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Abstract 

Potentiometry is the primary pH measurement method, but alternatives are sought beyond glass 

electrodes operative limitations. In NMR experiments, electrodeless pH sensing is important 

to track changes along titrations, during chemical reactions or inside compartmentalized 

environments inaccessible to electrodes, for instance. Although several interesting NMR pH 

indicators have been already presented, the potential of inorganic phosphate is overlooked, 

despite its common presence in NMR samples as the buffer main component. Its use for 

electrodeless pH determination can be expanded by exploiting all its three proton dissociations. 

This study was aimed at verifying the use of inorganic phosphate 31P chemical shift to sense 

pH variations, and at exploring the complementary use of pyrophosphate ions to cover a wide 

pH range. A simple set of equations is presented to utilize both phosphate and pyrophosphate 
31P chemical shift in combination for accurate pH determination without a glass electrode over 

the 5-12 pH range, and without affecting the spectrum of other nuclei. The present study 

demonstrated an average deviation of 0.09 (maximum < 0.2) pH unit from glass electrode 

measurements. The trimethylphosphate can be used as a suitable chemical shift reference for 

both 31P and 1H (also 13C), with its hydrolysis being significant only at pH > 12. The method 

was also demonstrated by determining the pKa of three distinct molecules in a mixture and by 

comparing the results to those obtained when the glass electrode was used to measure the pH. 

The approach shown here can be easily tuned to different experimental conditions. 
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Introduction 

The importance of pH in chemistry is uppermost in many areas, from basic research to cutting-

edge applications. Maintaining pH levels is imperative for regulating many chemical reactions 

in water environment and, especially, for biological processes, as improper pH values can 

induce protein denaturation, change the electrochemical gradients across membranes and, in 

general, disrupt cellular functionality. Measuring and controlling pH is paramount for 

manipulating chemical behavior, as it changes molecular net electric charge and its distribution, 

thus, intermolecular interactions, reactivity and even the overall stability of chemical systems. 

Potentiometry is the major technique to measure pH, with even specifically sized glass 

electrodes commercially available to enter in the typical 5 mm NMR tubes. However, this 

might not be an option in many instances, so that having one electrodeless way to determine 

and monitor the pH as a function of time in a NMR experiment is important. Several of such 

instances are briefly mentioned. 

NMR titrations are commonly performed to characterize chemical equilibria.[1–7] To save 

chemicals, the titration is performed by adding small aliquots of the titrating agent into the 

NMR tube containing the analyte solution. The insertion of the glass electrode in the NMR 

tube at each addition, would progressively alter the total volume making the titration largely 

inaccurate. Unless a very effective buffer can be used, chemical shift variations due to pH 

changes would overlap with those due to other sources, possibly leading to results 

misinterpretation.[8] NMR pH-sensing methods must be used to monitor pH evolution in-situ. 

Furthermore, such methods are needed whenever the solution of interest is compartmentalized 

and physically inaccessible to a glass electrode, like in the case of lipid vesicles, cubosomes or 

any other water-filled nanocarrier. In fact, NMR pH indicators are extremely important for 

biologic in-vitro as well as in-vivo experiments.[9–17] In addition to these practical limitations, 

there are also known environments where glass electrodes have inherent limitations that can 

be circumvented by using electrodeless NMR pH-sensing methods, namely, acidic 

environments containing fluoride,[18] and alkaline environments.[19] 

The pH dependence of the NMR chemical shift for a species with an acid-base equilibrium 

constant in the pH range of interest, can be employed as a NMR pH-indicator. Typically, a fast 

proton exchange rate is observed on the NMR time scale. The chemical shift vs. pH curve can 

be fully described with three parameters, as shown by the following equations:[7,20] 

χHA=
!H+"

!H+"+Ka
   ;   χA-=

Ka
!H+"+Ka

 (1) 



δobs	=	χHA	δHA	+	χA- δA- (2) 

where, quantities in brackets are molar concentrations, χi is the molar fraction of the i-th 

protonation microspecies, Ka is the deprotonation equilibrium constant, and δobs is the 

observed chemical shift. After the three characteristic parameters are determined in the 

experimental conditions of interest, equation 2 can be solved to determine the unknown pH of 

a given solution in the 𝑝𝐾! − 2 < 𝑝𝐻 < 𝑝𝐾! + 2 range approximately, through a single 

chemical shift measurement. 

At the pH scale extremes, the main difficulty is the determination of the limiting chemical shift 

of the fully protonated or deprotonated form, which may be found outside the operative glass 

electrode pH-range. By exploiting the NMR possibility to measure more than one species 

simultaneously, the indicator parameters can be accurately determined along a series of 

selected compounds with sequentially incremented protonation constants. This method has 

been successfully applied to extend the electrodeless pH determination to highly basic 

media.[19] By using the same approach, a set of up to six 1H-NMR pH indicators was recently 

presented to cover the full 2-12 pH range.[21] However, this strategy may suffer from the 

spectral crowding of both the 1H and the 13C spectra, given by the presence of the indicator 

molecules themselves together with the analytes. In another very interesting and accurate 

investigation,[22] the parallel use of both 1H and 31P resonances was put forward. By exploiting 

the presence of a set of 5 distinct NMR pH indicators, together with multivariate data analysis, 

high accuracy could be attained over the 0-12 pH range. However, up to 4 and 8 new resonances 

are added to the 1H and the 13C spectrum, respectively. 

Instead of using pH NMR indicators based on fast proton exchange, approaches with slow 

proton exchanging indicators are possible.[11] However, also this approach can easily lead to 

spectral crowding. 

Ideally, NMR pH determination should come from an active nucleus of enough sensitivity to 

provide a spectrum with reasonable signal/noise quite fast, thus, also allowing pH monitoring 

over time with decent time resolution. In addition, the resonances of the pH indicator should 

not be visible in both 1H and 13C spectra. Beside 19F, whose compounds typically contains 

carbon and hydrogen atoms, our attention was readily attracted by 31P. In principle, the toxically 

safe and cheap inorganic phosphate anion would be perfect, since it has as much as three 

different pKa values, thus covering virtually the entire 2-12 pH range with a single compound. 

In addition, by virtue of the rapid proton chemical exchange with water, its 1H resonance is 

typically not observable. Indeed, the tempted application of such strategy to determine the pH 



in biological contexts has quite a long story.[9,12–14] Proper calibration of the method has to be 

preliminarily considered, since the pKa values as well as the limiting chemical shift can change 

with temperature and ionic strength, but also with the specific nature of the inorganic ions (e.g., 

Mg2+ vs. Na+/K+) and in the presence of other components of the solution (e.g., proteins). 

However, the focus of previous studies have been mostly the second proton dissociation 

constant of the orthophosphoric acid, due to its biologically interesting value close to 7 on the 

pH scale. The great advantage of using inorganic phosphate is that it is endogenous to virtually 

all cells. However, the disadvantages connected to the generally low concentration level, the 

variability with the metabolic state of the cell and the many interactions possible with other 

components of the intracellular environment, motivated the research for other 31P-NMR pH 

indicators for in-vivo and in-vitro investigations, such as the 2-deoxyglucose-6-phosphate[23] 

and several phosphonates.[10,15–17,24] Nevertheless, we believe that the usefulness of inorganic 

phosphate as NMR pH indicator is underrated, considering also that it is often already present 

within the sample, as one of the most widely used component of buffers in liquid state NMR 

investigations. It might be easily and effectively applied in a huge number of NMR 

investigations, especially if all of the three proton dissociations were exploited. Recently, for 

instance, even the simultaneous acquisition of both 1H and 31P resonances, with a dual receiver 

instrumentation, was put forward to follow pH changes during reaction monitoring.[25] This 

innovative approach of dual reception opened the possibility of in-situ pH measurements and 

process monitoring at the same time, by determining the pH through 31P chemical shift on one 

channel, and studying the process kinetics with 1H on the other. The authors made use of the 

presence of inorganic phosphate within the buffer with success.[25] However, due to the large 

difference of the three pKa values, some pH ranges cannot be investigated. 

In this work, the three proton dissociations of inorganic phosphate were characterized through 

NMR titration in a simple environment. The limitations of inorganic phosphate have been 

emphasized and the complementary use of pyrophosphate ions was checked for the first time, 

as far as we are aware. We present here a simple set of equations to exploit the 31P-NMR 

resonance of both phosphate and pyrophosphate together for the electrodeless determination of 

the pH, covering the 5-12 pH range with good accuracy and without any disturbance on either 
1H or 13C spectra. We focused on a simple environment, but we kept the sampling of the 

calibration curves as low as ca. 1 point / pH unit, so that the presented methodology was simple 

and fast enough to be easily followed to obtain the calibration parameters when different 

experimental conditions needed to be applied. As an example, this approach was used for the 



determination of the pKa values of three distinct molecules in a mixture, and the results were 

compared to those obtained when the pH was measured with the glass electrode. 

 

Materials and Methods 

Potassium dihydrogen phosphate (KH2PO4, CAS 7778-77-0), hydrochloric acid (HCl, CAS 

7647-01-0), sodium hydroxide (NaOH, CAS 1310-73-2), trimethylphosphate (C3H9PO4, CAS 

512-56-1), deuterium oxide (D2O, CAS 7789-20-0), sodium pyrophosphate (Na4P2O7, CAS 

13472-36-1), acetic acid (C2H4O2, CAS 64-19-7), L-histidine (C6H9N3O2, CAS 71-00-1) and 

1-aminopentane (C5H13N, CAS 110-58-7) were purchased from Merck (Darmstadt, Germany) 

with a purity ≥ 95% and used without any further purification. Sterile physiologic solution 

(NaCl 0.9 %wt) was purchased from Braun (Melsungen, Germany) and used as solvent to 

prepare all the solutions. 

A series of potassium phosphate solutions were prepared by dissolving proper amount of 

KH2PO4 in the NaCl solution supplemented with 10 %vol D2O. Final phosphate concentration 

was 10 mM. The same was performed to prepare a series of solutions of Na4P2O7 at 5 mM. A 

third series of solution was prepared containing both KH2PO4 (10 mM) and Na4P2O7 (5 mM), 

together with 5 mM acetic acid, L-histidine and 1-aminopentane. The pH along the three series 

was corrected by small amounts of concentrated HCl or NaOH to have roughly one data point 

/ pH unit over the 1-13 pH range. The pH was measured at 300 K by potentiometry, with the 

Metrohm glass electrode 6.0218.010, with built-in Pt-100 temperature sensor, connected to a 

Metrohm 713 pH-meter calibrated against the three Metrohm reference solutions at pH 4, 7 

and 10, respectively. The ionic strength was estimated between 150 and 230 mM by 

considering the pKa values and the concentration of the differently charged species as a 

function of the pH. 

A volume of 600 μL was loaded into the NMR tube and 1 μL pure trimethylphosphate (TMP) 

was added right before inserting the tube in the spectrometer. NMR spectra were recorded at 

300 K on a Bruker Avance III HD 600 (Bruker, Billerica, MA, USA) operating at a 1H 

frequency of 600.134 MHz (31P 242.936 MHz). 1H spectra were acquired with 8 transients of 

the noesypr1d pulse sequence to suppress the water resonance, with 10.9 μs (90°) hard pulses, 

2.5 s relaxation delay, 200 ms mixing time, 2.5 s acquisition time and a spectral width of 12.626 

kHz. 31P spectra were acquired with 8 transients of power-gated 1H decoupling, with 4.0 μs 

(30°) hard pulse, 10 s relaxation delay, 3.4 s acquisition time and a spectral width of 9.690 kHz. 

The TMP resonance was used to calibrate the ppm scale of both 1H (3.81 ppm from DSS, 



sodium trimethylsilylpropanesulfonate, Biological Magnetic Resonance Data Bank, entry 

bmse000774) and 31P (3.80 ppm from 85%wt phosphoric acid).[26] 

The chemical shift vs. pH data were analyzed with least squares curve-fitting through Gnuplot 

(Version 5.2 patchlevel 7). The model equations were obtained by extending equations 1 and 2 

to the multi-step proton dissociation equilibria of a given species, HmA, with m dissociable 

protons in the pH range of interest: 

χHnA= "H+#
n
βm-n

∑ "H+#
j
βm-j

m
j=0

   with   0≤n≤m  ;  βb=∏ Kaib
i=0   ;  Ka0=1 (3) 

δobs = , χHnA
m

n=0
 δHnA (4) 

where, quantities in brackets are molar concentrations, χi and δi are the molar fraction and the 

chemical shift of the i-th protonation microspecies, Ka are the deprotonation equilibrium 

constants, δobs is the observed chemical shift. 

 

Results and Discussion 

The 31P-NMR spectrum of either phosphate or pyrophosphate ions in water solution showed a 

single resonance, beside the one due to the TMP reference at 3.80 ppm,[26] (Figure 1). 

One single resonance at all pH values indicated the fast exchange between the different 

protonation states of both phosphate and pyrophosphate ions over the entire inspected range. 

The chemical shift increased with increasing the pH and the trend was monotonic for both 

phosphate and pyrophosphate. The TMP was selected as chemical shift reference due to its 

high solubility in water and its single 31P resonance insensitive to pH variations in the 2-12 pH 

range of interest. In figure 1, at the highest pH values, a low intensity singlet can be observed 

on the low frequency side of the TMP resonance. This is due to the relatively slow irreversible 

hydrolysis of TMP at high pH, producing dimethylphosphate (DMP) and methanol, according 

to the following reaction: 

 

 
Scheme 1. Trimethylphosphate hydrolysis at high pH to 
dimethylphosphate and methanol. Methoxide is then 
protonated by the water solvent by virtue of its large 
pKa,[27] while dimethylphosphate should be mostly 
deprotonated. 

 



Formation of methanol was confirmed by the appearance of a singlet at 3.35 ppm in the 1H 

spectrum, beside the two doublets at 3.81 and 3.57 ppm due to TMP and DMP, respectively. In 

order to further characterize TMP hydrolysis, we acquired the kinetics at several pH values, by 

recording the 31P spectrum at regular time intervals. Chemical shift of DMP, differently from 

TMP, was pH sensitive. Molar fractions were obtained by integrating the TMP and DMP 

resonances. Results are shown in Figure 2. 

Reaction rate depended on hydroxyl ion concentration, such that TMP half-life showed a 

dramatic increase with decreasing the pH. These experiments have shown that TMP hydrolysis 

is virtually negligible below pH 12. 

Figure 3 shows the curve-fitting analysis of the 31P chemical shift vs. pH of phosphate and 

pyrophosphate ions, from the stacked plots in Figure 1. 

Within the investigated range, three inflection points were clearly observed for both the species, 

corresponding to three successive proton dissociation equilibrium constants. In the case of 

phosphate (Figure 3a), inflection points are well separated, whereas in the case of 

pyrophosphate (Figure 3b), the second and the third inflection points (in the increasing pH 

order) are quite close. The curve fitting, with equations 3 and 4, allowed to retrieve all the 

needed parameters to fully describe the chemical shift dependance on the pH. The results are 

summarized in Table 1. Either the pH-meter readings were considered to build the plots and to 

perform the curve-fitting, or these were corrected for the isotopic effect as suggested in the 

literature.[28] 

The correction of the pH-meter readings for the isotopic effect resulted to be significant only 

at basic pH (Figure 3). In particular, it can be observed how the phosphate pKa3 deviation from 

the literature data was as large as 0.47 when pH-meter readings were considered, whereas it 

was reduced to 0.05 by exploiting the isotopic effect correction.[28] All the other pKa values 

between pH 5 and pH 9, determined on the basis of pH-meter readings, were consistent with 

the literature data, with a maximum deviation of 0.06. The significant deviation observed at 

strongly acidic pH for both phosphate and pyrophosphate (0.4 and 0.5, respectively) cannot be 

ascribed to the isotopic effect on the pH-meter readings, but it is mostly attributable to the 

rather small chemical shift difference between H3PO4	  and H&PO4
- , and between H'𝑃&O7

-  and 

H&𝑃&O7
&-, respectively. This is reflected by the very short inflection in Figure 3, affecting the 

determination of the corresponding pKa through the curve-fitting with large inaccuracy and 

uncertainty (Table 1). Overall, the present results are in agreement with the work by 



Rubinson,[48] where it was shown that pH-meter readings do not need any correction for the 

presence of deuterium in heavy water up to a content of 50%vol and up to a pH of 10. 

Thus, for the phosphate, we decided to use the pKa1, pKa2, δ(H3PO4	 ), δ2H&PO4
- 3,	and 

δ2HPO4&-3 obtained with pH-meter readings, and pKa3 together with the δ2PO4'-3 obtained with 

the corrected pH values. As far as pyrophosphate is concerned, we kept all the parameters 

determined with uncorrected pH-meter readings. The corresponding curves can be exploited to 

determine the pH of a given water solution (same temperature and comparable ionic strength, 

see Table 1), providing that it contains phosphate or pyrophosphate, by measuring the 31P-NMR 

chemical shift of these ions instead of using a glass electrode. Figure 4 shows the stacked plot 

of the 1H-NMR spectra acquired at different pH values, from solutions of a mixture containing 

equimolar amounts of acetic acid, L-histidine and 1-aminopentane, together with phosphate 

ions, pyrophosphate ions and TMP (see the Methods). 

Resonance assignments are indicated with lowercase letters, as reported beside the Lewis 

structures on the right-hand side of Figure 4. The two resonances labelled with j and k are due 

to the product of TMP hydrolysis at strongly basic pH, methanol and DMP, respectively (vide 

supra), showing no variation of chemical shift as a function of pH in the high pH range. 

Virtually all resonances of 1-aminopentane, acetic acid and L-histidine changed chemical shift 

with increasing the pH, by virtue of the progressive change in the protonation state of these 

molecules. In 1-aminopentane, protons ‘e’ were the most sensitive to the protonation 

equilibrium of the amino group. As far as the L-histidine is concerned, the proton ‘g’ was the 

most sensitive to the protonation state of the 𝛼-amino group, while proton ‘i’ resulted to be the 

most sensitive to the protonation state of the imidazole group. Finally, in the case of acetic acid, 

the only visible resonance was the one due to the protons ‘d’. Figure 5 shows the chemical shift 

of these selected resonances as a function of pH-meter readings (isotope effect correction was 

applied to pH ≥ 10.0,[28,48] vide supra), together with the curve-fitting (equations 3 and 4) 

performed to determine the pKa values. 

For both acetic acid and 1-aminopentane, a single inflection point could be observed, reflecting 

the deprotonation equilibrium of the single acid-base site in the molecule. In the case of L-

histidine, two inflection points were expected, one at basic pH for the alpha-amino group, and 

one around pH 6 for the imidazole. The chemical shift vs. pH data of the alpha proton (Figure 

5c) allowed to clearly observe the former, whereas the latter was very low. The contrary was 

observed for the epsilon proton (Figure 5d). The curve-fitting allowed us to determine the pKa 

values. The latter were determined also by using the electrodeless pH determination through 



the measurement of the 31P chemical shift of the same samples for the phosphate and the 

pyrophosphate ions separately. All the results are reported in the Table 2. 

While 31P-NMR chemical shift of the phosphate ions performed well in the neutral pH range, 

Table 2 shows that inaccuracy increases remarkably both at acidic and basic pH. The deviation 

of the determined pKa value for the a-amino group of L-histidine was as large as 0.3 pH units. 

The performance of pyrophosphate ions was comparable at both acidic and neutral pH, but it 

did not allow to determine pH values larger than about 10. These performances are inherently 

related to the trend of the 31P chemical shift data vs. pH (Figure 3) which are used to determine 

the pH itself, as it can be seen from Figure 6. 

From Figure 6, it can be seen how accuracy of the proposed electrodeless pH determination 

dramatically decreased in the plateau regions of the 31P chemical shift vs. pH curve (Figure 3). 

Pyrophosphate performed better than phosphate at acidic pH, although below pH 5 accuracy 

was rather low with both the anions. Conversely, above pH 8, the accuracy with the phosphate 

was higher than with pyrophosphate and, as already mentioned, the determination of pH values 

larger than about 10 was not even possible with the latter. Overall, neither phosphate nor 

pyrophosphate ions 31P chemical shift resulted to be acceptably accurate over the entire 2-12 

pH range. However, their six different pKa values suggested us to combine their chemical shift 

vs. pH curves, trying to reduce the plateau regions and improve sensitivity as reported for other 

cases.[13,14] In principle, a chemical shift curve corresponding to a sufficient number of evenly 

distributed pKa values should allow accurate electrodeless pH determination over the entire 

range. 

In practice, different linear combinations of the 31P chemical shift vs. pH curves of phosphate 

and pyrophosphate shown in Figure 3 were calculated as: 

δcomb(pH)=cphosδphos(pH)+cpyroδpyro(pH) (5) 

where, δphos and δpyro are the chemical shift of phosphate and pyrophosphate ions, respectively, 

and cphos and cpyro are the corresponding coefficients. It is worth noting that every time a new 

linear combination has to be employed, acquisition of new spectra is not necessary. For each 

case, the already acquired 31P-NMR spectra corresponding to the 1H stacked plot in Figure 4 

were analyzed again, by calculating the selected linear combination of the experimental 31P 

chemical shift of the phosphate and pyrophosphate ions, in order to determine the pH 

accordingly. The results of the pKa determination for acetic acid, 1-aminopentane and L-

histidine are reported in Table 3. 



Overall, a general improvement over the whole pH range was observed, as shown by the 

deviation between the pKa determined through the electrodeless pH determination and the 

values obtained with the glass electrode. In Figure 7, the deviation of the pH values is shown 

for the different linear combinations (equation 5). 

By increasing the weight of pyrophosphate in the linear combination, the extremely poor 

accuracy of phosphate around pH 4 was significantly improved, although a deviation as large 

as about -0.5 pH units was observed even with 
cpyro

cphos6 =	2. On the other hand, the accuracy 

around pH 9 decreased with increasing the weight of pyrophosphate, and at pH 12 it was very 

low. The best compromise was found with cphos=1, and by decreasing cpyro to 0.25. Overall, this 

combination resulted to be the most accurate one over the full pH range between 5 and 12, with 

deviation from the glass electrode measurements exceeding 0.1 only above pH 10, and 

maximum deviation below 0.2 pH units. Nevertheless, the steeply large deviation around pH 4 

remained. Such inaccuracy of the proposed electrodeless determination is basically due to the 

short inflection at acidic pH for both phosphate and pyrophosphate 31P chemical shift vs. pH 

(Figure 3). A third phosphorus compound with suitable pKa must be included to cover acidic 

environments. In the work of Szakács et al., the 31P resonance of inorganic phosphate was 

proposed together with the 1H resonances from other 4 simple organic molecules to cover the 

entire 0-12 pH range.[22] By exploiting multiple titration curves at a time, high accuracy was 

attained (with ca. 3 data points / pH unit). Overall, the accuracy we obtained in the 5-12 pH 

range was slightly lower. However, the presented approach does not add any resonance in either 

the 1H and the 13C spectrum (beside the TMP), it required only ca. 1 data point / pH unit and it 

did not involve multiple titration curves or multivariate data analysis. 

 

Conclusions 

The present investigation demonstrated how pH can be easily determined in the 5-12 pH range 

without making use of a glass electrode with an average accuracy of 0.09 (maximum deviation 

< 0.2) pH units. Providing that the solution of interest (10%vol D2O and ionic strength of 150-

200 mM) contains phosphate and pyrophosphate ions, together with TMP as chemical shift 

reference, experimental 31P chemical shift values can be exploited according to the following 

equations: 

𝛿(pH)=δphos(pH)+0.25∙δpyro(pH) 



δphos(pH) =
0.62 ∙ 10('∙*+ + 0.86 ∙ 10(&∙*+(&.& + 3.34 ∙ 10(*+(-../ + 5.99 ∙ 10(&0./1

10('∙*+ + 10(&∙*+(&.& + 10(*+(-../ + 10(&0./1  

δpyro(pH) =
−10.23 ∙ 10('∙*+ − 9.72 ∙ 10(&∙*+(&.' − 6.63 ∙ 10(*+(-.&' − 5.30 ∙ 10(1/.4.

10('∙*+ + 10(&∙*+(&.' + 10(*+(-.&' + 10(1/.4.  

 

These equations can be used in the simple environment employed in this work, while a new 

calibration is needed if different ions are present, especially divalent Mg2+ or Ca2+, or in the 

presence of proteins or other components. However, the presented methodology is simple 

(calibration curves have been sampled with ca. 1 point / pH unit) and can be easily tuned. TMP 

is suitable as chemical shift reference for both 31P (3.80 ppm), 1H (3.81 ppm), as well as for 
13C (57.72 ppm from DSS, Biological Magnetic Resonance Data Bank, entry bmse000774). 

TMP hydrolysis was shown to be important only at high pH (>12), where it dissociates to DMP 

and methanol (at pH 12 TMP half-life is about 90 hours). The presented electrodeless approach 

to pH determination can be used in a very large number of NMR investigations and extend the 

applicability of the 31P/1H dual reception strategy recently proposed to measure the pH in the 

nmr tube while monitoring the evolution of the system at the same time.[25] Studies with 

liposomes or other compartmentalized model systems are also possible, providing that 

phosphate and pyrophosphate are present on both sides. However, in the case of intact cells, 

for instance, membrane permeability to the two inorganic ions must be preliminarily checked. 
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Table 1. Results from the curve-fitting (equations 3 and 4) of the data shown in Figure 3. Chemical shift of the 
31P resonancea from the different protonation states of both phosphate and pyrophosphate ions. The proton 
dissociation equilibrium constant determined in this work are compared with data from the literature obtained 
with potentiometry. Relevant conditions of the medium used in this work: ionic strength 0.15-0.20 M, 
temperature 300 K, D2O 10%vol. 

Phosphate 

 pKa1 pKa2 pKa3 
δ(H3PO4

	 ) 
[ppm] 

δ#H"PO4
- & 

[ppm] 
δ#HPO4

"-& 
[ppm] 

δ#PO4
#-& 

[ppm] 
This workb 2.2±0.3 6.76±0.02 12.07±0.03 0.62±0.05 0.86±0.01 3.34±0.01 5.94±0.03 
This workc 2.2±0.4 6.65±0.02 11.65±0.03 0.59±0.08 0.83±0.02 3.33±0.01 5.99±0.03 

Literature data 

 pKa1 pKa2 pKa3 medium 
Concentration 
[M] 

Temperature 
[K] 

Ref.[9]  6.82  KCl 0.15 297 
Ref.[9]  6.79  KCl 0.15 297 
Ref.[9]  6.73  NaCl 0.15 297 
Ref.[9]  6.68  KCl + MgCl2 0.135 + 0.05 297 
Ref.[9]  6.70  KCl + MgCl2 0.11 + 0.01 297 
Ref.[9]  6.70  KCl + CaCl2 0.135 + 0.05 297 
Ref.[9]  6.71  KCl + CaCl2 0.11 + 0.01 297 
Ref.[29] 1.83 6.63 11.46 KCl 0.2 298 
Ref.[30] 1.86 6.63 11.48 KCl 0.2 298 
Ref.[31] 1.8 6.75 11.68 NaNO3 0.1 298 
Ref.[32] 2.42 7.28  NaCl 0.15 298 
Ref.[33] 1.93 6.79 11.69 KCl 0.1 298 
Ref.[34] 1.9 6.69 11.56 KCl 0.16 298 
Ref.[35]  7.044 11.886 KCl 0.1 298 
Ref.[36]  6.70 11.71 NaCl 0.25 298 
Ref.[37] 1.20 6.51 11.8 NaCl 0.15 298 
Ref.[38] 1.68 6.40 11.18 KCl 0.2 298 
Ref.[39]  6.73  NaNO3 0.1 298 
Ref.[40] 1.843 6.635 11.545 NaCl 0.1 298 
Ref.[41]  6.76  KCl 0.1 298 
 
 1.8±0.3 6.7±0.2 11.6±0.2 Average and Standard Deviation 
 

Pyrophosphate 

 pKa2 pKa3 pKa4 
δ#H#𝑃"O7

- & 
[ppm] 

δ#H"𝑃"O7
"-& 

[ppm] 
δ#𝐻𝑃"O7

#-& 
[ppm] 

δ#𝑃"O7
$-& 

[ppm] 
This workb 2.3±0.2 5.93±0.04 8.26±0.08 -10.23±0.06 -9.72±0.05 -6.63±0.07 -5.30±0.02 
This workc 2.4±0.2 5.95±0.04 8.26±0.08 -10.27±0.06 -9.74±0.05 -6.50±0.07 -5.24±0.02 

Literature data 

 pKa2 pKa3 pKa4 medium Concentration 
[M] 

Temperature 
[K] 

Ref.[30] 1.67 5.88 8.23 KCl 0.2 298 
Ref.[42] 1.66 5.88 8.25 KCl 0.2 298 
Ref.[43] 1.8 5.95 8.4 KCl 0.1 298 
Ref.[44] 2.07 6.09 8.55 KCl 0.1 298 
Ref.[45] 1.66 5.69 7.84 NaCl 0.25 298 
Ref.[45] 1.65 5.83 8.06 KCl 0.25 298 



Ref.[46] 1.756 5.872 8.138 NaCl 0.15 298 
Ref.[47]  5.79 8.05 NaCl 0.1 298 
Ref.[37]  6.34 8.67 NaCl 0.15 298 
 
 1.8±0.1 5.9±0.2 8.2±0.2 Average and Standard Deviation 
aChemical shift scale was calibrated with TMP at 3.80 ppm[26] 

bpH-meter readings 
cpH corrected for the isotopic effect[28] 

 

  



Table 2. Results of the curve fitting with equations 3 and 4 of the chemical shift vs. pH for selected 1H-NMR 
resonances of acetic acid (C(2)H3), L-histidine (Ha and He) and 1-aminopentane (C(1)H2) in a mixture with 
also phosphate and pyrophosphate ions, and TMP as a reference (both for 1H and 31P). Proton dissociation 
equilibrium constants from the literature obtained with potentiometry at comparable temperature and ionic 
strength are reported for comparison. 
pH determination Acetic acid 

(carboxylic group) 
L-histidine 
(imidazole group) 

L-histidine 
(a-amino group) 

1-aminopentane 
(amino group) 

Glass electrode 4.56±0.01 6.24±0.02 9.44±0.04 10.84±0.01 
31P phosphate 4.4±0.2 6.28±0.04 9.74±0.08 10.97±0.02 
31P pyrophosphate 4.4±0.1 6.20±0.02 indeterminable indeterminable 

Deviations 
31P phosphate -0.16 0.04 0.30 0.13 
31P pyrophosphate -0.16 -0.04 indeterminable indeterminable 

Literature data 
 4.62[49] 6.17[50] 9.20[50] 10.63[51]a 
 4.65[52] 6.08[53] 9.17[53] 10.6[54]a 
 4.54[55] 6.17[56] 9.21[56] 10.63[57]a 
aIonic strength not reported. 

 

  



Table 3. Results of the curve fitting with equation 3 and 4 of the chemical shift vs. pH for selected 1H-NMR 
resonances of acetic acid (C(2)H3), L-histidine (Ha and He) and 1-aminopentane (C(1)H2) in a mixture with 
also phosphate and pyrophosphate ions, and TMP as a reference (both for 1H and 31P). The pH was determined 
without potentiometry but using the experimental 31P chemical shift of both phosphate and pyrophosphate ions 
in different linear combinations (equation 5). 
Combination 
coefficients 

Acetic acid 
(carboxylic group) 

L-histidine 
(imidazole group) 

L-histidine 
(a-amino group) 

1-aminopentane 
(amino group) 

𝑐%&'( = 1 
𝑐%)*' = 1 4.5±0.1 6.22±0.03 9.13±0.02 10.94±0.02 

𝑐%&'( = 1 
𝑐%)*' = 2 4.5±0.1 6.21±0.02 9.09±0.02 10.90±0.02 

𝑐%&'( = 1 
𝑐%)*' = 0.5 4.5±0.2 6.23±0.03 9.22±0.01 10.95±0.02 

𝑐%&'( = 1 
𝑐%)*' = 0.25 4.5±0.2 6.25±0.03 9.36±0.01 10.97±0.02 

Deviationsa 
𝑐%&'( = 1 
𝑐%)*' = 1 -0.06 -0.02 -0.31 0.10 

𝑐%&'( = 1 
𝑐%)*' = 2 -0.06 -0.03 -0.35 0.06 

𝑐%&'( = 1 
𝑐%)*' = 0.5 -0.06 -0.01 -0.22 0.11 

𝑐%&'( = 1 
𝑐%)*' = 0.25 -0.06 0.01 -0.08 0.13 

31P phosphate -0.16 0.04 0.30 0.13 
31P pyrophosphate -0.16 -0.04 indeterminable indeterminable 
aDeviation is calculated with respect to the glass electrode measurement (Table 2). 

 

 


