
How to Understand Aqueous Ionization and Its 
Influence on Key Physical Properties of Drugs

Robert Fraczkiewicz
Simulations Plus, Inc.

Drug Discovery Chemistry
San Diego, 2019



Part I

“You Must Unlearn What You Have Learned”:

Clearing Up Myths About Aqueous Ionization of Drugs



“No! No different. Only different in your mind… You must 
unlearn what you have learned.”

Master Yoda to Luke Skywalker in the swamps of Dagobah.
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Marosi A, Kovacs Z, Beni S, 
Kokosi J and Noszal B. 

European Journal of 
Pharmaceutical Sciences, 37: 

321-328, 2009.

Myth #1: apparent pKa can always be “assigned” to functional 
groups



How one popular program predicts and reports pKa for 
glutaric acid:

German,W. & Vogel,A., 
J.Am.Chem.Soc., 58, 1546 (1936)

Glutaric acid example
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Measured apparent pKa:



Futility of “assignments” – another example

Apparent pKa
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Maxwell W & Partington J. Trans 
Farad Soc. 31, 922 (1935)

“Assign”? How?



+H+

+H+

Like this? :

How do polyprotic molecules protonate?



No! Like this:
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How do polyprotic molecules protonate?
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How do polyprotic molecules protonate?



Distribute k protons among N sites; 0 ≤ k ≤ N

k N
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distinct combinations

It‘s a simple combinatorial problem
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Macrostates: 

knowing there 
are k protons 
somewhere

Microstates: 

knowing where 
the k protons 

exactly are

N=3
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Cetirizine, N=3



Marosi, A.; Kovacs, Z.; Beni, S.; Kokosi, J.; Noszal, B. 
Eur. J. Pharm. Sci. 2009, 37, 321-328.
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Micro pka
(microequilibrium)



ADMET Predictor, v7.0

Mellitic Acid, N=6



A microscopic/thermodynamic view of cetirizine 
ionization



Apparent pKa is NOT a property of a single ionizable group
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Myth #2: apparent pKa can always be “labeled” as either acidic, or basic
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[Experimental data from Mazák K, Noszál B. Poster presented at the LogP2009 
Symposium, Zürich, Switzerland, 2009]

Apparent and microscopic pKa for morphine
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What is mixed pKa?

51% Base
49% Acid

49% Base
51% Acid





Part II

“It’s either salty, or it’s free”:

Understanding the pH Dependence of Aqueous Solubility



Example: solubility of a free monoprotic base
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Intrinsic solubility of B

At high pH...
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Ionization of a free monoprotic base

At any pH...



Free: Solubility profile of a free monoprotic base
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Apparent solubility of B



“Acid catastrophe”

A base with intrinsic 
solubility of 0.1 mg/mL and 
pKa = 9 would at pH = 1 be 

soluble at amazing 107

mg/mL ...

10 kilograms per mL?
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Salty: Counterions to the rescue

At low pH a different solid-liquid equilibrium 
is reached:

spaqaq KXBH =−+ ]][[ )()(

BHX(s) <=> BH+
(aq) + X-

(aq)



Complete solubility profile of a 
monoprotic base
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Free base region:

Salt region:

Source of the common ion effect!

Source of trouble if many Xs compete...



Complete “in vitro“ solubility profile of 
a monoprotic base

Solubility profile of a weak base
(titration regime)
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B (neutral base)

BHX (salt)

'Observed'

Titration regime requires

[BH+] + [H+] = [X-]

at all times.

Hence, [X-] goes up with 

decreasing pH.
Salt region Free base region
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		0.6		251188.644150958		0.034948301		0.034948301		0.0714285717		0.0357142859		0.0071428572		0.0714285717		0.0357142859		0.0071428572

		0.7		199526.232496888		0.0414908376		0.0414908376		0.0714285718		0.0357142859		0.0071428572		0.0714285718		0.0357142859		0.0071428572

		0.8		158489.320246111		0.0483473313		0.0483473313		0.0714285719		0.0357142859		0.0071428572		0.0714285719		0.0357142859		0.0071428572

		0.9		125892.542179417		0.0552156229		0.0552156229		0.071428572		0.035714286		0.0071428572		0.071428572		0.035714286		0.0071428572

		1		100000.001		0.0618033995		0.0618033995		0.0714285721		0.0357142861		0.0071428572		0.0714285721		0.0357142861		0.0071428572

		1.1		79432.8244724284		0.0678818854		0.0678818854		0.0714285723		0.0357142862		0.0071428572		0.0714285723		0.0357142862		0.0071428572

		1.2		63095.7354480193		0.0733104571		0.0733104571		0.0714285726		0.0357142863		0.0071428573		0.0714285726		0.0357142863		0.0071428573

		1.3		50118.7243627273		0.0780326939		0.0780326939		0.0714285729		0.0357142864		0.0071428573		0.0714285729		0.0357142864		0.0071428573

		1.4		39810.7180553498		0.0820565153		0.0820565153		0.0714285732		0.0357142866		0.0071428573		0.0714285732		0.0357142866		0.0071428573

		1.5		31622.7776016839		0.0854308981		0.0854308981		0.0714285737		0.0357142868		0.0071428574		0.0714285737		0.0357142868		0.0071428574

		1.6		25118.8653150959		0.0882261821		0.0882261821		0.0714285743		0.0357142871		0.0071428574		0.0714285743		0.0357142871		0.0071428574

		1.7		19952.6241496888		0.0905200949		0.0905200949		0.071428575		0.0357142875		0.0071428575		0.071428575		0.0357142875		0.0071428575

		1.8		15848.9329246112		0.0923890343		0.0923890343		0.0714285759		0.035714288		0.0071428576		0.0714285759		0.035714288		0.0071428576

		1.9		12589.2551179417		0.0939032962		0.0939032962		0.0714285771		0.0357142886		0.0071428577		0.0714285771		0.0357142886		0.0071428577

		2		10000.001		0.0951249315		0.0951249315		0.0714285786		0.0357142893		0.0071428579		0.0714285786		0.0357142893		0.0071428579

		2.1		7943.2833472428		0.0961072095		0.0961072095		0.0714285804		0.0357142902		0.007142858		0.0714285804		0.0357142902		0.007142858

		2.2		6309.5744448019		0.0968949797		0.0968949797		0.0714285827		0.0357142914		0.0071428583		0.0714285827		0.0357142914		0.0071428583

		2.3		5011.8733362727		0.0975254769		0.0975254769		0.0714285857		0.0357142928		0.0071428586		0.0714285857		0.0357142928		0.0071428586

		2.4		3981.072705535		0.098029298		0.098029298		0.0714285894		0.0357142947		0.0071428589		0.0714285894		0.0357142947		0.0071428589

		2.5		3162.2786601684		0.0984313915		0.0984313915		0.071428594		0.035714297		0.0071428594		0.071428594		0.035714297		0.0071428594

		2.6		2511.8874315096		0.0987519828		0.0987519828		0.0714285999		0.0357142999		0.00714286		0.0714285999		0.0357142999		0.00714286

		2.7		1995.2633149689		0.0990073947		0.0990073947		0.0714286072		0.0357143036		0.0071428607		0.0714286072		0.0357143036		0.0071428607

		2.8		1584.8941924611		0.0992107558		0.0992107558		0.0714286165		0.0357143082		0.0071428616		0.0714286165		0.0357143082		0.0071428616

		2.9		1258.9264117942		0.0993725973		0.0993725973		0.0714286282		0.0357143141		0.0071428628		0.0714286282		0.0357143141		0.0071428628

		3		1000.001		0.0995013495		0.0995013495		0.0714286429		0.0357143214		0.0071428643		0.0714286429		0.0357143214		0.0071428643

		3.1		794.3292347243		0.09960375		0.09960375		0.0714286614		0.0357143307		0.0071428661		0.0714286614		0.0357143307		0.0071428661

		3.2		630.9583444802		0.099685177		0.099685177		0.0714286846		0.0357143423		0.0071428685		0.0714286846		0.0357143423		0.0071428685

		3.3		501.1882336273		0.0997499194		0.0997499194		0.0714287139		0.035714357		0.0071428714		0.0714287139		0.035714357		0.0071428714

		3.4		398.1081705535		0.0998013952		0.0998013952		0.0714287508		0.0357143754		0.0071428751		0.0714287508		0.0357143754		0.0071428751

		3.5		316.2287660168		0.0998423268		0.0998423268		0.0714287973		0.0357143987		0.0071428797		0.0714287973		0.0357143987		0.0071428797

		3.6		251.189643151		0.0998748822		0.0998748822		0.0714288558		0.0357144279		0.0071428856		0.0714288558		0.0357144279		0.0071428856

		3.7		199.5272314969		0.0999007873		0.0999007873		0.0714289294		0.0357144647		0.0071428929		0.0714289294		0.0357144647		0.0071428929

		3.8		158.4903192461		0.0999214172		0.0999214172		0.0714290221		0.0357145111		0.0071429022		0.0714290221		0.0357145111		0.0071429022

		3.9		125.8935411794		0.0999378674		0.0999378674		0.0714291388		0.0357145694		0.0071429139		0.0714291388		0.0357145694		0.0071429139

		4		100.001		0.099951012		0.099951012		0.0714292857		0.0357146429		0.0071429286		0.0714292857		0.0357146429		0.0071429286

		4.1		79.4338234724		0.0999615499		0.0999615499		0.0714294707		0.0357147353		0.0071429471		0.0714294707		0.0357147353		0.0071429471

		4.2		63.096734448		0.0999700415		0.0999700415		0.0714297035		0.0357148517		0.0071429703		0.0714297035		0.0357148517		0.0071429703

		4.3		50.1197233627		0.0999769385		0.0999769385		0.0714299966		0.0357149983		0.0071429997		0.0714299966		0.0357149983		0.0071429997

		4.4		39.8117170553		0.099982608		0.099982608		0.0714303656		0.0357151828		0.0071430366		0.0714303656		0.0357151828		0.0071430366

		4.5		31.6237766017		0.0999873516		0.0999873516		0.0714308302		0.0357154151		0.007143083		0.0714308302		0.0357154151		0.007143083

		4.6		25.1198643151		0.0999914219		0.0999914219		0.0714314151		0.0357157075		0.0071431415		0.0714314151		0.0357157075		0.0071431415

		4.7		19.9536231497		0.0999950356		0.0999950356		0.0714321513		0.0357160757		0.0071432151		0.0714321513		0.0357160757		0.0071432151

		4.8		15.8499319246		0.0999983849		0.0999983849		0.0714330783		0.0357165391		0.0071433078		0.0714330783		0.0357165391		0.0071433078

		4.9		12.5902541179		0.1000016484		0.1000016484		0.0714342452		0.0357171226		0.0071434245		0.0714342452		0.0357171226		0.0071434245

		5		10.001		0.1000049996		0.1000049996		0.0714357143		0.0357178571		0.0071435714		0.0714357143		0.0357178571		0.0071435714

		5.1		7.9442823472		0.1000086172		0.1000086172		0.0714375638		0.0357187819		0.0071437564		0.0714375638		0.0357187819		0.0071437564

		5.2		6.3105734448		0.1000126937		0.1000126937		0.0714398921		0.035719946		0.0071439892		0.0714398921		0.035719946		0.0071439892

		5.3		5.0128723363		0.1000174462		0.1000174462		0.0714428233		0.0357214117		0.0071442823		0.0714428233		0.0357214117		0.0071442823

		5.4		3.9820717055		0.1000231278		0.1000231278		0.0714465135		0.0357232567		0.0071446513		0.0714465135		0.0357232567		0.0071446513

		5.5		3.1632776602		0.1000300412		0.1000300412		0.0714511591		0.0357255796		0.0071451159		0.0714511591		0.0357255796		0.0071451159

		5.6		2.5128864315		0.1000385543		0.1000385543		0.0714570077		0.0357285038		0.0071457008		0.0714570077		0.0357285038		0.0071457008

		5.7		1.996262315		0.1000491206		0.1000491206		0.0714643705		0.0357321853		0.0071464371		0.0714643705		0.0357321853		0.0071464371

		5.8		1.5858931925		0.1000623028		0.1000623028		0.0714736398		0.0357368199		0.007147364		0.0714736398		0.0357368199		0.007147364

		5.9		1.2599254118		0.1000788029		0.1000788029		0.0714853092		0.0357426546		0.0071485309		0.0714853092		0.0357426546		0.0071485309

		6		1.001		0.1000994995		0.1000994995		0.0715		0.03575		0.00715		0.0715		0.03575		0.00715

		6.1		0.7953282347		0.1001254949		0.1001254949		0.0715184947		0.0357592473		0.0071518495		0.0715184947		0.0357592473		0.0071518495

		6.2		0.6319573445		0.1001581733		0.1001581733		0.0715417781		0.035770889		0.0071541778		0.0715417781		0.035770889		0.0071541778

		6.3		0.5021872336		0.1001992751		0.1001992751		0.0715710902		0.0357855451		0.007157109		0.0715710902		0.0357855451		0.007157109

		6.4		0.3991071706		0.1002509891		0.1002509891		0.0716079919		0.0358039959		0.0071607992		0.0716079919		0.0358039959		0.0071607992

		6.5		0.317227766		0.1003160692		0.1003160692		0.0716544484		0.0358272242		0.0071654448		0.0716544484		0.0358272242		0.0071654448

		6.6		0.2521886432		0.1003979811		0.1003979811		0.0717129337		0.0358564668		0.0071712934		0.0717129337		0.0358564668		0.0071712934

		6.7		0.2005262315		0.100501087		0.100501087		0.0717865623		0.0358932812		0.0071786562		0.0717865623		0.0358932812		0.0071786562

		6.8		0.1594893192		0.1006308776		0.1006308776		0.0718792552		0.0359396276		0.0071879255		0.0718792552		0.0359396276		0.0071879255

		6.9		0.1268925412		0.1007942648		0.1007942648		0.0719959487		0.0359979744		0.0071995949		0.0719959487		0.0359979744		0.0071995949

		7		0.101		0.1009999495		0.1009999495		0.0721428571		0.0360714286		0.0072142857		0.0721428571		0.0360714286		0.0072142857

		7.1		0.0804328235		0.1012588852		0.0804328235		0.0723278039		0.0361639019		0.0072327804		0.0723278039		0.0361639019		0.0072327804

		7.2		0.0640957344		0.1015848611		0.0640957344		0.072560638		0.036280319		0.0072560638		0.0640957344		0.036280319		0.0072560638

		7.3		0.0511187234		0.1019952368		0.0511187234		0.0728537588		0.0364268794		0.0072853759		0.0511187234		0.0364268794		0.0072853759

		7.4		0.0408107171		0.102511866		0.0408107171		0.073222776		0.036611388		0.0073222776		0.0408107171		0.036611388		0.0073222776

		7.5		0.0326227766		0.1031622613		0.0326227766		0.0736873412		0.0368436706		0.0073687341		0.0326227766		0.0326227766		0.0073687341

		7.6		0.0261188643		0.1039810586		0.0261188643		0.0742721941		0.037136097		0.0074272194		0.0261188643		0.0261188643		0.0074272194

		7.7		0.0209526231		0.1050118619		0.0209526231		0.0750084802		0.0375042401		0.007500848		0.0209526231		0.0209526231		0.007500848

		7.8		0.0168489319		0.106309565		0.0168489319		0.0759354096		0.0379677048		0.007593541		0.0168489319		0.0168489319		0.007593541

		7.9		0.0135892541		0.1079432756		0.0135892541		0.0771023445		0.0385511723		0.0077102345		0.0135892541		0.0135892541		0.0077102345

		8		0.011		0.1099999945		0.011		0.0785714286		0.0392857143		0.0078571429		0.011		0.011		0.0078571429

		8.1		0.0089432823		0.1125892496		0.0089432823		0.0804208958		0.0402104479		0.0080420896		0.0089432823		0.0089432823		0.0080420896

		8.2		0.0073095734		0.1158489283		0.0073095734		0.0827492371		0.0413746185		0.0082749237		0.0073095734		0.0073095734		0.0073095734

		8.3		0.0060118723		0.1199526201		0.0060118723		0.0856804451		0.0428402226		0.0085680445		0.0060118723		0.0060118723		0.0060118723

		8.4		0.0049810717		0.1251188618		0.0049810717		0.0893706174		0.0446853087		0.0089370617		0.0049810717		0.0049810717		0.0049810717

		8.5		0.0041622777		0.1316227745		0.0041622777		0.094016269		0.0470081345		0.0094016269		0.0041622777		0.0041622777		0.0041622777

		8.6		0.0035118864		0.1398107153		0.0035118864		0.0998647979		0.0499323989		0.0099864798		0.0035118864		0.0035118864		0.0035118864

		8.7		0.0029952623		0.1501187219		0.0029952623		0.1072276595		0.0536138298		0.010722766		0.0029952623		0.0029952623		0.0029952623

		8.8		0.0025848932		0.1630957332		0.0025848932		0.1164969532		0.0582484766		0.0116496953		0.0025848932		0.0025848932		0.0025848932

		8.9		0.0022589254		0.1794328223		0.0022589254		0.1281663025		0.0640831512		0.0128166302		0.0022589254		0.0022589254		0.0022589254

		9		0.002		0.199999999		0.002		0.1428571429		0.0714285714		0.0142857143		0.002		0.002		0.002

		9.1		0.0017943282		0.2258925403		0.0017943282		0.1613518151		0.0806759076		0.0161351815		0.0017943282		0.0017943282		0.0017943282

		9.2		0.0016309573		0.2584893184		0.0016309573		0.184635228		0.092317614		0.0184635228		0.0016309573		0.0016309573		0.0016309573

		9.3		0.0015011872		0.2995262307		0.0015011872		0.2139473082		0.1069736541		0.0213947308		0.0015011872		0.0015011872		0.0015011872

		9.4		0.0013981072		0.3511886425		0.0013981072		0.2508490308		0.1254245154		0.0250849031		0.0013981072		0.0013981072		0.0013981072

		9.5		0.0013162278		0.4162277654		0.0013162278		0.2973055472		0.1486527736		0.0297305547		0.0013162278		0.0013162278		0.0013162278

		9.6		0.0012511886		0.4981071699		0.0012511886		0.3557908361		0.1778954181		0.0355790836		0.0012511886		0.0012511886		0.0012511886

		9.7		0.0011995262		0.601187233		0.0011995262		0.4294194526		0.2147097263		0.0429419453		0.0011995262		0.0011995262		0.0011995262

		9.8		0.0011584893		0.7309573439		0.0011584893		0.5221123889		0.2610561945		0.0522112389		0.0011584893		0.0011584893		0.0011584893

		9.9		0.0011258925		0.8943282342		0.0011258925		0.6388058819		0.319402941		0.0638805882		0.0011258925		0.0011258925		0.0011258925

		10		0.0011		1.0999999995		0.0011		0.7857142857		0.3928571429		0.0785714286		0.0011		0.0011		0.0011

		10.1		0.0010794328		1.3589254113		0.0010794328		0.9706610084		0.4853305042		0.0970661008		0.0010794328		0.0010794328		0.0010794328

		10.2		0.0010630957		1.6848931919		0.0010630957		1.2034951375		0.6017475687		0.1203495137		0.0010630957		0.0010630957		0.0010630957

		10.3		0.0010501187		2.0952623144		0.0010501187		1.4966159393		0.7483079696		0.1496615939		0.0010501187		0.0010501187		0.0010501187

		10.4		0.0010398107		2.611886431		0.0010398107		1.8656331654		0.9328165827		0.1865633165		0.0010398107		0.0010398107		0.0010398107

		10.5		0.0010316228		3.2622776597		0.0010316228		2.3301983287		1.1650991643		0.2330198329		0.0010316228		0.0010316228		0.0010316228

		10.6		0.0010251189		4.081071705		0.0010251189		2.9150512182		1.4575256091		0.2915051218		0.0010251189		0.0010251189		0.0010251189

		10.7		0.0010199526		5.1118723358		0.0010199526		3.6513373831		1.8256686915		0.3651337383		0.0010199526		0.0010199526		0.0010199526

		10.8		0.0010158489		6.4095734443		0.0010158489		4.5782667463		2.2891333731		0.4578266746		0.0010158489		0.0010158489		0.0010158489

		10.9		0.0010125893		8.0432823467		0.0010125893		5.7452016766		2.8726008383		0.5745201677		0.0010125893		0.0010125893		0.0010125893

		11		0.00101		10.0999999995		0.00101		7.2142857143		3.6071428571		0.7214285714		0.00101		0.00101		0.00101

		11.1		0.0010079433		12.6892541174		0.0010079433		9.0637529414		4.5318764707		0.9063752941		0.0010079433		0.0010079433		0.0010079433

		11.2		0.0010063096		15.9489319241		0.0010063096		11.3920942319		5.6960471159		1.1392094232		0.0010063096		0.0010063096		0.0010063096

		11.3		0.0010050119		20.0526231492		0.0010050119		14.3233022498		7.1616511249		1.432330225		0.0010050119		0.0010050119		0.0010050119

		11.4		0.0010039811		25.2188643146		0.0010039811		18.0134745108		9.0067372554		1.8013474511		0.0010039811		0.0010039811		0.0010039811

		11.5		0.0010031623		31.7227766012		0.0010031623		22.6591261441		11.329563072		2.2659126144		0.0010031623		0.0010031623		0.0010031623

		11.6		0.0010025119		39.9107170548		0.0010025119		28.5076550395		14.2538275198		2.850765504		0.0010025119		0.0010025119		0.0010025119

		11.7		0.0010019953		50.2187233622		0.0010019953		35.8705166877		17.9352583438		3.5870516688		0.0010019953		0.0010019953		0.0010019953

		11.8		0.0010015849		63.1957344475		0.0010015849		45.13981032		22.56990516		4.513981032		0.0010015849		0.0010015849		0.0010015849

		11.9		0.0010012589		79.5328234719		0.0010012589		56.8091596232		28.4045798116		5.6809159623		0.0010012589		0.0010012589		0.0010012589

		12		0.001001		100.0999999995		0.001001		71.5		35.75		7.15		0.001001		0.001001		0.001001

		12.1		0.0010007943		125.9925411789		0.0010007943		89.994672271		44.9973361355		8.9994672271		0.0010007943		0.0010007943		0.0010007943

		12.2		0.001000631		158.5893192456		0.001000631		113.2780851758		56.6390425879		11.3278085176		0.001000631		0.001000631		0.001000631

		12.3		0.0010005012		199.6262314964		0.0010005012		142.5901653549		71.2950826775		14.2590165355		0.0010005012		0.0010005012		0.0010005012

		12.4		0.0010003981		251.2886431505		0.0010003981		179.491887965		89.7459439825		17.9491887965		0.0010003981		0.0010003981		0.0010003981

		12.5		0.0010003162		316.3277660163		0.0010003162		225.9484042977		112.9742021489		22.5948404298		0.0010003162		0.0010003162		0.0010003162

		12.6		0.0010002512		398.207170553		0.0010002512		284.4336932525		142.2168466262		28.4433693252		0.0010002512		0.0010002512		0.0010002512

		12.7		0.0010001995		501.2872336268		0.0010001995		358.0623097338		179.0311548669		35.8062309734		0.0010001995		0.0010001995		0.0010001995

		12.8		0.0010001585		631.0573444797		0.0010001585		450.7552460573		225.3776230286		45.0755246057		0.0010001585		0.0010001585		0.0010001585

		12.9		0.0010001259		794.4282347238		0.0010001259		567.4487390888		283.7243695444		56.7448739089		0.0010001259		0.0010001259		0.0010001259

		13		0.0010001		1000.0999999995		0.0010001		714.3571428571		357.1785714286		71.4357142857		0.0010001		0.0010001		0.0010001

		13.1		0.0010000794		1259.0254117937		0.0010000794		899.3038655673		449.6519327836		89.9303865567		0.0010000794		0.0010000794		0.0010000794

		13.2		0.0010000631		1584.9931924606		0.0010000631		1132.1379946151		566.0689973075		113.2137994615		0.0010000631		0.0010000631		0.0010000631

		13.3		0.0010000501		1995.3623149684		0.0010000501		1425.2587964064		712.6293982032		142.5258796406		0.0010000501		0.0010000501		0.0010000501

		13.4		0.0010000398		2511.9864315091		0.0010000398		1794.2760225069		897.1380112534		179.4276022507		0.0010000398		0.0010000398		0.0010000398

		13.5		0.0010000316		3162.3776601679		0.0010000316		2258.8411858346		1129.4205929173		225.8841185835		0.0010000316		0.0010000316		0.0010000316

		13.6		0.0010000251		3981.1717055345		0.0010000251		2843.6940753821		1421.8470376911		284.3694075382		0.0010000251		0.0010000251		0.0010000251

		13.7		0.00100002		5011.9723362722		0.00100002		3579.9802401948		1789.9901200974		357.9980240195		0.00100002		0.00100002		0.00100002

		13.8		0.0010000158		6309.6734448015		0.0010000158		4506.90960343		2253.454801715		450.690960343		0.0010000158		0.0010000158		0.0010000158

		13.9		0.0010000126		7943.3823472424		0.0010000126		5673.8445337449		2836.9222668724		567.3844533745		0.0010000126		0.0010000126		0.0010000126

		14		0.00100001		10000.0999999995		0.00100001		7142.9285714286		3571.4642857143		714.2928571429		0.00100001		0.00100001		0.00100001
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Parameters to be defined or predicted

][,,,, −XXKpKIS spaB

1) Standarize counterion to 
approximate in vivo conditions

X = Cl, [X-] = 0.14 M

Johnson LR; “Fluid and Electrolyte Absorption” in 
Johnson LR (Ed.) Gastrointestinal Physiology; Mosby, 

St. Louis, 1989
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2) Define Solubility Factor:



Solubility profile of a weak base
(constant common ion regime)
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B (neutral base)

BHX (salt)

'Observed'

Complete “in vivo“ solubility profile of 
a monoprotic base

Constant common 

ion regime requires

[X-] = const

at all times

Salt region
Free base region Best if standardized 

to X- = Cl- and 

[Cl-] = 0.14 M

ratio = SFB



Solubility profiles of polyprotic compounds

Calculated solubility profile of a compound 
with five acidic and three basic groups
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Part III

“Et vincere nemo dividat”:

Understanding the pH Dependence of Partitioning



Example: partition of a monoprotic base

B(aq) <=> B(oct)
N

aq

(oct) P
B
B

=
][
][

)(

At any pH...

BH+
(aq) <=> BH+

(oct)
C

aq

oct P
BH
BH

=+

+

][
][

)(

)(



Not so fast...
Are we forgetting something?

Electroneutrality requires counterion partition

BH+
(aq) + X-

(aq) <=> BH+
(oct) + X-

(oct) 1
)()(

)()(

]][[
]][[

Π=−+

−+

aqaq

octoct

XBH
XBH

OR

BH+
(aq) + X-

(aq) <=> BH+X-
(oct) 2

)()(

)(

]][[
][

Π=−+

−+

aqaq

oct

XBH
XBH

PC is probably a combination of both...



Partition of charged species into octanol depends on the ionic 
environment of aqueous phase

Avdeef, A.; Absorption and Drug Development; Wiley-Interscience, Hoboken, NJ; 2003

KBr NaPrSO
3 KNO3 KCl,

NaCl NH4Cl Me4NCl NaEtSO3 Et4NCl Pr4NCl
Na2SO4,
NaMeSO

3
KCl, urea none

PC 56 55 50 32 31 26 25 19 16 15 13 5
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40

50

60
PC

0.125 M background salt

Cationic partition coefficient, PC, of charged 
chlorpromazine in different media



Complete distribution profile of a 
monoprotic base

pHpK

pHpKCN

a

aXPPXpHD −

−

+
⋅+

=
101

10)(),(

At all pH:

a
aq

aq(aq) K
BH

HB
=+

+

][
]][[

)(

)(Don’t forget ionization...



Distribution profile of a weak base
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Complete distribution profile of a monoprotic base



Distribution profiles of polyprotic compounds

𝐷𝐷 𝑝𝑝𝑝𝑝,𝑋𝑋 = 𝑓𝑓𝑁𝑁 𝑝𝑝𝑝𝑝 𝑃𝑃𝑁𝑁 + �
𝑖𝑖=1

𝑛𝑛

𝑓𝑓𝑖𝑖 𝑝𝑝𝑝𝑝 𝑃𝑃𝑖𝑖 𝑋𝑋

• fN = molar fraction of neutral species
• PN = partition coefficient of neutral species
• fi = molar fraction of ionized species i
• Pi = partition coefficient of ionized species i
• X = counterion



Metoprolol Profiles (base)
pKa = 9.72
logP = 2.04 

logD(7.4) = -0.12
S(11.1) = 9.0 mg/mL
S(7.4) = 149 mg/mL

N
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CH3

Metoprolol ASF distribution along human SI
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Cimetidine Profiles (ampholyte)
pKa = 11.16
pKa = 10.75
pKa = 6.85
pKa = 4.16
pKa = 0.93
logP = 0.57 

logD(7.4) = 0.46
S(8.69) = 0.22 mg/mL
S(7.4) = 0.28 mg/mL

Cimetidine ASF distribution along human SI
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Ketoprofen Profiles (acid)

OH

O

CH3

O
pKa = 4.17
logP = 2.93 

logD(7.4) = -0.003
S(4.18) = 0.033 mg/mL
S(7.4) = 10.5 mg/mL

Ketoprofen ASF distribution along human SI
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Cefaclor Profiles (zwitterion)
pKa = 6.94 
pKa = 2.85 

logP = -1.36 
logD(7.4) = -1.62

S(4.92) = 6.29 mg/mL
S(7.4) = 24 mg/mL

Cefaclor ASF distribution along human SI
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Questions?
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