul+ + Ca(Gul)2
0 together 

(log K1,1 = 0.88, log β1,1 = 1.51), respectively. Experimental conditions: I = 1 M NaCl, T = (25 ± 1) °C.
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Figure S5. Variation in the optical rotation ( in °) of solutions containing [Gul–]T = 0.2 M and 
[Ca2+]T = 0.290 M as a function of [Ca2+]T. The dashed and solid lines correspond to the fitted 

chemical model including CaGul+ only (log K1,1 = 1.06) and CaGul+ + Ca(Gul)2
0 together 

(log K1,1 = 0.88, log β1,1 = 1.51), respectively. Experimental conditions: I = 1 M NaCl, T = (25 ± 2) °C
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Table S2. Stability constants for protonation and complex formation reaction of L-gulonate 
determined in this study or reported earlier with respect to the ionic strength. For comparison, 
equilibrium constants are given for D-gluconate. All of the given log β values were obtained 
at 25 °C. For more experimental details, see the text and the cited references, respectively. 

L-Gul– D-Gluc–

Reactiona I 
(M) log β Methodb Ref. log β Methodb Ref.

HLLH  → 0 3.68c POT 3 3.77 ± 0.02c POT, 
POL 6

3.48 ± 0.02 POT 4 3.50 ± 0.03 POT 4
0.1 3.30 ± 0.02

13C 
NMR 7

3.20 ± 0.10d

(3.20 ± 0.05)
1H NMR 3.23 ± 0.01 1H NMR

3.19 ± 0.03d

(3.19 ± 0.02)
13C 

NMR

this 
study

3.24 ± 0.01
13C 

NMR
81

3.30 ± 0.1 POT 9
MLLM  0.1 1.6e POT 5 1.6 POT 5

0.5 1.1 ± 0.1 POT 10

0.88 ± 0.02 POT 1.15 ± 0.09 TITR, 
POT 11

1
1.1 ± 0.1d

(1.12 ± 0.01)
1H + 13C 

NMR 1.03 ± 0.01
13C 

NMR

2 0.90 ± 0.01 POT 0.75 ± 0.06
13C 

NMR

3 0.88 ± 0.01 POT 0.79 ± 0.07
13C 

NMR

4 0.84 ± 0.01 POT

this 
study

0.85 ± 0.05
13C 

NMR

8

HMLHLM  1 –
2.31 ± 0.04f

this 
study

–
2.22 ± 0.01g

13C 
NMR 8

2MLL2M  0.5 1.88 ± 0.08 POT 10
1 1.51 ± 0.03
2 1.49 ± 0.03
3 1.41 ± 0.03
4 1.49 ± 0.02

this 
study

2MLLML  0.5 0.78 ± 0.13g POT 10

1 0.63 ± 0.03 f this 
study

a For the sake of simplicity, charges are omitted in the given reactions.
b POT = potentiometry, POL = polarimetry, NMR = Nuclear Magnetic Resonance, TITR = 
titration with EDTA.
c Calculated by means of protonation constants (expressed with concentrations) and activity 
coefficients.
d Suggested value by the authors. The result of the best fit is given in parenthesis.
e Determined for D-gulonate.
f Calculated by using log Kp = 3.19, log K1,1 = 0.88 and log β1,2 = 1.51.
g Calculated from the date given in refs. [8,10].
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