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Figure S1. Examples of selective optical sensors for detection H.PO4™. Red circles indicate the

binding site of H2PO4.
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Comparison to Equilibrium Method

We compared the results obtained with the dynamical approach to the result computed
with the equilibrium approach via the iterative solution of the equilibrium equations with the
add-in Solver tool in Microsoft Excel.*® To fully describe the equilibria one needs at least as
many equations as there are species in the solution. The number of species exceeds the number
of equilibrium equations and balance equations are needed to make up for the difference. There
IS one mass balance equation for acid HsA and its conjugate bases and a second mass balance
equation for acid H3B and its conjugate bases. Also, there is one charge balance equation.

Four convenient “variables” were chosen and they are: 1S, [H*], [HsA], and [HB?]. The
initial conditions, pKa values, and the Davies equations (with b = 0.1) for the activity coefficients
were all specified and all other species concentrations were thus defined algebraically in terms of
the four variables. An error function is expressed as the difference between the mathematical
definition of the parameter and the current value that parameter. The magnitude of the value in
the “balance equation cell” is a measure of how far the system is from equilibrium. The
composite error function employed here is defined as the sum of the errors of the balance
equations and of the ionic strength error function. Each individual error function is squared to
maintain a positive value. The composite error function is advantageous because it includes
many of the ionic species and this sensitivity allows for faster and smoother convergence to the
equilibrium. The composite error cell is used as the objective cell in the Solver tool and is
minimized via manipulation of the variable cells.

After running the Solver tool, some of the data generated were not physically realistic
(e.g., the sum of output concentrations of all A-containing species exceeded [HzA]o). Therefore,
the following constraints were added to the Solver tool: (1) Hinp = Hout, (2) Ainp = Aout, (3) Binp =
Bout, (4) IS > 0, where Ainp is equal to [HsAlo, Binp is [HB*]o, and Hinp is 3 x [HzA]o + [HB?*]o +
[H*]o and Aoyt is [HsA] + [H2AT] + [HAZ] + [A*] and similarly for Bout and Hout. With these

additional inputs, the calculated pHact is in good agreement with the results of the dynamical
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approach and with experiment. Tables 1 and S1 and S4 include pH values obtained with this
method.

The method is helpful because it numerically approximates the pH, but it is pragmatically
unsophisticated; non-variable species concentrations and balance equations are defined and
computed algebraically, and the user must perform all of the algebra and cell-selecting. This is
not trivial because it means that expanding the method or describing a new system/adding a new
species involves reconstruction of a major portion of the spreadsheet. Also, results are obtained
one at a time with no scalability for large data sets, making recalculation for new or adjusted

systems rather tedious.
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Figure S2. Negative logarithm of the concentration quotient, pQz (green) for the first
dissociation of citric acid shown as a function of ionic strength and compared to the pK, at
infinite dilution, pK (red), using the data for the citric acid/hydrogenphosphate mixtures. The

pQ1 curve begins at IS = 0.05 M which corresponds to the most acidic mixture studied.
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Table S1. Reported and Calculated pH values and lonic Strength for a Series of Mixtures? of the Buffer Solution

[HsCitlo [HPO+*Jo Expt?® f=1 b=0.1 b=0.2 Lit.? lonic Strength
|\/|iX. [mOI/L] [mOI/L] pH pHconc pHact pHconc pHact pHconc pHact pHact f =1 b =0.1 b =0.2
1 0.098 0.004 2.2 2.25 2.30 2.18 2.23 2.18 2.23 2.23 0.01 0.01 0.01
2 0.094 0.012 2.4 2.53 2.60 241 2.48 241 2.48 2.48 0.03 0.03 0.03
3 0.089 0.022 2.6 2.77 2.86 2.61 2.70 2.61 2.70 2.70 0.05 0.05 0.05
4 0.084 0.032 2.8 3.00 3.10 2.80 2.90 2.80 2.90 2.90 0.07 0.07 0.07
5 0.079 0.041 3.0 3.21 3.32 2.98 3.09 2.99 3.09 3.09 0.08 0.09 0.09
6 0.075 0.049 3.2 341 3.53 3.15 3.26 3.16 3.27 3.26 0.10 0.10 0.10
7 0.072 0.057 3.4 3.63 3.75 3.32 3.45 3.34 3.45 3.45 0.12 0.12 0.12
8 0.068 0.064 3.6 3.89 4.01 3.51 3.64 3.53 3.66 3.64 0.14 0.14 0.14
9 0.065 0.071 3.8 4.15 4.28 3.70 3.84 3.73 3.86 3.84 0.15 0.16 0.16
10 0.061 0.077 4.0 4.40 4.53 3.89 4.03 3.92 4.05 4.03 0.17 0.17 0.17
11 0.059 0.083 4.2 4.63 4.77 4.07 4.22 4.11 4.25 4.22 0.19 0.19 0.19
12 0.056 0.088 4.4 4.87 5.01 4.26 441 431 4.44 4.41 0.21 0.21 0.21
13 0.053 0.094 4.6 5.13 5.27 4.47 4.62 4.52 4.66 4.62 0.23 0.23 0.23
14 0.051 0.099 4.8 5.42 5.57 4.69 4.85 4.75 4.89 4.85 0.25 0.25 0.25
15 0.049 0.103 5.0 5.70 5.84 4.90 5.06 4.96 5.11 5.06 0.27 0.27 0.27
16 0.046 0.107 5.2 5.93 6.08 5.09 5.26 5.17 5.32 5.26 0.29 0.29 0.29
17 0.044 0.112 54 6.14 6.29 5.29 5.46 5.37 5.562 5.46 0.31 0.31 0.31
18 0.042 0.116 5.6 6.33 6.48 5.49 5.66 5.57 5.73 5.66 0.33 0.33 0.33
19 0.040 0.121 5.8 6.51 6.66 5.69 5.86 5.78 5.93 5.86 0.35 0.35 0.35
20 0.037 0.126 6.0 6.68 6.83 5.89 6.06 5.98 6.13 6.06 0.37 0.37 0.37
21 0.034 0.132 6.2 6.84 7.00 6.08 6.25 6.16 6.32 6.25 0.39 0.39 0.39
22 0.031 0.139 6.4 7.00 7.15 6.24 6.42 6.33 6.49 6.42 0.41 0.41 0.41
23 0.027 0.146 6.6 7.15 7.31 6.41 6.59 6.50 6.65 6.59 0.43 0.43 0.43
24 0.023 0.155 6.8 7.34 7.50 6.59 6.78 6.69 6.85 6.78 0.46 0.46 0.46
25 0.018 0.165 7.0 7.55 7.71 6.80 6.98 6.90 7.06 6.98 0.49 0.49 0.49
26 0.013 0.174 7.2 7.75 7.92 7.00 7.19 7.11 7.27 7.19 0.52 0.52 0.52
27 0.009 0.182 7.4 7.96 8.13 7.21 7.39 7.32 7.48 7.39 0.54 0.55 0.54
28 0.006 0.187 7.6 8.16 8.32 7.40 7.59 7.51 7.67 7.59 0.56 0.56 0.56
29 0.004 0.192 7.8 8.36 8.52 7.59 7.78 7.71 7.87 7.78 0.57 0.57 0.57
30 0.003 0.195 8.0 8.56 8.72 7.80 7.99 7.91 8.08 7.99 0.58 0.58 0.58

a) Volumes of buffer solutions given in ref. 8 were converted to concentrations and used as initial values in the various approaches.
b) Calculated using the method described in ref. 5 with modifications.
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Table S2a. Calculated Citrate Species Concentrations® at Equilibrium for the Series of Mixtures of Buffer Solution

[HCit] [H:Cit] [HCit?] [Cif*]

Mix. f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02
1 866 857 857 114 123 122 00 01 0.1 0.0 0.0 0.0
2 749 741 741 188 196 195 01 02 0.2 0.0 0.0 0.0
3 616 611 611 272 216 276 03 04 0.4 0.0 0.0 0.0
4 480 478 4738 355 354 354 06 1.0 1.0 0.0 0.0 0.0
5 356 358 358 427 418 418 12 19 1.9 0.0 0.0 0.0
6 251 258 257 481 462  46.3 22 33 3.3 0.0 0.0 0.0
7 162 175 175 514 484 485 38 56 5.5 0.0 0.0 0.0
8 91 108 107 518 478 481 69 9.1 8.9 0.0 0.1 0.1
9 46 6.3 6.2 481 443 446 117 137 135 0.1 0.2 0.2
10 2.2 3.5 3.4 412 385 387 179 191  19.0 0.2 0.4 0.4
11 1.0 18 18 327 313 314 245 246 246 0.4 0.9 0.8
12 04 0.9 0.8 239 236 236 307 297 298 0.9 17 16
13 02 0.4 0.3 153 160 159 359 336 338 1.9 3.3 3.2
14 00 0.1 0.1 8.3 96 95 383 349 352 4.1 6.0 5.8
15 0.0 0.0 0.0 4.3 56 54 369 333 336 7.3 9.6 9.4
16 00 0.0 0.0 2.2 30 29 329 294 297 112 139 137
17 00 0.0 0.0 1.1 15 15 277 240 244 154 187 184
18 0.0 0.0 0.0 0.6 07 07 223 182 186 191 231 227
19 00 0.0 0.0 0.3 03 03 172 127 131 21 266 261
20 00 0.0 0.0 0.2 01 01 127 83 8.7 240 284 280
21 00 0.0 0.0 0.1 01 01 90 53 5.6 248 286 282
22 00 0.0 0.0 00 00 00 62 33 36 245 2714 271
23 00 0.0 0.0 00 00 00 41 21 2.2 231 252 250
24 00 0.0 0.0 00 00 00 23 11 1.2 204 216 215
25 00 0.0 0.0 00 00 00 12 05 0.6 165 171 171
26 00 0.0 0.0 00 00 00 06 02 0.3 125 128 128
27 00 0.0 0.0 00 00 00 02 01 0.1 8.9 9.0 9.0
28 00 0.0 0.0 00 00 00 01 00 0.1 6.2 6.3 6.3
29 00 0.0 0.0 00 00 00 00 00 0.0 4.2 4.2 4.2
30 00 0.0 0.0 00 00 00 00 00 0.0 2.7 2.7 2.7

a) Concentrations in mmol/L. Data computed for the mixtures listed in Table S1.
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Table S2b. Calculated Phosphate Species Concentrations? at Equilibrium for the Series of Mixtures of Buffer Solution

[H3PO4] [H2P04'] [HPO42'] [PO43']

Mix. f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02
1 1.8 1.7 1.7 2.2 2.3 2.3 0.0 0.0 0.0 0.0 0.0 0.0
2 3.7 3.6 3.6 8.7 8.8 8.8 0.0 0.0 0.0 0.0 0.0 0.0
3 4.3 4.2 4.2 17.5 17.6 17.6 0.0 0.0 0.0 0.0 0.0 0.0
4 4.0 4.0 4.0 27.7 27.7 27.7 0.0 0.0 0.0 0.0 0.0 0.0
5 3.4 3.5 3.4 37.7 37.6 37.6 0.0 0.0 0.0 0.0 0.0 0.0
6 2.6 2.8 2.8 46.8 46.6 46.6 0.0 0.0 0.0 0.0 0.0 0.0
7 19 2.1 2.1 55.1 54.8 54.9 0.0 0.0 0.0 0.0 0.0 0.0
8 1.2 15 15 63.2 62.8 62.9 0.0 0.0 0.0 0.0 0.0 0.0
9 0.7 11 1.0 70.2 69.9 69.9 0.1 0.1 0.1 0.0 0.0 0.0
10 04 0.7 0.7 76.5 76.2 76.2 0.1 0.1 0.1 0.0 0.0 0.0
11 0.3 05 05 82.3 82.1 82.1 0.2 0.2 0.2 0.0 0.0 0.0
12 0.2 0.3 0.3 87.6 87.5 87.5 0.4 0.4 0.4 0.0 0.0 0.0
13 0.1 0.2 0.2 92.6 92.6 92.6 0.8 0.7 0.7 0.0 0.0 0.0
14 0.1 0.1 0.1 97.0 97.2 97.2 1.6 1.3 1.3 0.0 0.0 0.0
15 0.0 0.1 0.1 99.9 100.8 100.7 3.1 2.1 2.2 0.0 0.0 0.0
16 0.0 0.1 0.1 101.8 103.6 103.4 5.4 3.6 3.7 0.0 0.0 0.0
17 0.0 0.0 0.0 102.7  105.6 105.3 8.8 5.9 6.1 0.0 0.0 0.0
18 0.0 0.0 0.0 1024 106.4 106.0 135 9.6 10.0 0.0 0.0 0.0
19 0.0 0.0 0.0 100.8  105.3 104.9 20.1 15.5 16.0 0.0 0.0 0.0
20 0.0 0.0 0.0 97.6 102.0 101.6 28.7 24.3 24.7 0.0 0.0 0.0
21 0.0 0.0 0.0 92.6 96.3 96.0 39.6 35.9 36.2 0.0 0.0 0.0
22 0.0 0.0 0.0 86.0 88.9 88.6 52.5 49.6 49.9 0.0 0.0 0.0
23 0.0 0.0 0.0 77.6 79.7 79.5 67.9 65.8 66.0 0.0 0.0 0.0
24 0.0 0.0 0.0 65.9 67.1 67.0 88.6 87.4 87.5 0.0 0.0 0.0
25 0.0 0.0 0.0 51.8 52.4 52.4 112.9 112.3 112.3 0.0 0.0 0.0
26 0.0 0.0 0.0 38.6 38.9 38.9 135.3 135.0 135.0 0.0 0.0 0.0
27 0.0 0.0 0.0 27.2 27.4 27.3 154.5 154.3 154.3 0.0 0.0 0.0
28 0.0 0.0 0.0 19.0 19.0 19.0 168.3 168.2 168.3 0.0 0.0 0.0
29 0.0 0.0 0.0 12.7 12.8 12.8 178.8 178.7 178.7 0.0 0.0 0.0
30 0.0 0.0 0.0 8.3 8.3 8.3 186.2 186.1 186.1 0.0 0.1 0.1

a) Concentrations in mmol/L. Data computed for the mixtures listed in Table S1.
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Table S3. Reported and Calculated pH values and lonic Strength for a Series of Mixtures? of the Buffer Solution

[HsCitlo [HPO4Jo  Expt.° f=1 Davies Lit.P lonic Strength
Mix.  [mol/L] [mol/L] pH PHeone  PHact  PHconc PHact PHact f=1 Davies

1 0.089 0.022 2.6 2.77 2.86 2.61 2.70 2.70 0.05 0.05
2 0.084 0.032 2.8 3.00 3.10 2.80 2.90 2.90 0.07 0.07
3 0.079 0.041 3.0 3.21 3.32 2.98 3.09 3.09 0.08 0.09
4 0.075 0.049 3.2 3.41 3.53 3.15 3.26 3.26 0.10 0.10
5 0.072 0.057 34 3.63 3.75 3.32 3.45 3.45 0.12 0.12
6 0.068 0.064 3.6 3.89 4.01 3.51 3.64 3.64 0.14 0.14
7 0.065 0.071 3.8 4.15 4.28 3.70 3.84 3.84 0.15 0.16
8 0.061 0.077 4.0 4.40 4.53 3.89 4.03 4.03 0.17 0.17
9 0.059 0.083 4.2 4.63 4.77 4.07 4.22 4.22 0.19 0.19
10 0.056 0.088 4.4 4.87 5.01 4.26 4.41 4.41 0.21 0.21
11 0.053 0.094 4.6 5.13 5.27 4.47 4.62 4.62 0.23 0.23
12 0.051 0.099 4.8 5.42 5.57 4.69 4.85 4.85 0.25 0.25
13 0.049 0.103 5.0 5.70 5.84 4.90 5.06 5.06 0.27 0.27
14 0.046 0.107 5.2 5.93 6.08 5.09 5.26 5.26 0.29 0.29
15 0.044 0.112 5.4 6.14 6.29 5.29 5.46 5.46 0.31 0.31
16 0.042 0.116 5.6 6.33 6.48 5.49 5.66 5.66 0.33 0.33
17 0.040 0.121 5.8 6.51 6.66 5.69 5.86 5.86 0.35 0.35
18 0.037 0.126 6.0 6.68 6.83 5.89 6.06 6.06 0.37 0.37
19 0.034 0.132 6.2 6.84 7.00 6.08 6.25 6.25 0.39 0.39
20 0.031 0.139 6.4 7.00 7.15 6.24 6.42 6.42 0.41 0.41
21 0.027 0.146 6.6 7.15 7.31 6.41 6.59 6.59 0.43 0.43
22 0.023 0.155 6.8 7.34 7.50 6.59 6.78 6.78 0.46 0.46
23 0.018 0.165 7.0 7.55 7.71 6.80 6.98 6.98 0.49 0.49
24 0.013 0.174 7.2 7.75 7.92 7.00 7.19 7.19 0.52 0.52
25 0.009 0.182 7.4 7.96 8.13 7.21 7.39 7.39 0.54 0.55

a) Volumes of buffer solutions given in ref. 9 were converted to concentrations and used as initial values in the various approaches.
b) Calculated using the method described in ref. 5 with modifications.
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Table S4a. Calculated Citrate Species Concentrations® at Equilibrium for the Series of Mixtures of Buffer Solution

[HCit] [H:Cit] [HCit?] [Cif*]

Mix. f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02 f=1 b=01 b=02
1 616 611 611 272 276 216 03 04 0.4 00 00 0.0
2 480 478 478 355 354 354 06 10 1.0 00 0.0 0.0
3 356 358 358 427 418 418 12 19 1.9 00 00 0.0
4 251 258 257 481 462 463 22 33 3.3 00 0.0 0.0
5 162 175 175 514 484 485 38 56 5.5 00 00 0.0
6 91 108 107 518 478 481 69 9.1 8.9 00 01 0.1
7 46 63 62 481 443 446 11.7 137 135 01 02 0.2
8 22 35 34 412 385 387 179 191 190 02 04 0.4
9 1.0 1.8 18 327 313 314 245 246 246 04 09 0.8
10 04 09 08 239 236 236 30.7 297 298 09 17 1.6
11 02 04 03 153 160 159 359 336 338 19 33 3.2
12 00 01 01 83 96 9.5 383 349 352 41 6.0 5.8
13 00 00 00 43 56 5.4 369 333 336 73 96 9.4
14 00 00 00 22 30 2.9 329 294 297 112 139 137
15 00 00 00 1.1 15 15 27.7 240 244 154 187 184
16 00 00 00 06 07 0.7 223 182 186 191 231 227
17 00 00 00 03 03 0.3 172 127 131 221 266  26.1
18 00 00 00 02 01 0.1 127 8.3 8.7 240 284 280
19 00 00 00 01 01 0.1 90 5.3 5.6 248 286 282
20 00 00 00 00 00 0.0 6.2 3.3 3.6 245 274 271
21 00 00 00 00 00 0.0 41 21 2.2 231 252 250
22 00 00 00 00 00 0.0 23 11 1.2 204 216 215
23 00 00 00 00 00 0.0 12 05 0.6 165 171 171
24 00 00 00 00 00 0.0 06 02 0.3 125 128 128
25 00 00 00 00 00 0.0 02 01 0.1 89 90 9.0

a) Concentrations in mmol/L. Data computed for the mixtures listed in Table S3.
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Table S4b. Calculated Phosphate Species Concentrations? at Equilibrium for the Series of Mixtures of Buffer Solution

[H3PO4] [H2P04'] [HPO42'] [PO43']

Mix. f=1 b=01 b=0.2 f=1 b=01 b=0.2 f=1 b=01 b=0.2 f=1 b=01 b=0.2
1 4.3 4.2 4.2 17.5 176 17.6 0.0 0.0 0.0 0.0 0.0 0.0
2 4.0 4.0 4.0 271.7 217 277 0.0 0.0 0.0 0.0 0.0 0.0
3 3.4 3.5 3.4 37.7 376 37.6 0.0 0.0 0.0 0.0 0.0 0.0
4 2.6 2.8 2.8 46.8 46.6  46.6 0.0 0.0 0.0 0.0 0.0 0.0
5 19 2.1 2.1 55.1 54.8 549 0.0 0.0 0.0 0.0 0.0 0.0
6 1.2 1.5 1.5 63.2 62.8 629 0.0 0.0 0.0 0.0 0.0 0.0
7 0.7 1.1 1.0 70.2 69.9 699 0.1 0.1 0.1 0.0 0.0 0.0
8 0.4 0.7 0.7 76.5 76.2  76.2 0.1 0.1 0.1 0.0 0.0 0.0
9 0.3 0.5 0.5 82.3 82.1 821 0.2 0.2 0.2 0.0 0.0 0.0
10 0.2 0.3 0.3 87.6 875 875 0.4 0.4 0.4 0.0 0.0 0.0
11 0.1 0.2 0.2 92.6 926 926 0.8 0.7 0.7 0.0 0.0 0.0
12 0.1 0.1 0.1 97.0 97.2 97.2 1.6 1.3 1.3 0.0 0.0 0.0
13 0.0 0.1 0.1 99.9 100.8 100.7 3.1 2.1 2.2 0.0 0.0 0.0
14 0.0 0.1 0.1 101.8 103.6 1034 54 3.6 3.7 0.0 0.0 0.0
15 0.0 0.0 0.0 102.7 1056 105.3 8.8 5.9 6.1 0.0 0.0 0.0
16 0.0 0.0 0.0 102.4 106.4 106.0 13.5 9.6 10.0 0.0 0.0 0.0
17 0.0 0.0 0.0 100.8 105.3 104.9 20.1 15.5 16.0 0.0 0.0 0.0
18 0.0 0.0 0.0 976 1020 101.6 28.7 24.3 24.7 0.0 0.0 0.0
19 0.0 0.0 0.0 92.6 96.3 96.0 39.6 35.9 36.2 0.0 0.0 0.0
20 0.0 0.0 0.0 86.0 88.9 886 52.5 49.6 49.9 0.0 0.0 0.0
21 0.0 0.0 0.0 77.6 79.7 795 67.9 65.8 66.0 0.0 0.0 0.0
22 0.0 0.0 0.0 65.9 67.1 67.0 88.6 87.4 87.5 0.0 0.0 0.0
23 0.0 0.0 0.0 51.8 524 524 1129 1123 1123 0.0 0.0 0.0
24 0.0 0.0 0.0 38.6 389 389 1353 135.0 135.0 0.0 0.0 0.0
25 0.0 0.0 0.0 27.2 274  27.3 1545 1543 154.3 0.0 0.0 0.0

a) Concentrations in mmol/L. Data computed for the mixtures listed in Table S3.
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Figure S3. *H NMR spectrum of citric acid in 90% H-0 : 10% DO using a water suppression technique. The shifts for the citrate

peak are given in Table S5 and the chemical shift of the water peak is 4.78 ppm.
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Table S5. H Chemical Shifts for Citric Acid in 90% H,0 : 10% D,O (ppm relative to DSS)

pH OH(A1) SH(A2) oH(B1) OH(B2)
2.12 2.83 2.85 3.00 3.03
2.32 2.83 2.85 3.00 3.02
2.57 2.82 2.84 2.98 3.00
2.86 2.80 2.83 2.95 2.98
3.18 2.78 2.81 2.92 2.95
3.54 2.76 2.79 2.89 2.91
3.92 2.74 2.77 2.85 2.88
4.28 2.72 2.74 2.82 2.84
4.61 2.69 2.72 2.78 2.81
4.96 2.67 2.69 2.75 2.78
5.31 2.64 2.66 2.72 2.75
5.66 2.61 2.64 2.70 2.72
6.01 2.58 2.60 2.67 2.70
6.48 2.55 2.57 2.65 2.67
8.95 2.52 2.55 2.62 2.65
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