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Abstract 

The acid dissociation constant (pKa) is an important property of a molecule 
which impacts on reactivity, drug design and catalysis. pKa is usually 
measured in aqueous solution, but may need to be determined in non-aqueous 
solvents for reasons of solubility or reactivity. Methods for the measurement 
of pKa in aqueous solution are well established, but determination of pKa in 
organic solvents can be problematic, with few straightforward methods 
available. While NMR methods can be used, existing NMR titration procedures 
require a large number of separate NMR measurements in which the pH of the 
solution must be incremented and determined manually between 
measurements. This thesis presents a one-shot method to determine the pKa 
of an acidic or basic analyte in DMSO and DMSO-water mixtures using a 
single chemical shift image (CSI) as an alternative to the conventional 
laborious and time-consuming process. The CSI method also yields a number 
of pH data points that vastly exceeds what is feasible for other common 
titration methods, in a single 20 – 40 minute experiment. 

Firstly, an NMR pH indicator ladder and a procedure for determining pKa in 
DMSO solution is presented. The results from this method are shown to be in 
good agreement with the literature and the method itself is demonstrated to be 
practical, precise and robust in real research environments. Consistent results 
are reported even at low analyte concentration (100 μM) and successful 
titrations are conducted on completely water insoluble compounds. 

Secondly, five separate NMR pH indicator ladders for five pharmaceutically 
relevant DMSO-water mixtures are established and the pKas of these 
indicators individually verified by titration. These results are in excellent 
agreement with literature pKa data and confirm the validity of the CSI titration 
method in the more challenging and less studied case of mixed solvents.  

Thirdly, these indicator ladders are used to determine the pKas of a series of 
pharmaceutical compounds in the five DMSO-water mixtures. Multiple acid 
dissociation constants can be determined for pharmaceuticals from a single 
measurement. Extrapolations to zero organic solvent constructed using this 
data afford accurate aqueous pKa values, even for effectively water insoluble 
compounds. The method is robust to poor analyte solubility and partial analyte 
precipitation, demonstrating its applicability in drug development where poor 
solubility is a persistent problem. 
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dmap   Dimethylaminopyridine 
dmb   N,N-dimethylbenzylamine 
DMF   Dimethylformamide 
DMSO  Dimethylsulfoxide 
DN    Donor number 
DOSY   Diffusion Ordered Spectroscopy 
DSS   Sodium 3-(trimethylsilyl)propane-1-sulfonate 
FID   Free Induction Decay 
HMDS   Hexamethyldisilane 
HSAB   Hard-Soft Acid-Base theory 
Hz   Hertz 
I   Ionic Strength 
IPPN   Hexa-isopropylaminocyclotriphosphazene 
izl   Imidazole 
IUPAC  International Union of Pure and Applied Chemistry 
LD50   Lethal dose for 50% of test sample 
lut    2,6 lutidine 
meimd  1-methylimidazole 
meopyr  2-methoxypyridine 
MHz   Megahertz 
MLPN   Hexa-morpholinocyclotriphosphazene   
morph  Morpholine 
MRI   Magnetic Resonance Imaging 
NAD   Nicotinamide Adenine Dinucleotide 
NMR   Nuclear Magnetic Resonance 
NOESY  Nuclear Overhauser Effect Spectroscopy 
OSYS   Origin-Shifted Yasuda-Shedlovsky  
p4-t-bu  (tBuN)P(NP(NMe2)3)3 phosphazene base 
PFG   Pulsed Field Gradient   
pico   4-picoline 
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pip   Piperidine 
pKa   Acid dissociation constant 
pld   Pyrrolidine 
ppm   Parts per Million 
pyr   Pyridine 
St   Sensitivity   
tea   Triethylamine 
WATERGATE WATER suppression by GrAdient Tailored Excitation 
WHO   World Health Organisation 
YS   Yasuda-Shedlovsky 
Zi   Charge of ion i 
γi   Activity coefficient of species i 
δ   Chemical shift 
ΔG   Gibbs free energy change 
ΔH   Enthalpy change 
δH   Fully protonated limiting shift 
δL   Fully deprotonated limiting shift 
δobs   Observed chemical shift 
εr   Relative permittivity 
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Chapter 1 Acidity and pKa Determination 

1.1 Acid Dissociation Constant 

The acid dissociation constant (pKa) is a quantitative measure of the 

strength of an acid in solution and is one of the most important physical 

parameters available to chemists.1-4 This significance comes from the ubiquity 

of proton transfer reactions and the various effects of protonation and 

deprotonation on molecular properties. Knowledge of pKas allows a chemist 

to predict quantitatively the course of a proton transfer reaction, even for a 

complex mixture of acids and bases. 

The reactivity, conformation5-6 and solubility7 of a molecule are all 

influenced by its protonation state. These pKa dependent effects are critical in 

medicinal chemistry and drug design;8 for example, to ensure the correct 

conformation of an active pharmaceutical ingredient (API) to dock into the 

desired receptor, or to optimize solubility at the target organ pH. Additionally, 

the renal tubular reabsorption rate of a drug is dependent on its pKa.9 Knowing 

the pKa of an API is therefore vital in predicting its behaviour, efficacy and 

clearance rate from the body.  

pKa is also a vital parameter in biochemistry, particularly for 

understanding protein chemistry.10 The amino acids that make up proteins 

contain ionizable groups which govern intra-protein, protein-solvent and 

protein-ligand interactions. The ionization state of these residues are important 

factors in protein folding, stability and the catalytic activity of enzymes. It is 
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therefore of paramount importance to study the pKas of proteins and amino 

acids.  

In food science, the pKa of a preservative is a key indicator of its 

bacterial growth inhibition.11 Organic acids and their salts play a vital role in 

extending shelf life and improving food safety.  

pKa data tables are important in the design of organic synthetic 

processes, due to the prevalence of proton transfer reaction steps. Acid-base 

catalysis is used extensively in industrial processes and selecting the correct 

catalyst requires knowledge of the pKa of both the substrate and potential 

catalyst.12-13 This information is crucial in host-guest14 and supramolecular 

chemistry.15 

These diverse and numerous applications highlight the importance of 

pKa determination.  

1.2 pH and pKa 

There are multiple theoretical frameworks that are used to define acid-

base reactions, used depending on the context.16-20 The broadest definition 

comes from Lewis (1923) in which Lewis acids are defined as electron pair 

acceptors and Lewis bases are electron pair donors.18 The reaction of the two 

forms a dative bond, resulting in a Lewis adduct. When considering proton 

transfer reactions however, the most commonly used definition of acidity is the 

Brønsted-Lowry (1923) definition:16-17 

acid + base ⇌ conjugate base + conjugate acid (Equation 1.1) 
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For an acid (HA) dissociating in solvent (S), this can be expressed as: 

HA + S ⇌ HS+ +  A− (Equation 1.2) 

This simple equation highlights the importance of the bulk solvent in acid 

dissociation. The equilibrium constant for Equation 1.2 is therefore: 

 

Ke =  
[HS+][A−]

[HA][S]
   ≡    Ke[S] =

[HS+][A−]

[HA]
   

Ka =
[H+][A−]

[HA]
  (Equation 1.3) 

In dilute solutions, the solvent concentration [S] remains constant and 

therefore can be combined with Ke to yield the acid dissociation constant, Ka 

= Ke[S].21 In Equation 1.3, [HS+] is also simplified to [H+]. 

 From Equation 1.3 and the definitions of pKa and pH, the Henderson-

Hasselbalch equation (1.6) can be derived.22-23 

pKa = − log10 Ka (Equation 1.4)                pH = − log10[H+] (Equation 1.5) 

log10 Ka = log10[H+] +  log10

[A−]

[HA]
 

pH = pKa + log10
[A−]

[HA]
  (Equation 1.6)  

The Henderson-Hasselbalch equation has numerous applications for 

determining the pH of buffer solutions (i.e. a solution containing an acid and 

one of its salts). While it is a powerful tool, Equation 1.6 assumes ideal 

behaviour of species in solution. To account for the non-ideality of solutions, 

we need to introduce activity.24 
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In thermodynamics, activity (ai) is the measure of the “effective” 

concentration of a species in a mixture. It accounts for intermolecular forces 

within the solution being lesser or greater than those between similar 

molecules (non-ideal behaviour). Concentrations are multiplied by a 

dimensionless activity coefficient (γi) to give activities. 

ai = γi[Ci]  (Equation 1.7) 

For neutral species, γHA ≈ 1, so activity and concentration are 

equivalent. For species that ionize in solution, the activity of the cation and 

anion cannot be determined independently by experiment as solution 

properties depend on both ions. The mean ionic activity (γ+/-) is used instead. 

γ+/− = √(γ+γ−)  (Equation 1.8) 

The acid dissociation constant can therefore be expressed as: 

Ka =
[H+][A−]

[HA]
∙

γ
H+γA−

γHA
  

=
[H+][A−]

[HA]
∙ (γ+/−)

2
  

pH = pKa + log10
[A−]

[HA]
 + log10(γ+/−)

2
 (Equation 1.9) 

This can be simplified for the special case of cationic acids, since γB ≈ 

1 and γBH
+ = γH

+. The entire activity term cancels and the expression reverts 

to the form of Equation 1.3.  

HB+ ⇌ H+ + B  (Equation 1.10)  

Ka =  
[H+][B]

[HB+]
  (Equation 1.11) 
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For neutral acids, the mean activity coefficient can be calculated using 

a number of semi-empirical methods, based on Debye-Hückel theory.25 The 

most useful for our purposes is that proposed by Davies (Equation 1.12).26 

log10 𝛾+

−

= −AZ+Z− (
√I

1+√I
− 0.3I) (Equation 1.12) 

I =
1

2
∑ CiZi

2 n
i  (Equation 1.13) 

A =
1.8246×106

(ϵrT)
3
2

  (Equation 1.14) 

Where A is the Debye-Hückel coefficient, Zi is the electrolyte charge, I 

is ionic strength and εr is the dielectric constant of the solvent. At low ionic 

strength (I ≲ 0.01M), this reduces to the Debye-Hückel limiting law:24 

log10 γ+/− = −AZ+Z−√I  (Equation 1.15) 

1.3 pH and pKa in non-Aqueous Solvents 

Acid dissociation constants are routinely determined in aqueous 

solution, owing to the ubiquity of processes in the aqueous phase. However, 

compounds are often too reactive or too insoluble to measure pKa in water: for 

example, bases with a pKa > 14 (e.g. P4-t-Bu phosphazene base 

(tBuN)P(NP(NMe2)3)3, pKa = 42.1 in acetonitrile)27 and a significant number of 

active pharmaceutical ingredients (e.g. ibuprofen is practically insoluble in 

water).28 When this is the case, it is necessary to determine pKa in a non-

aqueous solvent or in water-organic mixtures. Additionally, aqueous pKa data 

can be of only limited utility in predicting the course of reactions in non-
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aqueous solution.29 There is, therefore, significant interest in and need to 

determine pKas in non-aqueous media.9, 29  

Although there have been attempts to establish a single unified scale 

of acidity,30 pH scales in different solvents must be considered as separate 

scales.29 pH scales are used extensively outside of purely aqueous solution, 

but accurate determination can be problematic (see section 1.6). Other acidity 

functions exist for specific purposes;31 for example, the Hammett acidity 

function for concentrated strong and superacid solutions.32 

Equation 1.2 shows the vital importance of the solvent in the acid 

dissociation process: changing the nature of the solvent changes the position 

of the equilibrium. Comparing pKas between different solvent systems is 

problematic and methods of direct correlation are few.9, 29 The nature of 

compounds can change drastically between solvents. For example, acetic acid 

is a weak acid in water (pKa = 4.76)33 but it is essentially a benign neutral 

compound in DMSO (pKa
DMSO

 = 12.6).34 Understanding the nature of solvents 

can help rationalise these differences. 

1.4 Characteristics of Solvents 

Solvents can be broken down into 2 broad groups: polar and non-polar 

solvents. Polar solvents can then be subdivided into polar protic and polar 

aprotic.35 Polar protic solvents contain an acidic proton directly bonded to an 

electronegative atom, they are hydrogen bond donors and can dissolve salts. 

Examples include water, most alcohols, formamide and formic acid. 
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Polar aprotic solvents lack an acidic hydrogen, they are often poor 

hydrogen bond donors and do not exchange with D2O. They contain a 

molecular dipole and have a dielectric constant. Examples include DMSO, 

acetonitrile, DMF and acetone. 

Non-polar solvents (εr < 15, also called low dielectric solvents) do not 

form hydrogen bonds for the most part and dissolve salts poorly. Ions are often 

paired rather than solvent separated. pH titrations in these solvents are 

challenging but important, as they are used for synthetic processes. Examples 

include benzene, toluene, hexane and diethyl ether. 

There are several parameters that can be used, sometimes in 

combination, to describe solute-solvent interactions (see Table 1.1). 

Table 1.1. Dielectric constant, dipole moment, donor and acceptor numbers 

for selected solvents. All data is taken from Solvents and Solvent Effects in 

Organic Chemistry (2011)36 unless otherwise stated. 

 

 
a Dipole moments are given in the more commonly used unit of Debye rather than the SI unit 
Coulomb per metre (Cm). 1D = 3.336 x 10-33

 Cm. 

Solvent 
Dielectric 

Constant (εr)  

Dipole Moment 

/ Da 

Donor Number 

(DN) 

Acceptor 

Number (AN) 

Water 78.36  1.84  18.037 54.8  

DMSO 46.45 4.30  29.8  19.3  

Acetonitrile 35.94 3.84  14.1  18.9  

Benzene 2.27 0.00  0.137 8.2  

Methanol 32.66 1.70  19.038 41.5  
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 Firstly, dielectric constant (εr), also known as relative permittivity, is the 

factor by which the electric field between two point charges is decreased 

relative to a vacuum.39 εr is a bulk property of a solvent, with a high εr 

suggesting stronger ion separation and a low εr less so. It gives a general 

indication of the ability to support ions and the likely extent of association 

between ions in solution. Taken alone however, εr is not a good indicator of 

solvating ability as more complex factors are at play.35  

Secondly, dipole moment is the magnitude of the electric dipole arising 

in a molecule due to unequal distribution of electron density. Molecular polarity 

can be understood as a continuum of charge separation (Figure 1.1).  

Figure 1.1 Dipole moment illustrated as a charge separation continuum. 

 

 While the absolute value of a dipole moment itself cannot be used to 

reliably predict solvation, it can be useful in the heuristic sense of “like 

dissolves like.” A polar solute is likely to more soluble in a polar solvent, and 

likewise for non-polar solutes in non-polar solvents.  
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Thirdly, Donor Number (DN) is an empirical measure of the Lewis 

basicity of a solvent. Devised by V. Gutmann, it provides an “at a glance” 

measure of the nucleophilic properties of electron pair donor solvents.37 DN is 

defined as the negative ΔH values for the 1:1 adduct formation of a Lewis base 

with SbCl5 in a dilute solution of the non-coordinating solvent 1,2-

dichloroethane, which serves as a useful zero reference point. 

Larger values of DN correspond to a stronger solvent-electron pair 

acceptor interaction, i.e. better solvation of cations. Donor number is used in 

coordination chemistry as it correlates with a number of physical observables, 

e.g. ΔG, reaction rates, redox potentials and NMR chemical shifts.40 

Fourthly, an analogous acceptor number (AN), also devised by V. 

Gutmann, is a measure of the electrophilic behaviour of a solvent.37 AN is 

defined by Equation 1.16; where δ(Et3PO: S) is the 31P chemical shift of Et3PO 

in a given solvent (S), δ(Et3PO: C6H14) is the 31P chemical shift of Et3PO in n-

hexane (AN = 0), and δ(Et3PO: SbCl5) is the 31P chemical shift of the 1:1 

adduct of Et3PO‒ SbCl5 dissolved in 1,2 dichloroethane (AN = 100). 

AN =
δ(Et3PO:S)−δ(Et3PO: C6H14)

δ(Et3PO:SbCl5)−δ(Et3PO: C6H14)
  (Equation 1.16) 

A higher AN corresponds to a stronger Lewis acid character of the 

solvent, i.e. better solvation of anions. The highest acceptor numbers are 

found for protic solvents due to the formation of hydrogen bonds.35 

These parameters, taken together, begin to build a picture of the nature 

of solvent-solute interactions.  
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Solvation of a solute involves electron pair donor-acceptor interactions, 

where solvent and solute can act as donors and/or acceptors. These 

interactions can be understood through Pearson’s HSAB (Hard-Soft Acid-

Base) effect, where hard donors interact more favourably with hard acceptors, 

and the same is true for soft species.41 We can extend this framework into 

classifying solvents as hard or soft. 

Water is an example of both a hard donor and acceptor. Hard cations 

are well solvated by water through the oxygen electron lone pairs. Small, hard 

anions are also well solvated, since hydrogen bonding is a hard acid-hard base 

interaction. For this reason, protic solvents are generally good at solvating 

small basic anions. 

Polar aprotic solvents solvate cations well through electron lone pairs 

as hard electron pair donors. However, as electron pair acceptors, polar 

aprotic solvents are softer than water; as they cannot act as H-bond donors, 

they solvate anions primarily through ion-dipole interactions. Various scales of 

solvent softness have been devised, though these are beyond the scope of 

this work.42 

 For the purposes of investigating pKa, solvent acidity/basicity is vitally 

important as it determines the accessible pKa range. The strongest base 

possible in a solvent SH is the lyate ion S-: 

SH + B ⇌ S− + HB+ (Equation 1.17) 

 Even if B is a considerably stronger base than S-
, the solvent is normally 

in such a high excess that B must come in contact with and deprotonate SH. 

For aqueous solutions, the lyate ion is hydroxide (pKa = 14). In DMSO 
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solutions, it is the dimsyl ion (CH3)SO(CH2)- (pKa = 35). Similarly, the strongest 

acidic species possible in a solvent is the lyonium ion, SH2
+: 

SH + HA ⇌ SH2
+ + A− (Equation 1.18) 

For water, this species is H3O+, for DMSO it is (CH3)2SOH+. 

 This limitation on the range of accessible pKas in a solvent is known as 

levelling. Increasing the solvent acidity shifts the equilibrium of Equation 1.17 

to the right and increasing the solvent basicity shifts the equilibrium in Equation 

1.18 to the right. A solvent which is a weaker acid than water therefore has a 

higher upper limit of pKa; examples include DMSO, pyridine and 

tetrahydrofuran.43 The converse is true for weaker bases than water, such as 

acetic acid, nitromethane and acetonitrile. 

 Levelling by water highlights the need for pKa determination in 

alternative, non-aqueous solvents. A classic example is the case of 

differentiating the relative acid strengths of mineral acids.44 In water, all 

mineral acids essentially ionize completely, regardless of composition. To 

discern the differences in strength between mineral acids, a differentiating 

solvent must be used. Acetonitrile makes a good choice as it is a particularly 

weak base, allowing the relative strengths to be observed (HBr > H2SO4 > 

HNO3 > HCl).  

1.5 DMSO 

 Dimethylsulfoxide is a colourless, odourless polar aprotic solvent 

produced as a by-product of paper manufacturing. It has low toxicity compared 

to other solvents of this type,45-47 with a median lethal dose more than three 
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times higher than that of ethanol (DMSO LD50, oral, rat, 28300 mg/kg;48 

ethanol LD50, oral, rat, 9000mg/kg).49  

 DMSO is amphiphilic, comprising a hydrophillic, polar sulfinyl group and 

hydrophobic, apolar methyl groups. This dual nature allows DMSO to dissolve 

a wider range of solute types compared to water. Polar and ionic compounds 

are stabilised by the sulfinyl group and greasy, hydrophobic compounds are 

solubilised by the methyl groups.50  

 Aqueous solubility of drugs and drug candidates is often poor, so 

DMSO is frequently used as an alternative solvent.50 This is due to its 

favourable solvating properties for both polar and non-polar substrates. In high 

throughput pharmaceutical screening, DMSO is the dilutant of choice.  

 DMSO is a pharmacologically relevant solvent as it replicates the 

interior of membranes, which have a lower polarity than water, and which drug 

molecules must penetrate to reach their target.9 The solvent is also used in 

topical pharmaceutical formulations because of this ability to absorb through 

the skin and other membranes.51 Knowledge of an API’s pKa in DMSO is 

therefore highly useful information. 

 In organic synthesis, DMSO is important as a polar solvent and as a 

reagent (e.g. in the Swern oxidation and as a synthetic source of carbon, 

sulphur and oxygen).52-53 It also plays an important role in biochemistry as an 

inhibitor in the polymerase chain reaction54 and as a cryoprotectant for cell 

media.55 

 We can understand the nature of solvation in DMSO and how it differs 

from water using the criteria outlined in section 1.4 (Table 1.1). This difference 
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in solvation is the root cause of differences in observed pKa between the two 

solvents. 

 Dielectric constant – DMSO has a high εr (46.45), which allows almost 

complete dissociation of electrolytes and the dissolution of salts. There is no 

significant ion pairing in DMSO or in water, which has an even higher relative 

permittivity (εr = 78.36), whereas ion pairing is observed in solvents with lower 

εr such as acetonitrile (εr = 35.94) and ethanol (εr = 24.55).36  

 Dipole moment – The dipole moment of DMSO (4.30 D) is considerably 

higher than that of water (1.84D), resulting in good solubility of polar 

substrates.56 However, the comparison is of limited use as solvation in water 

is controlled by hydrogen bonding rather than dipolar interactions. 

 Donor Number – DMSO has a high donor number (DN = 29.8), due to 

electron donation from the oxygen lone pairs in the molecule. DMSO solvates 

cations particularly well, better in fact than water (DN = 18).  

 Acceptor number – Owing to the lack of acidic protons and only weakly 

polarized C–H bonds, DMSO is only weakly Lewis acidic (AN = 19.3). Relative 

to water (AN = 54.8), anions are poorly solvated in DMSO and other polar 

aprotic solvents, due to a lack of hydrogen bond donation. This effect is more 

pronounced for small anions since ion-dipole interactions formed in polar 

aprotic solvents can stabilize larger, more diffuse anions.  

 In some cases, poorly solvated conjugate base anions can form dimers 

with undissociated acid in a phenomenon known as homoconjugation or 

homoassociation. The negative charge of the anion is stabilised by hydrogen 

bonding to the undissociated acidic proton; this stabilisation is otherwise 
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unavailable to the conjugate base from the solvent. Observed pKa values 

decrease as a result.57 Proton dissociation is more favourable since the anion 

formed is stabilised by hydrogen bonding, though protons dissociate from only 

half the acid present. Although the effect is more pronounced in other polar 

aprotic solvents, for example acetonitrile, homoassociation is observed in 

DMSO for some phenols and benzoic acids.24 

 In summary, in contrast to water, which is a hard donor and hard 

acceptor, DMSO is a hard donor but soft acceptor. Water will solvate both 

cations and anions well, while DMSO solvates cations well but anions poorly. 

These differences make meaningful comparisons between pKa
DMSO and 

pKa
H2O difficult.29 Although computational methods of pKa prediction exist and 

continue to be developed, most of these methods are semi-empirical and are 

reliant on large libraries of high-quality experimental data. Experimental 

determination of pKa in DMSO solution is therefore both desirable and 

necessary. 

1.6 pKa Determination Methods 

1.6.1 Potentiometric Titrations 

 Potentiometric titrations are by far the most common method for the 

determination of acid dissociation constants.58 Aliquots of acid or base are 

added to an analyte solution and the change in pH is monitored using an 

electrochemical pH probe. Volume added can be plotted against pH to extract 

a titration curve, with pKa determined at the half equivalence point. 
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 A pH probe consists of two electrodes: the glass electrode, designed to 

be sensitive to H+ concentration (the pH electrode) and a reference electrode. 

On immersion in the test solution, H+ exchanges for other positive ions on the 

glass bulb, creating a potential difference across the bulb. The reference 

electrode is insensitive to pH and comes in contact with the test solution 

though a ceramic porous membrane. The two electrodes are connected to a 

voltmeter so that when the pH probe is placed in a solution, a circuit is 

completed and the potential difference between the two electrodes is 

measured. When calibrated against buffers of known pH, this potential 

difference can be converted to pH.59 

 Potentiometric titrations require inexpensive equipment and are simple 

to use on aqueous solutions, provided the solution pH is not at the extremes 

of the pH scale. Performing these experiments in non-aqueous solutions or 

organic-water mixtures is more problematic, with low conductivity making pH 

measurement difficult for some solvents. Most pH probes are designed for 

aqueous work only and can be ruined by a single use in alternative solvents, 

as a result of the glass membrane being dehydrated.60  

 Even with specialised probes, non-aqueous buffers for calibration are 

less widely available and aprotic solvent buffers use far less innocuous 

reagents. Common buffer components are the explosive picric acid and highly 

toxic 2,6 dinitrophenol: the use of these particular reagents is necessary to 

avoid homohydrogen bonding, which would decrease accuracy.24 
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1.6.2 Conductometric Titrations 

 Conductometric titrations measure the change in electrolyte 

conductivity of a reaction mixture as an acid or base is added over time. pKa 

is determined using the change in bulk ionic conductivity resulting from ion 

exchange. Over the course of a titration, one ion is replaced by another. An 

example of this is given in Figure 1.2. 

Figure 1.2 Example conductometric titration of NaOH with HCl. 

 

NaOH + HCl → H2O + NaCl (Equation 1.19) 

 

 

 In Figure 1.2, as the HCl is added to the NaOH solution, the bulk 

conductance of the solution decreases due to the reaction of two dissociated 

ionic species (HCl and NaOH) into one ionic species (NaCl) and uncharged 

water. The conductance reaches a minimum when all the NaOH has reacted 

to form NaCl; this is the equivalence point as any subsequent addition of HCl 

causes the conductance to rise. The equivalent conductance divided by the 

theoretical maximum conductance at infinite dilution yields the degree of 

dissociation for the analyte, from which Ka can be determined.61 

 Conductometric titrations yield high precision results and can be 

performed on dilute samples, ideal for expensive or difficult to synthesise 

analytes. This type of titration is well suited to use for non-aqueous solvents 

and does not require pH measurement at any point.58 However, these titrations 
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are non- specific measurements, i.e. the bulk conductivity is measured and not 

that of individual ions. This requires the use of high purity compounds in these 

titrations. Solvent purity is also of great importance for the same reason. 

Further to this, conductometric titrations are labour intensive and require 

extensive calculations to be performed to return a pKa value. 

1.6.3 UV/Vis Spectroscopy 

 UV/visible light spectroscopy can be used to determine pKa if a change in 

protonation state of the titrant leads to a change in UV/visible spectrum. One 

can use this phenomenon to relate the acidity of two acids by titrating a 

solution of the coloured anion of acid A against a solution of acid B, which is 

either colourless or absorbs light at a different frequency. The concentration 

of the coloured anion A is determined spectrophotometrically after each aliquot 

of acid B is added. The equilibrium position can be determined from the 

coloured anion concentration and the known concentrations of the two acid 

solutions. This is the “ladder method”: it requires one of the acid pKas to be 

known to determine the other, with the most accurate results arising from acids 

that differ by a maximum of 2 pKa units.57 

 F.G. Bordwell and others used this technique to establish a series of 

overlapping coloured indicator compounds to span the entire pKa range 

accessible in DMSO and NMP.62-63 Using these indicators, the pKa of 

colourless species can be determined in a straightforward fashion (Figure 1.3). 
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Figure 1.3 Bordwell ladder method. 

 

  

 This method is highly accurate and is ideal for use in non-aqueous 

solvents. It does however have downsides, the principal one being the 

difficulties in generating the conjugate bases of the indicators. A great number 

of these compounds are extremely weak acids and so require a strong base 

to deprotonate; this was accomplished by Bordwell using potassium dimsyl. 

Dimsyl salts are difficult to synthesize and must be freshly prepared as they 

degrade quickly. The indicator anions are sensitive to air and water, making 

these titrations difficult to set up and perform.  
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 Alternately, UV/visible light absorption spectra at a select wavelength 

range can be determined for an analyte at a series of pH values using well 

characterised buffer solutions.64-67 Comparison of these spectra with those of 

the fully protonated and fully deprotonated analyte allows the precise 

determination of pKa. A key benefit of these titrations is the high sensitivity of 

the method (as low as 10-6 M), making it ideal to determine the pKa of poorly 

soluble compounds.68 

 This method of titration does however have some drawbacks: pKa 

determination using UV/vis spectroscopy requires the analyte to contain a 

chromophore in close proximity to the ionization site, limiting the range of 

compounds it is possible to analyse using this technique. Furthermore, these 

measurements are highly sensitive to the presence of impurities in the sample, 

as their absorption spectra can overlap with that of the compound. 

1.7 NMR Titrations 

 NMR spectroscopy can also be used to determine pKa values. This 

method forms the basis for the work described in subsequent chapters.69 

Chemical shift is dependent on the protonation state of the observed species. 

The protonation or deprotonation of a molecule results in a change in chemical 

shift for all the NMR active nuclei present in the molecule. The size of this 

change is dependent on the proximity of the reporter nucleus to the site of 

protonation/deprotonation and the chemical characteristics of the reporter.  

 One can plot δ against pH to obtain a titration curve and thereby 

determine pKa. Most commonly the nucleus monitored is 13C or 1H, but 

examples using 31P, 15N,11B and numerous other nuclei are reported.69-79  
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 NMR titrations are the only method which allows site-specific monitoring 

of protonation, enabling a researcher to determine which part of a complex 

molecule is the active site. Multiple protonation events at close pKa can be 

distinguished, e.g. residues within a protein.80 The technique is non-

destructive and can be performed in any solvent without equipment alteration. 

As NMR analysis is performed routinely as part of synthesis or pharmaceutical 

development, an NMR titration can easily be rolled into that process. 

 Traditional NMR titrations require a series of spectra to be taken 

alongside pH meter readings to create the titration plot.69 This can be achieved 

by incremental manual pH adjustment of a single sample followed by a pH 

measurement and then recording an NMR spectrum, or by the preparation of 

a series of samples of differing pH. 

There are a number of problems with this: 

1. Both methods are highly labour intensive 

2. Both methods require long periods of expensive instrument time 

3. Preparing a large series of samples results in the use of a large 

amount of analyte, which is problematic for scarce or expensive 

reagents 

4. Poor mixing in NMR tubes leads to error prone potentiometric 

measurements 

5. Material from the pH probe easily contaminates the NMR sample 

 Efforts to automate the process have resulted in the development of 

NMR-controlled titrations,81 recently used to determine dissociation and 

stability constants of a series of organophosphorus compounds.82 These 
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titrations use a specially adapted NMR tube insert which facilitates exchange 

of the sample volume inside the spectrometer with an external reservoir. This 

reservoir of analyte solution is titrated with acid/base automatically using a 

motor burette. The solution is then mixed and cycled through tubing into the 

spectrometer, where an NMR spectrum is recorded.  

  This process is repeated to collect a pseudo 2D spectrum of 1D spectra 

in the f1 axis and pH or degree of titration as the f2 axis. While this method 

certainly automates the titration process, there are some significant 

drawbacks. The specialised equipment required is expensive, and long 

periods of instrument time and large amounts of analyte are required. As a 

result, the technique is not suitable for wide adoption and likely to be limited to 

a few specialist laboratories. 

 NMR titrations have been further developed by Szacks et al. by using 

NMR chemical shift indicators to eliminate the need for the pH probe.83 The 

pH of NMR samples can be easily determined using a modified Henderson-

Hasselbalch equation (see section 1.2). 

pH = pKa + log10 (
[A−]

[HA]
) ≡ pKa + log10 (

δobs− δH

δL− δobs
) (Equation 1.20) 

where δobs is the observed chemical shift, δH is the limiting chemical shift when 

the species is completely protonated and δL is the limiting chemical shift when 

the species is completely deprotonated. 

 If the limiting shifts and pKa of the indicator are known, the output from 

Equation 1.20 is the pH of the solution. A good NMR pH indicator will fulfil the 

following criteria: 
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• A large Δδ between δH and δL to reduce sensitivity of the 

measurement to error in measured chemical shifts. 

• A single protonation step (or at least non-overlapping multiple 

protonation steps). 

• As few NMR resonances as possible per indicator to simplify the 

spectra. 

• The indicator should not interact with other components of the 

titration, as side reactions add undesirable competing equilibria. 

 While eliminating the glass electrode somewhat reduces the 

manipulations required to determine pKa by NMR, it is still excessively labour 

intensive due to the manual pH adjustment. The use of gradient imaging 

experiments can remedy this problem, completing a titration in a single 20-

minute experiment (see chapter 2).71 

 The CSI method is comparable to the flow NMR technique of Hägele et. 

al. in terms of accuracy and resolution and offers significant advantages over 

these NMR controlled titrations as it requires less instrument time and a lower 

quantity of analyte. Specialised, non-standard equipment is required to 

perform flow NMR pka titrations, which is expensive. 

1.7.1 Comparison with Other pKa Determination Methods 

 A summary of the advantages and disadvantages of common methods of 

pKa determination in non-aqueous solvents, as outlined in the previous 

sections, are listed in Table 1.2.
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Table 1.2 Summary of advantages and disadvantages of common pKa determination methods in non-aqueous solvents. 

Method Advantages Disadvantages 

Potentiometry 

• Inexpensive equipment 

• Simple to use 

• Can be automated 

• Poorly suited to low conductivity solvents 

• Most pH probes unsuitable for non-aqueous work 

• Hazardous substances in non-aqueous buffers  

Conductometry 

• High precision 

• Low analyte consumption 

• Well suited to non-aqueous solvents 

• High solvent purity required 

• High analyte purity required 

• Labour intensive 

UV/Vis 

Spectrophotometry 

• High precision 

• Low analyte consumption 

• Well suited to poorly soluble compounds 

• Bordwell titrations are difficult to perform 

• Requires chromophore in proximity to ionization site 

• Sensitive to impurities 

NMR 

Spectroscopy 

• Insensitive to impurities 

• Low analyte consumption 

• Site specific monitoring possible 

• Expensive equipment required 

• Traditional NMR titrations are labour intensive 

• Flow NMR requires large amount of analyte and 

expensive non-standard equipment 
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 As outlined in Table 1.2, the methods for determining pKa in non-aqueous 

solvents are difficult and/or laborious. While NMR titrations are imperfect, the 

CSI method retains the benefits of NMR titrations while bypassing some of the 

drawbacks, namely the labour intensity of a standard NMR pKa titration and 

the high analyte volume and non-standard equipment required by flow NMR 

titrations (see chapters 2 and 3). The aim of this thesis is to develop NMR 

chemical shift imaging titration methods for pKa determination in non-aqueous 

solvents and aqueous-organic mixtures. 
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Chapter 2 Introduction to Chemical Shift Imaging 

and Pulsed Field Gradients 

This chapter describes chemical shift imaging, its use for pH titrations and the 

underlying NMR theory. 

2.1 Chemical Shift Imaging 

 Chemical Shift Imaging (CSI) is a collection of techniques used to map 

the spatial distribution of nuclear magnetic resonances within a given sample.1 

This can be applied in a single dimension or along multiple axes. 

 When used in a medical context the technique is called magnetic 

resonance imaging (MRI); the word nuclear is dropped due to the negative 

connotations of radiation.2 MRI is an incredibly important method of imaging, 

not just for clinical2 or chemical applications,3-5 but also in the fields of 

psychology,6 palaeontology7 and botany.8 

 Wallace et.al. (2018) combined CSI with a pH gradient within the NMR 

sample to perform a complete pH titration in a single experiment (see section 

2.5).4 The NMR pulse sequence used for these gradient image titrations was 

developed by Trigo‐Mouriño et.al. for monitoring the spatial distribution of 

alignment media using deuterium CSI.3 The pulse sequence uses incremented 

pulse field gradient strengths over a fixed delay period to encode spatial 

information in a two dimensional series of FIDs. Wallace et.al. adapted the 

sequence for proton monitoring and added solvent suppression to permit work 
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in non-deuterated solvent. The complete pulse sequence is shown in Figure 

2.1. 

Figure 2.1 CSI pulse program for proton (1H) and gradient (Gz) channels. The 

sequence comprises a spoil gradient pulse (G1), a 90° excitation pulse, a 

solvent suppression sequence (G2,3 and W5) and the phase encoding gradient 

pulse (G4). 

 

 This sequence can be performed on any spectrometer equipped with a 

gradient coil, which is available on practically all modern NMR spectrometers. 

The remaining sections in this chapter will explain the theoretical background 

and applications of pulsed field gradients in this pulse sequence. This CSI 

experiment is used throughout the subsequent chapters. 

2.2 Pulsed Field Gradients 

 Most simple 1D NMR spectroscopic experiments use homogenous 

magnetic fields, as inhomogeneities in B0 decrease the quality of spectra and 

are not generally useful chemically.9 Introducing a controlled inhomogeneity, 

however, can be useful to the NMR spectroscopist, for example for coherence 

 selection in 2D NMR.10 



32 
 

 Pulsed Field Gradients (PFGs) are used to introduce a magnetic field 

inhomogeneity along the x, y or z axes.11 An additional coil in the NMR probe 

is required for these experiments, designed such that when a current is passed 

through it a magnetic field is generated which varies linearly along the chosen 

axis. The strength of this field gradient is controlled by the flow of current 

through the gradient coil: higher current means a greater field gradient (i.e. the 

more rapidly the field changes with distance). The direction of the gradient 

changes with the direction of current flow. This work is concerned only with 

field gradients applied to the z axis (i.e. along B0), and so all subsequent 

discussion of PFGs apply to z gradients only. 

 The maximum duration of a gradient pulse is limited by the maximum 

length of time the gradient coil can safely receive current, around 2.5 ms.12 

PFGs typically have a sine bell shape, as seen in the pulse sequence 

diagrams of this section. These are favoured as they limit the eddy currents 

induced on powering the gradient coil. Pulse sequences using PFGs require 

a delay after each gradient pulse to allow for the decay of these eddy currents 

before subsequent pulses are applied. 

 The effect of applying the gradient pulse is to change the Larmor 

frequency of spins in the sample proportionally to their location along the z 

axis of the sample.13 This increase/decrease lasts only as long as the pulse is 

applied: when the PFG ends, Larmor frequencies return to the pre-pulse state. 

Spins with no transverse magnetisation are therefore unaffected in any 

observable way in an NMR spectrum. There are, however, some interesting 

effects upon excited spins. 
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Figure 2.2 A 90° pulse excites spins with a pulse field gradient applied during 

acquisition. 

 

 

 

 

 

 Applying the pulse sequence in Figure 2.2 to a sample with a single 

resonance (i.e. H2O) results in the following spectral appearance.  

Figure 2.3 a) NMR spectrum of water with no applied PFG, b) the same sample 

with a pulse field gradient applied during acquisition, as in Figure 2.2. 

 

 

                              a)                                                        b) 

 From spectrum b) above, the linearly varying Larmor frequency of water 

resulting from the applied field gradient is apparent.14 This is the basis of 

frequency encoding (see section 2.4). 

 Applying a PFG after an excitation pulse but before acquisition has a 

useful dephasing effect.13 This effect is best illustrated if we picture the effect 

of changing Larmor frequency on spins in an NMR tube using the pulse 

sequence in Figure 2.4. 
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Figure 2.4 (Left) a 90° excitation pulse followed by a pulsed field gradient. 

(Right) dephasing effect of a PFG on excited spins. 

 

 

 

 

  

 In a), the spins are excited and precessing about the z axis at a single 

Larmor frequency in a single phase. In b), the applied PFG results in a linear 

variation in Larmor frequency in the sample along the z axis. In this example, 

the spins at the top of the sample precess at a higher Larmor frequency relative 

to those below it. This results in a dephasing of the spins into the helix seen in 

b), since the spins precess at different rates depending on their position with 

respect to the gradient. After the PFG has ended, this difference in phase 

persists even though the spins return to a uniform Larmor frequency. This 

persistent phase dependence on position along the z axis is the basis of phase 

encoding (section 2.4). 

 This dephasing effect is put to use more commonly to disperse 

unwanted transverse magnetisation.15 An example of this is the spoil gradient 

G1 included in the pulse sequence shown in Figure 2.1, which is used to 

remove unwanted magnetization left over from the previous scan. Spoil 

gradients can also be used after a π inversion pulse to counter the effect of 
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imperfect pulse calibration. Any residual coherence in xy magnetisation is 

dephased by the PFG, removing artefacts from the subsequent spectrum. 

 PFGs also find use in spin echo experiments (Figures 2.5 and 2.6).13 

Figure 2.5 A gradient echo pulse sequence comprising a 90° excitation pulse 

and a 180° inversion pulse sandwiched between 2 identical gradient pulses. 

 

 

 

 

 

Figure 2.6 A visualisation of spin phase changes arising from the pulse 

sequence in Figure 2.5, viewed along the z axis. The excited spins (a) are 

dephased by the first PFG (b), then inverted by the 180° pulse (c). The second 

PFG (identical in direction, duration and power) then rephases the spins before 

acquisition (d). 

  

This is the basis of the DOSY experiment and the WATERGATE solvent 

suppression pulse sequence.16  
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2.3 Solvent Suppression  

 Oftentimes, NMR samples cannot be performed in deuterated solvent 

(e.g. titrations conducted in protio solvents or whole cell samples). Without 

intervention, the solute resonances in the spectra of these samples are 

completely obscured by the strong solvent peak, which is typically over a 

thousand times more intense.17  

 There are several techniques available to suppress the solvent signal 

based on selective presaturation18 and/or selective excitation.19 Presaturation 

can be applied by simply appending a long, low power presaturation pulse at 

the beginning of a pulse sequence. The 1H NOESY solvent suppression 

sequence is derived from solvent suppression sequences developed in the 

1960s and 70s that used pre-saturation followed by an inversion-recovery 

experiment, exploiting the different relaxation times of solvent and solute to 

provide solvent suppression.20  

 In this sequence, the inversion pulse after pre-saturation is replaced 

with two, phase cycled, 90° pulses. The effect of these pulses is to eliminate 

signal from regions that do not experience “true” 90° pulses which occur at the 

extremities of the sample at the coil edges, and is referred to as volume 

selection. The sequence is widely used in metabolomics since it does not 

require pulsed field gradients which, in combination with volume selections, 

affords flat baselines and sharpening of the resonances. Although suppression 

is not achieved by exploiting the nuclear Overhauser effect, the sequence is 

referred to as NOESY solvent suppression due to the similarity of the pulse 

train to the start of a 1D NOESY experiment. 
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 These presaturation techniques are simple to set up and can be both 

effective and selective for solvent peak suppression. Unfortunately, 

presaturation has the effect of suppressing all resonances in exchange with 

the solvent. This makes presaturation problematic in studies of analytes that 

have exchangeable protons if the solvent, e.g. water or an alcohol, also 

possesses exchangeable protons.  

 In CSI pH titration samples, the solvent peak frequency varies with pH. 

This is an issue for presaturation as a particular frequency is suppressed 

rather than a spectral region, as found in selective excitation methods. 

Furthermore, the additional mixing time delay in the 1H NOESY solvent 

suppression sequence would increase the experiment time considerably for 

an imaging experiment, which is a particular problem for samples with evolving 

gradients, (see Chapter 3). A CSI titration also requires signal from the top and 

bottom edges of the sample to capture as much of the pH gradient as possible, 

1H NOESY is therefore not appropriate. Therefore, selective excitation method 

must be used for CSI pH titrations. 

 The most commonly used selective excitation method is the 

WATERGATE sequence (WATER suppression by GrAdient Tailored 

Excitation).21-22 This sequence is similar in form to the gradient spin echo 

experiment described earlier, the principle difference being that the 180° hard 

pulse is replaced by a series of pulses with the net effect of a 180° pulse 

selective for non-solvent frequencies. This can take the form of two soft 90° 

pulses sandwiching a hard 180° pulse,22 or more commonly a frequency 

selective pulse train.21  
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Figure 2.7 (left) WATERGATE sequence using a 180° hard pulse bracketed 

by 90° soft pulses (S), (right) WATERGATE sequence using the 3:9:19 

binomial pulse train. 

 

 Both pulse sequences (Figure 2.7), ultimately have the same effect on 

spins. After excitation, the first gradient pulse dephases all resonances and 

then the central pulse train selectively inverts all non-solvent resonances, 

leaving the solvent resonances unaffected. The second gradient pulse then 

rephases the non-solvent resonances, as shown in Figure 2.6, while the 

solvent signal dephases for a second time resulting in the desired solvent 

suppression. 

 Subsequent improvements on the WATERGATE technique have led to 

the excitation sculpting pulse sequence used in this study (Figure 2.8).23 The 

W5 composite pulse train uses a symmetrical 10 pulse train, instead of the 6 

pulses in the commonly used 3:9:19 sequence. The W5 sequence is more 

selective, i.e. suppresses a narrower band of frequencies, allowing 

resonances closer to the solvent peak to be observed. Excitation sculpting 

uses two WATERGATE sequences in a row for improved suppression and 

phasing. Additionally, using two pairs of gradient pulses of different gradient 

strength eliminates artefacts, which commonly appear as ringing extending out 
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from the suppression region. The net effect of these improvements is a 

surpassing level of solvent suppression with a narrow bandwidth. The 

excitation sculpting sequence is included in Figure 2.1.  

 The 3:9:19 single WATERGATE experiment is still commonly used as 

it provides sufficient solvent suppression and has the advantage over 

excitation sculpting of being a shorter pulse sequence, therefore less signal 

intensity is lost before acquisition. However, due to the elimination of baseline 

ringing artefacts and the narrower suppression notch, excitation sculpting is 

preferred for CSI experiments. 

Figure 2.8 The double WATERGATE solvent suppression sequence using the 

W5 pulse train. 

 

 All WATERGATE based suppression sequences have characteristic 

nulls at offsets of ± 
n

τ
 Hz, where τ is the delay between the binomial pulses. τ 

can be adjusted to alter the bandwidth and frequency separation of the nulls. 

In this work, the separation of the nulls is 4000 Hz, corresponding to a τ of 250 

μs.  
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2.4 Spatial Encoding 

 As shown in section 2.2, PFGs can be used to add spatial information 

to an NMR spectrum. Frequency encoding (Figure 2.2) is unsuitable for all but 

the simplest spectra due to the broadening effect of varying Larmor 

frequencies during acquisition (Figure 2.3). 

 For complex spectra, where chemical shift information needs to be 

retained, phase encoding is preferred. Applying the spatially encoding gradient 

pulse before acquisition induces a spatially dependent dephasing of 

resonances (Figure 2.4). Since the pulse is only applied before acquisition, 

resonance frequencies are not a function of position. Therefore, the 

overlapping effect inherent in frequency encoding is eliminated and high 

resolution spectra are obtained. This method of spatial encoding is used for all 

CSI experiments in the following chapters. 

 Taken singly, a 1D experiment with a phase encoding gradient has little 

value in elucidating spatially dependent changes in a sample. This is due to a 

limitation of the Fourier transform, where it is not possible to determine more 

than a single phase for a given combination of frequencies.14 However, if the 

experiment depicted in Figure 2.4 is repeated several times with a varying 

gradient pulse strength and a constant pulse length, spatial information can be 

extracted. This is accomplished by performing a second Fourier transform on 

the FID to determine the rate of change in the phase shifts. This rate of phase 

change is resolved by the Fourier transform into spatial frequencies.24 The 

resultant 2D image is a spatially resolved stack plot of 1D spectra (Figure 2.9). 
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 The gradient strength is incremented from -Gmax to +Gmax to reduce 

artefacts, i.e. from maximum strength in the -z direction to maximum strength 

in the +z direction. Each gradient increment used corresponds to an additional 

data point in the F2 direction, with more increments resulting in smaller voxels. 

The maximum number of “slices” is limited by the gradient strength and the T2 

of the NMR signals.  

Figure 2.9 Example of a chemical shift image, the spatially resolved stack plot 

of 1D spectra. This image is taken from a lidocaine titration in a 10% DMSO-

90% water solution, see section 5.7 for more details. 

 

 The window of observation is limited by the size of the NMR coil.4 Any 

part of the sample which protrudes past the ends of the coil cannot be 

observed by CSI. The relationship between position in the NMR tube and 

position in the 2D spectrum can be determined simply by using a biphasic 

mixture and callipers.4 The discontinuity between the two phases can be 

varied to provide an exact measure of position of the sample in the NMR tube 

and of the exact dimensions of the observation window.  
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2.5 CSI pKa Titrations 

 Using the experiment shown in Figure 2.1, Wallace et al. developed a 

“one-shot” NMR pH titration method for aqueous solutions.4 When used on a 

sample containing a pH gradient and NMR pH indicators, a complete NMR 

titration can be achieved with a single measurement on a single sample. This 

technique is highly efficient, not only in terms of analyte quantity required, but 

also in operator and instrument time. 

 NMR pH indicators were used to measure the pH of a sample as a 

function of position along a pH gradient. The analyte pKa was then determined 

by fitting this pH data and the observed chemical shift of the analyte to 

Equation 1.20. Results from these aqueous CSI pKa titrations were in excellent 

agreement with literature data.  

 In the following chapters of this thesis, the development of these CSI 

titrations for non-aqueous and mixed organic-aqueous solvents is described. 
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Chapter 3 pKa Determination in non-Aqueous Solution 

using Chemical Shift Imaging  

This chapter demonstrates how chemical shift imaging titrations are a rapid, 

simple to use and accurate means of determining pKa in a non-aqueous 

solvent, in this case DMSO. 

3.1 Introduction 

 DMSO is an important solvent in both industry and research due to its 

low toxicity,1 favourable solvating properties and its pharmacological 

relevance.2 As highlighted in chapter 1, there is significant interest in and need 

for the determination of pKa data in DMSO solution.3 However, methods of pKa 

determination in non-aqueous solvents are few and present significant 

challenges. 

 In this chapter, we demonstrate the applicability of the one-shot CSI 

pKa titration method to the determination of pKa of molecules in DMSO 

solution. The method is generally applicable to organic solvents. 

3.2 Indicator Ladder 

 In common with some other pKa determination methods, to conduct CSI 

titrations it is first necessary to identify a series of suitable NMR indicators in 

order to construct an indicator “ladder”. Although DMSO is one of the more 

common non-aqueous solvents used in the determination of pKa, there are still 

few literature sources of acid dissociation constants when compared to 
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aqueous solution. Using the criteria outlined in section 1.7, a series of 

nitrogenous bases were selected as pH indicators for this work (Table 3.1).  

 To measure the limiting shifts of these indicators (see Equation 1.20), 

two NMR samples of 15 mM indicator concentration were prepared in DMSO. 

The first sample was measured with no further treatment to determine the 

basic limiting shift. An excess of methanesulfonic acid (pKa = 1.6)4 was added 

to the second sample to completely protonate the indicator, and the acidic 

limiting shift was then measured. All measurements were performed in 

(CH3)2SO (protio-DMSO) to match literature conditions as closely as possible; 

the DMSO solvent peak was suppressed using WATERGATE. All spectra 

were referenced to hexamethyldisilane (0 ppm). The limiting shifts are 

tabulated in the experimental section (Table 3.11). 

Table 3.1 NMR pH Indicators, abbreviations, and reporter resonances.  

 

 
a There is a wide range of pKas reported for imidazole- see sections 3.3 and 3.9.5 

Indicator 

(Abbreviation) 
Literature pKa Reporter resonance(s) 

2,6 lutidine 

(lut) 
4.46 ± 0.035 

 

1-methylimidazole 

(meimd) 
6.15 ± 0.016 

 

imidazolea 

(izl) 
5.1 – 6.946-9 
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 Wallace et. al. demonstrated that the pH reported by an indicator is 

independent of the reporter nuclei chosen.15 Therefore, either of the 

resonances highlighted for 1-methylimidazole can be used to determined 

solution pH (see section 4.4 for more details). 

Indicator 

(Abbreviation) 
Literature pKa Reporter resonance(s) 

N,N-

dimethylbenzylamine 

(dmb) 

7.60 ± 0.110 

 

morpholine 

(morph) 
8.94 ± 0.111 

 

 

 

 

triethylamine 

(tea) 
9.0 ± 0.112 

 

 

 

benzylamine 

(bza) 
9.81 ± 0.113 

 

diethylamine 

(dea) 
10.4 ± 0.114 

 

pyrrolidine 

(pld) 
11.06 ± 0.048 
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3.3 CSI Titrations of Basic Analytes 

 To demonstrate the use of chemical shift imaging titrations for basic 

analytes, the pKas of a series of indicators were re-determined. Indicators were 

sorted into groups of three and titrated. This allowed two indicators to be used 

to measure the pH of the solution while determining the pKa of the third.  

 5 mL solutions of indicator mixtures with an HMDS standard were 

prepared with anhydrous DMSO in a nitrogen purged glovebox. An 

appropriate acid (see below) was weighed directly into an NMR tube, followed 

by 4 x 2mm glass beads to prevent rapid mixing. The mass of acid used in a 

titration can be varied without significant effect on the determined pKa, see 

section 3.3.1. 550 μL of the indicator mixture in DMSO solution was then 

carefully pipetted on top of this acid. The tubes were sealed with parafilm and 

were then left overnight in a temperature controlled water bath at 298 K to 

allow the acid to diffuse into the basic DMSO solution and establish a pH 

gradient in the sample.  

 Wallace et al. found that there was a wide time window in which an 

acceptable pH gradient could be observed.15 This window is further extended 

in DMSO solution due to the slower rate of diffusion in the more viscous 

solvent. Data obtained between 8 – 32 hours after sample preparation yielded 

acceptable gradients and accurate pKa determinations, with data obtained 

after 16-24 hours containing the highest number of useable data points (see 

section 3.3.2). 

 pH data can only be collected where an indicator is between its limiting 

shifts, i.e. neither fully protonated nor fully deprotonated. The acid chosen for 
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a given titration therefore depends on the pKas of the indicators present. It was 

also necessary to match the acid with base strength to avoid the titration 

spanning too great a pH range. The diffusing acids used in this work are shown 

in Figure 3.1. Barbituric acid (B, pKa = 8.4)4 was the acid of preference for 

stronger bases as it was convenient to handle and has a minimal 1H NMR 

spectrum. An intermediate strength acid, Meldrum’s acid (M, pKa = 7.32),16 

was used for the titration of morpholine. As a stronger acid, saccharin (S, pKa 

= 4.0)4 was used for weaker bases.  

Figure 3.1 Diffusing acids used in the titrations, barbituric acid (left), Meldrum’s 

acid (centre) and saccharin (right). 

 

 After the diffusion period, the 128 slice chemical shift imaging 

experiment of Wallace et al. was used to collect the titration data for the basic 

analytes (see experimental section 3.9.10).15 Solution pH was determined as 

a function of position along the length of the tube by tracking the chemical shift 

change of the indicators with pH. pH was calculated by substituting the 

observed indicator chemical shift, pKa and limiting shifts into the Henderson-

Hasselbalch equation (Equation 1.20).  
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 The pH of the solution of a given slice was calculated as the sensitivity 

(St, Equation 3.1) weighted average of the pH reported by the indicators 

used.15 More details on data processing are given in section 3.9.10. 

St = (ln 10) [
(δL − δobs)(δobs − δH)

δH − δL
] (Equation 3.1) 

 To determine analyte pKa, titration curves of solution pH against analyte 

observed chemical shift were made and the data fitted to a re-arranged 

Henderson-Hasselbalch equation (Equation 3.2) using the method of Brown.17  

δobs =  
δH10(pKa− pH)+ δL

1+ 10(pKa− pH)  (Equation 3.2) 

The acid dissociation constant was determined by least squares fitting the data 

to this equation, with pKa, δH and δL as free variables.15 The results of these 

determinations are given in Table 3.2. 

Table 3.2 Comparison of the determined pKa in DMSO solution for the pH 

indicators used in this work with literature values. 

  

Analyte 
Determined pKas 

(average) ± 0.1 

Literature 

pKa 

Literature pKa – 

Determined 

pKa 

Indicators Used 

1-

methylimidazole 

6.19 (10mM) 

6.15 (1mM) 

6.16 (0.1 mM) 

(6.16) 

6.15 

± 0.016 
0.01 lut izl 

imidazole 6.46, 6.45 (6.46) 5.1 – 6.94 - lut meimd 

morpholine 9.00, 9.01 (9.01) 
8.94 ± 

0.111 
- 0.07 dmb tea 

benzylamine 9.78, 9.78 (9.78) 
9.81 ± 

0.113 
0.03 dea pld 

diethylamine 
10.41, 10.43 

(10.42) 

10.4 ± 

0.114 
- 0.02 bza pld 
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 The results obtained by the CSI method are in good agreement with 

literature pKa values, with the exception of imidazole, for which a range of pKa 

values have been reported previously. In an effort to establish a firm value for 

the pKa of imidazole, the pKas of 1-methylimidazole and salicylic acid (see 

section 3.4) were re- determined using imidazole as one of the pH indicators 

(Table 3.3). 

Table 3.3 pKas of 1-methylimidazole and salicylic acid determined using 

various literature imidazole pKa values and the value determined in this work. 

 

 When the pKa value of imidazole determined here (6.46) was used to 

determine the solution pH in the titrations of 1-methylimidazole (Figure 3.2) 

and salicylic acid, good agreement with literature was found. This is in contrast 

to the pKa values of these analytes that were obtained using the range of 

literature reported values for the pKa of imidazole. This consistency supports 

the validity of both the CSI method and the pKa value of imidazole determined 

in this work, which was used going forward. 

 
b This work. 

Reported Imidazole pKa 

Determined pKa 

1-methylimdazole salicylic acid 

5.17 ± 0.2 4.83 5.14  

6.266 ± 0.06 6.00 6.60 

6.378 ± 0.04 6.10 6.64 

6.46 ± 0.1b 6.16 6.78 

6.949 ± 0.06 6.63 7.05 

Literature pKa 6.15 ± 0.016 6.8 ± 0.112 
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Figure 3.2 Plot of δobs of 1-methylimidazole (10 mM) against pH in DMSO 

solution. Determined pKa = 6.19, literature pKa = 6.15.  

 

 To demonstrate that these titrations can be performed on compounds 

of low solubility or that are in short supply, the titration for 1-methylimidazole 

was performed 3 times at different analyte concentrations: 10 mM, 1 mM, and 

0.1 mM. The results, shown in Table 3.2, are in good agreement with each 

other and the literature.  

3.3.1 Varying Acid Mass 

 To demonstrate the insensitivity of the method with regard to the mass 

of acid diffusant used, a series of otherwise identical titrations using 2, 4, 6, 8 

and 10 mg of saccharin were performed to determine the pKa of imidazole (see 

Table 3.4). 
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Table 3.4 Repeat titrations of imidazole with varying mass of saccharin. 

  

 All these titrations returned the same value for the pKa of imidazole 

within experimental error (Table 3.2), showing that the acid mass used has no 

bearing on the determined pKa. Details of the experimental setup are included 

in experimental section 3.9.5. 

3.3.2 Varying Diffusion Time 

 To demonstrate the wide time window available in which to collect 

viable titration data, images were collected at 4 hour intervals during a titration 

to determine the pKa of imidazole. The results of these titrations are given in 

Table 3.5. 

Table 3.5 Time resolved pKa determination of imidazole. 

 

Saccharin Mass (mg) Determined pKa ± 0.1 ΔpKa from determined value 

2 6.46 0 

4 6.46 0 

6 6.46 0 

8 6.50 +0.04 

10 6.47 +0.01 

Time after diffusion start 

(h) 
Determined pKa ± 0.1 ΔpKa from reported value 

4 N/A (no gradient visible) N/A 

8 6.44 -0.02 

12 6.45 -0.01 

16 6.47 +0.01 

20 6.46 0 

24 6.47 +0.01 

28 6.48 +0.02 

32 6.49 +0.03 
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 Images collected between 8 and 32 hours all gave essentially identical 

values for the pKa of imidazole, with images collected between 12 and 24 

hours all giving a pKa within ± 0.01 of our reported value of 6.46. The 24-hour 

window in which images can be collected highlights the flexibility of the method 

with respect to instrument access. This will greatly facilitate the method's 

adoption in an industrial setting.  

3.4 CSI Titrations of Acidic Analytes 

 The applicability of the CSI method to acidic analytes was next 

investigated. Two benzoic acids of known pKa and two APIs of unknown pKa 

were analysed by CSI titration in DMSO. 

 Acidic analytes can be analysed in these titrations in two ways: 

1. The acidic analyte can be added to the indicator solution alongside a 

strong co-base which deprotonates the analyte completely. The 

conjugate base can then be titrated against a stronger diffusing acid in 

the same way as the basic analytes discussed above. The conjugate 

base of the analyte is effectively re-protonated over the titration. 

2. The acidic analyte itself can be used as the diffusing acid and its 

chemical shift change monitored over the pH gradient that the analyte 

itself generates. 

 To show the flexibility of CSI titrations, the second method was chosen 

for these analytes. The acidic analyte was weighed into an NMR tube, covered 

with four glass beads and allowed to diffuse into a basic solution of indicators 

in DMSO solution that had been carefully layered on top of the solid analyte. 
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Images were then collected and analysed in the same manner as described in 

section 3.3. More details on experimental setup are included in experimental 

section 3.9.6. The results of these titrations are given in Table 3.6. 

Table 3.6 Comparison of determined pKas of some acidic analytes in DMSO 

solution with literature values. 

 

 As with the basic analytes, the determined values are in excellent 

agreement with literature data, where available. For salicylic acid, the two 

titrations were performed using different pairs of indicators 

(dimethylbenzylamine & imidazole, imidazole & 1-methylimidazole) and gave 

consistent results. This confirms that the determined pKa of the analyte is not 

indicator dependent, provided that the pKas of the indicators chosen span the 

pKa of the analyte. 

 While no literature data was available for niacin and aspirin in neat 

DMSO solution, other literature data suggests these values are likely correct. 

In the case of niacin, Hallé et al. determined the pKa for a series of water-

DMSO mixtures.19 The first acid dissociation constant of niacin increases with 

DMSO percentage for organic rich mixtures (Figure 3.3). Following the trend 

of this data to 100% DMSO, a pKa of 8.54 is expected, which is in line with the 

value determined in this work of 8.60 ± 0.1. 

Analyte 
Determined pKas 

(average) ± 0.1 
Literature pKa 

Literature pKa –  

Determined pKa 

2,4-dinitrobenzoic acid 6.54, 6.48 (6.51) 6.52 ± 0.1518 0.01 

salicylic acid 6.80, 6.77 (6.78) 6.8 ± 0.112 0.02 

niacin 8.60, 8.59 (8.60) - - 

aspirin 8.64, 8.72 (8.68) - - 
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Figure 3.3 Niacin pKa1 in water-DMSO mixtures from Hallé et al. with an 

extrapolated pKa1 in 100% DMSO of 8.54 (R2 = 0.99).19  

 

 The two niacin titrations in this work were also performed with two 

different indicator pairs (dimethylbenzylamine & triethylamine, triethylamine 

and benzylamine). Benzylamine was not sensitive at a low enough pH to be 

used to determine the pKa of niacin, therefore only triethylamine data was used 

in the second titration. The results of the two titrations are in good agreement 

(Table 3.6), showing that even with only a single indicator, precise pKa data 

can be obtained. This is further evidence of the robustness of this method. 

 The most similar compound to aspirin for which pKa data in DMSO is 

available is 2-acetamidobenzoic acid (pKa = 8.2 ± 0.1).20 The conjugate base 

of 2-acetamidobenzoic acid is stabilised by an intramolecular hydrogen bond 

between the carboxylate and the amide proton (Figure 3.4). This makes 

deprotonation of the 2-acetamidobenzoic acid more favourable relative to an 

acid such as aspirin, which does not possess a stabilising internal hydrogen 
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bond in its conjugate base. This expectation is borne out in the determined 

pKa of aspirin (8.68 ± 0.1) (Figure 3.5). 

Figure 3.4 Internal hydrogen bond stabilization of the conjugate base of 2-

acetamidobenzoic acid (left) and the absence of this hydrogen bond in aspirin 

(right). 

 

 

 

 

  

Figure 3.5 Plot of δobs of aspirin against pH in DMSO solution, determined pKa 

= 8.64.  
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 A series of titrations on weaker benzoic acids were also performed in 

neat DMSO solution, the results of which are shown in Table 3.7.  

Table 3.7 Determined pKa of weak benzoic acidic analytes in DMSO solution 

with comparison to literature values. 

 

 Homoassociation is observed for acids with an isolated charge in the 

conjugate base; common examples include meta/para substituted benzoic 

acids and phenols.22 Undissociated acid forms a dimer to stabilise this isolated 

charge, effectively lowering the determined pKa (Figure 3.6). This 

phenomenon is observed in organic solvents which poorly stabilise anions (i.e. 

DMSO and acetonitrile). It is a concentration dependent effect and is common 

to all methods of titration.  

 Homoassociation of the acids in Table 3.7 with their conjugate bases 

explains the markedly lower pKas reported in this work compared with 

literature.23 The deviation from literature values (corrected to infinite dilution) 

is congruent with a representative homoassociation constant.24 However, 

determining homoassociation constants is beyond the scope of this work; 

therefore the results are presented with no correction. 

 

 

Analyte Determined pKas 

(average) 

Literature 

pKa ± 0.321 

Literature pKa –  

Determined pKa 

benzoic acid 9.29, 9.36 (9.33) 11.0 1.67 

m-toluic acid 8.80 11.0 2.20 

p-chlorobenzoic acid 9.02 10.1 1.08 
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Figure 3.6 Homoassociation in benzoic acid. 

 

 

 

 

 

 

   

 Homoassociation is not observed for the stronger benzoic acids in 

Table 3.6, which is likely due to intramolecular hydrogen bonding of the 

carboxylic acid with hydrogen bond accepting ortho groups (Figure 3.4). This 

internal hydrogen bonding of un-dissociated acid would out-compete the 

intermolecular bonding required for homoassociation. 

3.5 CSI Titrations on Water-Insoluble Phosphazenes 

 To illustrate how these CSI titrations can be used to obtain pKa data for 

compounds completely insoluble in water, a series of titrations were performed 

on cyclophosphazene bases. 

 Cyclotriphosphazenes (Figure 3.7) are versatile frameworks which find 

application as catalysts25 and as building blocks for supramolecular 

assemblies.26 
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Figure 3.7 Cyclotriphosphazene with substituent R. 

 

 

 

  

 Hexa-aminocyclotriphosphazenes, where R is the nitrogen from an 

amine, have been used as phase transfer catalysts in organic solvents.25 This 

class of compounds are almost always water insoluble, with only limited pKa 

data available in nitrobenzene solution. Three hexa-

aminocyclotriphosphazenes were selected for pKa titration in DMSO solution: 

R = NHiPr (IPPN), NHBn (BNPN) and N(C2H4)2O (MLPN). 

 Protonation of cyclotriphosphazenes occurs exclusively at the P-N ring 

nitrogens, with three equivalent sites available to be protonated.27 Feakins et 

al. found that the second protonation of these bases is considerably less 

favourable than the first; pKa1 was found to be around 10 units greater than 

pKa2 in nitrobenzene, another polar aprotic solvent.28 Multiple protonation is 

observed when titrating IPPN against methanesulfonic acid in DMSO, with 

mono and di-protonation showing distinct chemical shift changes: IPPN pKa1 

= 11.65, pKa2 < 4. The focus of this chapter is pKa1, therefore the acidic 

diffusants were chosen carefully to avoid multiple protonation and to span as 

narrow a pH range as possible. 

 The hexa-aminocyclotriphosphazenes were added to a DMSO solution 

of indicators and titrated against the appropriate acid. The IPPN and BNPN 
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titrations were performed using the 128 slice CSI experiment, whereas the 

MLPN titration was conducted using a 512 slice variant (Figure 3.8). More 

experimental details are provided in the experimental section. The results of 

these titrations are shown in Table 3.8. 

Figure 3.8 Plot of δobs of MLPN against pH in DMSO solution, determined pKa 

= 4.22.  

 

Table 3.8 Determined pKa of hexa-aminophosphazenes in DMSO solution. 

 

 Feakins et al. noted that the hexa-aminocyclotriphosphazenes they 

studied have similar pKas to the parent amine.28 We also observe this 

correlation in the case of BNPN (benzylamine pKa = 9.8113) and can suggest 

Analyte Determined pKa ± 0.1 Indicators used Acid Diffusant 

IPPN 11.65 dea pld barbituric acid 

BNPN 9.80 morph dea barbituric acid 

MLPN 4.22 lut izl saccharin 
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IPPN also follows this trend. The pKa of isopropylamine in DMSO has not been 

determined, however the pKas of propylamine and butylamine are known 

(10.729 and 11.939 respectively) and correlate well with the pKa of IPPN 

determined here. 

 However, MLPN does not follow this trend, with a significantly lower 

pKa than that of morpholine (4.22 vs 8.9411) being found. This may be due to 

steric blocking of the phosphazene ring nitrogen protonation sites by the 

morpholine rings, which do not have the flexibility of the pendant isopropyl or 

benzyl groups of IPPN and BNPN. These titrations illustrate how this method 

can be used to determine pKa data for water insoluble compounds. 

 3.6 Ionic Strength 

 As shown in section 1.2, ionic strength is known to influence the 

observed pKa. Therefore, it is usual to conduct pKa titrations at constant ionic 

strength and extrapolate to infinite dilution using, for example, the Davies 

correction to obtain a thermodynamic pKa (Equations 1.12 – 1.14). In a one-

shot titration, such corrections are potentially problematic since the 

concentrations of the charged species will vary continuously throughout the 

solution. It is also possible that impurities in the sample may influence the ionic 

strength and hence influence the observed pKa. To discern the influence of 

ionic strength on determined pKa in this work, CSI titrations were repeated for 

1-methylimidazole and morpholine in the presence of 0.1 M and 0.2 M LiCl as 

background electrolyte (Table 3.9). 
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Table 3.9 Comparison of the pKa determined in DMSO solution with no 

background electrolyte, 0.1 M LiCl and 0.2 M LiCl. 

  

 IUPAC guidelines30 state that NMR titrations with variable ionic strength 

are acceptable if chemical shifts are shown to be unaffected by ionic strength; 

the limiting shifts of the indicators 2,6-lutidine, dimethylbenzylamine and 

triethylamine were determined and shown not to be significantly affected by 

ionic strength, see experimental section 3.9.2. In line with expectations and 

consistent with the findings of Tynkkyen et al.31 and Wallace et al.,15 no 

appreciable effect on the determined pKa (Table 3.9) was observed, the 

variance in pKa being less than 0.1 units (0.06). The ionic strength at the 

midpoint of each titration (pH ≈ pKa) was determined from chemical shifts (see 

section 3.9.11). 

 Given that the inclusion of 0.1 or 0.2 M background electrolyte does not 

appreciably affect the determined pKa, and that the values determined in these 

titrations are in good agreement with literature, it was deemed that for the ionic 

strengths encountered in this work no correction is necessary. This result 

simplifies the analysis for the user, making the adoption of the technique more 

attractive.  

 In conclusion, the one-shot method gives precise and reliable pKa 

values over the ionic strength range 0 – 0.2 M without the need for a Davies 

correction. In practice, this is sufficient to cover the variation in ionic strength 

Analyte 
pKa ± 0.1 

no electrolyte 

pKa ± 0.1 

0.1 M LiCl 

pKa ± 0.1 

0.2 M LiCl 

1-methylimidazole 6.16 6.14 6.17 

morpholine 8.97 9.03 8.96 
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likely to encountered in practice in a one-shot pKa titration, where analyte 

concentrations are ca. 5 - 20 mM and impurities will be at least an order of 

magnitude less than this 

3.7 Water Effect 

 DMSO is highly hygroscopic and traces of water are likely to be present 

in samples if careful control measures are not employed. This adventitious 

water can affect pKa measurements in organic solvents. While the 

measurements detailed in this work were conducted under anhydrous 

conditions, research and industrial laboratories often do not have access to 

the necessary equipment. The sensitivity and precision of the CSI method 

allowed for the investigation of the effect of small amounts (up to 2%) of water 

in the DMSO solvent used on the observed pKa. The pKas of imidazole and 

benzylamine were determined in DMSO solutions to which 1 and 2 % water 

by volume had been deliberately added (Table 3.10). 

Table 3.10 Comparison of the determined pKas of imidazole and benzylamine 

in anhydrous DMSO with 1 % and 2 % water. 

  

 There was no significant effect observed for water content up to 2 % by 

volume. These findings demonstrate the robustness of the method and its 

utility in a real laboratory setting. 

Analyte 
pKa ± 0.1 

Anhydrous 

pKa ± 0.1 

1 % water 

pKa ± 0.1 

2 % water 

Benzylamine 9.79 9.80 9.79 

Imidazole 6.46 6.40 6.44 
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3.8 Conclusions 

 The one-shot CSI method for pKa determination has been shown to be 

applicable to acids and bases in DMSO. The determined pKas of both acidic 

and basic analytes agree well with literature data: within ± 0.1 units, even 

without complete titration curves (Figure 3.9).  

Figure 3.9 Plot of literature pKa against determined pKa, with a line of x = y for 

comparison. 

 

 

 

 

 

 

  

The experimental setup is simple and requires only a single 20 minute 

NMR experiment to collect more data points (average 48) than would be 

feasible using conventional titration methods. The method has been shown to 

be robust, and insensitive to changes in ionic strength (up to 0.2 M) and water 

contamination (up to 2 %). The method is also flexible with respect to diffusion 

time, as there is a 24 hour window in which to collect viable data.  

This work opens the door to similar pKa determination in other non-

aqueous and mixed solvent systems, and to its application in both academic 
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and industrial research laboratories. Based on these strengths, this technique 

was licenced for use by C4X Discovery in 2019. 
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3.9 Experimental 

3.9.1 Materials and Methods 

 All chemicals were used as received (except LiCl) and purchased from 

the following sources:  

• Sigma Aldrich: anhydrous DMSO, hexamethyldisilane, lithium chloride, 

salicylic acid, 2,6-lutidine, 1-methylimidazole and morpholine. 

• Alfa Aesar: methanesulfonic acid, saccharin, Meldrum’s acid, barbituric 

acid, 2,4-dinitrobenzoic acid, aspirin, ibuprofen, benzoic acid, m-toluic 

acid, p-chlorobenzoic acid, imidazole, dimethylbenzylamine, 

triethylamine, benzylamine, diethylamine and pyrrolidine. 

• Acros Organics: paracetamol and niacin. 

 LiCl was dried under vacuum at 100°C for 3 hours and stored in a 

sealed flask in a nitrogen purged glovebox. Phosphazenes were prepared 

according to literature methods.25 

 NMR spectra were recorded in 5 mm Norell 502 or Wilmad Economy 

NMR tubes on a Bruker Avance II and a Bruker Avance I operating at 1H = 

400.2 and 400.13 MHz respectively. HMDS was included as a standard in 

each measurement for referencing. All measurements were performed at 

298K. 

3.9.2 Limiting Shift Measurements 

 A 1400 μL 15 mM solution of each indicator in anhydrous DMSO was 

made up and divided in half. One half was transferred to an NMR tube and a 

1D solvent suppressed (WATERGATE) proton NMR spectrum was recorded 

to determine the basic limiting shift. The other half was combined with a 3 fold 
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excess of methane sulfonic acid and mixed well. This mixture was then 

transferred to an NMR tube and the 1D solvent suppressed proton NMR 

spectrum recorded to determine the acidic limiting shift. These results are 

shown in Table 3.11. 

Table 3.11 Limiting shifts of indicators in DMSO solution. 

 

 The limiting shift experiments of 2,6 lutidine, dimethylbenzylamine and 

triethylamine were repeated with background LiCl electrolyte. LiCl was 

weighed out in a glovebox (8.5 mg for 0.1 M and 17.0 mg for 0.2 M) and then 

2 mL of indicator solution was added and mixed until dissolved. The process 

then followed the method described above; the results are shown below in 

Table 3.12. 

 

 

Indicator δL /ppm δH /ppm Literature pKa 

2,6 lutidine (lut) 6.978 7.643 4.465 ± 0.03 

1-methylimidazole 

(meimd) 

3.598 

7.550 

3.940 

9.127 
6.156 ± 0.01 

imidazole (izl) 7.591 9.057 
5.17 ± 0.2, 6.266 ± 0.06, 

6.378 ± 0.04, 6.949 ± 0.06 

dimethylbenzylamine 

(dmb) 
3.322 4.294 7.6010 ± 0.1 

morpholine (morph) 3.448 3.726 8.9411 ± 0.1 

triethylamine (tea) 0.887 1.152 9.012 ± 0.1 

benzylamine (bza) 3.703 4.101 9.8113 ± 0.1 

diethylamine (dea) 0.943 1.131 10.414 ± 0.1 

pyrroldine (pld) 1.503 1.813 11.068 ± 0.04 
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Table 3.12 Limiting shift measurements with variable background electrolyte. 

 

3.9.3 Titration Procedure for Basic Analytes 

 Titration solutions were prepared by adding neat indicators to 5 ml of 

anhydrous DMSO in a nitrogen purged glovebox. The nitrogenous bases were 

added by micropipette, with the exception of imidazole which was weighed out 

in a vial and then 5 ml of anhydrous DMSO was added to it. The phosphazenes 

from section 3.5 were also weighed out as solids. The typical indicator 

concentration was 10 – 15 mM, with a total base concentration of the titration 

solution of 30 – 35 mM including the basic analyte. The concentrations of each 

titration are listed in Tables 3.13 and 3.17. 20 μL of hexamethyldisilane was 

added to each titration solution to serve as an NMR reference. 

 Acids were weighed directly into the NMR tube using a Mettler AE101 

balance with a stated precision of ± 0.01 mg. Ca. 5 mg of the chosen acid was 

added to the NMR tube and, if necessary, acid on the walls of the NMR tube 

was brushed down with an NMR Pasteur pipette wrapped in Teflon tape. Acids 

which exhibit static cling (e.g. saccharin) are more susceptible to this issue. It 

Indicator 
Electrolyte 

Concentration /M 
δL (ppm) δH (ppm) 

2,6 lutidine 0 (3,5 CH) 6.978 (3,5 CH) 7.643 

2,6 lutidine 0.1 (3,5 CH) 6.981 (3,5 CH) 7.688 

2,6 lutidine 0.2 (3,5 CH) 6.984 (3,5 CH) 7.698 

dimethylbenzylamine 0 (CH2) 3.322 (CH2) 4.294 

dimethylbenzylamine 0.1 (CH2) 3.327 (CH2) 4.237 

dimethylbenzylamine 0.2 (CH2) 3.330 (CH2) 4.250 

triethylamine 0 (CH3) 0.887 (CH3) 1.152 

triethylamine 0.1 (CH3) 0.888 (CH3) 1.166 

triethylamine 0.2 (CH3) 0.889 (CH3) 1.169 
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was not necessary to control acid mass between the bounds of 2 – 10 mg as 

a useable pH gradient could confidently be assured (see section 3.3.1). 

Wallace et al. demonstrated in their work that there is a wide range of 

acceptable pH gradients in which pKa can be determined.15 

 4 x 2 mm glass beads were placed on top of the acid to prevent rapid 

mixing, and then 550 μL of basic titration solution was gently pipetted on top 

of the acid. The NMR tubes were stored upright in a temperature controlled 

water bath at 298K overnight to allow the acid to diffuse and a pH gradient to 

become established. After a diffusion time of 20 – 24 hours, the chemical shift 

imaging experiment was performed (see 3.9.10). 

3.9.4 Self Consistency of Imidazole pKa Value 

 In the literature, there are a range of pKa values reported for imidazole 

(5.1 – 6.94). In this work, the pKa was determined to be 6.46 ± 0.1. To test the 

reliability of this value, the pKas of 1-methylimidazole and salicylic acid were 

re-determined using imidazole as a pH indicator. In the data processing, the 

pKa of imidazole was set to each reported value from the literature and the 

value from this study. Table 3.3 compares the resulting pKa values of 1-methyl 

imidazole and salicylic acid with literature values. 

 The best agreement between the pKas of the two analytes and their 

literature values was obtained using the imidazole pKa from this work. This 

demonstrates the self-consistent nature of the method and lends credence to 

the determined imidazole acid dissociation constant reported here. 
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3.9.5 Imidazole Titrations with Variable Saccharin Mass 

 5 titrations to determine the pKa of imidazole were performed with 2, 4, 

6, 8 and 10 mg of saccharin as acid diffusant. The 5 mL indicator solution in 

DMSO was made up with 4.0 μL 1-methylimidazole (10 mM), 5.1 mg imidazole 

(15 mM) and 7.4 μL of dimethylbenzylamine (10 mM). The titrations were 

performed in the manner described in section 3.9.3. 

3.9.6 Titration Procedure for Acidic Analytes 

 The acidic analyte was weighed directly into the NMR tube, typically 

around 5 mg. As was true for basic analytes, 4 x 2 mm glass beads were 

added on top of the acid to prevent rapid mixing before the addition of 550 μL 

of indicator solution. The indicator mixtures for these analytes contained 2 or 

3 indicators depending on the titration, with total base concentrations of 30 – 

40 mM. Details for all titrations are given in Table 3.16. After the addition of 

the indicator solution, the procedure followed the same steps as described in 

3.9.3. 

 Titrations were also attempted for paracetamol and ibuprofen, but these 

compounds could not be deprotonated by pyrrolidine. Although these acids 

were too weak to measure pKa in DMSO using the indicator ladder established 

in this work, this is a limitation of the pH indicator ladder chosen rather than of 

the CSI method itself.  

3.9.7 Titrations with Background Electrolyte 

 Repeat titrations of 1-methylimidazole and morpholine were performed 

with LiCl added as background electrolyte. The titration solutions were 
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prepared as described in section 3.9.3, aside from the addition of 21.2 mg and 

42.4 mg of lithium chloride for the 0.1 M and 0.2 M solutions respectively. 

3.9.8 Titrations with Added Water 

 Repeat titrations for benzylamine and imidazole were performed in 

water doped DMSO. For the 1% doped solution, the 5 mL titration solution was 

made up with 4.95 mL of DMSO and 50 μL of distilled water. For the 2% doped 

solution, the 5 mL titration solution was made up with 4.90 mL of DMSO and 

100 μL of distilled water. These measurements then followed the procedure 

outlined in section 3.9.3. 

3.9.9 Error Estimation 

 A detailed description of error determination in NMR titrations is given 

in Ackerman et al.32 Equation 3.3 describes the error in each pH measurement 

for an individual indicator. 

ΔpHnmr = ΔpKa +
1+10(pKa−pH)

2.3
[

ΔδL

δH−δL
] +

1+10(pKa−pH)

2.3
[

ΔδH

δH−δL
] (Equation 3.3) 

The second and third terms are by far outweighed by the first term in the 

equation (ΔδH and ΔδL = 0.001 ppm). A minimum of 2 indicators are used in 

each titration, and so the error for each pH point can be taken as a weighted 

average of the indicator errors. However, since error varies through the 

titration and for the sake of simplicity, the largest magnitude error of the 

indicators used is quoted as the analyte pKa error (± 0.1). 

3.9.10 NMR Experimental Details 

 CSI experiments were performed on a Bruker Avance II 400 MHz wide 

bore spectrometer and a Bruker Avance I 400 MHz standard bore 
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spectrometer, operating at 400.20 and 400.13 MHz respectively. Both probes 

were equipped with z-axis pulsed field gradients. Sample temperature was 

maintained at 298 ± 0.5 K with a temperature variation of < 0.1 K. 

 CSI experiments were carried out using the gradient phase encoding 

sequence of Wallace et al.15 This sequence uses the WATERGATE (W5) 

pulse train of Liu et al. (Bruker Library ZGGPW5) to supress the solvent 

resonance.33 To correspond to a 4000 Hz separation between nulls, a delay 

of 250 μs was used between selective pulses in the W5 train. The pulse 

sequence follows W5-τ1-g- τ2-acquire, where τ1 is a delay of 10 μs, g is the 

phase encoding gradient pulse and τ2 is a delay of 200 μs. The phase 

encoding gradient pulse g was 242 μs and varied from -27 to 27 Gcm-1 in 128 

slices. 16 dummy scans preceded signal acquisition, with 8 scans acquired for 

each slice, with an acquisition time of 1 s. A spoil gradient of 27 Gcm-1 was 

included after the acquisition period to destroy any remaining transverse 

magnetisation. The 128 slice CSI experiment had a total acquisition time of 20 

minutes with a theoretical spatial resolution of 0.20 mm.  

 The variant used for the MLPN titration had the same parameters, 

except that the phase encoding gradient varied over 512 slices, with an 

acquisition time of 1 hour 20 minutes and a theoretical resolution of 0.05 mm. 

 Limiting shift experiments also used the W5 WATERGATE experiment, 

with 16 scans and a signal acquisition period of 4 s. 

 Chemical shift images were processed in phase-sensitive mode 

following the method of Trigo-Mouriño et al.34 After the 2D Fourier transform 

of the image, individual spectra were extracted and phase corrected using a 
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Topspin macro. Using another automation sequence, the chemical shifts of 

indicators, analyte and the NMR standard were extracted from the image and 

transferred to Microsoft Excel. The chemical shifts from each slice were 

referenced to HMDS (0 ppm) and the indicator shifts were then used to 

determine solution pH, using a sensitivity weighted average (Equation 3.1). 

 Although 128 data points were collected for each titration (except for 

MLPN which used 512 points), not all of that data can be used for pKa 

determination. The top and bottom 15-20 slices are recorded at the very edge 

of the NMR detection coil, and are therefore of inferior quality and so are 

discarded as a matter of course. Slices with a pH where all the indicators 

present are at their limiting shift values are also discarded, as no useful titration 

data can be extracted. This results in a variable number of data points in each 

titration. 

3.9.11 Experimental Summary Tables 
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Table 3.13 Experimental details for indicator titrations in DMSO solution. 

 

 

 
c Acid diffusant used S = saccharin, M = Meldurm’s acid, B = barbituric acid 

Indicator 
Literature 

pKa 

Determined 

pKa ± 0.1 

(average) 

Mass of acid 

/mg (B/M/S)c 

Ionic Strength 

/M 

Acidic LS from 

fit 

Basic LS from 

fit 
Titration components /mM 

1-methylimidazole 6.15 ± 0.01 

6.19 4.3 S 0.01 3.825 3.601 10 lut, 10 meimd, 10 izl 

6.15 5.0 S 0.01 3.826 3.603 15 lut, 1 meimd, 15 izl 

6.16 (6.16) 3.5 S 0.01 3.827 3.603 15 lut, 0.1 meimd, 15 izl 

imidazole 

5.1 ± 0.2, 

6.26 ± 0.06, 

6.37 ± 0.04, 

6.94 ± 0.06 

6.46, 6.45 

(6.46) 
9, 4.7 S 0.02, 0.02 9.548, 9.592 7.567, 7.599 10 meimd, 15 izl 10 dmb 

morpholine 8.94 ± 0.1 
9.00, 9.01 

(9.01) 
5.0, 5.0 M 0.02, 0.02 3.723, 3.722 3.406, 3.405 10 dmb, 10 morph, 10 tea 

benzylamine 9.81 ± 0.1 
9.78, 9.78 

(9.78) 
5.0, 5.3 B 0.02, 0.02 4.208, 4.210 3.663, 3.664 10 bzl, 10 dea, 10 pld 

diethylamine 10.4 ± 0.1 
10.41, 10.43 

(10.42) 
5.3, 4.7 B 0.02, 0.02 1.159, 1.131 0.988, 0.997 10 bzl, 10 dea, 10 pld 
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Table 3.14 Imidazole titrations with variable saccharin mass. 

 

Table 3.15 Time resolved imidazole titration against 4.2 mg of saccharin. 

Diffusion time 

/hrs 
Determined pKa ± 0.1 

ΔpKa from reported 

value 

Ionic Strength 

/M 
Acidic LS from fit Basic LS from fit 

Titration components 

/mM 

4 N/A (no gradient visible) N/A N/A N/A N/A 

10 meimd, 15 izl, 

10 dmb 

8 6.44 -0.02 0.02 9.626 7.556 

12 6.45 -0.01 0.02 9.599 7.568 

16 6.47 +0.01 0.02 9.572 7.550 

20 6.46 0 0.02 9.601 7.548 

24 6.47 +0.01 0.02 9.583 7.543 

28 6.48 +0.02 0.02 9.573 7.531 

32 6.49 +0.03 0.02 9.552 7.523 

 

Mass of 

saccharin /mg 
Determined pKa ± 0.1 

ΔpKa from determined 

value 

Ionic Strength 

/M 
Acidic LS from fit Basic LS from fit 

Titration components 

/mM 

2 6.46 0 0.02 9.617 7.547 

10 meimd, 15 izl, 

10 dmb 

4 6.46 0 0.02 9.596 7.555 

6 6.46 0 0.02 9.586 7.553 

8 6.50 +0.04 0.02 9.565 7.501 

10 6.47 +0.01 0.02 9.555 7.563 
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Table 3.16 Experimental details for titrations with acidic analytes. 

 

 

 

Analyte Literature 

pKa 

Determined 

pKa (average) 

± 0.1 

Mass of acid 

/mg  

Ionic Strength 

/M 

Acidic LS from 

fit 

Basic LS from 

fit 

Titration components 

2,4 dinitrobenzoic 

acid 
6.52 ± 0.15 

6.54, 6.48 

(6.51) 
4.8, 5.0 0.02, 0.02 8.706, 8.784 8.439, 8.418 15 meimd, 15 dmb 

salicylic acid 6.8 ± 0.1 
6.80 4.8 0.01 7.750 7.597 20 meimd, 20 imid 

6.77 (6.78) 5.9 0.02 7.752 7.612 15 imid, 15 dmb 

aspirin - 
8.64, 8.72 

(8.68) 
5.5, 5.7 0.02, 0.01 7.589, 7.587 7.449, 7.415 15 dmb, 15 tea 

niacin - 
8.60 5.3 0.02 8.718 8.522 15 dmb, 15 tea 

8.59 (8.60) 5.0 0.02 8.670 8.470 15 tea, 15 bzl 

benzoic acid 11.0 ± 0.3 9.29, 9.36 

(9.33) 

7.4, 8.6 0.03, 0.03 8.006, 7.996 7.814, 7.812 

 

10 bzl, 10 dea, 15 pld 

m-toluic acid 11.0 ± 0.3 8.80 5.5 0.03 7.802 7.693 10 bzl, 10 dea, 15 pld 

p-chlorobenzoic 

acid 

10.1 ± 0.3 9.02 5.8 0.03 8.027 7.806 10 morph, 10 tea, 20 bzl 
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Table 3.17 Experimental details for titrations with phosphazenes. 

 

Table 3.18 Experimental details for titrations with background LiCl electrolyte. 

Indicator 

Literature 

pKa 

Determined 

pKa (average) 

(S/M)d ± 0.1 

Mass of acid 

/mg  

Ionic Strength 

/M 

Acidic LS from 

fit 

basic LS from 

fit 

Titration components 

1-methylimidazole 6.15 ± 0.01 
6.14 S 4.0 0.11 3.819 3.602 

10 lut, 10 meimd, 15 izl 
6.17 S 4.0 0.21 3.815 3.604 

morpholine 8.94 ± 0.1 
9.03 M 5.0 0.13 3.780 3.378 

10 dmb, 10 morph, 10 tea 
8.97 M 5.0 0.22 3.802 3.423 

 

 

 

 
d Acid diffusant used S = saccharin, B = barbituric acid, M = Meldrum’s acid 

Analyte 
Determined 

pKa ± 0.1 

Mass of acid 

/mg (S/B)d 

Ionic Strength 

/M 

Acidic LS from 

fit 

Basic LS from 

fit 
Titration components /mM 

IPPN 11.65 6.0 B 0.01 1.057 1.003 15 DEA, 15 PLD, 5 IPPN 

BNPN 9.80 2.4 B 0.01 7.221 7.168 10 morph, 10 dea, 10 BNPN 

MLPN 4.22 7.6 S 0.02 3.542 3.475 10 lut, 10 izl, 2 MLPN 
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Table 3.19 Experimental details for titrations with water doped DMSO. 

Indicator 
Reported 

pKa ± 0.1 

Water 

percentage  

Determined 

pKa ± 0.1 

Mass of acid 

/mg (S/B)e  

Ionic 

Strength /M 

Acidic LS 

from fit 

Basic LS 

from fit 

Titration components 

/mM 

imidazole 6.46 
1 6.40 4.3 S 0.02 9.650 7.571 10 meimd, 15 izl, 

10 dmb 2 6.44 8.1 S 0.02 9.588 7.528 

benzylamine 9.79 
1 9.80 5.0 B 0.05 4.170 3.662 20 bzl, 20 dea, 20 

pld 2 9.79 5.0 B 0.05 4.145 3.661 

 

 

 

 

 

 

 
e Acid diffusant used S = saccharin, B = barbituric acid 
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Chapter 4 Development and Verification of Indicator 

Ladders for Chemical Shift Imaging Titrations in Water-

DMSO Mixtures 

This chapter describes the construction of indicator ladders for CSI pKa 

titrations in five DMSO-water mixtures. These ladders were verified by titration 

to confirm the indicator pKas, which was essential to the work in chapter 5. 

4.1 Introduction 

 Earlier chapters have elucidated the importance of establishing pKa 

values for target compounds and drug leads in DMSO solution to 

pharmaceutical research. This is due to the favourable solvating properties of 

DMSO, its pharmacological relevance as a model for membrane interiors1 and 

its use in high-throughput screening.2  

 As part of this research, the author was awarded an NPIF innovation 

placement by the EPSRC to develop and apply non-aqueous CSI titrations at 

C4X Discovery. C4X Discovery is a drug discovery company that uses NMR 

spectroscopy extensively in their development pipeline, including for pKa 

determination. The aim of the 3 month placement was to develop and 

implement CSI titrations into their existing process. During discussions with 

NMR project managers at C4X, it was clear that pKa determination in DMSO 

for water insoluble compounds of interest was highly desirable. However, pKa 

data that could be obtained in solvent mixtures with at least a partial aqueous 

solvent component would ultimately be more useful. 
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 For compounds of pharmaceutical significance, water is unavoidably 

involved in administration or action; pKa data for drugs are routinely reported 

in aqueous solutions for this reason. However, obtaining this data can be 

challenging as not every drug or drug candidate is water soluble. In drug 

development, poor aqueous solubility is a common problem affecting perhaps 

35 – 40% of drug candidates, and arises from a multitude of factors, including 

crystallinity and the presence of hydrophobic groups.2-3 Furthermore, 

optimisation of in vitro activity by a medicinal chemist will almost always 

increase the lipophilicity of a drug, which is likely to reduce aqueous solubility. 

 Drugs and drug candidates can be studied in organic solvents, where 

they may have improved solubility. However, making meaningful comparisons 

of solute properties and behaviour between water and organic solvents is 

difficult. Therefore, solvent mixtures are commonly used as a compromise 

medium.  

4.2 Mixed Solvents 

 A mixed solvent is a combination of two or more miscible solvents. As 

previously discussed, due to its favourable solvating properties DMSO is often 

used as the organic co-solvent in binary mixtures, though methanol is also 

used.4  

 A number of chemical contexts benefit from the use of binary solvent 

mixtures, or even more complex solvent systems.5 This can be to enhance the 

rate of a reaction,6 to control elution in chromatography,7 or to act as a 

compromise for reactants that would be insufficiently solubilised in a single 

solvent system.4 Mixed solvents can also be used to replace toxic or otherwise 
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problematic solvents in industrial processes, mimicking the desirable polarity 

and solvating properties while avoiding deleterious effects. An example of this 

is the replacement of the highly toxic nitrobenzene (oral LD50 = 349 mg/kg)8 

with a 45:55 mixture of DMSO and toluene,9 which are comparatively less toxic 

(oral LD50: DMSO = 28300 mg/kg,10 toluene = > 5000 mg/kg).11  

Like most other solvent-water systems, the properties of DMSO-water 

mixtures are not simple weighted averages of the components, due to the 

complexity of intermolecular interactions. For instance, viscosity varies non-

linearly, with the maximum at around 70% DMSO by weight.12 The high 

viscosity of DMSO-water mixtures also make them well suited for use in CSI 

titrations as this leads to longer diffusion times, lower susceptibility to 

convection currents and a wider time window in which to observe a pH 

gradient.  

 Solvent activity in a mixture is determined by the ratio of its partial 

vapour pressure in the mixture to its vapour pressure in the pure solvent at the 

same temperature.13 In DMSO-water mixtures, positive deviation is observed 

for water; i.e. water has a higher vapour pressure than one would expect 

based on mole fraction weighted sum. This behaviour points to water being 

held less tightly in the solvent lattice relative to DMSO, despite strong water-

DMSO interactions. The properties of water-DMSO mixtures are therefore 

dominated by water as the more active solvent, up to high DMSO mole 

fraction. 
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4.3 Extrapolation to Zero Organic Solvent 

 In the context of drug development, mixed solvent systems are used to 

obtain information about a compound's properties when aqueous solubility is 

poor.4 In particular, mixed solvent pKa determinations with an organic co-

solvent and variable percentage of water can be extrapolated to obtain the 

aqueous pKa of poorly water soluble drugs and drug-like compounds. This is 

usually accomplished either by a simple pKa vs percentage co-solvent plot, or 

by using the more complex Yasuda-Shedlovsky (YS) plot. 

 A YS plot correlates the determined pKa with the relative permittivity of 

the solvent mixture and concentration of water in the mixture to account for the 

change in water activity with mixed solvent ratio. Equation 4.1 describes an 

origin shifted Yasuda-Shedlovsky plot (OSYS).  

pKa
  sm +  log10 (

[H2O]

55.51
) = a + b (

1

εr
−

1

ε0
) (Equation 4.1) 

Where pKa
sm is the determined pKa in a given solvent mixture, a is the y-

intercept and b is the gradient, ε0 is the relative permittivity of pure water and 

εr is the relative permittivity of the solvent mixture. εr of DMSO-water mixtures 

varies in a non-linear manner, as shown in Figure 4.1.14 
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Figure 4.1 Relative permittivity of water-DMSO mixtures at 293.15K with line 

of best fit (R2 = >0.99).14 

 

 Linear extrapolation of the plot to zero organic solvent, where [H2O] = 

55.51 and 
1
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 = 0, affords the aqueous pKa as the y intercept. To achieve 

the most reliable extrapolation to determine pKa in aqueous solution, Avdeef 

recommends the use of pKa vs percentage co-solvent for bases and an OSYS 

plot for acids.4  

4.4 Indicator Ladders 

 From the continuum of possible DMSO-water mixtures, five mixtures 

evenly distributed across the range at 90%, 70%, 50%, 30% and 10% DMSO 
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these ratios would be useful to pharmaceutical researchers. 
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 Published pKa values for compounds dissolved in mixed solvents are 

limited, so there is far less choice of indicator compounds than in single 

solvents. Another restriction on indicator choice is the temperature at which 

the literature pKa was determined, since dissociation constants are 

temperature dependent.15 Most available literature data in DMSO-water have 

been determined at 20°C, which has therefore been used in this work. 16-20 

The solvent compositions used in these sources are comparable with the 

DMSO-water mixtures used in this study. 

 A series of substituted pyridines,16 1-methylimidazole17 and 3 stronger 

bases18-20 to cover the upper pH range were selected for this study, see Table 

4.1. 

Table 4.1 Chemical structures and abbreviations for the indicators used in the 

DMSO-water mixed solvent titrations. 

Indicator (abbreviation) Structure 

2-methoxypyridine 

(meopyr) 

 

pyridine 

(pyr) 
 

4-picoline 

(pico) 
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2-aminopyridine 

(2-AP) 

 

1-methylimidazole 

(meimd) 
 

4-aminopyridine 

(4-AP) 

 

4-dimethylaminopyridine 

(DMAP) 

 

morpholine 

(morph) 
 

2-methoxyethan-1-amine 

(meoeth)  

piperidine 

(pip) 
 

 

 While a number of these indicators (2-AP, meimd, 4-AP and DMAP) 

have multiple ionizable groups, only pKa1 is used in all cases. The pKa2 for all 

of these compounds is so low as to not be observable in any of the titrations 
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performed, as the solution pH does not drop low enough. Macroscopic pKas 

are measured in these titrations, but as the two pKa values of each these 

indicators are well separated and the pH range for pKa2 is not accessed, the 

two dissociation constants can be treated as independent. 

 The limiting shifts of these indicators at 10 mM concentration were 

determined independently of the pKa determinations for each DMSO-water 

mixture. The basic limiting shift could be determined directly from a solution of 

the indicator in the solvent mixture and the acidic limiting shift by addition of 

excess of p-toluenesulfonic acid to the solution. WATERGATE solvent 

suppression was used on the water signal and the spectrum referenced to 

DSS. The limiting shifts of the indicators are tabulated in the experimental 

section, Tables 4.8 – 4.12. 

 In contrast to the measurements conducted in chapter 3, deuterated d6-

DMSO was used in these and all subsequent measurements. A negligible 

effect on determined pKa was expected for the following reasons: 

• The polarity of DMSO is governed by the sulfoxide bond and there is 

little difference in the polarity of C-D and C-H bonds, due to the almost 

identical electronegativity of deuterium and hydrogen.21 The solvating 

properties of DMSO are therefore unlikely to be affected by the 

substitution of hydrogen for deuterium. 

• DMSO is the less active solvent in these mixtures, so a minor change 

in the solvation properties of DMSO will likely have no effect on 

determined pKa.13 
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• The deuterated methyl groups of the solvent do not exchange with 

protons in the sample, as the pKa of DMSO is so high (35 in DMSO 

solution).22 There was no deuterium scrambling observed in these 

mixtures. 

 Furthermore, in practical terms, using protio DMSO would introduce a 

second area of the spectrum with solvent suppression, which increases the 

chances of suppressing useful indicator or analyte resonances. Additionally, 

including a lock signal was preferred in order to fit these experiments into the 

existing NMR protocols at C4X Discovery. Distilled water was used rather than 

D2O in order to measure pH rather than pD, and to avoid any deuterium 

scrambling.  

 The indicator ladders for each DMSO-water mixture are given in Table 

4.2. In each case, indicators were selected to span the largest pH range 

possible whilst using the smallest number of indicators feasible. The indicators 

are drawn from a limited pool and as such the accessible pH range for each 

ladder is different. The lower and upper pH limits (lowest pH measured by 2-

methoxypyridine and highest pH measured by piperidine) for each ladder are 

shown in parentheses. 
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Table 4.2 Indicator ladders for the 90 – 10% DMSO mixtures with pKas.b

 
a There is no available literature data for the pKa of 2-methoxyethan-1-amine or piperidine in 30% DMSO solution. These were determined using a ladder 
method with 4-aminopyridine and 4-dimethylaminopyridine (see section 4.4.4). 
b Literature pKa data taken from reference 15 unless otherwise stated. 

90% DMSO Ladder 70% DMSO Ladder 50% DMSO Ladder 30% DMSO Laddera 10% DMSO Ladder 

Indicator  
Literature 

pKa  
Indicator  

Literature 

pKa  
Indicator 

Literature 

pKa 
Indicator 

Literature 

pKa 
Indicator 

Literature 

pKa 

2-methoxy-

pyridine 

1.3  

(0.41) 

2-methoxy-

pyridine 

1.4 

(0.50) 

2-methoxy-

pyridine 

2.02 

(0.64) 

2-methoxy-

pyridine 

2.70  

(2.04) 

2-methoxy-

pyridine 

3.11 

(1.57) 

4-picoline 3.94 pyridine 3.40 pyridine 4.03 pyridine 4.65 pyridine 5.06 

2-

aminopyridine 
5.44 

1-methyl-

imidazole 
5.6617 

1-methyl-

imidazole 
6.1817 4-picoline 5.43 4-picoline 5.85 

4-dimethyl-

aminopyridine 
7.78 

2-

aminopyridine 
5.41 

2-

aminopyridine 
5.88 

2- 

aminopyridine 
6.34 

2-

aminopyridine 
6.63 

morpholine 8.9119 
4-dimethyl-

aminopyridine 
7.85 

4-

aminopyridine 
8.24 

4- 

aminopyridine 
8.74 morpholine 8.8420 

2-methoxy-

ethan-1-amine 
10.1619 morpholine 8.6620 morpholine 8.7218 

4-dimethyl-

aminopyridine 
9.04 

2-methoxy-

ethan-1-amine 
9.7320 

piperidine 
10.7419 

(12.49) 

2-methoxy-

ethan-1-amine 
9.5720 

2-methoxy-

ethan-1-amine 
9.6318 

2-methoxy-

ethan-1-amine 
- piperidine 

11.4320 

(11.60) 

  piperidine 
10.6620 

(12.42) 
piperidine 

11.0218 

(11.65) 
piperidine 

- 

(11.13) 
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For several of the selected indicators more than one resonance is 

available to follow in titrations, see tables in section 4.7.2. The most practical 

resonance to monitor through a titration can then be selected. For example, 

the operator can choose the resonance most separated from those of the other 

components of the titration, or the resonance which most simplifies post-

processing, or the resonance showing the largest change in chemical shift 

between basic and acidic limiting shifts. 

The indicator ladders cover an operating pH range of at least 2 – 11, 

sufficient to determine the pKa of the vast majority of drug and drug-like 

molecules.3 For compounds outside this range, knowledge that a molecule 

has an acid dissociation above or below these extremes is still useful in 

predicting drug behaviour in vivo.  

 Before these indicator ladders could be used to determine the pKa of 

analytes (chapter 5), it was important to first verify the pKa values reported in 

the literature and to determine that the method is self-consistent.  

 To do this, indicators were titrated against p-toluenesulfonic acid (pKa 

= 0.9)23 in groups of three.c This allowed the use of a pair of indicators to 

determine the pKa of the third. Each titration was performed twice to ensure 

the results were in good agreement. The details of the indicator grouping and 

titration procedure are listed in the experimental section of this chapter (section 

4.7.3 and Tables 4.13 – 4.17).  

 
c This acid was chosen for several reasons: it is a strong acid in both water and DMSO, it is 
readily soluble in both the neat solvents and mixtures of DMSO-water, and it is crystalline and 
so can be readily weighed into the NMR tube. 
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 In rare instances, it was not feasible to use two indicators due to 

practical considerations. For instance, morpholine exhibits significant 

resonance overlap with both 2-methoxyethan-1-amine and with piperidine. 

Therefore, for ease of processing, 2-methoxyethan-1-amine and piperidine 

were titrated as a pair in the 90, 70 and 10 % DMSO solutions. Another 

exception was 2-methoxypyridine: in all 5 ladders it has a significantly lower 

pKa than its nearest neighbour (ca. 2 units), and so it was not possible to 

determine a pKa value using other indicators in the ladder. However, for each 

mixture at least 1 indicator was verified using pH data from 2-methoxypyridine. 

The pKas obtained were consistent with those in the literature, confirming that 

the literature value for 2-methoxypyridine is accurate and consistent with the 

rest of the indicator ladder. 

4.4.1 90% DMSO 10% Water Indicator Ladder 

 The determined pKa values for the 90% DMSO indicator ladder (Table 

4.3) are in good agreement with literature values, with one exception. The 

determined value for morpholine is slightly lower than the literature value 

(determined pKa = 8.66, literature pKa = 8.91).19 A significant decrease in the 

pKa of a base is expected when changing the solvent from 100% DMSO to a 

90% DMSO-10% water mixture, based on the general trends observed in 

these compounds.16-17, 24 In neat DMSO, morpholine has a pKa of 8.94 (at 

25°C), so a decrease of only 0.03 units for 90% DMSO is not in line with 

expectations.25 The determined value of 8.66 (Figure 4.2) is more consistent 

with the expected trend. Using the determined pKa value for morpholine as an 

indicator accurately returns the pKas of 4-dimethylaminopyridine and 2-

methoxyethan-1-amine (Figure 4.3), whereas using the literature pKa returns 
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pKas for these compounds that differ significantly from the literature reported 

values (7.93 and 10.30 respectively). The value for pKa
morpholine determined in 

this work has, therefore, been used throughout this work in preference to the 

literature value. 

 In the titration for pKa
morpholine, a higher concentration (20 mM) of 

morpholine was used to buffer the titration around its pKa. This is an example 

of strategic buffering, which can be used to maximise data points around a 

given pH. 

Figure 4.2 Plot of δobs of morpholine against pH in 90% DMSO solution with 

data fitted to Equation 3.2. Determined pKa = 8.65, literature pKa = 8.91. 
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Figure 4.3 Plot of δobs of 2-methoxyethan-1-amine against pH in 90% DMSO 

solution. pH was calculated using pKa
morpholine determined in this work (8.66). 

Determined pKa = 10.09, literature pKa = 10.16. 
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Table 4.3 Indicator verification titration data for 90% DMSO mixture. 

Indicator 

L
ite
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n
s
 1

&
2
) 

In
d
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a
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p

 

(T
itra

tio
n
s
 3

&
4
) 

4-picoline 3.94 3.93 3.96 - - 3.94 0.00 
meopyr 

pico 2ap 
 

2-aminopyridine 5.44 5.45 5.51 - - 5.48 -0.04 
meopyr 

pico 2ap 
 

4-dimethylaminopyridine 7.78 7.70 7.77 - - 7.74 0.04 

DMAP 

morph 

meoeth 

 

morpholine 8.91 8.65 8.66 - - 8.66 0.25 

DMAP 

morph 

meoeth 

 

2-methoxyethan-1-amine 10.16 10.09 10.13 10.15 10.15 10.13 0.03 

DMAP 

morph 

meoeth 

meoeth 

pip 

piperidine 10.74 10.75 10.70 - - 10.72 0.02 
meoeth 

pip 
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4.4.2 70% DMSO 30% Water Indicator Ladder 

 The determined pKa values for the 70% DMSO indicator ladder (Table 

4.4) are in good agreement with literature values. 1-methylimidazole (Figure 

4.4) was included in this ladder as a means of bridging the large gap in pKa 

between 2-aminopyridine (Figure 4.5) and 4-dimethylaminopyridine. From 

previous experiments in neat DMSO, 1-methylimidazole is known to be a 

useful indicator with a wide pH sensitivity and, provided the pH gradient is not 

excessively steep, the 7.5 – 9 ppm resonance is particularly sensitive to 

changes in pH. If the pH gradient is overly sharp, the 7.5 – 9 ppm resonance 

can become poorly resolved. However, the methyl resonance is also sensitive 

to protonation and is more robust to sharp pH gradients, so can be used in this 

event. 

Figure 4.4 Plot of δobs of 1-methylimidazole against pH in 70% DMSO solution. 

Determined pKa = 5.59, literature pKa = 5.66.  
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Table 4.4 Indicator verification titration data for 70% DMSO mixture. 
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(T
itra

tio
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&
4
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pyridine 3.4 3.39 3.38 - - 3.38 0.02 
meopyr pyr 

2-ap 
 

2-aminopyridine 5.41 5.43 5.41 - - 5.42 -0.01 
pyr 2-ap 

meimd 
 

1-methylimidazole 5.66 5.59 5.57 5.60 5.60 5.59 0.07 
pyr 2-ap 

meimd 

2-ap meimd 

DMAP 

4-dimethylaminopyridine 7.85 7.94 7.91 - - 7.92 -0.07 
2-ap meimd 

DMAP 
 

morpholine 8.66 8.62 8.60 - - 8.61 0.05 

DMAP 

morph 

Meoeth 

 

2-methoxyethan-1-amine 9.57 9.56 9.58 - - 9.57 0.00 meoeth pip  

piperidine 10.66 10.60 10.57 - - 10.59 0.07 meoeth pip  
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Figure 4.5 Plot of δobs of 2-aminopyridine against pH in 70% DMSO solution. 

Determined pKa = 5.43, literature pKa = 5.41.  

 

4.4.3 50% DMSO 50% Water Indicator Ladder 

 The determined pKa values for the 50% DMSO indicator ladder (Table 

4.5) are in good agreement with literature values, with one exception. The 

determined pKa value for 1-methylimidazole (Figure 4.6) is 0.13 units lower 

than the literature value (determined pKa = 6.05, literature pKa = 6.18). 

Comparison of the determined pKa of 2-aminopyridine (Figure 4.7) when using 

either value of pKa
1-methylimidazole in the pH calculations reveals a negligible 

difference (5.87 using determined value vs 5.90 using literature value). For the 

sake of self-consistency, the value for the pKa of 1-methylimidazole 

determined in this work has been used going forward. 
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Table 4.5 Indicator verification titration data for 50% DMSO mixture. 

 

Figure 4.6 Plot of δobs of 1-methylimidazole against pH in 50% DMSO solution. 

Determined pKa = 6.05, literature pKa = 6.18. 
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pyridine 4.03 4.01 4.01 4.01 0.02 meopyr pyr 2-AP 

2-aminopyridine 5.88 5.87 5.88 5.87 0.01 2-AP meimd 4-AP 

1-methylimidazole 6.18 6.05 6.05 6.05 0.13 2-AP meimd 4-AP 

4-aminopyridine 8.24 8.33 8.33 8.33 -0.09 4-AP morph meoeth 

morpholine 8.72 8.68 8.65 8.66 0.06 4-AP morph meoeth 

2-methoxyethan-1-

amine 
9.63 9.63 9.62 9.62 0.01 4-AP meoeth pip 

piperidine 11.02 11.04 10.96 11.00 0.02 4-AP meoeth pip 
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Figure 4.7 Plot of δobs of 2-aminopyridine against pH in 50% DMSO solution. 

Determined pKa = 5.87, literature pKa = 5.88.  

  

 The pyridine pKa determination in 50% DMSO-water (Figure 4.8) is also 

worthy of comment. The pKas of the bracketing indicators (2-methoxypyridine 

pKa = 2.02 and 2-aminopyridine pKa = 5.88) are quite distant from each other, 

resulting in a "missing" portion of the pH scale around the midpoint of the 

titration (4 – 4.5) where the NMR spectrum of neither indicator was pH 

sensitive. Nevertheless, combining the pH data from the two indicators allowed 

an accurate titration curve for pyridine to be obtained. This is another example 

of the robustness of the CSI titration method, where even with non-overlapping 

indicators accurate pKa values can be determined. 
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Figure 4.8 Plot of δobs of pyridine against pH in 50% DMSO solution. 

Determined pKa = 4.01, literature pKa = 4.03.  

 

4.4.4 30% DMSO 70% Water Indicator Ladder 

 The determined pKa values for the 30% DMSO indicator ladder (Table 

4.6) are in good agreement with the available literature values. As previously 

noted, there is no literature pKa data available for 2-methoxyethan-1-amine or 

piperidine in 30% DMSO solution. The pKas of these compounds have 

therefore been determined by CSI titration using 4-aminopyridine and 4-

dimethylaminopyridine as indicators. The determined values for 2-

methoxyethan-1-amine (Figure 4.9) and piperidine were then used to re-

determine the pKa values of 4-aminopyridine and 4-dimethylaminopyridine 

(Figure 4.10). These titrations were in agreement with the literature and are 

self-consistent, therefore the pKa values of piperidine and 2-methoxyethan-1-

amine determined in this work are used going forward. 
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Table 4.6 Indicator verification titration data for 30% DMSO mixture.  
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pyridine 4.65 4.65 4.65 - - 4.65 0.00 
meopyr pyr 

pico 
- 

4-picoline 5.43 5.45 5.48 - - 5.46 -0.03 
meopyr pyr 

pico 
- 

2-aminopyridine 6.34 6.33 6.31 - - 6.32 0.02 
pyr pico 

 2-ap 
- 

4-aminopyridine 8.74 8.71 8.71 - - 8.71 0.03 
4-ap DMAP 

meoeth 
- 

4-dimethylaminopyridine 9.04 9.03 9.03 9.00 9.04 9.03 0.01 
4-ap DMAP 

meoeth 

DMAP 

meoeth pip 

2-methoxyethan-1-amine - 9.31 9.33 9.32 9.31 9.32 - 
4-ap DMAP 

meoeth 

DMAP 

meoeth pip 

piperidine - 10.69 10.69 - - 10.69 - 
DMAP 

meoeth pip 
- 
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Figure 4.9 Plot of δobs of 2-methoxyethan-1-amine against pH in 30% DMSO 

solution. Determined pKa = 9.31.  

 

Figure 4.10 Plot of δobs of 4-dimethylaminopyridine against pH in 30% DMSO 

solution. Determined pKa = 9.03, literature pKa = 9.04.  
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4.4.5 10% DMSO 90% Water Indicator Ladder 

 The determined pKa values for the 10% DMSO indicator ladder (Table 

4.7) are in good agreement with literature values. It was not possible to 

determine the pKa of morpholine, as 2-aminopyridine had too low a pKa to 

observe the lower pH end of the morpholine titration curve. The pKa of both 2-

aminopyridine (Figure 4.11) and 2-methoxyethan-1-amine (Figure 4.12) have 

been redetermined in this work using pKa
morpholine to determine the solution pH, 

and are in good agreement with the literature. One can therefore be confident 

in the reported pKa
morpholine value. Additionally, it was not possible to determine 

the pKa of piperidine in this indicator ladder, due to the large difference in pKa 

between it and 2-methoxyethan-1-amine. The literature value is therefore used 

going forward. 

Table 4.7 Indicator verification titration data for 10% DMSO mixture. 
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pico 
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amine 
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piperidine 11.43 - - - - - 



107 
 

Figure 4.11 Plot of δobs of 2-aminopyridine against pH in 10% DMSO solution. 

Determined pKa = 6.61, literature pKa = 6.63. 

 

 

Figure 4.12 Plot of δobs of 2-methoxyethan-1-amine against pH in 10% DMSO 

solution. Determined pKa = 9.71, literature pKa = 9.73. 
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4.5 Extrapolation to Aqueous pKa  

 Plots of pKa vs percentage co-solvent were constructed for 2-

aminopyridine and pyridine, using both the literature pKa values and the values 

determined in this work (Figures 4.13 and 4.14). These plots were extrapolated 

to 0% DMSO to obtain pKa values for these bases in aqueous solution. 

Figure 4.13 Mixed solvent pKa vs percentage DMSO by volume for 2-

aminopyridine. Determined pKa values (X, solid line), extrapolated aqueous 

pKa = 6.73 ± 0.09 at 293K, R2
 = 0.93. Literature pKa values (O, dotted line), 

extrapolated aqueous pKa = 6.77 ± 0.09 at 293K, R2 = 0.94.  
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Figure 4.14 Mixed solvent pKa vs percentage DMSO by volume for pyridine. 

Determined pKa values (X, solid line), extrapolated aqueous pKa = 5.47 ± 0.09 

at 293K, R2
 = >0.99. Literature pKa values (O, dotted line), extrapolated 

aqueous pKa = 5.41 ± 0.09 at 293K, R2 = 0.99. 

 For both indicators, the extrapolated aqueous pKa values using 

determined and literature pKa data were in good agreement with each other 

and, for 2-aminopyridine, with the aqueous pKa reported by Hallé (6.80,  = 

0.05).16 However, a slightly greater discrepancy ( = 0.21) is seen between 

the extrapolated pKas of pyridine and that reported by Hallé (5.23); the reasons 

for this discrepancy are not clear.  

 In a pharmaceutical context with water insoluble analytes, these 

extrapolations are more than sufficient and provide information that would 

otherwise be impossible to collect. 
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4.6 Conclusions 

 The pKas of 29 indicators have been determined in this work by CSI 

titration; 27 of the determined pKas are in excellent agreement with literature 

values (Figure 4.15) within the precision of the CSI method (± 0.1). This 

confirms the efficacy and precision of the CSI method for the determination of 

pKa in mixed solvent systems. The indicator ladders constructed in this work 

should be of value to others in determining pKa of analytes in water-DMSO 

mixtures. 

Figure 4.15 Literature pKa values vs pKa values determined in this work, with 

a line of X = Y for comparison. 
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 As well as affording precise pKas, the CSI NMR method has a number 

of other advantages over conventional titration: 

• Data across the whole relevant pH range can be collected on a single 

sample for each solvent mixture, which reduces the number of samples that 

must be prepared, resulting in significant savings in compound and in 

researcher and instrument time.  

• The number of data points collected for each titration (average 49) is 

far greater than would be feasible for the most common titration methods. This 

increases the precision of the determinations.  

• The entire data set can be collected in only 20 – 40 minutes, which 

would be impossible to match using manual potentiometric methods.  

• The experimental setup is simple and data collection can be automated 

using a conventional NMR sample changer; this allows multiple titrations to be 

run in tandem.  

• Specialised pH meters for use in non-aqueous solvent are not required.  

Altogether, the CSI NMR titration method is a viable, robust process. 

 

 

 

 

 

 



112 
 

4.7 Experimental 

4.7.1 Materials and Methods 

 The chemicals used were used as received and purchased from the 

following sources: 

• Sigma Aldrich: d6-DMSO, DSS, pyridine, 4-aminopyridine, 4-

dimethylaminopyridine, morpholine and 1-methylimidazole. 

• Alfa Aesar: 2-methoxypyridine, 4-picoline, 2-aminopyridine, piperidine 

and p-tolunenesulfonic acid. 

• Fluorochem: 2-methoxyethan-1-amine. 

NMR spectra were recorded in 5 mm Norell 502 or Wilmad Economy NMR 

tubes on a Bruker Avance II instrument operating at 1H = 400.2 MHz. DSS was 

included as a standard in each measurement for referencing. All 

measurements were performed at 293K.  

4.7.2 Limiting Shift Measurements 

 A 1400 μL 10 mM solution of each indicator for each DMSOd6-distilled 

water mixture was made up and divided in half. One half was transferred to an 

NMR tube and a 1D solvent suppressed (WATERGATE) proton NMR 

spectrum was recorded to determine the basic limiting shift. The other half was 

combined with a 3 fold excess of p-toluenesulfonic acid and shaken vigorously 

to dissolve the acid. The solution was shaken again 20 minutes later to ensure 

even mixing. This mixture was then transferred to an NMR tube and the 1D 

solvent suppressed proton NMR spectrum recorded to determine the acidic 

limiting shift.  
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Table 4.8 Basic and acidic limiting shifts for indicators in 90% DMSO solution. 

Indicator Basic Limiting Shift(s) /ppm Acidic Limiting Shift(s) /ppm 

2-methoxypyridine 8.184 (ddd) 8.242 (dd) 

4-picoline 2.343 (s), 8.425 (dd) 2.631 (s), 8.744 (d) 

2-aminopyridine* 6.491 (d), 6.530 (t) 6.887 (t), 7.013 (d) 

4-dimethylaminopyridine 2.975 (s), 6.632(dd) 3.185 (s), 6.975 (d) 

morpholine 2.679 (t) 3.120 (t) 

2-methoxyethan-1-amine 2.663 (t) 2.992 (sextet) 

piperidine 2.648 (t) 3.023 (quintet) 

 

Table 4.9 Basic and acidic limiting shifts for indicators in 70% DMSO solution. 

Indicator Basic Limiting Shift(s) /ppm Acidic Limiting Shift(s) /ppm 

2-methoxypyridine 3.862 (s) 4.020 (s) 

pyridine 8.549 (dd) 8.805 (d) 

2-aminopyridine* 6.564 (d), 6.622 (t) 6.889 (t), 6.993 (d) 

1-methylimidazole 3.688 (s), 7.625 (s) 3.863 (s), 8.783 (s) 

4-dimethylaminopyridine 2.977 (s), 6.651 (dd) 3.160 (s), 6.910 (d) 

morpholine 2.706 (t), 3.573 (t) 3.138 (s), 3.816 (t) 

2-methoxyethan-1-amine 3.281 (s) 3.320 (s) 

piperidine 2.642 (t) 3.026 (quin) 
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Table 4.10 Basic and acidic limiting shifts for indicators in 50% DMSO solution. 

Indicator Basic Limiting Shift(s) /ppm Acidic Limiting Shift(s) /ppm 

2-methoxypyridine 3.870 (s) 4.106 (s) 

pyridine 8.529 (dod) 8.755 (t) 

2-aminopyridine* 6.614 (d), 6.685 (t) 6.880 (t), 6.978 (d) 

1-methylimidazole 3.672 (s), 7.621 (s) 3.856 (s), 8.668 (s) 

4-aminopyridine 6.612 (d) 6.811 (d) 

morpholine 2.742 (t), 3.618 (t) 3.179 (s), 3.852 (t) 

2-methoxyethan-1-amine 3.423 (t) 3.583 (t) 

piperidine 2.661 (t) 3.057 (quin) 

 

Table 4.11 Basic and acidic limiting shifts for indicators in 30% DMSO solution. 

Indicator Basic Limiting Shift(s) /ppm Acidic Limiting Shift(s) /ppm 

2-methoxypyridine 3.881 (s) 4.153 (s) 

pyridine 8.520 (dd) 8.746 (d) 

4-picoline 8.360 (dd) 8.543 (d) 

2-aminopyridine* 6.660 (d), 6.733 (t) 6.861 (t), 6.956 (d) 

4-aminopyridine 6.652(d) 6.799 (d) 

4-dimethylaminopyridine 3.006 (s), 6.695 (dd) 3.155 (s), 6.845 (d) 

2-methoxyethan-1-amine 3.456 (t) 3.619 (t) 

piperidine 2.7198 (t) 3.0917 (quin) 
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Table 4.12 Basic and acidic limiting shifts for indicators in 10% DMSO solution. 

Indicator Basic Limiting Shift(s) /ppm Acidic Limiting Shift(s) /ppm 

2-methoxypyridine 3.894 (s) 4.156 (s) 

pyridine 8.516 (dod) 8.736 (d) 

4-picoline 2.369 (s) 2.618 (s) 

2-aminopyridine* 6.695 (d), 6.767 (t) 6.857 (t), 6.949 (d) 

morpholine 2.822 (t), 3.695 (t) 3.262 (s), 3.917 (t) 

2-methoxyethan-1-amine 3.489 (t) 3.651 (t) 

piperidine 2.786 (t) 3.118 (quin) 

 

* The limiting shifts of 2-aminopyridine are worth highlighting, as the 2 

resonances switch relative positions on protonation. In each DMSO-water 

mixture, the doublet moves from being the lower chemical shift of the two to 

being the higher on protonation. This is confirmed in the CSI titrations, as the 

two resonances visibly cross over (Figure 4.16).  
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Figure 4.16 Partial chemical shift image of 2-aminopyridine reporter 

resonances crossing in 30% DMSO solution. The order of the doublet and 

triplet in the spectrum swap places upon protonation. 

 

4.7.3 Titration Procedure to Verify Titration Ladders 

 All DMSO-water mixtures were made up to 1200 μL with the 

appropriate volume ratios of d6-DMSO and distilled water. To this was added 

the selected indicators for a combined indicator concentration of 30 – 45 mM. 

The default concentration of each indicator was 10 mM unless a higher 

concentration was required to aid observation of the pH sensitive indicator 

resonances in crowded spectral regions. For example, 2-aminopyridine was 

commonly used at 15 – 20 mM, since the monitored shifts appeared in the 6.5 

– 7 ppm region where other pyridine derivatives also have resonances. As 

mentioned for the 90% DMSO-10% water titration of morpholine, a higher 

concentration of an indicator also served to buffer the titration around the pKa 

of that indicator. This makes it possible to use strategic buffering to maximise 

data points around a given pH. 



117 
 

 12 μL of a 33 mM in d6-DMSO DSS solution was added to each titration 

to provide a reference standard. As 2-aminopyridine, 4-aminopyridine and 4-

dimethylaminopyridine are solids, 0.6 M stock solutions were made up using 

d6-DMSO. The volume of these indicator DMSO stock solutions was 

incorporated when making up the titration solutions to the appropriate DMSO-

water ratio. 20 μL of the 0.6 M stock solution was equivalent to a 10 mM 

indicator concentration when incorporated in the 1200 μL DMSO-water 

mixture. All other indicators were added as neat liquids. 

 p-toluenesulfonic acid was weighed directly into the NMR tube using a 

Mettler AE101 balance with a stated precision of ±0.01mg. As shown in 

chapter 3 and Wallace et. al. (2018), there is a wide range of acceptable 

gradient strengths that yield accurate and reproducible titration data.26 Acid 

masses used in these titrations varied from 1.8 – 6.8mg with no discernible 

effect on the determined pKas. Acid to base ratios varied from 0.43 – 2.17 

without any apparent impact on determined pKa. As was the case with 

titrations in neat DMSO, use of 5 equivalents or above of acid results in sharp 

gradients ill-suited to pKa determination. 

 4 x 2 mm glass beads were placed on top of the crystalline acid to 

prevent rapid mixing. 550 μL of analyte solution was then pipetted slowly into 

the NMR tube. Diffusion is slow in these experiments owing to the high 

viscosity of DMSO-water mixtures, therefore, the solutions were left overnight 

in a 20°C room to establish a suitable pH gradient. The high viscosity of the 

solution provides an even wider time window, relative to water, in which useful 

pH gradients are observed. The diffusion time varied from 14 – 26 hours (see 

experimental section of chapter 5 for more detail on diffusion time). 
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 Vigorous shaking was avoided when mixing titrant solutions to prevent 

dissolving excess air, which could form bubbles in the NMR tubes. Bubbles 

present in the analysed portion of the NMR tube cause poor phasing in the 

affected slices. Gentle tapping of the tube sides can be used to remove air 

bubbles without any apparent effect on the pH gradient.  

 The same consideration of ionic strength in neat DMSO was assumed 

to be applicable to DMSO-water mixtures. Furthermore, the A coefficient in 

Equation 1.14 increases in magnitude as the proportion of DMSO increases, 

implying ionic strength should have a diminishing impact on pKa as the 

percentage water increases. All results are therefore presented with no 

correction for ionic strength. The ionic strength at the titration midpoint is given 

in Tables 4.13 – 4.17. 

 Titrations were conducted using the 128 slice experiment, unless 

marked with an asterisk in Tables 4.13 – 4.17, in which case a 256 slice 

experiment was performed. The 256 slice experiment was used to resolve 

cases of indicator overlap. 

4.7.4 Error Estimation 

 A similar determination to that in chapter 3 was used to estimate error 

in these titrations. As Hallé et. al. provided no indication of the uncertainty in 

their results, based on the work of Koort et al.27 an estimated error of ± 0.05 is 

assumed in Hallé's pKa determinations.16-17 As discussed in chapter 3, the 

error in the CSI NMR titrations is dominated by the error in the literature pKas 

of the indicators used, therefore the error for all pKa determinations in this work 

is ±0.05. 
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 The error cited in the extrapolations to zero solvent is determined by 

finding the maximum deviations in the y intercept by using the extremes of 

error for each data point. This is shown for 2-aminopyridine in Figure 4.17. 

Figure 4.17 Plot of the determined pKa of 2-aminopyridine (black squares, solid 

line) against percentage DMSO by volume, with maximum deviation in y 

intercept arising from extremes of error (maximum positive deviation in blue, 

maximum negative deviation in orange). Extrapolated aqueous pKa = 6.73 

±0.09. 

 

4.7.5 NMR Experimental Details  

 CSI titrations were performed using the 128 slice experiment described 

in section 3.9.10 and a 256 slice variant where the phase encoding gradient 
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varied over 256 slices, with an acquisition time of 40 minutes and a theoretical 

resolution of 0.1 mm. Limiting shift measurements were performed using the 

same experiment described in section 3.9.10. 

4.7.6 Data Tables 
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Table 4.13 90% ladder experimental summary. 

 

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion 

time /hours 
Ionic Strength /M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

pico 3.94 
3.93, 3.96 

(3.94) 
5.4, 6.0 25, 26 0.01, 0.02 8.713, 8.724 8.431, 8.426 

10 meopyr 

10 pico 

10 2-AP 

2-AP 5.44 
5.45, 5.51 

(5.48) 
5.4, 6.0 25, 26 <0.005, 0.01 7.028, 7.017 6.417, 6.275 

10 meopyr 

10 pico 

10 2-AP 

DMAP 7.78 
7.70, 7.77* 

(7.74) 
4.5, 1.8 22, 24 0.03, 0.03 7.017, 7.001 6.630, 6.624 

10 DMAP 

20 morph 

10 meoeth 

morph 8.91 
8.65, 8.66* 

(8.66) 
4.5, 1.8 22, 24 0.02, 0.02 3.114, 3.110 2.676, 2.675 

10 DMAP 

20 morph 

10 meoeth 

meoeth 10.16 

10.09, 10.13* 4.5, 1.8 22, 24 0.01, 0.01 3.320, 3.320 3.271, 3.271 

10 DMAP 

20 morph 

10 meoeth 

10.15, 10.15 

(10.13) 
5.3, 4.2 18, 18 0.02, 0.02 3.319, 3.319 3.263, 3.262 

15 meoeth 

20 pip 

pip 10.74 
10.75, 10.70 

(10.72) 
5.3, 4.2 18, 18 0.01, 0.01 3.001, 3.007 2.667, 2.672 

15 meoeth 

20 pip 
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Table 4.14 70% ladder experimental summary. 

 

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion time 

/hours 

Ionic Strength 

/M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

pyr 3.4 
3.39, 3.38 

(3.38) 
4.7, 4.7 19, 18 0.03, 0.03 8.818, 8.818 8.556, 8.546 

10 meopyr 

10 pyr 

20 2-AP 

2-AP 5.41 
5.43*, 5.41* 

(5.42) 
1.8, 3.1 22, 21 0.02, 0.02 7.003, 7.012 6.568, 6.570 

10 pyr 

15 2-AP 

13 meimd 

meimd 5.66 

5.59*, 5.57* 1.8, 3.1 22, 21 0.01, 0.01 8.789, 8.735 7.578, 7.561 

10 pyr 

15 2-AP 

13 meimd 

5.60*, 5.60* 

(5.59) 
2, 2.1 20, 19 0.02, 0.02 8.759, 8.761 7.621, 7.637 

15 2-AP 

13 meimd 

10 DMAP 

DMAP 7.85 
7.94*, 7.91* 

(7.92) 
2, 2.1 20, 19 0.01, 0.01 6.938, 6.939 6.662, 6.672 

15 2-AP 

13 meimd 

10 DMAP 

morph 8.66 
8.62, 8.60 

(8.61) 
6.8, 5.3 18, 19 0.01, 0.01 3.723, 3.723 3.573, 3.569 

10 DMAP 

10 morph 

10 meoeth 

meoeth 9.57 
9.56*, 9.58* 

(9.57) 
5.4, 6.6 21, 21 0.03, 0.03 3.319, 3.319 3.281, 3.280 

15 meoeth 

20 pip 

pip 10.66 
10.60*, 10.57* 

(10.59) 
5.4, 6.6 21, 21 0.01, 0.01 3.018, 3.017 2.721, 2.743 

15 meoeth 

20 pip 
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Table 4.15 50% ladder experimental summary. 

 

 

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion time 

/hours 

Ionic Strength 

/M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

pyr 4.03 
4.01*, 4.01* 

(4.01) 
2.8, 2.4 17, 18 0.03, 0.03 8.768, 8.773 8.532, 8.531 

10 meopyr 

10 pyr 

20 2-AP 

2-AP 5.88 
5.87*, 5.88* 

(5.87) 
1.8, 3 19, 20 0.03, 0.03 6.944, 6.946 6.617, 6.619 

20 2-AP 

10 meimd 

10 4-AP 

meimd 6.05 
6.05*, 6.05* 

(6.05) 
1.8, 3 19, 20 0.02, 0.02 3.872, 3.874 3.673, 3.673 

20 2-AP 

10 meimd 

10 4-AP 

4-AP 8.24 
8.33, 8.33 

(8.33) 
4.8, 6 20, 18 0.02, 0.02 6.914, 6.894 6.618, 6.616 

10 4-AP 

10 morph 

10 meoeth 

morph 8.72 
8.68, 8.65 

(8.66) 
4.8, 6 20, 18 0.01, 0.02 3.762, 3.791 3.615, 3.617 

10 4-AP 

10 morph 

10 meoeth 

meoeth 9.63 
9.63*, 9.62* 

(9.62) 
2.1, 3 17, 14 0.02, 0.02 3.539, 3.537 3.414, 3.414 

10 4-AP 

10 meoeth 

20 pip 

pip 11.02 
11.04*, 10.96* 

(11.00) 
2.1, 3 17, 14 0.02, 0.02 3.060, 3.061 2.844, 2.875 

10 4-AP 

10 meoeth 

20 pip 



124 
 

Table 4.16 30% ladder experimental summary.  

 

 

 

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion time 

/hours 

Ionic Strength 

/M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

pyr 4.65 
4.65, 4.65 

(4.65) 
3.1, 2.1 19, 19 0.02, 0.02 8.757, 8.770 8.516, 8.507 

10 meopyr 

10 pyr 

20 pico 

pico 5.43 
5.45, 5.48 

(5.46) 
3.1, 2.1 19, 19 0.01, 0.01 8.560, 8.557 8.352, 8.353 

10 meopyr 

10 pyr 

20 pico 

2-AP 6.34 
6.33, 6.31 

(6.32) 
1.9, 2.2 18, 18 0.01, 0.01 6.984, 6.985 6.642, 6.648 

10 pyr 

10 pico 

20 2-AP 

4-AP 8.74 
8.71, 8.71 

(8.71) 
2.7, 5.3 19, 19 0.02, 0.02 6.795, 6.793 6.653, 6.653 

10 4-AP 

10 DMAP 

10 meoeth 

DMAP 9.04 

9.03, 9.03 2.7, 5.3 19, 19 0.02, 0.02 6.862, 6.861 6.678, 6.678 

10 4-AP 

10 DMAP 

10 meoeth 

9.00*, 9.04* 

(9.03) 
4, 2.8 19, 21 0.03, 0.03 6.877, 6.885 6.664, 6.665 

10 DMAP 

10 meoeth 

20 pip 
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Table 4.16 30% ladder experimental summary (continued). 

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion time 

/hours 

Ionic Strength 

/M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

meoeth - 

9.31, 9.33 2.7, 5.3 19, 19 0.01, 0.01 3.614, 3.610 3.467, 3.473 

10 4-AP 

10 DMAP 

10 meoeth 

9.32*, 9.31* 

(9.32) 
4, 2.8 19, 21 0.03, 0.03 3.652, 3.617 3.440, 3.448 

10 DMAP 

10 meoeth 

20 pip 

pip - 
10.69*, 10.69* 

(10.69) 
4, 2.8 19, 21 0.02, 0.02 

3.096,  

3.091 
2.940, 2.936 

10 DMAP 

10 meoeth 

20 pip 
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Table 4.17 10% ladder experimental summary.

Indicator 
Literature 

pKa 

Determined pKa 

±0.05 (average) 
Acid Mass /mg 

Diffusion time 

/hours 

Ionic Strength 

/M 

Acidic LS from 

fit /ppm 

Basic LS from 

fit /ppm 

Titration 

Components 

/mM 

pyr 5.06 
5.10, 5.15 

(5.13) 
3.2, 2.5 19, 19 0.01, 0.01 8.768, 8.690 8.469, 8.345 

10 meopyr 

10 pyr 

10 pico 

pico 5.85 
5.88, 5.83 

(5.85) 
3.2, 2.5 19, 19 0.01, 0.01 2.638, 2.560 2.523, 2.445 

10 meopyr 

10 pyr 

10 pico 

2-AP 6.63 
6.60*, 6.61* 

(6.61) 
3.2, 3.3 21, 19 0.02, 0.02 6.963, 6.968 6.697, 6.700 

10 pico 

20 2-AP 

10 morph 

meoeth 9.73 
9.77*, 9.71* 

(9.74) 
3.1, 2.1 23, 20 0.01, 0.01 3.657, 3.658 3.511, 3.524 

20 2-AP 

15 morph 

10 meoeth 
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Chapter 5 Determination of the pKa of Active 

Pharmaceutical Ingredients in DMSO-Water Mixtures and 

Extrapolation to Aqueous pKa 

As noted in Chapter 4, a significant proportion of APIs are poorly water soluble, 

making pKa determinations in aqueous solution impractical. One approach to 

determining the aqueous pKa of these compounds is to determine the pKa of 

the analyte in a series of aqueous-organic solvent mixtures and then 

extrapolate the results to pure water. This chapter describes application of the 

CSI method and the pKa ladders developed in Chapter 4 to the determination 

of pKa in mixed solvent systems. 

5.1 Introduction 

 The previous chapter described the development and verification of a 

series of indicator ladders which allow CSI pKa titrations to be performed in 

DMSO-water mixtures. In this chapter, the application of these mixed solvent 

titrations to real world problems is illustrated by performing pKa determinations 

on a diverse range of compounds of pharmaceutical interest (Table 5.1).  

Table 5.1 Pharmaceutical Analytes with structures and points of interest. 

Analyte Structure 
Points of 

interest 

ibuprofen 

 

carboxylic 

acid, poor 

aqueous 

solubility 

(0.076 gL-1)1 
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paracetamol 

 

phenol, slightly 

soluble in 

water  

(14 gL-1)2 

salicylic acid 

 

carboxylic 

acid, 

intramolecular 

hydrogen 

bonding, poor 

aqueous 

solubility  

(1.89 gL-1)3 

niacin 

(vitamin B3, 

nicotinic acid) 

 

amphoteric 

with 

substituted 

pyridine and 

carboxylic acid 

moieties 

lidocaine 

 

tertiary amine, 

poor aqueous 

solubility 

(3.85 gL-1)4  

quinidine 

 

dibasic with 

quinuclidine 

and quinoline 

moieties, poor 

aqueous 

solubility 

(0.036 gL-1)5 

 

 APIs are chemically diverse and can be polyacidic, polybasic or 

amphoteric. As previously mentioned, the CSI titration method reports 

macroscopic pKas. However, provided that the acid dissociation constants are 
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well separated on the pH scale, the multiple pKas of these compounds can be 

treated as independent and are reported as such. 

 A number of the analytes in Table 5.1 have weak acid moieties (amide 

groups in paracetamol and lidocaine, phenol group in salicylic acid) which 

cannot be deprotonated under the pH conditions that are accessible with the 

bases used in CSI titrations. The reported pKas of these compounds are 

therefore solely influenced by the functional group highlighted in the points of 

interest of Table 5.1. 

 Table 5.1 lists six pharmaceutical compounds, with a total of eight sites 

at which proton dissociation constants can be determined, split evenly with 

four acidic and four basic sites. Most of these compounds are poorly water 

soluble and therefore determining pKa in aqueous solution presents a 

challenge to researchers. 

 Titrations to determine these eight acid dissociation constants were 

performed in each of the five DMSO-water mixtures detailed in the previous 

chapter. These results were then used to extrapolate aqueous pKa values 

using the appropriate procedures outlined in section 4.3, with percentage 

DMSO by volume vs pKa plots used for basic sites and OSYS plots for acids. 

The 90% DMSO data points were not used for the OSYS plots to avoid long 

range extrapolation. The extrapolated aqueous pKa values were then 

converted from 293 K to 298 K to allow direct comparison between data from 

this study and the literature. 
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5.2 General Experimental Procedure 

 For basic analytes, the API is combined with a mixture of indicators up 

to a total base concentration of 30 – 50 mM and p-toluenesulfonic acid is used 

as the acid diffusant. The total base concentration depends on 2 factors:  

• The number of indicators required to monitor adequately the pH range 

in which the chemical shift of the analyte changes. When multiple 

protonation sites are present in the analyte (e.g. quinidine), more 

indicators are needed to cover the wider pH range in the titration. This 

increases the overall base concentration of the titrated solution. 

• Using a higher concentration of some indicators can make chemical 

shift tracking easier in a crowded portion of the chemical shift image 

(see section 4.7.3). This also increases the overall concentration of 

base in the titrated solution. 

 As shown in chapter 3, acidic analytes can be determined using the 

analyte itself as the diffusant. However, this requires more analyte by weight 

than if it were included as the conjugate base in solution. Furthermore, in 

cases where solubility is low, analyte diffusion times would be extremely long 

and impractical. For pharmaceutical development, where analytes are 

expensive, poorly soluble and often in short supply, the conjugate base 

method is preferable. 

 A strong co-base must therefore be added to the indicator-analyte 

solution to generate the conjugate base of the acidic analyte. The titration then 

proceeds in the same manner as for a basic analyte, with the analyte 

conjugate base being re-protonated by the diffusing p-toluenesulfonic acid. 



133 
 

Base concentrations for the titrations of acidic analytes varied between 30 – 

50 mM. More details are provided in the experimental section. 

5.3 Ibuprofen 

 Ibuprofen belongs to the non-steroidal anti-inflammatory drug (NSAID) 

class and is commonly used as a treatment for pain, fever, and inflammation.6 

It is widely available as an over-the-counter analgesic and is one of the most 

commonly prescribed medications in the UK.7 

 Ibuprofen is poorly water soluble (0.076 gL-1)1 due to the presence of 

the hydrophobic isobutyl and phenyl moieties in the molecule. It does, 

however, have significantly better solubility in DMSO (>100 gL-1), making it 

ideal for use in water-DMSO mixed solvent titrations.  

 The chemical shift of the methyl group of the propionic acid moiety in 

ibuprofen (Figure 5.1) is sensitive to the deprotonation of the carboxylic acid. 

This resonance occurs in a region of the NMR spectrum unobstructed by other 

resonances, and so can be used as a reporter of the protonation state of the 

molecule (Figure 5.2).  

Figure 5.1 Reporter protons used in the CSI pKa titration of ibuprofen. 
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Figure 5.2 Partial CSI spectrum of the titration of Ibuprofen in 30% DMSO 

solution. The resonance moving between 1.35 – 1.4 ppm is the methyl group 

of the propionic acid moiety of ibuprofen (red circle), displaying pH sensitivity. 

At 1.8 and 0.85 ppm are ibuprofen resonances insensitive to pH, and at 0 ppm 

is the DSS NMR standard.  

  

 Earlier work in DMSO (chapter 3) showed that the pKa of the carboxylic 

acid was likely above 11 and so outside the range measurable with the 

indicators available. This information, combined with the literature aqueous 

pKa value (4.24 at 298K),8 indicated that the pKa of ibuprofen should be 

strongly dependent on the DMSO content of the solvent mixture. The likely 

pKa of ibuprofen at each given mixture, and therefore the necessary indicators, 

were consequently hard to predict. Therefore, three pH indicators were used 

in the 70% – 30% titrations (see Figure 5.3 as example) to cover a broader 

pKa window. 
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Figure 5.3 Plot of ibuprofen δobs against pH in 50% DMSO solution. 

Determined pKa = 5.78. 

   

 The strong co-base required for each titration was selected to avoid 

spectral overlap. The limiting shifts of ibuprofen in 10% DMSO and in 90% 

DMSO solutions were known from prior work not to overlap with piperidine. 

Thus, piperidine was used as the co-base for both solvent mixtures and as an 

indicator for the 90% DMSO titrations. However, in the 70 – 30% DMSO 

titrations, 2-methoxyethan-1-amine was used as the co-base to ensure that 

the piperidine resonances in the 1.5 – 2.0 ppm region did not overlap with the 

propionic acid methyl group reporter resonance of ibuprofen. The results of 

the mixed solvent titrations of ibuprofen are given in Table 5.2. This data was 

used to construct an OSYS plot and extrapolate an aqueous pKa of 4.36 

(Figure 5.4). This value is in excellent agreement with the reported literature 

value at 293K (pKa = 4.40).9 
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Table 5.2 Determined pKas of ibuprofen from mixed solvent titrations. 

 

   

 

Figure 5.4 Ibuprofen OSYS plot 70-10% DMSO. Extrapolated aqueous pKa = 

4.36 ± 0.07 at 293K, R2 = 0.99. 

Mixture 

(% DMSO) 

Titration 

1 (± 0.05) 

Titration 

2 (± 0.05) 

Average 

(± 0.05) 
Indicators 

90 9.45 9.43 9.44 meoeth, pip (co-base) 

70 7.12 7.17 7.15 
meimd, DMAP, morph, 

meoeth (co-base) 

50 5.78 5.75 5.77 
2-AP, meimd, 4-AP, 

meoeth (co-base) 

30 5.00 5.00 5.00 
meopyr, pyr, pico, 

 2-AP, meoeth (co-base) 

10 4.39 4.41 4.40 
meopyr, pyr, pip (co-

base) 
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5.4 Paracetamol 

 Paracetamol (known as acetaminophen in the USA) is the most 

commonly used analgesic worldwide and is the first step on the WHO pain 

ladder.10 It is sparingly soluble in water (14 gL-1)2 but is more soluble in 

DMSO.11 

 Attempts to determine the pKa of paracetamol in DMSO using the 

methods described in chapter 3 were unsuccessful. The indicators available 

were insufficiently basic to remove the phenolic proton; phenols are generally 

weak acids in DMSO solution.12 Based on this result and the literature aqueous 

pKa (9.63),8 indicators with the highest pKa were selected for these titrations, 

with piperidine acting as co-base in all cases. 

 

 The resonances of the protons ortho to the phenol moiety (Figure 5.5) 

show a strong chemical shift change with pH in an otherwise empty region of 

the spectrum (Figure 5.6), and so were used to determine the pKa of 

paracetamol.  
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Figure 5.5 Reporter protons used in the CSI pKa titration of paracetamol. 

 

  

 

Figure 5.6 Partial CSI spectrum of the titration of paracetamol in 10% DMSO 

solution. The protons ortho to the phenol (6.6 – 6.9 ppm, red circle) show 

strong sensitivity to pH and are used as the reporter nuclei for these titrations. 

The meta protons (7.05 – 7.25 ppm, blue circle) are also viable reporter nuclei. 

The peaks around 7.35 and 7.65 are from p-toluenesulfonic acid.  

 

 For both the 90% and 70% DMSO solutions, piperidine is insufficiently 

basic to abstract the phenolic proton and so no titration data could be obtained. 

However, titrations were successful for the remaining mixtures (see example 

in Figure 5.7). The results of the mixed solvent titrations of paracetamol are 

given in Table 5.3. This data was used to construct an OSYS plot and 

extrapolate an aqueous pKa of 9.74 (Figure 5.8). There is no literature data 

available at 293 K to compare against (see section 5.9). 



139 
 

Figure 5.7 Plot of paracetamol δobs against pH in 10% DMSO solution. 

Determined pKa = 10.08. 

 

Table 5.3 Determined pKas of paracetamol from mixed solvent titrations. 
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Mixture  

(% 

DMSO) 

Titration 1 

(± 0.05) 

Titration 2 

(± 0.05) 

Average 

(± 0.05) 
Indicators 

50 11.25 11.29 11.27 meoeth, pip (co-base) 

30 10.14 10.13 10.14 meoeth, pip (co-base) 

10 10.05 10.08 10.07 meoeth, pip (co-base) 
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Figure 5.8 Paracetamol OSYS plot 50 ‒ 10% DMSO. Extrapolated aqueous 

pKa = 9.74 ± 0.08 at 293K, R2 = 0.86.  

5.5 Salicylic Acid 

 Salicylic acid is a widely used skin peeling agent used to treat acne, 

psoriasis, and other skin disorders.13 The WHO includes salicylic acid on its 

list of essential medicines.14 It is poorly water soluble (1.89 gL-1)3 due to the 

hydrophobic benzene ring, but readily dissolves in DMSO. 

 pKa data for salicylic acid is available for both aqueous (pKa = 2.84)8 

and DMSO (pKa = 6.8)15 solutions, which provided anchoring points to inform 

the choice of pH indicators for the 90% and 10% DMSO solutions.  

 The salicylic acid protons ortho and para to the carboxyl group are both 

sensitive to changes in protonation state. The resonance selected to monitor 

protonation state in these titrations depended on the overlap with the indicator 

resonances present in the crowded aromatic region of the spectrum. In the 
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90% DMSO solution, the proton ortho to the carboxyl group (squared in Figure 

5.9) was the best resonance to track through the chemical shift image. For the 

other four mixtures, the para proton (circled in Figure 5.9) was the most 

practical choice; Figure 5.10 shows the Henderson-Hasselbalch plot of the 

data. The results of the mixed solvent titrations of salicylic acid are given in 

Table 5.4. This data was used to construct an OSYS plot and extrapolate an 

aqueous pKa of 2.68 (Figure 5.11). There is no literature data available at 293 

K to compare against this result (see section 5.9). 

Figure 5.9 Reporter sites used in the CSI pKa titrations of salicylic acid. 

 

 

 

Table 5.4 Determined pKas of salicylic acid from mixed solvent titrations. 

 

Mixture 

(% DMSO) 

Titration 

1 (± 0.05) 

Titration 

2 (± 0.05) 

Average 

(± 0.05) 
Indicators 

90 5.17 5.17 5.17 pico, 2-AP, pip (co-base) 

70 3.70 3.70 3.70 pyr, 2-AP, pip (co-base) 

50 3.10 3.09 3.09 
meopyr, pyr, pip (co-

base) 

30 2.91 2.95 2.93 
meopyr, pyr, pip (co-

base) 

10 2.79 2.80 2.79 
meopyr, pyr, pip (co-

base) 
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Figure 5.10 Plot of salicylic acid δobs against pH in 30% DMSO solution.          

Determined pKa = 2.91. 

 

Figure 5.11 Salicylic acid OSYS plot 70 ‒ 10% DMSO. Extrapolated aqueous 

pKa = 2.68 ± 0.07 at 293K, R2 = 0.91. 
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5.6 Niacin 

 Niacin (nicotinic acid) is one of the three forms of the essential human 

nutrient vitamin B3.16-17 It is used by the body to biosynthesise the coenzyme 

nicotinamide adenine dinucleotide (NAD), which is central to metabolism.17 

Niacin is commonly added to flour and cereals to prevent niacin deficiency 

(pellagra), which is a serious health risk.  

 Niacin is an ampholyte, with both a carboxylic acid and a basic pyridyl 

group (Figure 5.12). Both pKas are in the accessible pH range of the CSI 

experiment and so were determined as an example of how the CSI titration 

method can be used on ampholytes. This presented an interesting challenge 

in terms of the setup of the titration, as the analyte has first to be deprotonated 

by a co-base before being doubly protonated by p-toluenesulfonic acid. The 

two pKas were determined on two separate plots rather than combined into a 

single plot due to the limitations of the data fitting procedure, which can fit only 

one dissociation constant at a time.18 

 To monitor the chemical shift change for both pKas, the proton ortho to 

both the carboxylic acid and the pyridine nitrogen (circled in Figure 5.12) was 

selected. It has the highest chemical shift of all the available resonances and 

so appears in a more isolated portion of the CSI. Other niacin resonances that 

are pH sensitive to both protonations appear in a more crowded spectral 

region. 
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Figure 5.12 Protonation sites of niacin and reporter proton (circled) used in the 

pKa titration. 

 

 

 

 In the DMSO rich titrations (90% and 70%), there was a clearly visible 

delineation between the two pKas as they are well separated on the pH scale 

(Figure 5.13). In the more water rich titrations (50 – 10% DMSO), the two pKas 

were closer to each other in value and so pKa1 and pKa2 were more difficult to 

distinguish visually. 1D solvent suppressed proton NMR experiments were 

therefore performed on niacin in each solvent mixture, with no acid or base 

added, to determine the analyte chemical shift between pKa1 and pKa2. This 

value was used as the cut-off between the two pKas when processing the 

titration data (see experimental section 5.11.3). In the 10% DMSO titration, it 

was not possible to determine the pKa2 of niacin as the available indicators 

could not determine a sufficiently low pH. 

 

 

 

 

 

pKa1 

pKa2 
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Figure 5.13 Partial CSI spectrum of the titration of Niacin in 70% DMSO 

solution. The visible transition between pKa1 and pKa2 is indicated on this 

spectrum ca. 9.02 ppm. 

 

 The determined pKa1 data from the mixed solvent titrations of niacin are 

given in Table 5.5. 
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Table 5.5 Determined pKa1 of niacin from mixed solvent titrations. 

 

 

 

 

 

 

 

 

 

 

 

Mixture 

(% DMSO) 

Titration 

1 (± 0.05) 

Titration 

2 (± 0.05) 

Average 

(± 0.05) 
Literature pKa 

Literature pKa – 

Determined pKa 

Indicators 

90 6.97 6.90 6.94 7.53 0.59 meopyr, 2-AP, DMAP, pip (co-base 

70 5.05 5.09 5.07 5.30 0.23 meopyr, pyr, 2-AP, pip (co-base) 

50 4.15 4.16 4.16 4.50 0.34 meopyr, pyr, 2-AP, pip (co-base) 

30 4.19 4.21 4.20 4.44 0.24 meopyr, pyr, pip (co-base) 

10 4.36 4.39 4.38 4.72 0.34 meopyr, pyr, pip (co-base) 
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 The determined values are in agreement with, but show a consistent 

offset from, the literature. Hallé attributes the observed trend, which is seen in 

both sets of data (Figure 5.13), to the complex solvation of niacin in water-

DMSO mixtures.19 

Figure 5.13 Percentage DMSO by volume vs determined niacin pKa1 (X) and 

literature niacin pKa1 (O) (90 – 10%).  

 Plots of percentage co-solvent vs pKa for bases typically have a 

negative gradient.8 However, the 90% and 70% DMSO points in Figure 5.13 

appear to be on a line of a strongly positive gradient. The extrapolation to zero 

co-solvent was therefore performed only on the pKa data from the 10 – 50% 

DMSO titrations in order to achieve linear extrapolations (Figure 5.14).  
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Figure 5.14 Percentage DMSO by volume vs literature niacin pKa1 (O) and 

determined niacin pKa1 (X) (50 – 10%). Extrapolated aqueous pKa1 from 

literature data = 4.69 ± 0.10 at 293K using 50 – 10 % points (dashed blue line, 

R2 = 0.52). Extrapolated aqueous pKa1 from literature data = 4.85 ± 0.12 at 

293K using 30 – 10 % points (solid blue line, R2 = 0.99). Extrapolated aqueous 

pKa1 from determined data = 4.41 ± 0.09 at 293K using 50 – 10 % points 

(dashed black line, R2 = 0.89). Extrapolated aqueous pKa1 from determined 

data = 4.46 ± 0.10 at 293K using 30 – 10 % points (solid black line, R2 = 1).  

 

 The extrapolated aqueous pKa using the available 30 – 10 % DMSO 

literature data from Hallé et al. is in good agreement with the directly 

determined aqueous pKa (extrapolated: 4.85, measured: 4.90).19 Including the 

50 % data point lowers the extrapolated pKa considerably, and as such this 

point should not be included in the extrapolation. The extrapolation for the 

determined data therefore uses only the 10 and 30 % DMSO data points. 
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 The extrapolated aqueous pKa values from the literature data (4.85) and 

determined data (4.46) are in reasonable agreement (Δ = 0.39). The 

determined pKas of the pyridyl group are 0.24 – 0.34 pH units weaker than in 

the literature, which accounts for the difference in the extrapolated pKa. This 

offset could be the result of multiple pKa microconstants being determined as 

a single pKa in this work. An example pKa1 titration is shown in Figure 5.15. 

Figure 5.15 Plot of niacin δobs against pH in 10% DMSO solution. Determined 

pKa1 = 4.39, literature pKa1 = 4.72. 

 

 The pKa2 data for niacin (Table 5.6), however, is in good agreement 

with the literature. The extrapolated aqueous pKas (70 – 30 % DMSO) from 

both data sets (Figure 5.16) are in good agreement with each other 

(determined = 2.35, literature = 2.24) and are both slightly higher than the 

literature determined aqueous pKa2 value for niacin (pKa2 = 2.03).19 This is 

likely due to the absence of the 10% DMSO point in the extrapolations. 

Inclusion of the 10% DMSO point for the literature series lowers the 
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extrapolated aqueous value to 2.16, which better agrees with the directly 

determined value from Hallé et al. An example titration for niacin pKa2 is shown 

in Figure 5.17. 

Figure 5.16 Niacin OSYS plot with determined niacin pKa2 (X) and literature 

niacin pKa2 (O). Extrapolated aqueous pKa from determined data = 2.35 ± 0.09 

at 293K using 70 – 30 % DMSO points (black line, R2 = 0.99). Extrapolated 

aqueous pKa from literature data = 2.24 ± 0.09 at 293K using 70 – 30 % DMSO 

points (dashed blue line, R2 = >0.99). Extrapolated aqueous pKa from literature 

data = 2.16 ± 0.07 at 293K using 70 – 10 % DMSO points (solid blue line, R2 

= 0.98).  
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Table 5.6 Determined pKa2 of niacin from mixed solvent titrations. 

 

 

 

 

 

Mixture 

(% DMSO) 

Titration 1 

(± 0.05) 

Titration 2 

(± 0.05) 

Average 

(± 0.05) 
Literature pKa 

Literature pKa – 

Determined pKa 
Indicators 

90 1.55 1.47 1.51 1.5 -0.01 meopyr, 2-AP, DMAP, pip (co-base 

70 1.66 1.69 1.67 1.6 -0.07 meopyr, pyr, 2-AP, pip (co-base) 

50 2.08 2.08 2.08 2.05 -0.03 meopyr, pyr, 2-AP, pip (co-base) 

30 2.32 2.31 2.32 2.18 -0.14 meopyr, pyr, pip (co-base) 
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Figure 5.17 Plot of niacin δobs against pH in 70% DMSO solution. Determined 

pKa2 = 1.66, literature pKa2 = 1.6. 

5.7 Lidocaine 

 Lidocaine is a commonly used local anaesthetic and anti-arrhythmia 

drug. It is included on the WHO list of essential medicines14 and is one of the 

most commonly prescribed drugs in the UK.7 It has poor aqueous solubility in 

water (3.85 gL-1)4 owing to the xylyl group, but is readily soluble in DMSO.20 

Figure 5.18 The potential pKa reporter protons of lidocaine.  

 

  

 

 Several potential reporter protons are available in lidocaine. However, 

the resonances of both the NCH2CH3 resonance (squared in blue above) and 

the NCH2CO (squared in green above) appear in a busy spectral region and 

overlap with indicators (Figures 5.18 and 5.19). Although the resonance of the 
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amide (squared in red Figure 5.18) is the most sensitive to the protonation of 

the amine (ca. 0.7 ppm shift from neutral to protonated) and was visible in the 

90% DMSO titration, in titrations with higher water content, the amide proton 

was not visible due to exchange with water protons. In 70 – 10% DMSO 

solvent mixtures, therefore, the best lidocaine resonance to monitor in the CSI 

titrations is the methyl resonances of the ethyl groups (red circle in Figures 

5.18 and 5.19), which are sensitive to the protonation of the amine and occur 

in a well separated region of the spectrum. In 90% DMSO, using either the 

methyl or the amide proton resonance yields the same determined pKa, 

(Figure 5.20 amide: pKa = 6.68 and 6.71, Figure 5.21 terminal ethyl: pKa = 6.69 

and 6.71).  
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Figure 5.19 Partial CSI spectrum of the titration of Lidocaine in 10% DMSO 

solution. The terminal ethyl resonance (red circle) is the reporter peak for pKa 

determination. The other lidocaine resonances (green and blue squares) are 

sensitive to protonation but overlap with morpholine (marked with an *). The 

other resonances are: 2.7ppm residual proton peak from d6-DMSO, 2.4ppm 

methyl group of p-toluenesulfonic acid, and 2.2ppm methyl groups of the xylyl 

moiety of lidocaine. 

 

 pKa titrations for lidocaine were performed in all 5 DMSO-water 

mixtures (Table 5.7) and an aqueous pKa of 8.10 was extrapolated (Figure 

5.22). There is no literature data available for lidocaine at 293 K to compare 

with (see section 5.9).  

 To demonstrate the wide time window in which one can collect 

consistent pKa data, the CSI spectrum of the second 50% DMSO titration was 

collected over a period of 48 hours. Consistent pKa data was obtained between 

12 and 48 hours after the diffusion start time, with the highest number of data 

* * 
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points obtained at 36 hours. More details are provided in experimental section 

5.9.4. 

Figure 5.20 Plot of Lidocaine amide δobs against pH in 90% DMSO solution. 

Determined pKa = 6.71. 

 

Figure 5.21 Plot of Lidocaine terminal ethyl δobs against pH in 90% DMSO 

solution. Determined pKa = 6.71. 
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Table 5.7 Determined pKas of lidocaine from mixed solvent titrations. 

  

Figure 5.22 Lidocaine percentage DMSO by volume vs determined pKa. 

Extrapolated aqueous pKa = 8.10 ± 0.09 at 293K, R2 = 0.95.  

 

Mixture 

(% DMSO) 

Titration 

1 (± 0.05) 

Titration 

2 (± 0.05) 

Average 

(± 0.05) 
Indicators 

90 
6.68 (NH) 

6.69 (Me) 

6.71 (NH) 

6.71 (Me) 
6.70 2-AP, DMAP, morph 

70 7.08 7.09 7.09 meimd, DMAP, morph 

50 7.47 7.48 7.48 2-AP, 4-AP, morph 

30 7.47 7.49 7.48 2-AP, 4-AP 

10 7.99  8.00 8.00 2-AP, morph 
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5.8 Quinidine 

 Quinidine is an antiarrhythmic and antimalarial drug. It belongs to the 

family of alkaloids first found in cinchona tree bark, alongside its stereoisomer 

quinine.21 A derivative of quinidine is used in AD-mix β for the Sharpless 

asymmetric dihydroxylation.22 It has poor aqueous solubility (0.036 gL-1) due 

to the large hydrophobic moieties present in its structure.5 However, it is 

readily soluble in DMSO (93 gL-1).  

 The quinuclidine and quinoline functionalities make quinidine a dibasic 

drug. From a comparison of the pKas of the corresponding molecules 

(quinuclidine pKa = 11.4,23 quinoline pKa = 4.8)24 it is clear that pKa1 is at the 

quinuclidine site. In addition to being inherently a weaker base, the pKa2 of the 

quinoline site in quinidine is expected to be markedly lower than that of the 

quinuclidine site due to electrostatics, as it requires the protonation of an 

already positively charged molecule. 

Figure 5.23 Protonation sites and reporter resonance in the CSI pKa 

determination of quinidine. 
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 Due to the two basic sites present, four indicators were required to 

monitor the expected pH ranges for the two pKas, leading to crowded spectra. 

Further to this, the proton NMR spectrum of quinidine is itself complex resulting 

in numerous overlaps with the resonances of the indicators used. The 

R2CHOH resonance (circled, Figure 5.23) was chosen to monitor the pKas of 

quinidine for the following reasons: 

• Its chemical shift is sensitive to both protonations. 

• At high pH the resonance occurs in an isolated region of the NMR 

spectrum. 

• It could be easily tracked through regions of overlap with the vinyl 

resonances. 

 The two pKas are well separated, meaning that the two pairs of 

indicators also have well separated pKas on the pH scale. This had a positive 

impact on the processing of these titrations: the pH range between the two 

distinct portions of the titration was poorly buffered, which made the two pKas 

well delineated in the CSI (see Figure 5.24). This was in contrast to the pair of 

pKas for niacin, which were close together and so were not well delineated. 
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Figure 5.24 Partial CSI spectrum of the titration of Quinidine in 90% DMSO 

solution. The resonance marked with a red circle (Figure 5.23) was sensitive 

to both protonations. The peak moved from around 5.4 ppm to 6.0 ppm for 

pKa1 and from 6.0 ppm to 6.2 ppm for pKa2. While there is some overlap with 

other resonances from the vinyl moiety, the reporter resonance can be tracked 

unambiguously throughout the image. 

 

 Titrations were performed for all five DMSO-water mixtures. In the 30% 

and 10% DMSO titrations, precipitation at high pH was observed in the NMR 

tube, owing to the poor aqueous solubility of quinidine. This can be seen in 

Figure 5.25, where solid quinidine is evident on the walls of the NMR tube as 

the pH increases from the bottom of the tube to the top. Quinidine is more 

soluble in the higher water content mixtures when protonated. Despite this 

precipitation, the concentration of quinidine in solution was sufficient in the 

more basic region of the sample to track the reporter resonance.  
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Figure 5.25 Precipitation of quinidine in the 30% DMSO titration.  

 

 

 

 

 

 

 

 

 

 

 The finding that analyte precipitation does not prevent the acquisition 

of useful titration data, as was also observed for low aqueous solubility drugs 

at C4X discovery, demonstrates the "real world" applicability of the CSI 

method for the determination of pKa values of poorly soluble drugs and drug-

like compounds. 

 The results of the mixed solvent titrations are given below (Table 5.8, 

Figure 5.26). From this data, an aqueous pKa1 of 8.69 was extrapolated (Figure 

5.27). 
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Table 5.8 Determined pKa1 of quinidine from mixed solvent titrations. 

 

Figure 5.26 Plot of quinidine δobs against pH in 90% DMSO solution. 

Determined pKa1 = 8.14.  
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Mixture 

(% 

DMSO) 

Titration 

1 (± 

0.05) 

Titration 

2 (± 

0.05) 

Average 

(± 0.05) 
Indicators 

90 8.14 8.14 8.14 
meopyr, pico, DMAP, 

morph 

70 8.18 8.14 8.16 
meopyr, pyr,DMAP, 

morph 

50 8.49 8.45 8.47 meopyr, pyr, 4-AP, morph 

30 8.21 8.21 8.21 meopyr, pyr, 2-AP, 4-AP 

10 8.79 8.79 8.79 
meopyr, pyr, morph, 

meoeth 
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Figure 5.27 Quinidine percentage DMSO by volume vs determined pKa1. 

Extrapolated aqueous pKa1 = 8.69 ± 0.09 at 293K, R2 = 0.59.  

 As the solubility of quinidine in water improves upon first protonation, 

determining pKa2 was unaffected by precipitation or loss of solubility. The 

results of these titrations are given in Table 5.9, with an example titration curve 

shown in Figure 5.28. An aqueous pKa2 value of 4.20 was extrapolated (Figure 

5.29). There is no literature data available for either quinidine acid dissociation 

constant at 293 K for comparison (see section 5.9). 
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Table 5.9 Determined pKa2 of quinidine from mixed solvent titrations. 

 

Figure 5.28 Plot of quinidine δobs against pH in 50% DMSO solution. 

Determined pKa2 = 2.81.  

 

Mixture 

(% 

DMSO) 

Titration 

1 (± 

0.05) 

Titration 

2 (± 

0.05) 

Average 

(± 0.05) 
Indicators 

90 2.24 2.19 2.22 meopyr, pico, DMAP, morph 

70 2.35 2.28 2.32 meopyr, pyr, DMAP, morph 

50 2.81 2.71 2.76 meopyr, pyr, 4-AP, morph 

30 3.64 3.59 3.62 meopyr, pyr, 2-AP, 4-AP 

10 4.01 3.99 4.00 meopyr, pyr, morph, meoeth 
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Figure 5.29 Quinidine percentage DMSO by volume vs determined pKa2. 

Extrapolated aqueous pKa2 = 4.20 ± 0.09 at 293K, R2 = 0.94. 

Table 5.10 Summary of extrapolated aqueous pKas and protonation sites of 

the studied pharmaceuticals. 

 
a Error not provided 

Compound Protonation Site 

Extrapolated 

Aqueous pKa 

(293K) 

Literature 

Aqueous 

pKa
8
 (298K) 

Ibuprofen Carboxylic acid 4.36 ± 0.07 4.24 ± 0.03 

Paracetamol Phenol 9.74 ± 0.08 9.63 ± 0.01 

Salicylic acid Carboxylic acid 2.68 ± 0.07 2.84 ± 0.01 

Niacin pKa1 Pyridine 4.41 ± 0.09 4.63 ± 0.01 

Niacin pKa2 Carboxylic acid 2.35 ± 0.09 2.00 ± 0.01 

Lidocaine Tertiary amine 8.10 ± 0.09 7.95 ± 0.02 

Quinidine pKa1 Quinuclidine 8.69 ± 0.09 8.55a 

Quinidine pKa2 Quinoline 4.20 ± 0.09 4.09a 
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5.9 Comparison to Literature Data 

 The work reported here was conducted at 293 K to be compatible with 

the only substantial prior body of published work on pKa determinations in 

DMSO-water mixtures. However, pKa values in aqueous conditions are almost 

always measured at 298 K. Pharmaceutical researchers often must 

extrapolate from this data to body temperature (37°C), as this temperature 

difference can have an important impact on drug effects.25  

 While the pKa variation with temperature can be calculated 

thermodynamically, standard entropy and enthalpy of protonation data for 

drugs and drug-like molecules are rare.8 Fortunately, heuristics for converting 

pKa between temperatures for different compound classes have been 

published by Perrin et al.26-27 (Equations 5.1 – 5.4): 

• For simple carboxylic acids: (
𝜕p𝐾𝑎

𝜕𝑇
) = (4.6 − pKa) T⁄  (Equation 5.1) 

• For phenols: (
𝜕p𝐾𝑎

𝜕𝑇
) = −0.016 deg−1 (Equation 5.2) 

• For monoprotic weak bases: (
𝜕p𝐾𝑎

𝜕𝑇
) = −(pKa − 0.9) T⁄  (Equation 5.3) 

• For the second proton in a di-protonated diamine: (
𝜕p𝐾𝑎

𝜕𝑇
) = −pKa T⁄  

(Equation 5.4) 

 These equations are based on empirical testing to generate good 

approximations of the temperature dependence of different compound 

classes. They are reasonably successful; for instance, monoprotic bases have 

a standard error in predicted pKa change of ±0.04 for a temperature change of 

10°C. Equations 5.1 – 5.4 were used to convert the extrapolated aqueous pKa 

values at 293 K (Table 5.10) to pKas at 298 K (Table 5.11).  
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Table 5.11 Extrapolated aqueous pKa data at 293 K from sections 3.3 – 3.8, conversion to 298 K using Equations 5.1 – 5.4 with 

comparison to literature values. 

 

 
b Error not provided 

Compound 
Extrapolated Aqueous pKa 

(293K) 

Temperature Corrected 

Aqueous pKa (298K) 

Literature Aqueous 

pKa (298K) 

Directly Measured pKa – 

Temperature Corrected pKa 

Ibuprofen 4.36 ± 0.07 4.36 ± 0.11 4.24 ± 0.03 -0.12 

Paracetamol 9.74 ± 0.08 9.66 ± 0.12 9.63 ± 0.01 -0.03 

Salicylic acid 2.68 ± 0.07 2.71 ± 0.11 2.84 ± 0.01 0.13 

Niacin pKa1 4.46 ± 0.10 4.40 ± 0.14 4.63 ± 0.01 0.23 

Niacin pKa2 2.35 ± 0.09 2.39 ± 0.13 2.00 ± 0.01 -0.39 

Lidocaine 8.10 ± 0.09 7.98 ± 0.13 7.95 ± 0.02 -0.03 

Quinidine pKa1 8.69 ± 0.09 8.56 ± 0.13 8.55b -0.01 

Quinidine pKa2 4.20 ± 0.09 4.13 ± 0.13 4.09b -0.04 
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 With the exception of niacin, the temperature corrected, extrapolated 

pKa values for all the compounds studied are in good agreement with literature 

values determined from potentiometric measurements in aqueous solution 

(Figure 5.30). 

 Avdeef also reports an extrapolated aqueous pKa for ibuprofen from a 

series of potentiometric measurements in water-DMSO mixtures, and obtains 

an extrapolated value that matches almost exactly the value determined by 

the CSI method (literature: 4.35, this work: 4.36).8 This suggests the 

differences between the extrapolated aqueous pKas and those determined 

directly may be attributed to the inherent uncertainties in the extrapolation.  

 The temperature corrected, extrapolated aqueous pKa1 of niacin is 0.23 

lower than the directly determined value. This is due to the observed offset of 

the mixed solvent titration values determined in this work when compared to 

the literature values of Hallé.19 As previously suggested, this may be due to 

multiple pKa microconstants being determined as one dissociation constant. 

 The pKa2 of niacin could not be determined in 10 % DMSO solution as 

the indicator ladder could not measure a low enough solution pH. The 

exclusion of this data point from the OSYS plot resulted in an extrapolated 

aqueous pKa2 that is likely artificially high. This is expected to be the cause of 

the difference (Δ = 0.39) between the temperature corrected, extrapolated 

pKa2 with the directly determined aqueous literature value. 
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Figure 5.30 Plot of literature aqueous pKa values (298K) for the 6 

pharmaceutical compounds against extrapolated aqueous pKas (adjusted to 

298K) from mixed solvent titrations, with a line of x = y for comparison.  
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5.10 Conclusions 

 This chapter was concerned with the application of the CSI titration 

method and indicator ladders developed in the previous chapter to real 

pharmaceutical compounds.  

 The APIs selected for analysis presented a series of challenges in 

conducting the mixed solvent titrations. For instance, there is a degree of 

uncertainty in the necessary pH range when performing a titration on a 

compound with no prior pKa data, or one that exhibits a strong solvent 

dependence (as was the case with ibuprofen in this work). The CSI titration 

method can account for this uncertainty with the use of three or more indicators 

in order to span a wide pH range, ensuring that the pertinent titration data is 

collected. This demonstrates how the CSI method is suitable for use on novel 

compounds with little or no prior information. 

 APIs are often complex molecules with complex 1H NMR spectra, so 

there is significant scope for the overlap of analyte and indicator resonances. 

As was shown in chapter 4, the CSI method affords a choice of which indicator 

resonance is used to determine pH. The results from salicylic acid and 

lidocaine in this chapter show that this is also the case for the monitored 

analyte resonance. As a result, successful titrations are possible even with 

overlapping analyte and indicator resonances. The flexibility this affords is 

another benefit of the CSI method. 

 As has been previously noted, poor solubility is a major issue in drug 

development28 and precipitation mid-titration is problematic for potentiometric 

determinations.8 As was seen in the low DMSO percentage titrations of 
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quinidine, despite visible precipitation of the analyte due to low solubility at 

high pH, complete titration data was still obtained. Resistance to precipitation 

is another example of the robust nature of CSI titrations. 

 In chapter 4, the use of strategic buffering was introduced to increase 

the number of data points around a particular pH. In the diprotic quinidine 

titrations in this chapter, strategic buffering was employed in a different way to 

minimise the number of data points between pKa1 and pKa2. Indicators were 

selected to avoid buffering the pH range in which quinidine was between 

protonations. Doing so resulted in fewer data points in this pH range, and 

therefore a markedly easier delineation of the two pKas in the chemical shift 

image. This shows how these titrations can be designed to optimise data 

processing. 

 More generally, CSI titrations in mixed solvents have been shown in 

this chapter to be applicable to both basic and acidic analytes for a range of 

solvent mixtures. Titrations can be conducted over wide pH ranges in order to 

determine multiple acid dissociation constants for the same molecule, all in a 

single 20 – 40 minute measurement. The number of data points on the titration 

curves (average 65) is unmatched by other common titration methods in the 

same timeframe. The simple experimental setup and flexible framework make 

it well suited to busy researchers with restricted access to an NMR 

spectrometer. 

 Ultimately, high quality aqueous pKa data was extrapolated using CSI 

titration data, with results comparable to direct aqueous potentiometric 

titration. These protocols have been shown to be viable even with poor analyte 
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solubility and partial precipitation, which are real challenges in drug 

development. The real world application of this technique is demonstrated by 

its licensing to C4X Discovery for use in their drug discovery pipeline. 
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5.11 Experimental 

5.11.1 Materials 

 The pharmaceutical compounds used were purchased from the 

following sources: 

• Sigma Aldrich- salicylic acid. 

• Alfa Aesar- ibuprofen and quinidine. 

• Acros Organics- paracetamol and niacin. 

• Fischer Scientific- lidocaine. 

All reagents were used as received. For information on all other reagents, see 

section 4.7.1. 

5.11.2 Titration Procedure 

 The general procedure was the same as laid out in section 4.7.3, with 

some modifications. Analytes were weighed into 2mL plastic centrifuge tubes 

using a Mettler AE101 balance with a stated precision of ±0.01 mg. To the 

solid pharmaceutical was then added the requisite volumes of DMSOd6, stock 

solutions of indicators, neat indicators and DSS standard. The tube was gently 

mixed to dissolve the analyte before the addition of the appropriate volume of 

distilled water to make the solutions up to 1200μL. Solutions were made up in 

this way to maximise the amount of poorly water soluble analyte in solution.  

 For the analytes with solely basic sites (quinidine and lidocaine), 

titration solutions were made up to 10 mM analyte concentration. Acidic 

analytes were made up to 5 mM analyte concentration to avoid the need for 

excessive co-base concentrations. 10 mM of co-base was used for the acidic 

analyte titrations, alongside the requisite indicators. The total base 
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concentration of the titration solutions varied depending on the pH range 

required, the need for a co-base and individual indicator concentrations (see 

2-AP discussion in section 4.7.2). In all other respects the titration procedure 

followed that outlined in section 4.7.3. Acid masses used in these titrations 

varied from 1.7 – 4.4mg, with acid to base ratios from 0.34 – 0.89. Details of 

all titrations are included in Tables 5.14 – 5.21. 

 Titrations were conducted using the 256 slice experiment, unless 

marked with an asterisk in Tables 5.14 – 5.21, in which case the 128 slice 

experiment was performed. The 128 slice experiment was used where a 

greater number of points was unnecessary. For more details see sections 

3.9.10 and 4.7.5. 

5.11.3 Neutral Niacin Measurements 

 To aid in distinguishing the two pKas of niacin, solvent suppressed NMR 

spectra of 10 mM niacin with no added acid or base were collected for each 

solvent mixture. The aim of this was to observe the chemical shifts of niacin 

between the deprotonation of the carboxylic acid and protonation of the pyridyl 

group. The chemical shifts of the reporter nuclei (Table 5.12) were used to aid 

the division of niacin titration data into two pKa curves. These measured values 

corresponded well with the visible transitions of pKa1 to pKa2 observed in the 

titrations when referenced to DSS (Figure 5.13, section 5.6). 
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Table 5.12 Chemical shifts of the reporter resonances of neutral niacin in 90% 

– 10% DMSO-water mixtures. 

 

5.11.4 Diffusion Time 

 The diffusion time varied from 12-36 hours for these titrations, with 20 

– 24 hours being the typical duration. As previously shown, the time window 

in which good, consistent pKa data can be obtained in CSI titrations is wide 

(see section 3.3.2).29 To illustrate how this is also the case in DMSO-water 

mixtures, periodic chemical shift images were collected for one of the titrations 

of lidocaine in 50% DMSO solution over a period of 48 hours (Table 5.13). 

 

 

 

 

 

 

Solvent Mixture (% DMSO) Neutral Niacin Reporter Resonance /ppm 

90 9.086 

70 9.069 

50 9.067 

30 9.078 

10 9.097 
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Table 5.13 Diffusion time with the determined pKa and number of data points 

for the second 50% DMSO lidocaine titration. 

Time (hours) Determined pKa Data Points 

12 7.53 19 

20 7.52 25 

28 7.54 41 

36 7.48 65 

48 7.44 63 

  

 The determined pKas were all in good agreement with each other. The 

earlier titrations had fewer data points, as the pH gradient was spread over a 

smaller number of slices. The 36 hour value was used as the final result, as it 

was the titration with the most data points. These results illustrate the flexibility 

offered by this method, affording a researcher a wide time window in which to 

conduct these titrations, which can be achieved even on a shared and busy 

NMR spectrometer.  

5.11.5 Error Estimation 

 The same error determination from chapter 4 was applied to the titration 

data and to extrapolations to zero aqueous solvent. The standard error 

associated with a 10 °C temperature extrapolation for monoprotic bases using 

the equation from Perrin et al. is ± 0.04.26 Error is not provided for the other 

temperature conversion equations and therefore was assumed to be the same 

magnitude for Equations 5.1 – 5.4.27 This error was combined with the error 
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from solvent extrapolations to obtain a final value for each temperature 

corrected, extrapolated aqueous pKa in Table 5.11. 

5.11.6 Data Tables 
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Table 5.14 Experimental summary for ibuprofen titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid Mass 

/mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

90 
9.45, 9.43 

(9.44) 
2.1, 2.1 20, 23 0.03, 0.03 1.343, 

1.346 
1.254, 
1.253 

20 pip (indicator and co-base),  

15 meoeth, 5 ibuprofen 

70 
7.12, 7.17 

(7.15) 
1.9, 1.9 24, 21 0.03, 0.03 

1.369, 
1.370 

 

1.275, 
1.274 

 

10 meoeth (co-base), 10 morph,  

10 DMAP, 10 meimd, 5 ibuprofen 

50 
5.78, 5.75 

(5.77) 
1.9, 1.7 21, 20 0.04, 0.04 

1.380, 
1.388 

 

1.308, 
1.309 

 

10 meoeth (co-base), 10 4-AP, 

15 2-AP, 10 meimd, 5 ibuprofen 

30 
5.00, 5.00 

(5.00) 
2.5, 1.8 18, 23 0.03, 0.03 1.414, 

1.413 
1.345, 
1.345 

10 meoeth (co-base), 15 2-AP,  

10 pico, 10 pyr, 10 meopyr, 5 ibuprofen 

10 
4.39, 4.41 

(4.40) 
1.9*, 1.8* 21, 21 0.03, 0.03 

1.434, 
1.434 

 

1.370 
1.370 

 

10 pip (co-base), 15 pyr,  

10 meopyr, 5 ibuprofen 
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Table 5.15 Experimental summary for paracetamol titrations. 

 

 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid 

Mass /mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

50 
11.25, 11.29 

(11.27) 
2.4, 2.2 17, 21 0.01, 0.01 

6.808, 
6.812 

 

6.517, 
6.498 

 

20 pip (indicator and co-base),  

15 meoeth, 5 paracetamol 

30 
10.14, 10.13 

(10.14) 
2.2, 2.4 21, 22 0.02, 0.02 6.853, 

6.852 
6.499, 
6.499 

20 pip (indicator and co-base),  

15 meoeth, 5 paracetamol 

10 
10.05, 10.08 

(10.07) 
2.4, 2.8 13, 12 0.03, 0.03 

6.868, 
6.870 

 

6.584, 
6.569 

 

20 pip (indicator and co-base),  

15 meoeth, 5 paracetamol 
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Table 5.16 Experimental summary for salicylic acid titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid Mass 

/mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

90 
5.17, 5.17 

(5.17) 
2.7, 3.1 24, 25 0.02, 0.02 7.832, 

7.830 
7.718, 
7.718 

10 pip (co-base), 15 2-AP,  

15 pico, 5 salicylic acid 

70 
3.70, 3.70 

(3.70) 
3.4, 2.8 23, 23 0.03, 0.03 7.570, 

7.572 
7.319, 
7.319 

10 pip (co-base), 15 2-AP,  

15 pyr, 5 salicylic acid 

50 
3.10, 3.09 

(3.09) 
3.1*, 2.5* 22, 23 0.03, 0.03 7.565, 

7.565 
7.385, 
7.382 

10 pip (co-base), 15 pyr,  

15 meopyr, 5 salicylic acid 

30 
2.91, 2.95 

(2.93) 
3.0*, 2.7* 21, 21 0.03, 0.03 7.563, 

7.562 
7.420, 
7.418 

10 pip (co-base), 15 pyr,  

15 meopyr, 5 salicylic acid 

10 
2.79, 2.80 

(2.79) 
2.3, 3.1 21, 22 0.04, 0.04 7.539, 

7.545 
7.439, 
7.437 

10 pip (co-base), 15 pyr,  

15 meopyr, 5 salicylic acid 
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Table 5.17 Experimental summary for niacin pKa1 titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid Mass 

/mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

90 
6.97, 6.90 

(6.94) 
2.9, 2.8 19, 20 0.02, 0.02 

9.089 
9.092 

 

8.974 
8.975 

 

10 pip (co-base), 10 DMAP, 

15 2-AP, 10 meopyr, 5 niacin 

70 
5.05, 5.09 

(5.07) 
3.6, 2.8 18, 17 0.02, 0.02 

9.074 
9.075 

 

8.946 
8.946 

 

10 pip (co-base), 15 2-AP, 

10 pyr, 10 meopyr, 5 niacin 

50 
4.15, 4.16 

(4.16) 
2.5, 3.1 21, 22 0.03, 0.03 

9.077 
9.081 

 

8.928 
8.927 

 

10 pip (co-base), 15 2-AP, 

10 pyr, 10 meopyr, 5 niacin 

30 
4.19, 4.21 

(4.20) 
3.4, 2.3 24, 20 0.02, 0.02 9.080 

9.073 
8.924 
8.928 

10 pip (co-base), 15 pyr, 

15 meopyr, 5 niacin 

10 
4.36, 4.39 

(4.38) 
3.2, 2.3 22, 24 0.03, 0.03 

9.102 
9.095 

 

8.947 
8.950 

 

10 pip (co-base), 15 pyr, 

15 meopyr, 5 niacin 
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Table 5.18 Experimental summary for niacin pKa2 titrations. 

 

 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid Mass 

/mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

90 
1.55, 1.47 

(1.51) 
2.9, 2.8 19, 20 0.04, 0.04 9.262 

9.285 
9.087 
9.087 

10 pip (co-base), 10 DMAP, 

15 2-AP, 10 meopyr, 5 niacin 

70 
1.66, 1.69 

(1.67) 
3.6, 2.8 18, 17 0.04, 0.04 9.220 

9.218 
9.073 
9.072 

10 pip (co-base), 15 2-AP, 

10 pyr, 10 meopyr, 5 niacin 

50 
2.08, 2.08 

(2.08) 
2.5, 3.1 21, 22 0.04, 0.04 9.232 

9.232 
9.066 
9.065 

10 pip (co-base), 15 2-AP, 

10 pyr, 10 meopyr, 5 niacin 

30 
2.32, 2.31 

(2.32) 
3.4, 2.3 24, 20 0.04, 0.04 

9.249 
9.247 

 

9.063 
9.068 

 

10 pip (co-base), 15 pyr, 

15 meopyr, 5 niacin 
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Table 5.19 Experimental summary for lidocaine titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid Mass 

/mg 

Diffusion 

Time /hours 
Ionic Strength /M 

Acidic LS 

from fit 

/ppm 

Basic LS 

from fit 

/ppm 

Titration Components 

/mM 

90 
6.68, 6.71 

(6.70) 
2.7, 2.2 24, 22 0.03, 0.02 10.051 

10.034 
9.271 
9.269 

10 morph, 10 DMAP,  

10 2-AP, 10 lidocaine 

70 
7.08, 7.09 

(7.09) 
2.3*, 1.8* 24, 24 0.02, 0.02 1.287 

1.285 
1.087 
1.087 

10 morph, 10 DMAP,  

10 meimd, 10 lidocaine 

50 
7.47, 7.48 

(7.48) 
3.0, 2.7 23, 36 0.02, 0.03 1.304 

1.307 
1.095 
1.093 

10 morph, 10 4-AP,  

20 2-AP, 10 lidocaine 

30 
7.47, 7.49 

(7.48) 
2.9, 2.7 18, 20 0.02, 0.02 1.332 

1.331 
1.147 
1.148 

10 4-AP, 20 2-AP,  

10 lidocaine 

10 
7.99, 8.00 

(8.00) 
2, 2.1 24, 25 0.02, 0.02 1.340 

1.339 
1.127 
1.125 

15 morph, 15 2-AP,  

10 lidocaine 
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Table 5.20 Experimental summary for quinidine pKa1 titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid 

Mass /mg 

Diffusion 

Time /hours 

Ionic 

Strength /M 

Acidic LS 

from fit /ppm 

Basic LS 

from fit /ppm 

Titration Components 

/mM 

90 
8.14, 8.14 

(8.14) 
2.3, 3.4 26, 22 0.02, 0.02 5.987 

5.973 
5.424 
5.422 

10 morph, 10 DMAP, 

10 pico, 10 meopyr, 10 quinidine 

70 
8.18, 8.13 

(8.16) 
3.1, 2.2 23, 24 0.02, 0.02 

5.947 
5.958 

 

5.526 
5.533 

 

10 morph, 10 DMAP, 

10 pyr, 10 meopyr, 10 quinidine 

50 
8.49, 8.45 

(8.47) 
3.3, 2.1 20, 18 0.02, 0.02 

5.953 
5.990 

 

5.508 
5.524 

 

10 morph, 10 4-AP, 

10 pyr, 10 meopyr, 10 quinidine 

30 
8.21, 8.21 

(8.21) 
4.4, 2.1 22, 19 0.01, 0.01 

5.997 
5.997 

 

5.532 
5.532 

 

10 4-AP, 15 2-AP, 

10 pyr, 10 meopyr, 10 quinidine 

10 
8.79, 8.79 

(8.79) 
3.6, 2.9 19, 22 0.02, 0.02 

5.977 
5.973 

 

5.564 
5.565 

 

10 meoeth, 10 morph, 

10 pyr, 10 meopyr, 10 quinidine 
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Table 5.21 Experimental summary for quinidine pKa2 titrations. 

 

Mixture 

(% DMSO) 

Determined 

pKa 

(average) 

Acid 

Mass /mg 

Diffusion 

Time /hours 

Ionic 

Strength /M 

Acidic LS 

from fit /ppm 

Basic LS 

from fit /ppm 

Titration Components 

/mM 

90 
2.24, 2.19 

(2.22) 
2.3, 3.4 26, 22 0.05, 0.05 6.216 

6.228 
5.998 
5.999 

10 morph, 10 DMAP, 

10 pico, 10 meopyr, 10 quinidine 

70 
2.35, 2.28 

(2.32) 
3.1, 2.2 23, 24 0.05, 0.05 6.157 

6.163 
5.981 
5.988 

10 morph, 10 DMAP, 

10 pyr, 10 meopyr, 10 quinidine 

50 
2.81, 2.71 

(2.76) 
3.3, 2.1 20, 18 0.05, 0.05 6.163 

6.039 
5.990 
5.867 

10 morph, 10 4-AP, 

10 pyr, 10 meopyr, 10 quinidine 

30 
3.64, 3.59 

(3.62) 
4.4, 2.1 22, 19 0.05, 0.05 

6.173 
6.172 

 

5.987 
5.992 

 

10 4-AP, 15 2-AP, 

10 pyr, 10 meopyr, 10 quinidine 

10 
4.01, 3.99 

(4.00) 
3.6, 2.9 19, 22 0.05, 0.05 

6.170 
6.175 

 

6.008 
6.006 

 

10 meoeth, 10 morph, 

10 pyr, 10 meopyr, 10 quinidine 
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Chapter 6 Conclusions 

 This thesis presents the development of a one-shot NMR pKa titration 

method in DMSO and DMSO-water mixtures using chemical shift imaging.  

 Chapter 3 presents an NMR pH indicator ladder and a titration 

procedure with which acids and bases with pKas between 4 – 11.5 can be 

determined in DMSO solution. This work builds on existing research and is 

congruent with pKa data already available in the literature.  

 The method is robust to real laboratory conditions, as it is insensitive to 

ionic strength up to 0.2M and water contamination up to 2% by volume. 

Consistent pKa data was determined independent of the indicators selected or 

the mass of acid diffusant used. CSI titrations are flexible, both in terms of 

diffusion time, with consistent pKas determined with 8-24 hours diffusion time, 

and in terms of setup, as acidic analytes can also be used as the source of the 

pH gradient. 

 The experimental procedure is also simple to set up, perform and 

analyse. CSI titrations provide a viable replacement for traditional 

potentiometric and manual NMR titration methods in DMSO, given that it 

requires no specialist equipment and demands less time and effort from a 

researcher. 

 Chapter 4 presents the construction and verification by titration of five 

NMR pH indicator ladders for five pharmaceutically relevant DMSO-water 

mixtures. The ladder pKa values are in excellent agreement with literature 

data, validating the determined analyte pKas in chapter 5. Full titrations were 
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performed using a single 20 – 40 minute experiment, which can be run in 

automation. 

 Through the use of three or more indicators, wide pH ranges can be 

spanned in these titrations. Furthermore, the experimental setup can also be 

tailored to strategically buffer the titration around a given pH, maximising the 

number of relevant data points.  

 The indicator ladders and experimental procedure detailed in chapter 4 

provide useful resources for other researchers to determine pKa in DMSO-

water mixtures. The steps outlined also serve as a how-to guide for future 

researchers who wish to construct indicator ladders for other solvents or 

solvent mixtures. 

 Chapter 5 demonstrates the application of the five DMSO-water 

indicator ladders to determine the pKas of a series of acidic and basic 

pharmaceutical analytes. The extrapolated aqueous pKas from this data are 

comparable to literature values determined by direct aqueous titration. 

 This method is suitable for use on compounds with little or no prior pKa 

data, as wide pH ranges can be easily spanned. Furthermore, researchers 

have great flexibility in these mixed solvent CSI titrations, as there is a 24 hour 

window in which consistent pKa data can be determined. This work also offers 

a practical solution to the real-world drug research problem of poor aqueous 

solubility, as these titrations are robust even to partial analyte precipitation. As 

multiple acid dissociation constants can be determined in one measurement, 

there is potential for the use of this method in the development of complex 

drugs with multiple protonation sites. 
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 In this thesis, the focus is on DMSO as an exemplar, but in principle 

any organic solvent with available pKa data could use this method. For 

instance, performing CSI titrations in methanol solution would present a 

marked improvement on existing manual NMR techniques, which are 

particularly challenging due to solvent evaporation while adjusting the pH. This 

thesis not only provides the framework to determine pKa in DMSO and DMSO-

water mixtures, but also acts as a set of instructions for future researchers to 

develop CSI pKa titrations for other organic solvents. 


