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S1. Quantification of concentration of 2,6-DHB by integration and analysis of 

homogeneous samples 
 

 

Figure S1. (a) Plot of ratio of 1H integral of 2,6-DHB (3,5-position) to 10 mM DSS (methyl) versus known 

concentration of 2,6-DHB in 50% 1-propanol/H2O (black diamond), 50% DMSO/H2O (red triangle) and 

30% CD3CN/H2O (blue square). Straight line fits pass through origin. Theoretical ratio based on the ratio 

of protons of 2,6-DHB and DSS (k = 45 mM, solid line), and this theoretical ratio ±5% (grey dotted lines). 

(b-d) Left: Plots of 1H chemical shift of 2,6-DHB versus known concentration in homogeneous samples 

of 2,6-DHB and 10 mM DSS (red diamond), fit of homogeneous data to Equations 1-4 (black line), 

chemical shift of 2,6-DHB measured in CSI experiment versus apparent concentration determined by 

integration of resonance against DSS along concentration gradient (open symbols, data also plotted on 

Figure 1a). Right: Plots of 1H chemical shifts of 2,6-DHB (red diamond) and 1,2,4-triazole (black triangle) 

versus known concentration of 2,6-DHB in homogeneous samples that contained 40 mM 1,2,4-triazole 

and 10 mM DSS  (solid symbols), fits to Equation 7 (black vertical cross) and Equations 2 and 8 (red 

cross), 1H chemical shifts of 2,6-DHB and 1,2,4-triazole measured in CSI experiment against apparent 

concentration of 2,6-DHB determined by integration of resonance against DSS (open symbols, data also 

plotted on Figure 1b). (b) 50% 1-propanol/H2O, (c) 50% DMSO/H2O, (d) 30% CD3CN/H2O.     
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k (Experimental Section) was determined by analysis of homogeneous samples of known concentration 

(Figure S1a). The concentration of 2,6-DHB in the stock solutions used for the homogeneous samples 

in Figure S1 was determined by volumetric titration against NaOH using bromothymol blue as indicator. 

Concentrations of 2,6-DHB in these experiments are assumed accurate to 5%. Spectra to determine the 

relationship between the integral and concentration of 2,6-DHB in 50% 1-propanol/H2O (Figure S1a) 

were recorded with the spin-echo sequence used for CSI but without an encoding gradient pulse (t = 

381 ms), and an acquisition time and relaxation delay of 3.27 s and 1.88 s, respectively. Analogous 

spectra in 50% DMSO/H2O and 30% CD3CN/H2O were recorded using the Bruker library sequence 

zgesgppe, with the same parameters as for CSI, but without the phase encoding gradient. 

Table S1. pka,0, dH and dL for 2,6-DHB and 1,2,4-triazole determined from homogeneous samples of DSS, 
triazole and known concentrations of 2,6-DHB (Figure S1b-d, solid symbols), and parameters of other NMR 
indicators determined in CSI experiments using the homogeneous-derived parameters of 2,6-DHB and triazole.  

50% 1-propanol/H2O 50% DMSO/H2O 30% CD3CN/H2O 

Indicator pKa,0 dH/ppm dL/ppm pKa,0 dH/ppm dL/ppm pKa,0 dH/ppm dL/ppm 

2,6-DHBa 1.80±0.11 6.4904 6.2833 0.80±0.30 6.5956 6.3253 1.53±0.11 6.5209 6.3558 

1,2,4-
triazole 

1.70±0.13 9.3368 8.3164b 1.45±0.34 9.3791 8.3621b 2.14±0.10 9.2159 8.3278b 

DMGc - - - 2.40±0.34 4.0443 3.5755 2.28±0.11 4.0169 3.6370 

Salicylic 
acid 

- - - 3.10±0.37 7.5689 7.3772 - - - 

Glycolic 
acid 

4.41±0.14 4.1724 3.9171d 4.59±0.45 4.0994 3.7583d 4.28±0.14 4.1718 3.8643d 

Acetic 
acid 

5.42±0.16 2.0517 1.9160d 5.49±0.46 2.0293 1.8048d 5.31±0.20 2.0583 1.8485d 

IM  5.88±0.22 8.7794 7.7155 - - - 6.46±0.25 8.6442 7.7254 

2MI 6.82±0.24 2.6227 2.3574 6.44±0.49 2.5790 2.3181 7.40±0.28 2.5717 2.3233 

4CN 8.49±0.25 7.5160 7.2840 8.06±0.52 7.6617 7.3510 8.28±0.30 7.6370 7.4052 

DMG 9.45±0.27 2.9373e 2.2333e 9.22±0.62 3.5870c 2.8685c 9.67±0.38 3.6511c 2.9289c 

apKa,0, dL and dH obtained in absence of 1,2,4-triazole using Equations 1-4, uncertainty obtained from experiment 

with 40 mM 1,2,4-triazole.  bAverage of dL determined in solution of triazole (40 mM) and DSS, and in acidic range 
sample. cCH2 resonance of DMG. dAverage of acidic and basic range samples in absence of 2,6-DHB. eMethyl 
resonance of DMG.
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Table S2. Comparison of pka,0 of analyte molecules determined by 1H CSI using parameters of 2,6-DHB and 
1,2,4-triazole determined from homogeneous samples of DSS, triazole and known concentrations of 2,6-DHB 
(Figure S1b-d solid symbols, values for all indicators provided in Table S1) (pKa, Homog), and using parameters of 
2,6-DHB and 1,2,4-triazole determined by CSI (pKa,0

 
CSI, as provided on Table 2). 

50% 1-propanol/H2O 50% DMSO/H2O 30% CD3CN/H2O 

Analyte Indicator  pKa,0 

CSI 
pKa,0  

Homog 
Analyte Indicator  pKa,0 

CSI 

pKa,0 

Homog 

Analyte Indicator pKa,0 

CSI 

pKa,0  

Homog 

Salicylic 
acida 

2,6-DHB, 
triazole, 
glycolate, 
acetate 

4.12 

±0.37 

4.08 

±0.16 

Salicylic 
acida 

2,6-DHB, 
Triazole, 
DMG, 
glycolate, 
acetate 

3.46 

±0.21 

3.23 

±0.35 

Salicylic 
acida 

2,6-DHB, 
Triazole, 
DMG, 
glycolate, 
acetate 

3.69 

±0.42 

3.53 

±0.12 

Benzoic 
acidb 

2,6-DHB, 
triazole, 
glycolate, 
acetate, 
2MI 

5.52 

±0.38 

5.46 

±0.16 

Benzoic 
acid 

Triazole, 
glycolate, 
acetate, 2MI 

5.25 

±0.31 

5.02 

±0.45 

Benzoic 
acid 

Triazole, 
glycolate, 
acetate, 
2MI 

5.10 

±0.49 

4.94 

±0.18 

Picolinic 
acidb 

2,6-DHB, 
triazole, 

glycolate, 
acetate, 

2MI 

1.85c 

5.29 

±0.38 

1.56c 

5.24 

±0.16 

Besd Triazole, 
glycolate, 
acetate, 2MI 

6.72 

±0.34 

6.49 

±0.49 

Phthalic 
acid 

Triazole, 
glycolate, 
acetate, 
2MI 

3.48 
±0.43, 
6.07 
±0.51 

3.32 

±0.12, 
5.92 
±0.21 

Acetylacet
one 

IM, 2MI, 
DMG 

9.23 

±0.50e 

9.17 

±0.28e 

4CNf 2MI, DMG 8.25 
±0.45 

8.03 

±0.59 

Quinineg DMG, 
glycolate, 
acetate, 
IM, 2MI, 

DMG 

3.55c 

8.35 
±0.65 

3.38c 

8.19 
±0.34 

Pipecolic 
acid 

Triazole, 
2MI, DMG 

2.33c 

10.34
±0.50 

2.26c 

10.29 
±0.27 

D-valinef 2MI, DMG 3.29c 

9.29 
±0.47 

3.05c 

9.06 
±0.62 

Benzyla
mineh 

DMG, 2MI, 
DMG 

8.89 

±0.69 

8.74 

±0.38 

aAcidic-range dataset. b8-9 mg 2,6-DHB. cApproximate pKa1 from fitting to Equation 14. dSample also contained 
DMG sodium salt (2 mM) and tricine (2 mM), formate (4 mM), tert-butylamine (10 mM) which were found unsuitable 
for use as indicators. 5-6 mg 2,6-DHB. eValue corrected for enol-ketone tautomerization. fSample also contained 
NaOH (10 mM), D-valine Na salt (2 mM) and 4CN sodium salt (20 mM). gBasic-range dataset. hSample contained 
NaOH (10 mM) in addition to indicators. 3-4 mg 2,6-DHB.
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S2. Analysis of samples at different times since preparation 

Assuming Gaussian diffusion, the concentration, CZ, at distance Z from the diffusing acid is given by 

Equation S1:100  

#  
Í

ʌÒ-Ѝʌ$Ô
 ÅØÐ: τ$Ô  S1 

where r is the radius of the NMR tube (2.1 mm) and Mr the molecular mass of 2,6-DHB. The time at 

which a ratio of Cb/C0 will establish is given by Equation S2:101   

Ô  
: :

τ$ÌÎ
#
#

 S2 

where D is the diffusion coefficient of 2,6-DHB. The self-diffusion coefficient of 2,6-DHB at 298 K was 

measured in 50% 1-propanol/H2O as 2.8 x 10-10 m2s-1 using a double stimulated echo pulse sequence, 

with a diffusion delay and gradient pulse of 0.2 s and 2.4 ms, respectively. D is corrected for the ambient 

temperature of our NMR laboratory (295 K) using the Stokes-Einstein equation: 

$  
+4

φʌʂ2
 S3 

where h is taken as 2.6, 3.0 and 0.86 mPa.s for 50% 1-propanol/H2O, 50% DMSO/H2O and 30% 

CD3CN/H2O, respectively, and is uncorrected for temperature.102-104 Rh for 2,6-DHB is obtained as 0.3 

nm. Combining Equations S2 and S3, we obtain: 

Ô  
φʌ2

τ+4
ʂ: :  S4 

where the term  has a value of 347 mPa-1mm-2 at 22 °C. a (Experimental Section) can thus be taken 

as 0.1 hours.mPa-1s-1mm-2 at 22 °C. 

The diffusion of 2,6-DHB up the NMR tube is in reasonable agreement with Equation S1 in terms of the 

concentration ranges spanned (Figure S2) while the pKa,0 values obtained over the time window agree 

within the experimental uncertainties later obtained in the experiment with 1,2,4-triazole. The 

experiments used to determine pKa,0 DHB (Figure S3) and pKa,0 triazole (Figure S4) were chosen as the 

datasets with the largest concentration range, and with points at a low concentration of 2,6-DHB.  
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Figure S2. Plots of concentration of 2,6-DHB versus vertical position from absolute base of NMR tube 

at different times since a 10 mM solution of DSS was placed on top 8-9 mg of solid 2,6-DHB. (a) 50% 1-

propanol/H2O: 11.5 hours (red triangle), 17.5 hours* (blue diamond) and 28 hours (black cross). (b)  50% 

DMSO-d6/H2O: 15.4 hours (red triangle), 33.4 hours (blue diamond) and 39.4 hours* (black cross). (c)  

30% CD3CN/H2O: 4.5 hours (red triangle), 8.5 hours* (blue diamond), 12.5 hours (black cross) and 30.5 

hours (green square). *denotes experiments used to determine pKa,0 of 2,6-DHB in main text. 
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Figure S3. Plot of 1H chemical shift of 2,6-DHB (3,5-position) versus concentration of 2,6-DHB (C, 

Equation 1). Solid lines are fits to Equation 1-4. *denotes experiments used to determine pKa,0 of 2,6-

DHB in main text. 

 

 

Figure S4. Plots of 1H chemical shift of 2,6-DHB (solid symbols) and 1,2,4-triazole (CH resonance, open 

symbols) versus concentration of 2,6-DHB. Fits to Equation 7 (vertical cross), and Equations 2 and 8 

(diagonal cross). *denotes experiments used to determine pKa,0 of 1,2,4-triazole. 
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Figure S5. Partial 1H spectra of acidic-range CSI datasets to determine pKa,0 values of indicators in 50% 

1-propanol/H2O, 18 hours after preparation. Dataset recorded at 35 hours (Figure S18) used to determine 

pKa,0 values listed in Table 1. 

 

Figure S6. Partial 1H spectra of acidic-range CSI datasets to determine pKa,0 values of indicators in 50% 

DMSO/H2O. Dataset marked * is used to determine pKa,0 values listed in Table 1. 
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Figure S7. Partial 1H spectra of acidic-range CSI datasets to determine pKa,0 values of indicators in 30% 

CD3CN/H2O. Dataset recorded at 8 hours used to determine pKa,0 values listed in Table 1. 

 

 

Figure S8. Partial 1H spectra of basic-range CSI datasets to determine pKa,0 values of indicators in 50% 

1-propanol/H2O. The 2-position resonance of imidazole is indicated and is too broad to observe at 18 

hours due to the sharp pH gradient. pKa,0 values determined at 42 and 66 hours agree within experimental 

uncertainties. Dataset marked * is used to determine pKa,0 values listed in Table 1 (Figure S19). 
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Figure S9. Partial 1H spectra of basic-range CSI datasets to determine pKa,0 values of indicators in 50% 

DMSO/H2O. The methyl resonance of 2MI and the CH2 resonance of DMG are broadened at 13 hours 

due to the sharp pH gradient. Dataset marked * is used to determine pKa,0 values listed in Table 1. 

 

 

Figure S10. Partial 1H spectra of basic-range CSI datasets to determine pKa,0 values of indicators in 30% 

CD3CN/H2O. The 2-position resonance of imidazole is indicated. Dataset marked * is used to determine 

pKa,0 values listed in Table 1. 
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Figure S11. Experiments to determine pKa,0 values of organic molecules at time indicated since layering 

a solution on top of 2,6-DHB: (a) phthalic acid in 30% CD3CN/H2O, (b) benzylamine in 30% CD3CN/H2O, 

(c) picolinic acid in 50% 1-propanol/H2O, (d) salicylic acid in 50% 1-propanol/H2O and (e) valine in 50% 

DMSO/H2O. Experiments marked* are quoted in Table 2. aApproximate value from fitting to Equation 14. 

The two methyl resonances of valine overlap at very acidic pH < 3.4, preventing accurate measurement 

of a chemical shift. 
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S3. Extraction of A and B of Equation 3 in 1-propanol/H2O and acetonitrile/H2O 

from published mean activity coefficients of HCl 

 

Figure S12. (a) Plot of mean activity coefficient of HCl, taken from Gentile et al.105, versus molar 

concentration of HCl at 20 (black diamond), 40 (red triangle), 60 (blue circle) and 80 (green square) wt% 

1-propanol/H2O.  Molarity of HCl in 1-propanol/H2O mixtures was calculated from molality using density 

of 1-propanol/H2O mixtures at 298K reported by Pang et al.102  Solid lines are fits to Equation 3. (b) Plot 

of A (black diamond) and B (red triangle) obtained by fitting data of (a) to Equation 3. Lines for 

interpolations to 50% (v/v) 1-propanol/H2O (44.6 wt%) are 2nd order polynomials, giving A = 1.32, B = 

3.09. These values give values of g of 0.724 and 0.615 at ionic strengths of 0.025 and 0.1 M, respectively, 

in agreement with the values of 0.724 and 0.624 presented by Jervis and Neelakantan.106   

 

Figure S13. (a) Plot of mean activity coefficient of HCl, taken from Vega and Muñiz,107 versus molar 

concentration of HCl at 10 (black diamond), 20 (red triangle) and 30 (blue circle) wt% acetonitrile/H2O. 

Molarity of HCl in acetonitrile/H2O mixtures was calculated from molality using density of acetonitrile/H2O 

mixtures at 298K reported by Grande et al.108 Grey line is fit of Equation 3 to activity coefficients at 20 

and 30 wt% acetonitrile/H2O at 298K taken from Vega and Muñiz,107 which overlap. Activity coefficients 

at 30% (v/v) CD3CN/H2O are assumed equal to these values. 

Parameters of Equation 3 for 50% (v/v) DMSO-d6/H2O are taken directly from Yang and Schulman,109 

setting a in Equation 5 of that work to 6.5 Å. 
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S4. Determination of pKa values of analytes without correction for ionic strength 

The fitting of the pKa,0 values of 2,6-DHB, 1,2,4-triazole, the other indicators and the analytes was 

performed as described in the main text, but with A (Equation 3) set to zero. 

50% 1-propanol/H2O 50% DMSO/H2O 30% CD3CN/H2O 

Indicator pKa dH/ppm dL/ppm pKa dH/ppm dL/ppm pKa dH/ppm dL/ppm 

2,6-DHBa 1.39±0.43 6.4628 6.3124 0.91±0.21 6.4773 6.3362 1.43±0.41 6.4946 6.3684 

1,2,4-
triazole 

1.95±0.53 9.2089 8.3164b 1.79±0.22 9.2026 8.3621b 2.37±0.43 9.1569 8.3278b 

DMGc - - - 2.66±0.22 4.0335 3.5755 2.49±0.44 3.9980 3.6370 

Salicylic 
acid 

- - - 3.35±0.25 7.5680 7.3772 - - - 

Glycolic 
acid 

4.22±0.53 4.1721 3.9171d 4.68±0.33 4.0993 3.7583d 4.31±0.47 4.1714 3.8644d 

Acetic 
acid 

5.23±0.55 2.0516 1.9160d 5.59±0.34 2.0293 1.8043d 5.34±0.53 2.0582 1.8485d 

IM 6.10±0.61 8.7791 7.7155 - - - 6.68±0.58 8.6442 7.7254 

2MI 7.04±0.64 2.6227 2.3574 6.72±0.37 2.5790 2.3181 7.62±0.61 2.5717 2.3233 

4CN 8.29±0.65 7.5159 7.2840 8.15±0.40 7.6617 7.3510 8.30±0.63 7.6370 7.4052 

DMG 9.25±0.67 2.9372e 2.2328e 9.31±0.50 3.5870c,f 2.8685c 9.69±0.71 3.6511c,f 2.9289c 

Table S3. pKa values of indicators determined with A = 0 (Equation 3). The datasets were the same as used for 

Table 1. apKa, dL and dH obtained in absence of 1,2,4-triazole using Equations 1-4, uncertainty obtained from 

experiment with 40 mM 1,2,4-triazole.  bAverage of dL determined with triazole (40 mM) and DSS alone, and in 
acidic range sample. cCH2 resonance of DMG. dAverage of acidic and basic range samples in absence of 2,6-DHB. 
eMethyl resonance of DMG. f dH differs from dL of the lower pKa as we are approximating the protonation steps as 
separate due to the large difference in pKa (Equation 14). 
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50% 1-propanol/H2O 50% DMSO/H2O 30% CD3CN/H2O 

Analyte Indicator  pKa pKa,0 Analyte Indicator  pKa pKa,0 Analyte Indicator pKa pKa,0 

Salicylic 
acida 

2,6-DHB, 
triazole, 
glycolate, 
acetate 

3.87 

±0.54 

4.07 

(0.07 M) 
Salicylic 
acida 

2,6-DHB, 
Triazole, 
DMG, 
glycolate, 
acetate 

3.33 

±0.23 

3.41 

(0.05 M) 
Salicylic 
acida 

2,6-DHB, 
Triazole, 
DMG, 
glycolate, 
acetate 

3.66 

±0.44 

3.74 

(0.05 M) 

Benzoic 
acidb 

2,6-DHB, 
triazole, 
glycolate, 
acetate, 
2MI 

5.27 

±0.55 

5.48 

(0.09 M) 
Benzoic 
acid 

Triazole, 
glycolate, 
acetate, 
2MI 

5.11 

±0.33 

5.20 

(0.06 M) 

Benzoic 
acid 

Triazole, 
glycolate, 
acetate, 
2MI 

4.97 

±0.50 

5.06 

(0.06 M) 

Picolinic 
acidb 

2,6-DHB, 
triazole, 
glycolate, 
acetate, 
2MI 

1.40c 

5.04 

±0.55 

2.16c 
(0.11 M) 
5.25 

(0.09 M) 

Besd Triazole, 
glycolate, 
acetate, 
2MI 

6.59 

±0.37 

6.68 

(0.07 M) 

Phthalic 
acid 

Triazole, 
glycolate, 
acetate, 
2MI 

3.34±0
.44, 
5.76 
±0.52 

3.43 
(0.06 M) 
6.03 
(0.07 M) 

Acetylacet
one 

IM, 2MI, 
DMG 

8.98 

±0.68e 

9.15e 

(0.05 M) 
4CNf 2MI, DMG 8.12 

±0.47 
8.21 

(0.06 M) 

Quinineg DMG, 
glycolate, 
acetate, 
IM, 2MI, 
DMG 

3.76c 

8.41 
±0.66 

3.55 
(0.12 M) 
8.31 

(0.11 M) 

Pipecolic 
acid 

Triazole, 
2MI, DMG 

2.46c 

10.09
±0.67 

2.26c 
(0.07 M) 
10.26 
(0.05 M) 

D-valinef 2MI, DMG 3.28c 

9.15 
±0.50 

3.19 
(0.08 M) 
9.24 
(0.06 M) 

Benzyla
mineh 

DMG, 2MI, 
DMG 

8.90 
±0.70 

8.83 

(0.03 M) 

Table S4. pKa values of organic analyte molecules uncorrected for ionic strength, determined using pKa values and 

limiting chemical shifts of indicators in Table S3 by fitting to Equation 13 (g = 1). pKa,0 calculated from fitted pKa 
using Equation 3 with values of A and B provided in main text, and ionic strength (brackets) when pH closest to pKa 
of analyte. aDetermined from acidic-range dataset. b8-9 mg 2,6-DHB. cApproximate value from fitting to Equation 
14. dN,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonate. Sample also contained DMG sodium salt (2 mM), tricine (2 
mM), formate (4 mM), tert-butylamine (10 mM), which were unsuitable for use as indicators. 5-6 mg 2,6-DHB used. 
eValue corrected for enol-ketone tautomerization. fSample also contained NaOH (10 mM), D-valine Na salt (2 mM) 
and 4CN sodium salt (20 mM). gBasic-range dataset. hSample contained NaOH (10 mM) in addition to indicators. 
3-4 mg 2,6-DHB used.
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S5. Interpolation of pKa values from published data 

The solvent mixtures used in this study are equivalent in terms of the mole fraction of the 

organic solvent, X, to the non-deuterated solvent mixtures of 44.6 wt% 1-propanol/H2O (X = 

0.195), 52.4 wt% DMSO/H2O (X = 0.202) and 25.1 wt% acetonitrile/H2O (X = 0.128). These 

wt% and mole fractions were used to interpolate literature pKa data reported in non-deuterated 

solvent mixtures. Published data was fitted using linear fits, second or third order polynomials 

as judged from the data. Example interpolation curves are shown below for 2,6-DHB and 

salicylic acid in 1-propanol/H2O mixtures. All literature pKa data used in this work was reported 

at 298 K. Where reported pKa values were not thermodynamic, the thermodynamic pKa was 

calculated from the reported ionic strength using Equation 3 and these corrected values are 

reported as literature values in Table 2. 

 

Figure S14. Plot of pKa,0 of 2,6-DHB (red diamond) and salicylic acid (black triangle) versus 

wt% of 1-propanol in 1-propanol/H2O mixtures from Papadopoulos and Avranas.110 Fits to 

second order polynomials (solid lines) used to interpolate value at 50% (v/v) 1-propanol/H2O 

(44.6 wt%). 

S6. Extraction of pKa,0 of 2,6-DHB via observation of resonance of 4-

position 

 

Figure S15. Plot of 1H chemical shift of 4-position of 2,6-DHB versus concentration in 

experiment to determine pKa,0 of 2,6-DHB in absence of base. (a) 50% 1-propanol/H2O, (b) 

50% DMSO/H2O and (c) 30% CD3CN/H2O. Solid lines are fits to Equations 1 ï 4. The fitted 

values of pKa,0 are within experimental uncertainty (see pK*
a,0 DHB in main text) of the values 

determined by fitting the 3,5-position (Table 1). 
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S7. Uncertainty analysis in determination of pKa and pH 

S7.1 Calculation of uncertainty in pKa,0 of 2,6-DHB and 1,2,4-triazole 

All uncertainty calculations are performed using the spreadsheets accompanying this work. A 

propagation of uncertainty analysis of Equation 9, ignoring g, yields the overall uncertainty in 

pHi for an indicator (Equation S5):111  
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where D denotes the uncertainty in the subscripted variable. Ў  and Ў  are taken as 0.005 

ppm, Ў  as 0.001 ppm in this work.  

In the determination of the pKa,0 of triazole using the values of pKa,0 DHB, dH and dL of 2,6-DHB 

obtained in the absence of triazole, a provisional uncertainty in the pH determined from the 1H 

chemical shift of 2,6-DHB (Equation 5) is calculated from Equation S5, with Ў
ȟ 

 calculated 

using the following procedure: The difference between the experimental and fitted chemical 

shift of 2,6-DHB in the absence of triazole (Figure 1a) averaged over every point along the 

2,6-DHB gradient, Dav, is used to calculate a maximum and minimum value of f at each point 

using Equation S6 and S7: 
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Maximum and minimum values of pKa,0 DHB are calculated at each datapoint along the sample 

using Equations S8 and S9: 
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 (Equation S5) is taken as half the difference between the average pKa,0 max and the 

average pKa,0 min over all points in the dataset recorded in the absence of triazole. This value 

is used to calculate a provisional uncertainty in the pH in the experiment with triazole using 

Equation S5 (with Ў  and Ў  as 0.001 ppm, Ў  as 0.005 ppm) which is used to exclude fitting 

points for Equation 7 where this uncertainty exceeds 0.1 units. Ў
ȟ 

was obtained as 0.08, 

0.03 and 0.03 for 50% 1-propanol/H2O, 50% DMSO/H2O and 30% CD3CN/H2O, respectively. 

Having fitted the 1H chemical shift of 2,6-DHB to Equations 2 and 8, and the chemical shift of 

triazole to Equation 7, the overall uncertainty in pH is calculated from Equation S5, taking 

Ў
ȟ , Ў  and Ў  as the difference in the values of pKa,0, dH and dL of 2,6-DHB fitted in the 

presence (pK*a,0 DHB) and absence (pKa,0 DHB) of triazole. The uncertainty in pKa,0 of triazole is 

taken as the average uncertainty in pH, thus calculated, over all experimental points used to 

fit Equation 7. 
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S7.2 Calculation of uncertainty in pKa,0 of other indicators 

Known indicators with chemical shifts within Ў  or Ў  (0.005 ppm) of dH or dL were excluded 

from the calculation. For indicators for which pHi could be calculated, the uncertainty in pHi 

was calculated using Equation S5, along with an uncertainty arising from chemical shift alone, 

DpHiô, from Equation S5 with DpKa,0 set to zero. For the known indicators, if DpHiô was less than 

0.05 (0.1 for the calibration of imidazole in 50% 1-propanol/H2O), Si was calculated using 

Equation 11, and the pH of the row calculated using Equation 12. DpHiô was also calculated for 

the new indicator being fitted. If DpHiô for the new indicator was less than 0.4 (0.8 for 4CN in 

50% 1-propanol/H2O) following fitting of its chemical shift to Equation 13, it was included in 

the calculation of the pH of the row using Equation 12. The uncertainty in pKa,0 for the new 

indicator was taken as the difference between the pH calculated using Equation 12 with only 

the known indicators and pHi of the new indicator, for all rows where pHi could be calculated, 

plus the highest DpKa,0 of the known indicators. The uncertainty in pKa,0 of the indicators thus 

increases as pKa,0 rises (Table 1). 

S7.3 Calculation of uncertainty in pKa,0 of analyte molecules 

Indicators with chemical shifts within Ў  or Ў  (0.005 ppm) of dH or dL were excluded from the 

calculation of pH. The uncertainty in the pH of each row of the CSI dataset was calculated as 

the sensitivity-weighted average of the uncertainties in the pHi reported by all indicators, 

analogous to Equation 12 (Equation S10): 
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The uncertainty in the fitted pKa,0 of the analyte was taken as the value of DpH calculated for 

the row of the CSI dataset with pH closest to the value of pKa,0 analyte- Dz2log10(g), where log10(g) 

was calculated using Equations 3 and 10. The calculation of ionic strength of a row ignores 

the charge state of the analyte molecule. The same procedure was used for the pKa,0 values 

of diprotic compounds (Figure 4).  

S7.4 Derivation of Equations 8, 13 and 14 

S7.4.1 Derivation of Equation 8 

q (Equation 8) is the equilibrium constant for the reaction of a base (1,2,4-triazole) with an acid 

(2,6-DHB): 

Ñ
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where [DHB-] and [DHB] are the equilibrium concentrations of deprotonated and neutral 2,6-

DHB, respectively. [T] and [TH+] are the equilibrium concentrations of neutral and protonated 

triazole, respectively. These equilibrium concentrations can be expressed in terms of [DHB-], 

[H+] and the total concentrations of 2,6-DHB (C) and triazole (T):     
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Equation S11 can be rewritten as: 
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[DHB-] can then be obtained from the quadratic formula, with f obtained as [DHB-]/C to give 

Equation 8. Assuming the activity coefficients of protonated 2,6-DHB and neutral triazole to 

be 1, and the activity coefficients of deprotonated 2,6-DHB and protonated triazole to be 

equal and given by Equation 3, q (concentration-based) is obtained from the thermodynamic 

pKa values of triazole and 2,6-DHB as: Ñ  ɾ ρπ ȟ ȟ 
ᶻ

. 

S7.4.2 Derivation of Equation 13 and 14 

Assuming fast exchange on the chemical shift timescale between the protonated (HA) and 

non-protonated (A) states, the chemical shift of an observed species can be related to the pH 

of the solution via the Henderson-Hasselbalch equation:112  
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  where the pKa is of the ómixedô type if pH is on an activity scale:113 
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Making the approximation that the activity coefficient only depends on charge, the activity 

coefficient of an ion of charge z (gz) is obtained from Equation 3 as: 
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The thermodynamic dissociation constant depends on the charge of the molecule in its 

protonated (zH) and deprotonated (zL) states: 
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pKa mixed and pKa,0 are thus interconverted through Equation S20, and combined with 

Equation S16 to yield Equation 13. 
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For compounds with two dissociation steps, dobs is a weighted average of the fully protonated 

(H2A), monoprotonated (HA) and deprotonated (A) states: 
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where Ka values are mixed (Equation S17). As Ð( ÌÏÇɾ( , Equation S21 
can be written as: 
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Combining Equations S20 and S22 yields Equation 14.      
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S8. Example 1H spectra from CSI datasets 

Rows 1-6 and 28-32 (32 point datasets) and rows 1-13 and 58-64 (64 point datasets) have 

been deleted from the plots below as they are not used in the analysis (Experimental Section). 

 

Figure S16. 1H CSI dataset to determine pKa of 2,6-DHB in 50% 1-propanol/H2O (Figure 1a). 

 

Figure S17. 1H CSI dataset to determine pKa of 2,6-DHB and 1,2,4-triazole in 50% 1-

propanol/H2O (Figure 1b). 


















































