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Reference value standards and primary standards 
for pH measurements in D20 and aqueous-organic 
solvent mixtures: New accessions and assessments 
(Technical Report) 

Abstract: Recommended Reference Value Standards based on the potassium hydro- 
genphthalate buffer at various temperatures are reported for pH measurements in 
various binary solvent mixtures of water with eight organic solvents: methanol, etha- 
nol, 2-propanol, 1,2-ethanediol, 2-methoxyethanol ("methylcellosolve"), acetonitrile, 
174-dioxane, and dimethyl sulfoxide, together with Reference Value Standards based 
on the potassium deuterium phthalate buffer for pD measurements in D2O. In addition 
are reported Primary Standards for pH based on numerous buffers in various binary 
solvent mixtures of water with methanol, ethanol, and dimethyl sulfoxide, together 
with Primary Standards for pD in D2O based on the citrate, phosphate and carbonate 
buffers. 

INTRODUCTION 

Recently, new sipficant data on pH standards in aqueous organic solvent mixtures have been published 
(refs. 1-4). These new data are based on measurements of reversible electromotive force (e.m.f.) of the 
cells: 

Pt I H2 I Tris + TrisHCl I AgCl I Ag 1 Pt (2) 

Data for 0.05 molakg-' potassium hydrogen phthalate (KHPh) buffer solution, i ,e.,  the Reference Value 
Standard for pH (pH~vs.  according to IUPAC terminology (refs. 5,6)), in 1,2-ethanediol/water mixtures of 
mass fraction w(ethanedlo1) = lo%, 30%, 50%, and 70% (ref 1) are the only available example of pH 
standards in dioywater mixtures. Data for equimolal Tris+TrisHCl buffer (Tris = tris(hydroxymethy1) 
methylamine) in 50% mass fraction ethanollwater mixtures (ref 2) constitute an important primary standard 
(pHps) for biomedical applications, and they supplement earlier pHps data for Tris+TrisHCl in 50% mass 
fraction methanollwater mixtures (ref 7). 
The e m f ,  E p ~ ,  of both cells (1) and (2) is expressed as: 

where k = (lnlO)RT/!, E" is the standard e m f  of the cell, p = -lg, and mc1 and yc1 are the molality and the 
single-ion activity coefficient of the chloride ion, respectively. The E" value required by eq. (3) is deter- 
mined fiom measurements of reversible emf .  of the cell: 

in the appropriate solvent mixtures. The relevant e m f  expression is: 

The recommended schemes for obtaining E" from E4 and pH fiom EpH are described elsewhere (refs. 
5,6,8-10). 
The E" values determined by merent groups show significant inconsistencies both for water and aqueous 
organic solvent mixtures, whereas the values of the mean molal activity coefficients of HC1 determined 
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fiom (E4 - E") are in good agreement. This was why, some forty years ago, a group of leading electro- 
chemists (ref 11) proposed to adopt a "reverse standardization" of cell (4) based on internationally ac- 
cepted values of y+ . This approach recognizes the underlying problem, that E" depends on the design and 
preparation methods of the hydrogen electrode and the sihrerlsilver-chloride electrode used in cell (4) (as 
well as (1) and (2)). Indeed, the py* , pycl and pH values are characteristic of the relevant solutions, and not 
of the electrode type. Therefore, for the optimum condition of pH consistency, the same electrode pair, 
prepared by the same group of workers, should be used both in cell (4) for E", and in cells (1) or (2) for 
pH. Dissymmetry and systematic performance deviations arising fiom electrode preparation method or 
Merent cell design are thus eliminated. This ideal condition has been seldom m e d .  As a consequence, 
there are problems of re-assessment when new data sets become available for consolidation with earlier 
ones. 

AGGREGATION AND RE-ASSESSMENT OF pH STANDARDS 

AU the available E p ~  values for the whole range of compositions of aqueous mixtures with each organic 
solvent studied hitherto were usually measured by one group, whereas the E4 values were often measured 
by a number of groups, each covering a narrow range of solvent mixture compositions. This made it neces- 
sary to aggregate the sparse E4 data into a single set and to interpolate the "best" Eo value for the required 
solvent composition by appropriate regression analysis. Whilst this "best" value is an acceptable approach 
to the "true" E" value, in terms of statistical treatment of errors, it may not exactly coincide with the 
required E" value consistent with the E p ~  measurements leading to pH through eq. (3). This situation is not 
beneficial for the accuracy of p H ~ v s  assignment. In particular, this is true for the ethanouwater mixtures, 
where E p ~ ' s  were measured by one group (ref 12) at four ethanol mass firactions (10, 20, 40, and 70%) 
whereas the same group measured the E4 values at 70% ethanol only (ref 13), using data for other 
compositions obtained by different groups (refs. 15-21). Besides providing, &st of all, the pHps values for 
the Tris+TrisHCl buffer in 50% ethanoywater mixtures, the recent work by White and Warner (ref 2) has 
also bearing on the ~ H R V S  values for the KHPh buffer in providing a sound set of E4 values at tempera- 
tures fiom -10 to +25 "C. The latest E" redetermination concerns 20 and 40% mass fiactions of ethanol in 
water as well as 30 and 50 % mass fiactions of 1,Zethanediol in water mixtures (ref 14). 
By processing the resulting combined set of E4 data one obtains revised E" values which show signifcant 
deviations fiom the previously reported smoothed E" values. This inevitably affects the PHRVS values 
directly, because they are calculated fiom eq. (3), as well as indirectly: the latter effect arises firom the 
ionization pK values of the 0-phthalic acid, H2Ph, which are required as ancillary data for processing the 
E p ~  values, and are based on measurements of reversible e m f .  of the celk 

Pt I H2 I HZPh+KHPh+KCl I AgCl I Ag I l't 

When analysing the e m f  of cell (6) in terms of the Nernst equation, E" value is ahgain needed. However, 
this indirect influence is of minor importance. 
For ethanovwater mixtures, using the recommended multilinear regression procedure (refs. 5,6,22,23) the 
optimized E" values can be expressed as a h c t i o n  of temperature and solvent composition by: 

(E"/T) / (VeK-') = 0.00074547 - 0.00060555~ + 0 . 0 0 1 1 1 4 ~ ~  - 0.0016467~3 - 0.0013902~1 
- 0 . 0 0 5 2 9 4 ~ 1 ~ ~ / ~  + 0.06087U1x - 0 . 2 0 7 2 ~ 1 ~ ~ / ~  + 0 . 2 4 0 9 ~ 1 ~ ~  - 0.113 l u p 3  
- 0.001673~2 - 0 . 0 3 7 0 0 ~ 2 ~  + 0.1953u2x2 - 0 . 2 5 7 2 ~ 2 ~ ~  (7) 

where u1 = z/( l+z), u2 = In( l+z) - u1 , z = (T-O)/O, 8 = 298.15 K, and x is the mole fiaction of the orga- 
nic component of the solvent mixture. 
The E" values for the (E E")/k term in eq. (3) were obtained fiom eq. (7) for all the ethanoywater 
mixtures studied, even &%"assignments for the 70 percent mixture could be taken fiom the work by 
Lon& et al. (refs. 12,13). This was possible because the same electrode pair was used for measuring both 
E4 (ref 13) and E H (ref 12). However, in this case the difference in E" values is negligible (0.02 mV, or 
0.0003 in pH). d E P H  values which meet the IUPAC criteria (refs.5,6) for the KHPh buffer in ethanol/ 
water mixtures have been analysed according to the IUPAC-endorsed multilinear regression procedure 
(refs. 5,6), yielding equation (8) for ~ H R V S :  
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PHRVS = 3.99865 - 0 . 4 6 4 5 2 ~ ~ ’ ~  + 9.5545~ - 8 . 4 0 5 3 ~ ~ ’ ~  
+ 0.33846u1 + 5 . 5 7 9 1 ~ 1 ~  + 23 .938~1~2  + 9.699u2 + 1 3 . 7 1 ~ 2 ~  

Equation (8) allows interpolation of revised ~ H R V S  values for the required solvent compositions and 
temperatures wi th  the ranges investigated (see Table 1). The same terms seem likely applicable to the re- 

TABLE 1. Values of pH-metric reference value standards @HRvs) for the 0.05 molkg-’ Potassium Hydrogen 
Phthalate (KHPh) buffer in aqueous-organic solvent mixtures at various percentages of the nonaqueous com- 
ponent (with corresponding mole fractions x), at various temperatures tPC, with overall estimated standard errors 6. 

2-PROPANOL 
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1 

I 
Refs. 

I l7.1471 25 I 94.20 
25 I 94.29 4.133 I 
25 I 100 (5.79) I (8.75) 

32-34 7 35 Refs. 36-38 

BUFFERS ACETATE PHOSPHA TE TRIS+ d SALICY- 
h i TRISHCI LATE j 

BARBITU- OXAL- SUCCIN- 
RATE k ATE I ATE g 

LEGEND - a: Acetic acid (0.05moYkg) + Sodium acetate (0.05molkg) + NaCl (0.05mol/kg); b: NaHSuccinate 
(0.05molkg) + NaCl(O.05moVkg); E: KH2PO4 (0.02moVkg) + Na2HP04 (0.02molkg) + NaCl (0.02moVkg); & TRIS 
= Tris(hydroxymethy1)-methylamine (0,05moVkg), TRISHCl = TRIS hydrochloride (0.05moVkg); p: AmPy = 4- 
Aminopyridine (0.06mol/kg), AmPyHC1 = 4-Aminopyridinium chloride (0.06molkg); f: Oxalic acid (0.Olmolkg) + 
Ammonium oxalate (0,OlmoYkg); g: Succinic acid (0.Olmolkg) + Lithium succinate (O.Olmol/kg); h: Acetic acid 
(0.05mol/kg) + Sodium acetate (0.05molikg); i: KH2PO4 (0.025mol/kg) + Na2HPO4 (0.025rnolflcg); i: Salicylic acid 
(O.Olmol/kg) + Lithium salicylate (O.Olmol/kg); I: Diethylbarbituric acid (0.OlmoVkg) + Lithium diethylbarbiturate 
(O.Olmol/kg); 1: Oxalic acid (O.Olmol/kg) + Lithium oxalate (0.OlmoYkg); m: TES = Tris(hydroxymethy1) 
methylamino ethanesulphonic acid (0.070moVkg) + NaTES = Sodium salt of TES (0.030moYkg); g: KH2PO4 
(0.008695molkg) + Na2HPO4 (0.03043moYkg); 0: KD$$& (0.05moVkg); g: m2Po4 (0.025molkg) + 
Na2DP04 (0.025moYkg); 1: NaDC03 (0.025molkg) + Na2C03 (0.025mol/kg). For the buffers tz, b, E, cl, and p the 
original works furnish pHps values also at buffer molalities other than the mid molalities quoted above. 

SOLVENT ETHANOL 
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15 
20 
25 4.822 

8.114 I 
7.977 

4.967 5.395 7.104 7.310 7.597 7.845 (8.31) (13.23) 
Rsfa .?A .?q 9 27 an Rafa 27 an 



1012 COMMISSION ON ELECTROANALYTICAL CHEMISTRY 

sults of White et al. (ref 24) in the 50 percent mixture. However, these results are not completely 
consistent with the data for the 10, 20, 40 and 70 percent mixtures by Longhi et al. (refs. 12-14). 
Therefore, we do not quote ~ H R V S  results at 50% ethanol in Table 1, because of lack of conclusive 
information. Instead we recommend use of eq. (8) in order to calculate ~HRVS values. 
The pHps of primary standards for the oxalate buffer and the succinate buffer (refs. 37,40) in 30 and 50 
mass per cent ethanol (Table 2) have also been adjusted using the revised Eo values (ref 14) obtained fiom 

The 2-propanol/water mixtures (ref 26) and the 1,ZethanedioYwater mixtures (refs. 1,44-47) shows 
similar features as those of the ethanouwater mixtures. Revised Eo values have been calculated and are 
represented by eqs. (9) and (10) (analogous to eq. (7)) as follows: 

eq. (7). 

(for 2-propanoYwater mixtures): 
(Eo/T) / (VeK-') = 0.00074536 - 0.0008689~ + 0 . 0 0 1 2 3 9 ~ ~  - 0.001974~~ 

- 0.00013857~1 + 0 . 0 0 2 9 0 0 ~ 1 ~  - o.02190U1X2 + 0 . 0 2 9 4 ~ 1 ~ ~  
- 0.00171U2 - 0.0511~2x + 0.307U2X2 - 0 . 4 6 4 ~ 2 ~ ~  (9) 

(for 1,Z-ethanediouwater mixtures (ref 14)): 
(EOIT) / (V-K-') = 0.00074521 - 0.00063982~ + 0.00083383~~ - 0.00085914~~ 

- 0.0013585U1 - 0.0018882~1~ + 0 . 0 0 2 0 0 6 0 ~ 1 ~ ~  - 0.0018800~2 (10) 

Analogously to equation (8), the multilinear regression procedure mentioned above for the optimization of 
the reference value standards ~ H R V S  (i.e.,for the KHPh buffer) in the 2-propanoYwater as well as in the 
1,2-ethanediol/ water mixtures hitherto studied (up to 70 mass per cent of organic cosolvent (ref 3)) leads 
to equations (1 1) and (12), respectively: 

(for 2-propanoYwater mixtures): 
~ H R V S  = 4.0001 - 1 . 0 7 3 ~ ~ ' ~  + 1 5 . 0 9 ~  - 4 4 . 9 8 ~ ~  + 5 1 . 8 9 ~ ~  

-t 0.2910Ui - 12. 1 4 ~ 1 ~  + 3 1. 13u1x2 + 12.53U2 

(for 1,2-ethanediol/water mixtures (ref 14)): 
~ H R V S  = 4.00292 + 4.04862~ - 2.4506~2 + 0.27845~1 -t 

- 2.753U1x2 + 5 . 7 4 4 ~ 1 ~ ~  + 65.3%~ 

In the recent ~ H R V S  determination for 2-methoxyethanol["cellosohe~'] I water solvent mixtures (ref 
4), the E" values recently redetermined critically by Vega, Barreto and Bates (ref 48) were used, and for 
the ~ H R V S  results the following equation was formulated: 

(for 2-methoxyethanoYwater mixtures): 
~ H R V S  = 4.0033 + 9 . 9 0 1 ~  - 17.87~2 + 18.56 x3 + 0.353~1 

- 5.89ulX + 1 6 . 8 1 ~ 1 ~ 3  + 8.8329 

The recommended ~ H R V S  data for pure water were reported earlier in a IUPAC document (ref 42). Table 
3 shows the p%vs data for heavy water, D20, calculated fiom the accurate e m f  measurement of Yung- 
Chi-Wu and Koch (ref 31). These e m f  values satisfy the criterion mentioned above in that they were 
obtained by using the same electrode pair both for the determination ofE" and for that of p h v s  . 

TABLE 3. - Values of pD-metric reference value standards @DRVs) for the 0.05 mol-kg-' Potassium Deuterium 
Phthalate (KDPh) buffer in Deuterium Oxide (D20) at different temperatures t / "C, with overall estimated 
uncertainty 8. 

t l ° C  I 5 10 15 20 25 30 35 40 45 50 
pD,,, 14.546 4.534 4.529 4.522 4.521 4.523 4.528 4.532 4.542 .552 

f 0.007 
Raf 1 21 
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However, a Debye-Huckel equation for ymc1 with a. = 0.41 nm had onginally been used for the evaluation 
of yc1, equating yc1 to ymcl (ref 3 1). Therefore, these data have now been recalculated along the Bates- 
Guggenheim convention for yc1 (i.e. , through eq. (22) of ref 5 ) ,  to put them in line with the IUPAC criteria 
(ref 5) .  
General aspects of the PHRVS values in aqueous organic solvent mixtures discussed in the present Report 
are summarized in Table 1. The PHRVS data are now available for binary mixtures of water with eight 
organic solvents. This may allow upgrading and extending of the suggested procedure for predicting 
~ H R V S  (refs. 28,43) for new, not so far studied, solvents. This prediction scheme could not be set up 
hitherto for the primary standards, pHps, because for any PS buffer solution values are available for no 
more than two organic solvents in admixture with water (Table 2). However, the recent published pHPs 
results for the Tris+TrisHCl buffer in 50 mass per cent ethanol (ref 2) may be symptomatic of reviving 
research interest in the area and justifjing hopes for a rapid accumulation of appropriate data. 

REFERENCES 

1 .  P.Lon&, P.R.Mussini, S.Rondinini and G.Tiella, Ann. Chim. (Rome), 78, 309 (1988); I.Marcolungo, Thesis, 
University of Milan, 1990; and literature cited therein. 

2. D.R.White Jr. and P.Wamer, J.  Chem. Eng. Data, 33, 174 (1988). 
3 .  P.R.Mussini, I.Marcolungo, S.Rondinini and P.Lon&, Chim. Ind. (Milan), 73,262 (1 99 1). 
4. F.Arrigoni, Thesis, University of Milan, 1994; F.Arrigoni, P.R.Mussini, T.Mussini, S.Rondinini, J.  Solution 

Chem., 24, 1267 (1995). 
5. T.Mussini, A.K.Covington, P.Lon& & S.Rondinini, Pure Appl. Chem., 57, 865 (1985). 
6. S.Rondinini, P.R.Mussini and T.Mussini, Pure Appl. Chem., 59, 1549 (1987). 
7. M.Woodhead, M.Paabo, R.A.Robinson and R.G.Bates, Anal. Chem., 37, 1291 (1 965). 
8. H.S.Hamed and B.B.Owen, The Physical Chemistry of Electrolytic Solutions, 3rd edn., Reinhold, New 

York, 1958, pp.423-433, 
9. R.A.Robinson and R.H.Stokes, Electrolyte Solutions, 2nd rev. edn., Buttenvorths, London,1965, pp.190-201. 

10. D.J.G.Ives and G.J.Janz, Reference Electrodes - Theory andPractice, Academic Press, New York,1961, pp.10- 
48. 

1 1 .  R.G.Bates, E.A.Guggenheim, H.S.Hamed, D.J.G.Ives, G.J.Janz, C.B.Monk, J.E.Prue, R.A.Robinson, R.H. 
Stokes and W.F.K.Wynne-Jones, J. Chem. Phys., 25, 361 (1956); 26, 222 (1957). 

12. P.Lon&, P.R.Mussini, T.Mussini and S.Rondinini, J.  Chem. Eng. Data, 34,64 (1989). 
13 .  P.Lon&, P.R.Mussini, T.Mussini and S.Rondinini, J.  Solution Chem., 17,417 (1988). 
14. F.Maspero, Thesis, University of Milan, 1994. 
15. H.S.Hamed and C.Calmon, J.  Amer. Chem. Soc., 61, 1491 (1939). 
16. H.S.HamedandD.S.Allen,J. Phys. Chem., 58, 191 (1954). 
17. R.G.Bates and V.E.Bower, J.  Res. Nut. Bur. Stand., 53, 282 (1954). 
18. MSankar, J.B.Macaskil1 and R.G.Bates, J.  Solution Chem., 8, 887 (1 979). 
19. A.Patterson and W.A.Felsing J. Amer. Chem. Soc., 64, 1478 (1942). 
20. K.Bose, K.Das, A.K.Das and K.K.Kundu, J.  Chem. Soc.,Fara&y Trans. I ,  74, 1051 (1978). 
21. C.Luca and O.Enea, Electrochim. Acta, 15, 1305 (1970). 
22. P.Lon&, T.Mussini, F.Penotti and S.Rondinini, J.  Chem. Thermodynamics, 17,355 (1985). 
23. T.Mussini, A.K.Covington, F.Dal Pozzo, P.Lon& and S.Rondinini, Electrochim. Actu, 28, 1593 (1983). 
24. D.R.Wlute Jr., N.A.Harris and J.P.Rife,J. Chem. Eng. Data, 34, 347 (1989). 
25. P.R.Mussini, Thesis, University of Milan, 1986. 
26. S.Rondinini, P.Lon&, P.R.Mussini, A.Nese, M.Pozzi and G.Tiella, Anal. Chim. Acta, 207, 211 (1988); and 

literature cited therein. 
27. T.Mussini, A.K.Covington, P.Lon&, S .Rondinini and M.Tettamanb, Anal. Chim. Acta, 174, 3 3 1 (1 985). 
28. S.Rondinini and A.Nese, Electrochim. Acta, 32, 1499 (1987). 
29. T.Mussini, A.K.Covington, M.Cicognini, P.Lon& and S.Rondinini, Anal. Chim. Acta, 162, 103 (1984). 
30. M.J.Taylor,J. Chem. Eng. Data, 24, 230 (1979). 
31.  Yung Chi Wu and W.F.Koch, J.  Solution Chem., 15,481 (1986). 
32. M.Paabo, R.A Robinson and R.G.Bates, J.  Amer. Chem. Soc., 87,415 (1965). 
33.  R.G.Bates, Pure Appl. Chem., 18, 421 (1969). 
34. R.G.Bates, Determination ofpH - Theory and Practice, 2nd edn., Wiley, New York, 1973, pp.249-253 
35 .  M.Paabo, R.A.Robinson and R.G.Bates, Anal. Chem., 38, 1572 (1966). 

0 1997 IUPAC, Pure and Applied Chemistry69, 1007-1014 



1014 COMMISSION ON ELECTROANALYTICAL CHEMISTRY 

36. C.L.De Ligny and P.F.M.Luyckx, Rec. Trav. Chim., 77, 154 (1958); C.L.De Ligny, P.F.M. Luych, 
M.Rehbach and A.A.Wienecke, Rec. Trav. Chim., 79,699,713 (1960). 

37. R.G.Bates, Ref. 30, pp. 244-248. 
38. M. Alfenaar and C.L.De Ligny, Rec. Trav. Chim., 86, 1 185 (1 967). 
39. R.G.Bates,H.P.BennettoandM.Sankar, Anal. Chem., 52, 1598 (1980). 
40. W.J.Gelsema, Thesis, University of Urecht, 1964. 
41. M.Paabo andR.G.Bates, Anal. Chem., 41, 283 (1969). 
42. A.K.Covington, R.G.Bates and R. A.Durst, Pure Appl. Chem., 57, 53  1 (1 985). 
43. P.Lon&, T.Mussini and S.Rondinini, Anal. Chem., 58,2290 (1986). 
44. R.N.Roy, G.E.Baker, T.Hoffmann, E.L.Breithaupt andL.N.Roy, C y L e t t e r s ,  9, 172 (1988). 
45. H.Bahri and J.-C.Hall6, Bull. SOC. Chim. France, 11/12, 448 (1988). 
46. J.-C.Halle, private communication, 1990. 
47. P.R.Mussini, T.Mussini and S.Rondinini, Chim. Id. Milan), 73, 190 (1991). 
48. C. A.Vega, M.Barreto and R.G.Bates, J.  Chem. Eng. Data, 36, 198 (1 99 1). 

0 1997 IUPAC, Pure andApplied Chemistry69, 1007-1014 




