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Abstract 

The high proportion of acetonitrile used in many HILIC mobile phases significantly changes 

the acid-base properties of pH buffers and analytes foreseen from available data in water. In 

this paper, the recommended stability pH range for chromatographic columns is examined 

with various acetonitrile water mixtures, resulting in a significant broadening in the 

operational pH window with the content of organic solvent. Additionally, the challenge of 

buffer selection in HILIC is also addressed. Commonly used ammonium acetate shrinks its 

pH buffering range in acetonitrile-rich mobile phases due to variations in the dissociation 

constants of the buffer constituents (acetic acid and ammonium). Thus, other organic acids 

such as formic acid, TFA, and succinimide have been studied as buffers in order to fully cover 

the pH range of use of the column. Also the retention-pH profiles of several acids and bases 

have been studied in 80% and 90% acetonitrile using the proposed buffers and their behavior 

compared to that obtained with buffers prepared from oxalic acid, pyrrolidine, and 

triethylamine. The latter two show additional interactions in 80% acetonitrile that distort the 

expected retention-pH profiles of acid analytes, but not the ones of bases. In 90% acetonitrile 

the profiles are affected by significant additional solute-buffer interactions that might be 

caused by ion pairing, homo- and heteroassociation in this low ion solvating medium. 

 

Highlights 

The stability pH range of a column depends on the mobile phase composition. 

The aqueous buffering pH range of ammonium acetate shrinks in HILIC conditions. 

Proposed buffers cover the stability pH range of HILIC columns. 

Acid-base reversed-phase partition retention models can be applied to HILIC. 

Acetonitrile rich mobile phases shift pKa values of analytes and buffering species.  

Interactions between ionized analytes and buffers can distort expected retention profiles. 
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1. Introduction 

The chromatographic retention of acids and bases depends on their ionization, and thus 

on the pH of the buffered mobile phase. In reversed-phase liquid chromatography this 

retention profile has been widely studied by our research group [1–7] and others [8–13]. 

However, studies about the behavior of ionizable acid-base analytes in HILIC are scarce [14]. 

McCalley and co-workers investigated the effect of pH change on retention using 

ammonium acetate and ammonium formate buffers in the pH range mainly between 3 and 6, 

employing columns of varying nature [15]. In later works [16–18], stronger acids such as 

phosphoric, trifluoroacetic (TFA), heptafluorobutyric (HFBA) or methanesulfonic (MSA) 

were considered, as well as ammonium hydrogencarbonate for pH 9. Alpert et al. [19] studied 

the retention in electrostatic repulsion – hydrophilic interaction chromatography (ERLIC) of 

peptides with and without a phosphate group, using 70% acetonitrile mobile phases at several 

pH values buffered by triethylammonium phosphate and sodium methylphosphonate, but 

measuring the pH prior to the addition of the organic solvent. However, to the best of our 

knowledge, there is not a systematic study about the variation of the retention of acidic and 

basic analytes with their ionization in HILIC conditions, i.e. retention vs. pH profiles.  

The retention-pH profiles are difficult to predict from the available thermodynamic 

aqueous data (i.e. pKa) because the high proportions of organic solvent (commonly 

acetonitrile) used in HILIC mobile phases modify the aqueous acid-base properties of solvent, 

buffer and analytes. With the addition of acetonitrile (or other common chromatographic 

organic solvents) and in reference to pure water, the pH scale of the solvent is enlarged (from 

the accepted pH window 0-14 in aqueous medium to, for instance, 0-18 in 90% acetonitrile); 

the buffered pH range is shifted, depending on the nature of the buffering agent, and the 

dissociation degree of the analyte changes according to the variation of its acid-base strength 

and the change of the buffer pH. In addition to acid-base dissociation and chromatographic 

distribution of the main neutral and dissociated analyte species, additional interactions might 

take place, such as ion-pairing or homo- and heteroassociation between analyte and buffer 

components, caused by the low dielectric constant and poor hydrogen bonding solvating 

abilities of acetonitrile-rich mobile phases. All these factors need to be addressed to unravel 

the complex behavior of retention of ionizable acids and bases in HILIC chromatographic 

systems. 

In previous works we have studied the enlargement of the pH scale of the most common 

mixed solvents used as LC mobile phases, i.e. acetonitrile/water [3,20] and methanol/water 
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[21], and related the methanol/water pH scale to the operational pH range of the classic silica 

based columns used in RP-HPLC, i.e. the pH limits of use of these columns at the different 

methanol/water mobile phase compositions [21]. However, the latter was not studied for 

acetonitrile/water mobile phases, nor for modern HILIC columns, although it can be relatively 

easily derived from the variation of the autoprotolysis constant of the mobile phase mixed 

solvent.  

The studies about buffers and pH of the mobile phase are scarce in HILIC [14]. 

McCalley [16,17] reports the pH variation of some acidic buffers in acetonitrile/water 

mixtures, from aqueous solution to nearly 100% of organic modifier. For a very strong acid in 

water, such as MSA, a pH of about 2 remains nearly constant up to 80% acetonitrile, and then 

slightly increases due to the loss of strength of the acid. In the case of strong acids like TFA 

or HFBA, this range of constant pH ends at about 70% of organic modifier, and then pH 

increases more sharply. Finally, for weak acids the pH increases even at very low 

concentrations of acetonitrile. There is a need to develop more appropriate buffers for mobile 

phases with such a high content of organic solvent, especially for the basic pH region. The 

acid-base equilibria in acetonitrile/water mixtures have been studied up to 60% acetonitrile 

[5,22–26] and even in pure acetonitrile [25,27–30], but the studies in acetonitrile content 

between 60 and 100% are very limited [22]. From these works it is clear that only acid-base 

dissociation equilibria is expected in the range 0-60% acetonitrile, but that homo- and 

heteroassociation play also an important role in pure acetonitrile, which affects acid-base 

dissociation, and these kind of interactions might be expected in acetonitrile-rich mobile 

phases.  

Our purpose is to study the behavior of ionizable acid-base analytes in HILIC columns 

and buffered mobile phases, and relate the observed retention to the distribution of the 

different acid-base species in HILIC conditions. Preliminary considerations pointed out the 

need to know the stability pH range of the column and set up appropriate pH buffers for the 

HILIC conditions. We shall examine these points in this paper for a particular column and 

different acetonitrile/aqueous buffer mixtures. The retention-pH profiles in the hydroorganic 

solvent used as mobile phases have been measured for several acids and bases using the 

proposed buffers in 80% and 90% acetonitrile. The equations describing the chromatographic 

retention from the distribution of the ionized and unionized acid-base species have been fitted 

to the obtained profiles to check for additional interactions modifying the expected 

distribution behavior between mobile and stationary phases. The results obtained are 
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discussed critically in view of the available knowledge about media similar to these HILIC 

mobile phases with high acetonitrile contents.   

 

1.1 pH measurement in hydroorganic mobile phases 

Some authors express the pH of a hydroorganic mobile phase as the pH of the aqueous 

component of the buffer. We strongly discourage this procedure because the addition of 

organic modifiers can lead to significant changes in the acid-base behavior of the resulting 

mixed solvent. This is related to the variation in the pKa values of buffering species due to the 

electrostatic interactions between ions and solvent [31]. In the case of a cationic acid 

(obtained by protonation of a neutral base) the ion species is the protonated molecule (e.g. 

ammonium), whereas for a neutral acid it is the deprotonated anionic molecule (e.g. acetate). 

The addition of an organic solvent to water usually leads to a decrease in the relative 

permittivity of the mixture, increasing the energy required for the solvation of ions, and 

changing the specific solvation interactions. Therefore, most commonly pKa values of cationic 

acids slightly decrease with the content of organic solvent (i.e. the acid becomes somewhat 

stronger), whereas neutral and anionic acids show a strong opposite behavior (i.e. increase in 

pKa, the acid becoming much weaker) [32]. Consequently, there is a change in the pH of the 

buffered solution in agreement with pKa variations, which depends on the nature of the 

buffering species (cationic or neutral/anionic), the content of organic solvent, the initial 

aqueous pH and the concentration of the buffer [33,34].  

The pH in the mobile phase can be measured after calibration of the glass electrode 

system with standards of known pH prepared exactly in the same solvent composition, or with 

the conventional aqueous standards, for instance of pH 4 and 7. Depending on the procedure 

followed, the former or the latter, the pH readings are provided in the s
spH  or s

wpH  scales, 

respectively [35]. The main drawback in the application of s
spH  procedure is the need of 

calibration buffers for each hydroorganic composition and temperature, which are often 

unavailable. On the contrary, s
wpH  can be easily measured since aqueous standard buffers are 

commercially available and their pH is well known at several temperatures. Another point in 

favor of s
wpH  is that this scale can be converted into s

spH  by means of the   parameter, 

which depends on the mixed solvent composition and temperature [36]: 

s s
w spH pH    (1) 
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It must be pointed out that for acetonitrile/water mixtures   quantity can be applied to any 

s
wpH value measured with glass electrode containing a KCl 3M filling solution (salt bridge), 

in a composition range up to 90% of organic solvent and temperatures between 15 and 60oC 

[20]. To the best of our knowledge,   values have not been measured in the range between 

90 and 100% acetonitrile. 

 

1.2. Chromatographic retention: mobile phase pH and analyte pKa  

In reversed-phase liquid chromatography the relation between the retention of an 

analyte with acid-base properties, its acidity constant and the mobile phase is well known 

[32,37]. It is commonly accepted that both reversed-phase and HILIC retention are controlled 

by liquid-liquid distribution between the mobile phase and the stationary phase, which in 

HILIC is mainly the aqueous layer accumulated close to the solid surface (although secondary 

interactions such as hydrogen bonding, dipole-dipole or electrostatic may take place 

depending on the stationary phase functionalization and analyte characteristics) [38–40]. In 

the particular case of a monoprotic acid with isocratic elution and constant temperature, the 

retention factor at any particular pH is an average of the retention of fully ionized and neutral 

species weighted by the mole fractions at the particular running pH. Assuming that hold-up 

times and flow rate remain constant while the mobile phase composition is unchanged, 

retention volumes (VR) or times can be used instead of retention factors leading to the 

following expression:  
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R pH p

·10

1+10

K

K

V V
V






  (2) 

where VR(HX) and VR(X) are the retention volumes (or times) of the fully protonated and 

deprotonated forms of the acid, respectively, pH is that measured in the mobile phase ( s
spH  or 

s
wpH ), and pKa is the acidity constant of the analyte expressed in a scale consistent with the 

one used for pH. Charges are omitted in the subscripts of Eq. (2) for generalization of the 

equation. Thus, HX and X refers to HA and A- for a monoprotic neutral acid, and BH+ and B 

for a monoprotic cationic acid. If the hydrogen activity is measured in the s
spH  scale the acid-

base constant should be given as s
s apK , and the same reasoning for s

wpH and s
w apK  applies. 

The   quantity presented in Eq. (1) is thus also useful for conversion between both pKa 

scales.  



7 
 

We recommend subtracting extracolumn volume (or time when applicable) for a better 

interpretation of the fitting parameters (VR(HX) and VR(X)) and comparison with other columns 

and systems. This approach has been followed in this work, i.e. all retention measurements 

and results are referred solely to the column. 

 

2. Materials and methods 

HPLC measurements were performed on Shimadzu (Kyoto, Japan) HPLC systems 

consisting of: a) two LC-10ADvp pumps, a SIL-10ADvp auto-injector, an SPD-M10AVvp 

diode array detector, a CTO-10ASvp oven and a SCL-10Avp controller; and b) a LC-20AD 

pump, a SIL-20AC HT auto-injector, an SPD-10AVvp UV detector set to 220 nm, a CTO-

10ASvp oven and a DGU-20 A5 degasser. Oven temperature, injection volume and flow rate 

were set to 25 °C, 1 μL and 0.50 mL min-1 (minimum plate height expected at about 0.2 mL 

min-1). These systems were controlled by LCsolutions software (v.1.25) from Shimadzu. The 

column employed was a 5 μm, 150 x 4.6 mm ZIC-pHiLIC (Merck, Darmstadt, Germany), 

with an operational w
wpH  range of 2-10. Stock solutions of injected analytes were prepared in 

methanol at a concentration of 5 mg mL-1 and diluted before injection. Extracolumn times 

were measured by injection of aqueous solution of KBr (Merck, >99%) in the absence of the 

column and using water as eluent, and obtained values were subtracted from gross retention 

times. 

Injected analytes and buffering agents were purchased from Baker, Fluka, Merck, and 

Sigma-Aldrich, all of high purity grade (≥ 97%).  

Water was obtained from a Milli-Q plus system (Millipore, Billerica, USA) with a 

resistivity of 18.2 MΩ cm. Aqueous buffers were directly prepared by dissolving the solid 

(ammonium acetate, oxalic acid, sodium hydrogencarbonate, and succinimide) or diluting 

with water (hydrochloric, formic, phosphoric, and trifluoroacetic acids; pyrrolidine and 

triethylamine) to a concentration of 50 mM, and the final pH was adjusted by addition of 

small volumes of concentrated hydrochloric acid or potassium hydroxide solutions. 

Acetonitrile was HPLC gradient grade from Fisher. 

pH was measured using a Crison 5014 combined glass electrode with a salt bridge filled 

with 3M KCl solution, connected to a GLP 22 potentiometer from Crison (Barcelona, Spain). 

Standard aqueous solutions (pH 4, 7, and 9) were used for calibration. 

For the preparation of equimolar solutions of acid and conjugate base, about 0.5 g of 

acid was dissolved in water up to 50 mL with the appropriate volume of a 0.5 M sodium 
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hydroxide solution. Then acetonitrile was added to an aliquot of this solution up to 80% (in 

volume) and finally pH was measured after gentle stirring. 

 

3. Results and discussion 

3.1. Stability operational pH range of the column 

Manufacturers always provide information about the stability operational pH range of 

supplied LC columns, but this commonly refers to purely aqueous media. Very acidic 

conditions hydrolyze the support or the stationary phase and excessively basic mobile phases 

harm the packing. Normally for silica-based columns pH 2 is set out as the lower limit 

because the rate of hydrolysis of the Si-C bond of silane-based coatings starts to become 

significant, and generally pH 8 is defined as the alkaline limit due to the dissolution of silica. 

In the case of unbonded silica or coatings not based on silane chemistry this acidic threshold 

can be shifted to lower pH values, and the alkaline stability limit can be improved if an 

organosilane layer is introduced between the bare silica and the functional groups of the 

stationary phase. In the case of columns without silica support, the polymer is frequently a 

manufacturer’s proprietary technology. For instance, the operation pH range that Merck 

recommends for the ZIC-pHILIC column employed in the present work is 2-10. This pH 

range is referred to pure water as solvent. The lowest limit of pH 2 means that mobile phases 

with +Ha  higher than 10-2 should not be used, neither in water nor in any other solvent, 

including the mixed hydroorganic solvents used as mobile phases (for instance, 

acetonitrile/water or methanol/water). The alkaline limit of pH 10 in water ( w
w maxpH ) means 

that the activity of hydroxyl ion ( OHa  ) should not be larger than 10-4, because of the 

autoprotolysis constant of water (KW=10-14 at 25 oC, if pH=10, +Ha =10-10 and OHa  =10-4). 

This reasoning can be extended to other solvents, either pure or mixed, by means of the 

following expression: 

 s s w
s max s ap w w maxpH p p pHK K    (3) 

where s
s appK  is the negative logarithm of the autoprotolysis constant of the solvent and pKW is 

the one of water (i.e. 14 at 25 oC). For instance, in a solvent consisting of 80% acetonitrile and 

provided that s
s appK  has a value of 17.14 [41], the maximum advisable s

spH should be 13.14 

instead of the pH 10 in water.  
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Several s
s appK  values for acetonitrile/water mixtures are listed in Table 1, together with 

  parameters allowing the conversion of s
spH  values into the s

wpH  scale (Eq. (1)). These 

s
s appK  values can be easily used to set up the maximum recommended pH of HILIC columns.  

Figure 1 shows the broadening of the operational pH range with the addition of 

acetonitrile. The most common silica based columns employed in HILIC, generally being 

limited to a pH range from 2 to 8 in water, experience an increase in the upper pH limit up to 

12.13 in the s
spH  scale in mobile phases containing 90% acetonitrile. If pH is measured in the 

s
wpH  scale, due to the influence of the negative value of   parameter (Eq. (1)), the minimum 

s
wpH  decreases down to 0.24 and the maximum is raised up to 10.37. As examples, this 

figure also shows the variation of the most basic recommended pH value for the ZIC-pHILIC 

polymeric column used in the present work (pH 10) and the Kromasil HILIC-D (pH 9.5, 

which is relatively high for a silica-based packing material). 

 

3.2. Buffer selection and pH variation with the addition of acetonitrile 

The selection of an appropriate buffer in HILIC is not straightforward. On the one hand, 

high contents of organic modifier normally involve solubility issues for ions, especially those 

of inorganic nature with two or more negative charges (e.g. 2
4HPO   or 3

4PO  ). On the other 

hand, the mobile phase pH might increase or decrease very significantly in relation to the 

aqueous buffer used in its preparation. For instance, buffers made from formic acid and 

ammonia might be a very suitable option for MS-friendly mobile phases, either in the acidic 

or basic pH range. However, the pKa of formic acid shifts up in mixtures with a high content 

of acetonitrile and thus its suitability of use is significantly reduced in the strongest acidic 

range. As a general rule, a buffer is suitable in the pH range corresponding to its pKa ± 1 of 

the acid buffer component, and thus formic acid in water shows a good buffer capacity in the 

pH range 2.8-4.8; however, the pKa of this acid in, for instance, 60% acetonitrile is 4.9 [42] 

and the range of use of this buffer is shifted up to 3.9-5.9. This points out the need of stronger 

acids than formic acid to buffer the low pH region. At the other end of the pH scale, the pKa 

of ammonium shifts down due to its cationic nature, and consequently its range of use is also 

shifted to a less alkaline region (from 8.3-10.3 in pure aqueous medium to 7.9-10.9 [43]). In 

this case, a neutral acid of high pKa seems to be more adequate because of the increase in the 
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pKa value with the addition of acetonitrile. Illustrative examples are presented in Figure 2A. 

An aqueous solution of formic acid of pH 3 leads to a mobile phase s
wpH  higher than 6 in 

95% acetonitrile. If more acidic mobile phases are required, the relatively weak formic acid 

should be substituted by the stronger TFA. Ammonium acetate is commonly used as buffering 

system in HILIC. Between approximately pH 3.5 and 6 the main responsible species for the 

buffering activity are acetic acid and acetate. Since acetic acid is neutral, the pKa of the buffer 

and consequently the solution s
wpH  increases with the acetonitrile content. However, above 

pH 8 the ammonium and ammonia equilibrium takes over, and the pKa of the cationic acid 

and the mobile phase s
wpH  slightly decrease in relation to aqueous medium. In consequence, 

the pH buffered region shrinks from 4-10 in water (6 pH units) to s
wpH  7-9 in 90% 

acetonitrile (only 2 pH units). Figure 2B shows the pH variation of ammonium acetate buffers 

in the aqueous pH range between 4 and 10, those in the neutral to alkaline region being rather 

stable to variations in the acetonitrile concentration. For the preparation of alkaline mobile 

phases outside this range a neutral organic acid of relatively high pKa such as succinimide 

should be used instead of the cationic ammonium, since dissociation constants of neutral acids 

increase with the content of acetonitrile (Figure 2B). In this particular case, boric acid is not a 

suitable option because of its poor solubility in acetonitrile rich solutions. 

Taken into account all these considerations, in addition to ammonium acetate we have 

selected several organic acids that may be appropriate to study the retention-pH profile of 

acids and bases in acetonitrile/water mobile phases at the proportions commonly used in 

HILIC applications. The stability operational pH range of the column employed (from 2 to 10 

in water) can be fully covered with the buffers shown in Figure 2, complemented with the use 

of stronger acids (hydrochloric and oxalic). Notice that a hydrochloric acid solution of pH 2 in 

water may decrease to a s
wpH  of 1 at 80% acetonitrile (and even lower at 90%) being still in 

the operational pH range of the column, as shown in the figure.   

 

3.3. Effect of buffer selection and pH on chromatographic retention 

Figure 3 shows the variation on chromatographic retention of some acids and bases 

when several buffers were used in 80% acetonitrile mobile phases. As mentioned earlier, the 

pH range of use of a buffer requires the knowledge of its dissociation constant in the 

particular mobile phase composition employed. In mostly of the cases only aqueous pKa 
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values are available (Table 2), which will increase or decrease depending on the nature of the 

acid-base compound but in an extent that cannot be a priori fully predicted. Therefore, pH 

values were adjusted directly in the buffered mobile phase by addition of hydrochloric acid or 

potassium hydroxide, and the pH was checked periodically in the eluate in order to assess a 

good buffer capacity leading to a constant mobile phase pH. For both the acidic and basic 

analytes, retention times obtained using mobile phases prepared from ammonium acetate and 

hydrochloric, oxalic, and formic acids allowed nice fits to Eqs. (2) with determination 

coefficients ≥ 0.97 (Table 3). Due to the high pKa value of phenol at 80% acetonitrile, the 

retention of the ionized species could not be determined and it is not reported in Table 3. 

Moreover, the fitted pKa value has a high uncertainty. The observed retention profiles (Figure 

3) are the inverse of those expected in reversed-phase, since in HILIC positively and 

negatively charged compounds are more retained than neutral ones. It is noteworthy that all 

buffers in the alkaline region can be used in the fitting of retention of neutral bases, but not 

for the neutral acids. Retention of benzoic acid, ibuprofen, 4-nitrophenol, and phenol in 

succinimide, pyrrolidine, and triethylamine buffers is clearly much lower than that obtained 

for ammonium buffers. It may be argued that the right expected retention vs. pH profile is that 

measured from succinimide, pyrrolidine, and triethylamine buffers, and consequently the 

retention in ammonium buffers is higher than expected. However, this speculation is not in 

agreement with experimental pH measurements of the tested acids. 

With a view to verify the correctness of the buffers actually selected for the fitting of 

acidic compounds to Eq. (2) in Figure 3 and Table 3, s
w apK  fits were compared to measured 

s
wpH  values of equimolar mixtures of acid and conjugate base of the analyte. For a particular 

compound and according to the expression of its acidity constant, the pH measured in a 

solution containing the same concentration of acid and conjugate base should be reasonably 

close to the pKa value (although not exactly because in solvents containing a relatively high 

content of acetonitrile the activity coefficient of the ion is expected to be different from 1). In 

fact, as shown in Table 4, measured s
wpH and fitted s

w apK  values match quite well, and 

therefore this indicates that retention obtained with succinimide, pyrrolidine, and 

triethylamine buffers was influenced by additional interactions not considered in the actual 

retention model. For the two latter buffers these deviations might be attributed to ion pairing 

of the acid anion with the buffer cation, which may be not meaningless in acetonitrile rich 

compositions as explained later. As pointed out by Alpert [44] the degree of hydration of the 

counterion is a critical variable in retention of charged analytes in HILIC. However, the 
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reasons for the different behaviors observed for succinimide in the present study are still 

unclear and require further investigation.  

Hydrochloric and oxalic acids were used in the preparation of mobile phases of pH 

around 1 just because of the broadening of the operational pH range of the column with the 

addition of acetonitrile, as shown in Figure 2.  

Regarding differences between aqueous pKa and s
w apK  values obtained from retention 

data measured at 80 and 90% acetonitrile, the expected different behavior between cationic 

and neutral acids was clearly observed (Table 4). For acids there was a pKa increase in the 

range from 1.45 (4-nitrophenol) to 2.64 (ibuprofen), and for bases there was a decrease 

between 0.45 (atenolol) and 2.00 (lidocaine) pKa units. There are equations that allow an 

estimation of pKa values in acetonitrile/water mixtures for the most common families of 

analytes (aromatic and aliphatic carboxylic acids, phenols, amines, and pyridines), but only up 

to 60% of organic modifier (100% for pyridines) [25,33], and thus they cannot be applied to 

the present mobile phases. The observed pKa variations are in accordance to those that might 

be expected for 80% and 90% acetonitrile.  

Retention profiles were also assessed with a higher content of acetonitrile (90%) using 

the buffers that showed good fits to Eq. (2) at 80% of organic modifier, and additionally 

trifluoroacetic acid was included in the study in order to solve eventual solubility problems 

with oxalate. Results are presented in Figure 4. The trend in the pKa shifts of analytes 

observed at 80% acetonitrile was maintained (Table 4), with that of phenol being so extreme 

(> 12.5) that only retention times of neutral species could be obtained in the studied pH range. 

As expected, retention times of positively charged cationic acids were especially low when 

trifluoroacetic acid was introduced in the mobile phase, most probably due to ion pairing of 

the cationic analyte with the poorly hydrated trifluoroacetate ion [44]. This was not the case 

when neutral acids were considered. However, generally worse fits were obtained at 90% 

acetonitrile, suggesting that ion pair formation, homo- and heteroassociation might occur at 

such a high concentration of organic modifier.  

Pure acetonitrile is a dipolar solvent, with large dipole moments but a moderate relative 

permittivity, allowing a limited ability to solvate ions and leading to a tendency for ion pair 

formation. Acetonitrile is also apolar, with virtually no acid-base properties and consequently 

with a small autoprotolysis constant, and a very poor hydrogen-bonding solvent. Therefore, 

because of this protophobic nature, neutral acids with hydrogen bond donor properties are 

poorly stabilized in acetonitrile, leading to hydrogen bonding with its conjugated anionic base 
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(homoassociation) or with a non-conjugated anion (heteroassociation) [27] (notice that the 

terms homo- and heteroassociation are used here instead of homo- and heteroconjugation in 

agreement with IUPAC recommendations [45]). In fact, heteroassociation between neutral 

acids and alcohols with relatively small anions (e.g. chloride, perchlorate) has been described 

as a separation mechanism in non-aqueous capillary electrophoresis [46]. Homoassociation 

for cationic acids and their conjugate neutral bases has also been reported in the literature 

[27]. Although the presence of small amounts of water increases the relative permittivity of 

the mixture and significantly raises its hydrogen bonding capabilities, thus reducing the extent 

of association interactions, they might not be negligible in 90% acetonitrile and might explain 

the complex behavior of retention profiles in these mobile phases. Studies are in progress to 

confirm or refute this speculation. 

Although acetonitrile is by far the most widely used organic solvent in HILIC, others 

such as methanol, propanol, acetone or tetrahydrofuran have also been employed. For these 

less common organic solvents and depending on their nature, some changes in the ionization 

and buffering effects should be expected in relation to acetonitrile. 

 

4. Conclusions 

HILIC mobile phases require a high content of organic solvent that changes the acid-

base properties of the solvent medium, pH buffers and measured analytes. As a consequence 

of the decrease in the autoprotolysis constant, the operational pH range of chromatographic 

columns broadens with the content of acetonitrile in the mobile phase. When measured in the 

s
wpH  scale, which uses water as standard reference solvent, the recommended alkaline pH 

limit for column stability is raised by more than 2 pH units in relation to the limit in water, 

and the suggested lower limit for pH drops 1.8 pH units at 90% acetonitrile. Hence, the 

stability operational pH range of the column is broadened by 3.8 pH units. Also, the changes 

in relative permittivity and acid-base properties of the solvent medium increases the pKa of 

neutral acids and slightly decreases the pKa of neutral bases, which modifies the pH range 

covered by pH buffers. For instance, the common ammonium acetate buffer used to cover the 

4-10 pH range in water, is only suitable for the much smaller 7-9 pH range in 90% 

acetonitrile. The pH range below 6 can be easily covered by other organic acids stronger than 

acetic acid, such as formic acid, and with even stronger ones as oxalic, trifluoroacetic or 

hydrochloric acids. Because of the decrease of the pKa of neutral bases and the solubility 
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problems of inorganic acids, organic acids (for instance, succinimide in this work) are 

proposed as suitable buffers for the basic pH range (pH > 9.5 in 90% acetonitrile). 

The retention-pH profiles of several acidic and basic analytes have been studied in 80% 

and 90% acetonitrile mobile phases using the buffers proposed above and a polymeric 

zwitterionic column. If ion pairing and other specific interactions between analytes and buffer 

components are negligible, variation of chromatographic retention with mobile phase pH can 

be modeled in HILIC using the same type of equations described for reversed-phase mode, 

but with the characteristic of the ionized species being more retained than the neutral one. 

Buffers should be accurately selected because their aqueous pKa values, and consequently the 

buffered pH range, may shift very significantly depending on the buffer nature (cationic or 

neutral acids) and the mobile phase composition. Additionally, in mobile phases with a high 

content of acetonitrile ion pairing may take place between cationic analytes and anionic buffer 

components (trifluoroacetate) or anionic analytes and cationic buffering species 

(pyrrolidinium and triethylammonium). In these mobile phases the observed retention is lower 

than expected.  
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TABLES 

 

Table 1. Autoprotolysis constants for acetonitrile/water mixtures and   parameters for the 

conversion of s
spH  into s

wpH  scale at 25ºC [20,41]. 

% ACN (v/v) s
s appK    

0 14.00 0.00 
10 14.22 -0.04 
20 14.48 -0.08 
30 14.76 -0.14 
40 15.08 -0.21 
50 15.46 -0.30 
60 15.90 -0.43 
70 16.44 -0.63 
80 17.14 -0.98 
90 18.13 -1.76 
100 > 32.4 - 

 

Table 2. Aqueous pKa values of buffers studied in the present work at 25ºC [47]. 

Buffer pKa Buffer pKa 
Trifluoroacetic acid 0.52 Ammonium 9.25 
Oxalic acid 1.25, 3.81 Succinimide 9.62 
Formic acid 3.75 Triethylamine 10.75 
Acetic acid 4.76 Pyrrolidine 11.31 
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Table 3. Fitted retention volumes and pKa values to Eq. (2) for the studied compounds in mobile phases containing 80 and 90% acetonitrile, 
together with the standard errors of the fittings and the determination coefficients. 

 80% (v/v)  90% (v/v) 
Analyte VR(HX)/mL VR(X)/mL pKa Fit SE R2  VR(HX)/mL VR(X)/mL pKa Fit SE R2 
Benzoic acid 1.53(0.01) 3.09(0.01) 6.35(0.03) 0.04 0.999 1.63(0.33) 8.38(0.28) 7.14(0.12) 0.86 0.986 
Ibuprofen 1.25(0.01) 1.54(0.01) 6.91(0.10) 0.03 0.990 1.35(0.10) 2.84(0.11) 7.66(0.17) 0.30 0.964 
4-Nitrophenol 1.51(0.01) 2.35(0.03) 8.60(0.12) 0.07 0.989 1.65(0.02) 4.82(0.17) 9.61(0.08) 0.10 0.998 
Phenol 1.54(0.03) - 12.56(48) 0.98 0.981 - - - - - 
Lidocaine 2.10(0.03) 1.23(0.02) 5.92(0.12) 0.11 0.985 2.62(0.11) 1.32(0.06) 6.03(0.18) 0.23 0.968 
Mepivacaine 2.19(0.03) 1.30(0.04) 6.84(0.14) 0.14 0.978 3.18(0.17) 1.42(0.12) 6.77(0.24) 0.41 0.952 
Bupivacaine 1.53(0.01) 1.18(0.02) 7.30(0.11) 0.05 0.978 2.02(0.09) 1.26(0.08) 7.14(0.28) 0.23 0.923 
Propranolol 2.14(0.03) 1.22(0.06) 8.95(0.18) 0.15 0.973 3.60(0.36) 1.15(0.82) 8.77(0.63) 1.38 0.725 
Atenolol 3.06(0.05) 1.38(0.11) 9.15(0.17) 0.28 0.967 10.61(1.36) 0.95(3.44) 8.92(0.64) 5.43 0.709 
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Table 4. Aqueous pKa, fitted s
w apK  (Eq. (2)) from retention data and measured s

wpH  of 

equimolar solutions of acid analytes in solutions containing acetonitrile. 

 Water  80% (v/v)  90% (v/v) 

Analyte pKa  Fitted s
w apK  Equimolar s

wpH   Fitted s
w apK  

Benzoic acid 4.20a  6.4 6.7  7.1 
Ibuprofen 4.27b  6.9 7.2  7.7 
4-Nitrophenol 7.15a  8.6 9.1  9.6 
Phenol 9.99a  12.6 12.5  - 
Lidocaine 7.89b  5.9 -  6.0 
Mepivacaine 7.92b  6.8 -  6.7 
Bupivacaine 8.10b  7.3 -  6.9 
Propranolol 9.47b  9.0 -  8.8 
Atenolol 9.60b  9.2 -  8.9 

aFrom ref. [47]. bFrom ref. [48]. 
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FIGURES 

 

 

Figure 1. Calculated variations in the stability pH limits (acidic and basic) of LC columns 

with acetonitrile content when pH is expressed as s
wpH  or s

spH . ZIC-pHILIC is a 

zwitterionic (sulphobetaine) polymeric column, and Kromasil HILIC-D consists of 

dihydroxypropane groups chemically bonded to porous silica particles. 
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Figure 2. Measured pH variations with the addition of acetonitrile to 50 mM aqueous 

solutions of buffers prepared from (A) TFA (■) and formic acid (●), and (B) ammonium 

acetate (▲) and succinimide (▼). Dashed lines represent the recommended lower and 

maximum pH values for the column employed in the present work.  

  



21 
 

 

 

Figure 3. Variation of retention times of some acidic and basic analytes with the s
wpH  of a 

mobile phase containing 80% (by volume) of acetonitrile and prepared from different buffers. 

Empty symbols were excluded in the fittings to Eqs. (2). 
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Figure 4. Retention times vs. mobile phase s
wpH in isocratic elution at 90% acetonitrile.  
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