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Abstract 12 

 13 

The mobile phases employed in current practice of supercritical fluid chromatography (SFC) 14 
are usually composed of a mixture of pressurized carbon dioxide and a co-solvent. The co-15 
solvent is most often an alcohol and may contain a third component in small proportions, 16 
called an additive (acid, base or salt). In the first part of this series, the effects of mobile 17 
phase additives on the polarity and apparent pH of the mobile phase were explored. In the 18 
present paper, we examine the effects pertaining to adsorption of additives on the stationary 19 
phase. Ammonium acetate was selected as a representative case, because it is often 20 
employed in current practice. To favour its solubility and further improve chromatographic 21 
quality, a small portion of water is also advocated. First, the equilibration time is observed to 22 
be largely increased in the presence of an additive, especially when mobile phase 23 
compositions containing only low proportions of methanol co-solvent are employed. 24 
Secondly, the effects of ammonium acetate are more thoroughly assessed with a modified 25 
version of the solvation parameter model (five Abraham descriptors and two descriptors to 26 
take account of positive and negative charges on ionizable species). On a hybrid silica 27 
stationary phase (ACQUITY UPC2 BEH), the effects of increasing concentration of 28 
ammonium acetate (0 to 25 mM in the methanol co-solvent) are investigated. The retention 29 
of acidic species is the most strongly affected, with a continuous retention increase when 30 
additive concentration increases. The retention of basic and neutral species is also 31 
moderately affected. Then thirty-two stationary phases based on sub-2 µm totally porous 32 
particles or sub-3 µm superficially porous particles are characterized with and without 20 mM 33 
ammonium acetate and 2% water in the methanol co-solvent. The effects of adsorbed 34 
additive on the interaction capabilities are discussed. Finally, the interest of introducing the 35 
additive in the dilution solvent, a method that was sometimes recommended to simplify the 36 
workflow, is also discussed with a model basic compound. 37 
 38 

 39 
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1. Introduction 43 

 44 

Because the solvation strength of neat carbon dioxide, the main component of the 45 

mobile phases employed in supercritical fluid chromatography (SFC), is rather low, a 46 

co-solvent is usually introduced [1,2]. Typical proportions employed in most 47 

applications range from 1 to 50% [3], although recent papers have shown higher 48 

proportions to favour the solubility of difficult analytes and extend the polarity range 49 

of analytes amenable to the technique [4,5]. In most current SFC research, the co-50 

solvent is an alcohol (methanol in a majority of cases, ethanol or isopropanol). To 51 

further facilitate the elution of most polar species and ionizable analytes with good 52 

peak shapes, a third component is often introduced in the co-solvent in smaller 53 

proportions (typically 0.1 to 1%, or 10-20 mM in the co-solvent), termed “additive”. 54 

For chiral separations, the additive is also known to affect enantioselectivity [6–8]. 55 

Most employed additives are acids (like acetic acid, formic acid, trifluoroacetic acid 56 

[8,9]), bases (like isopropylamine, diethylamine or other amines [10–12]), mixtures of 57 

acids and bases [13,14] or salts (ammonium acetate, ammonium formate, 58 

ammonium hydroxide or other alkylammonium hydroxide salts [15]). Basic additives 59 

are also supposedly limiting unwanted reaction between basic analytes and carbon 60 

dioxide [16]. Water is also advocated, sometimes in combination with another 61 

additive [10,16,17], especially for salts as water would limit the risks of salt 62 

precipitation. In some occasions, it was also recommended to introduce the additive 63 

in the analyte dilution solvent [18,19], as this was supposed to favour ion pairing with 64 

ionizable analytes, thereby improving their elution. 65 

 66 

It was long speculated that the additive has an effect both on mobile phase and 67 

stationary phase polarity. In the first part of these series [20], we have shown that 68 

additives employed at usual concentration ranges have no significant effect on 69 

mobile phase polarity but have some effect on mobile phase apparent acidity. 70 

Indeed, mobile phases composed of carbon dioxide and an alcohol co-solvent have 71 

an apparent pH of about 5, which is shifting to slightly more acidic values in the 72 

course of a mobile phase gradient, when the alcohol proportion increases. In this 73 

report, it was concluded that acidic additives may further decrease the apparent pH 74 

of the SFC mobile phase, while basic additives and salts only slightly increased the 75 
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apparent pH but essentially afforded some buffering of the apparent pH over the 76 

course of an elution gradient. 77 

Adsorption of mobile phase components on the stationary phase was demonstrated 78 

long ago by Strubinger et al. [21,22] and Berger and Deye [23]. The adsorption of 79 

carbon dioxide and co-solvent is rather well documented. For instance, a few recent 80 

significant studies can be found in the works of Rajendran [24] and Glene et al. [25–81 

27], which were principally focused on adsorption of the co-solvent. Unfortunately, 82 

the adsorption of additives was not examined so comprehensively. A recent study of 83 

Speybourck et al. [28] investigated the effects of unusually high concentrations of 84 

isopropylamine on enantioseparations with polysaccharide chiral stationary phases 85 

and demonstrated that enantioselectivity could be fine-tuned by varying the 86 

concentration of additive. 87 

Additive adsorption on the stationary phase and its consequences on retention 88 

behaviour is our main interest in this paper. For this purpose, we focused mainly on 89 

one additive combination, comprising water and ammonium acetate. This 90 

combination has proven to allow for improved mass spectrometric detection and 91 

chromatography through (i) larger proportion of analytes successfully eluted, (ii) 92 

better peak shapes (iii) improved efficiency and (iv) improved ionisation with 93 

electrospray ionisation source [29]. The interest in combining water with a salt 94 

additive is also that the former is favouring solubility of the latter, thus limiting the 95 

risks of precipitation when the solvent is mixed to pressurized CO2, and upon CO2 96 

depressurization after the back-pressure regulator, when the cooling effect is 97 

reducing the solubility of salts. To provide the most complete picture of additive 98 

adsorption, a large number of stationary phases (thirty-two) are included in this study, 99 

comprising both polar and non-polar surface chemistries. Most of these stationary 100 

phases were previously characterized in SFC with mobile phases comprising only 101 

CO2 and methanol, but no additive [30]. Linear solvation energy relationships (LSER) 102 

are employed to deconvolute the changes in stationary phase interaction capabilities 103 

when additive is adsorbed on the surface. LSER methodology was previously 104 

employed to qualify the changes occurring in SFC when additives were introduced in 105 

the mobile phase [6], but previous works employed only neutral species, while we 106 

expect that ionizable species should be most significantly affected by an additive. 107 

One particular silica stationary phase is investigated in more details to observe the 108 

changes when the additive concentration is progressively increased. The 109 
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consequences of using an additive on column equilibration are also discussed. 110 

Finally, the effects of introducing an additive solely in the injection solvent to improve 111 

the peak shape of basic analytes is also examined. 112 

 113 

 114 

2. Theory 115 

 116 

The usual LSER equation employed in chromatography, based on Abraham 117 

descriptors, is as follows [31]: 118 

 119 

log k = c + eE +sS + aA + bB + vV       (1) 120 

 121 

In this equation, capital letters represent the solute descriptors, related to particular 122 

interaction properties, while lower case letters represent the system constants, 123 

related to the complementary effect of the phases on these interactions. c is the 124 

model intercept term and is dominated by the phase ratio. E is the excess molar 125 

refraction (calculated from the refractive index of the molecule) and models 126 

polarizability contributions from n and π electrons; S is the solute dipolarity / 127 

polarizability; A and B are the solute overall hydrogen-bond acidity and basicity; V is 128 

the McGowan characteristic volume in units of cm3 mol-1/100.  129 

To take account of ionic interactions with anionic and cationic species, we have 130 

previously proposed to extend Eq. (1) with two additional terms, as follows [32,33]: 131 

 132 

log k = c + eE +sS + aA + bB + vV  + d-D- + d+D+     (2) 133 

 134 

where D- represents the negative charge carried by anionic and zwitterionic species, 135 

and D+ represents the positive charge carried by cationic and zwitterionic species, 136 

according to the following equations: 137 

 138 
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 141 

For neutral species, D- and D+ are zero so that Eq. (2) reverts to Eq. (1).  142 

Judging from the results presented in the first paper in this series [20], the apparent 143 

pH should be around 5 in SFC with carbon dioxide-methanol mobile phases, with or 144 

without ammonium acetate and water. For the purpose of simplicity and for want of a 145 

better solution, we may simply consider aqueous pK values. Indeed, there are 146 

currently no established methods to measure the pK values in pressurized CO2-147 

solvent mixtures. 148 

 149 

The system constants (e, s, a, b, v, d- and d+), obtained through a multilinear 150 

regression of the retention data for a certain number of solutes with known 151 

descriptors, reflect the magnitude of difference for that particular property between 152 

the mobile and stationary phases. Thus, if a particular coefficient is numerically large, 153 

then any solute having the complementary property will interact very strongly with 154 

either the mobile phase (if the coefficient is negative) or the stationary phase (if the 155 

coefficient is positive). The system constants facilitate the comparison of the 156 

separation characteristics of different stationary phases and, in the present case, will 157 

allow to identify the changes occurring when an additive is present in the mobile 158 

phase.  159 

 160 

 161 

3. Material and methods 162 

 163 

3.1. Stationary phases 164 

 165 

All stationary phases used in this study are commercially available. The names and 166 

known properties of the columns used are presented in Table 1. 167 

 168 

3.2. Chemicals 169 

 170 

The solvent used was HPLC-grade methanol (MeOH) provided by VWR (Fontenay-171 

sous-Bois, France). Carbon dioxide of industrial grade 99.5% was provided by Air 172 

Liquide (France). Solutions of all test compounds were prepared in MeOH. 114 test 173 
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compounds (Table S1), comprising 90 analytes that should be charge-neutral in the 174 

present operating conditions, and 24 species that may be partly or completely ionized 175 

(anionic or cationic form), were obtained from a range of suppliers. More solutes 176 

were initially analyzed with all chromatographic columns, but some of them suffered 177 

of very low retention on some columns (for instance, hydrophobic species on polar 178 

stationary phases), or excessive retention in the absence of an additive, thus only 179 

those compounds that were eluted with measurable retention on a large majority of 180 

the columns were finally retained in the calculations. For all tests without additive, the 181 

number of analytes retained in the calculation is only 109, as some of the most basic 182 

species could not be eluted from many columns. 183 

The Abraham solute descriptors (E, S, A, B, V) used for LSERs with Eq. (1) were 184 

extracted from an in-house database established from all available literature on the 185 

solvation parameter model (Table S1). The two additional descriptors (D- and D+) 186 

were calculated based on Eqs. (3) and (4), and based on aqueous pK values 187 

determined with Chemicalize freeware (http://www.chemicalize.org/). The series of 188 

test-compounds has been selected by observing the requirements of a good LSER 189 

analysis [31]. The compounds were chosen so as to provide a uniform distribution of 190 

each descriptor within a wide enough space and absence of cross-correlation 191 

among the descriptors was checked. Full description of the set of analytes can be 192 

found in previous works [33]. 193 

 194 

3.3. Chromatographic system and conditions 195 

 196 

Chromatographic separations were carried out using an ACQUITY Ultra Performance 197 

Convergence ChromatographyTM (UPC2) system from Waters (Millford, MA, USA). 198 

The system was equipped with a binary solvent delivery pump compatible with 199 

mobile phase flow rates up to 4 mL/min and pressures up to 414 bar, an 200 

autosampler, a backpressure regulator, a column oven compatible with 150 mm 201 

length columns, and a photodiode-array (PDA) detector. Chromatograms were 202 

recorded with Empower® 3 software. 203 

The detection wavelength was 210 nm.  204 

The mobile phase used in this study is always CO2-MeOH (v/v) with or without an 205 

additive. The additive was prepared as a 1 M solution of ammonium acetate in 206 

distilled and deionized water, which was diluted with methanol to the desired 207 
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concentration (from 2 to 25 mM). Thus mobile phase composition comprises both 208 

water and ammonium acetate in varying but correlated concentrations. When the 209 

mobile phase composition was changed, the new composition was let to equilibrate 210 

until the breakthrough curve followed by a stable baseline were observed, which may 211 

vary between one minute and two hours depending on mobile phase composition 212 

and flow rate, as will be further detailed in the discussion section. 213 

Flow rate was 1 mL min-1 for sub-2 µm fully porous particles (FPP) columns and 3 214 

mL min-1 for sub-3 µm superficially porous particles (SPP) columns. The average 215 

internal pressure was thus in a similar range on all columns. The oven temperature 216 

was set at 25°C and the outlet pressure was maintained at 150 bar for all columns. 217 

Injection volume was 0.5 µL for all compounds on all columns. Although this would 218 

result in different dilution depending on column dimensions, this should not affect the 219 

measurements done in this study as only retention times were considered, not 220 

efficiency. 221 

Retention factors (k) were calculated based on the retention time tR, determined 222 

using the peak maximum (even when tailing occurred) and on the hold-up time t0 223 

measured on the first negative peak due to the unretained dilution solvent. 224 

 225 

2.4. Data analysis 226 

 227 

Multiple linear regressions (MLR) were performed using XLStat 2015.2.02 software 228 

(Addinsoft, New York, NY). The quality of the MLR fits was estimated using the 229 

adjusted determination coefficient (R2), standard error in the estimate (SE) and 230 

Fisher F statistic. The statistical significance of individual coefficients was evaluated 231 

with the 95% confidence intervals.  232 

 233 

4. Results and discussion 234 

 235 

4.1. Adsorption assessed with breakthrough curves 236 

 237 

For this series of experiments, only the ACQUITY UPC2 BEH column, a hybrid silica 238 

stationary phase, was used. First, the column was equilibrated with neat CO2 until a 239 

stable baseline could be observed, then a step gradient of methanol in varying 240 
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proportions, with or without additive (20 mM ammonium acetate and 2% water), was 241 

applied. UV detection was employed to follow the variations of the baseline. When 242 

only methanol was used, whatever the proportion in CO2, the equilibration was 243 

always very fast as indicated by a sharp increase of UV absorbance after the dwell 244 

volume (breakthrough of methanol) immediately followed by a stable baseline. 245 

However, when the additive was present, after the first sharp increase of UV 246 

absorbance, the baseline was not immediately linear, and could take a very long time 247 

before reaching a stable, flat state. An extreme example is shown in Figure 1, when 248 

only 5% methanol was employed, and the complete equilibration required about 75 249 

minutes, which represents more than a 100 column volumes. The apparently erratic 250 

shape of the baseline was actually well reproducible, as the experiment was 251 

repeated three times and systematically showed this two-humps, camel-like 252 

appearance. Probably, because the additives were present at a very low 253 

concentration in the overall mobile phase composition (1 mM ammonium acetate and 254 

0.1% water), it took a long time for them to cover the surface of the stationary phase 255 

completely to reach a stable and homogeneous layer. These strange curves make it 256 

difficult to measure the amount of additive deposited on the stationary phase. Indeed, 257 

such measurement is usually based on a “regular” breakthrough curve, considering 258 

the time to saturate the stationary phase prior to breakthrough. However, in the 259 

present case, the stationary phase is probably not saturated when the breakthrough 260 

occurs and further equilibration is occurring. 261 

Higher proportions of methanol yielded shorter and shorter equilibration times, with 262 

the two humps rapidly fading into one, but with irregular baseline lasting several 263 

minutes afterwards (see Figure S1 in supplementary material). For instance, a step 264 

gradient from 0 to 10% co-solvent comprising additive took 42 minutes to equilibrate 265 

(about 60 column volumes); step gradient from 0 to 20% took 22 minutes (about 30 266 

column volumes); further increases (0 to 30%, 0 to 40% or 0 to 50%) took about 19, 267 

18 and 16 minutes respectively. Furthermore, when the column had first been 268 

equilibrated with 5% co-solvent comprising additive, a further increase from 5 to 10% 269 

co-solvent took about 14 minutes for a full equilibration; moving from 10 to 15% took 270 

7 minutes; then only 4 minutes were sufficient to equilibrate from 15 to 20%, etc. 271 

Thus when the stationary phase has already been covered with adsorbed methanol 272 

and additives, further increases in solvent proportion allow to reach the equilibrium at 273 

a faster rate. 274 
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These observations should also be related to previous experiments from Berger and 275 

Deye [23]. When they measured the surface coverage of different stationary phases 276 

with acidic or basic additives, they concluded that the amount of additive adsorbed 277 

on the stationary phase was independent of its concentration in the mobile phase but 278 

was depending on the solvent proportion. Indeed, the adsorbed quantity was the 279 

highest when the co-solvent proportion was the lowest. It then seems logical that the 280 

layer of adsorbed mobile phase components should take more time to equilibrate 281 

when the total amount adsorbed is the highest, that is to say at low solvent 282 

proportions.  283 

This observation also has a direct practical consequence. Elution gradients in SFC 284 

often start at low co-solvent proportions (typically 2-5%). When an additive is present 285 

in the co-solvent, it is advisable to first equilibrate the column with large proportions 286 

of co-solvent, so as to saturate the stationary phase with co-solvent and additive at a 287 

fast rate, then decrease the proportion of co-solvent down to the desired starting 288 

composition [34]. Judging from the time required to equilibrate the column with 289 

additives, it may be inferred that equally long times (or perhaps longer times) are 290 

required to remove the additives from the stationary phase. Depending on the type of 291 

additive employed, other fluid compositions may be used to wash the additives from 292 

the column (acid wash to remove a base and vice-versa) [23]. 293 

 294 

4.2. Interaction capabilities assessed with the modified solvation parameter 295 

model 296 

 297 

We have previously developed a classification of stationary phases for SFC use [35]. 298 

Recently, this classification was upgraded to include ionic interactions with the help 299 

of the modified solvation parameter model described in section 2 [30]. In this last 300 

version, only ultra-high performance columns were included, comprising now thirty-301 

two stationary phases based on sub-2 µm fully porous particles (FPP) and sub-3 µm 302 

superficially porous particles (SPP). The stationary phase chemistries in this 303 

selection varies to a great extent, comprising typical polar phases that are most often 304 

employed in SFC (bare silica gel, 2-ethylpyridine, propanediol or aminopropyl 305 

ligands), other emerging polar phases (2-picolylamine), non-polar phases 306 

(endcapped octadecyl-bonded phases) and phases with intermediate polarity 307 

(phenyl, pentafluorophenyl and “polar” octadecyl-bonded phases with non-308 
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endcapped silanol groups or polar-embedded groups), as far as SFC is concerned. 309 

The purpose of including so many stationary phases in the present evaluation was 310 

two-fold. Firstly, we wished to observe whether the effects of additive adsorption 311 

would be the same to all stationary phase chemistries, or on the contrary would be 312 

more significant on polar phases. It was anticipated that a polar additive should 313 

adsorb more significantly on a polar surface or polar ligands. Secondly, we wished to 314 

observe whether the choice of mobile phase composition (with or without additives) 315 

would make a significant change on the general aspect of the classification of 316 

stationary phases. 317 

 318 

4.2.1. Effect of different concentrations of additive on a single silica stationary phase 319 

 320 

First, the effects of increasing concentration of ammonium acetate and water were 321 

observed solely on the ACQUITY UPC2 BEH column that previously served for the 322 

column equilibration experiments and which contains a stationary phase of non-323 

bonded hybrid silica. For this purpose, a 1 M aqueous solution of ammonium acetate 324 

was diluted in the methanol co-solvent in different ratios, so as to vary concomitantly 325 

the concentration of ammonium acetate from 0 to 25 mM and the concentration of 326 

water from 0 to 2.5%. 327 

Simply observing the variation of retention for the analytes in Table S1 depending on 328 

additive concentration (exemplified with three analytes in Figure 2) yielded the 329 

following observations: 330 

- the retention of charge-neutral polar species was slightly increasing with 331 

additive concentration; 332 

- the retention of basic species decreased more or less sharply with small 333 

additions of ammonium acetate (compared to no-additive mobile phase), then 334 

was rather stable, and finally slightly increased again at the highest additive 335 

concentrations. Although not visible in this figure, the first retention decrease 336 

was also associated to a significant improvement in peak shape. 337 

- The retention of acidic species was continuously increasing with additive 338 

concentration. 339 

These observations are reflected in the system constants of the LSER models 340 

calculated at each additive concentration, as appears with the system map in Figure 341 
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3. Indeed, examining the variation of system constants, and taking account of error 342 

bars, it appears that: 343 

- the retention of hydrophobic compounds should be unaffected by the 344 

concentration of additive, as the e and v terms related to dispersive 345 

interactions are constant; 346 

- the retention of polar non-ionizable species faces a slight U-shaped tendency, 347 

first decreasing then slightly increasing when additive concentration increases, 348 

as reflected by the s, a and b terms (dipole-dipole and hydrogen bonding 349 

interactions); 350 

- the retention of basic ionizable species is mostly identical to polar non-351 

ionizable species (d+ term related to interactions with cationic species). The 352 

initial decrease in retention is not so sharp as was observed in Figure 2. 353 

- The retention of acidic species is continuously increasing when additive 354 

concentration increases, as reflected in the variation of d- term. 355 

The statistically-drawn LSER system map therefore shows that the behaviour 356 

exemplified with three analytes in Figure 2 is mostly in accordance with general 357 

trends. It is also interesting to note that some of these variations are consistent with 358 

previous observations made in hydrophilic interaction liquid chromatography (HILIC 359 

mode) [36], with however some significant differences that may be explained by the 360 

proportion of water in the HILIC mobile phase, which is usually much larger than in 361 

the present case. 362 

 363 

The interpretation may be as follows. 364 

When only CO2 and methanol are present in the mobile phase, some CO2 and 365 

methanol molecules are adsorbed on the polar stationary phase. The analytes may 366 

be retained on the stationary phase with a process that is very similar to what is 367 

normally accepted in HILIC [37]: they may partition between the mobile phase and the 368 

adsorbed layer of mobile phase components, and interact with the stationary phase 369 

underneath, thereby combining partition and adsorption mechanisms. 370 

When the water and salt are added to the mobile phase, they will also adsorb on the 371 

polar hybrid silica, thereby changing the nature of the pseudo-stationary phase (layer 372 

of mobile phase components) in contact with the analytes. This should result in an 373 

increased layer thickness and in different interaction capabilities. Berger previously 374 

hypothesized that the analytes should be unable to displace polar additives from the 375 
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surface of the stationary phase [38]. Whether this hypothesis is true or not, we may 376 

infer that some of the adsorbed additive molecules also interact with the analytes. 377 

For charge-neutral species, the introduction of additives causing increased layer 378 

thickness (a phenomenon that is well known in HILIC mode) may explain the slowly 379 

increasing retention observed, especially for polar analytes as they would 380 

preferentially partition into the pseudo-stationary phase layer of methanol and 381 

additives. Non-polar analytes should mostly be unaffected by this effect. 382 

With the initial introduction of additives (from 0 to 1 mM ammonium acetate), the 383 

additive may first shield the analytes from the silanol groups of the stationary phase, 384 

which carry partial or total negative charge. As a result, ionizable basic species that 385 

may carry a positive charge in the present conditions are less retained on the 386 

stationary phase, and some decrease in retention is first observed. On the contrary, 387 

acidic species that may carry a negative charge are less repulsed by the stationary 388 

phase and increased retention is observed. 389 

With further increases in additive concentration (from 1 to 25 mM ammonium 390 

acetate), the pseudo-stationary phase now contains water molecules, ammonium 391 

ions and acetate ions (in addition to CO2 and methanol molecules), which may all 392 

interact with ionizable analytes. When all silanol groups are shielded, ammonium 393 

ions may cause progressively increasing retention of acidic species, while acetate 394 

ions would finally contribute to retaining basic species as well. 395 

Naturally, mobile phase effects may also occur to contribute to these effects, with 396 

possible ion-pairing effects (e.g. between acetate ion and basic species) or changes 397 

in the apparent acidity of the mobile phase causing different ionization state of the 398 

analytes. The possible effects of additives on analytes shall be further discussed in 399 

future works. 400 

 401 

Based on the curves in Figures 2 and 3, it seems that a stable state of the BEH 402 

stationary phase was still not reached with 25 mM ammonium acetate, as a plateau 403 

cannot be seen on all curves. In previous works carried out on a non-endcapped 404 

octadecylsiloxane-bonded silica stationary phase (ACQUITY HSS C18 SB), we had 405 

observed that 20 mM ammonium acetate and 2% water were sufficient to obtain 406 

stable chromatograms for basic drugs (no more retention or peak shape variation) 407 

[29]. In other applications with different stationary phases, other optimal 408 

concentrations were advocated. Clearly, this “equilibrium concentration” should be 409 
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highly dependent on the stationary phase but also on the operating conditions. As it 410 

would be unreasonable to explore the effect of additive concentration on all 32 411 

stationary phases included in the present study, we decided to fix the ammonium 412 

acetate and water concentrations to 20 mM and 2% respectively for the following 413 

experiments. Higher concentrations are hardly advisable, as they may cause salt 414 

precipitation or could be deleterious to mass spectrometric detection. 415 

 416 

 417 

4.2.2. Effect of a single concentration of additive on 32 different stationary phases 418 

 419 

With the fixed mobile phase composition (20 mM ammonium acetate and 2% water 420 

in the methanol co-solvent), all 32 stationary phases were characterized with LSER 421 

Eq. (2) to take account of possible changes in the retention of ionizable species. 422 

Looking at each stationary phase individually, with or without the additives in the 423 

mobile phase, some common patterns can be observed. Full data can be observed in 424 

Table 2 while selected histograms are presented in Figure 4.  425 

In Figure 4, six stationary phases based on the same silica particles (Accucore 426 

superficially porous silica particles) but with different stationary phase chemistries are 427 

presented to illustrate the contribution of the surface polarity to the effect of additives. 428 

 429 

First, Accucore Phenyl-hexyl is a typical example of non-polar stationary phase. 430 

Indeed, the general retention pattern when no additive is present is consistent with 431 

“reversed-phase” mode of retention [35,39]: the terms related to dispersive and π-π 432 

interactions (v and e terms) are positive, indicating favourable retention of 433 

hydrophobic and aromatic species, while the s, a and b terms related to polar 434 

interactions (dipole-dipole and hydrogen bonding) are negative, indicating that polar 435 

species are not retained. Interactions with anions are essentially non-significant while 436 

some interactions with cationic compounds are observed, which may indicate some 437 

accessibility to residual silanol groups. Upon the introduction of additive in the mobile 438 

phase, the hydrogen bonding terms (a and b) are even more negative, as may be 439 

expected from favourable mobile phase interactions. Non-polar interactions terms are 440 

only slightly affected, with small increases of the positive values (e and v). The 441 

variation of the d terms, related to interactions with ionic compounds, is the most 442 

significant: interactions with anions (d -) increase from non-significant to positive 443 
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values, while interactions with cations (d +) decrease from positive values to non-444 

significant. This is consistent with the covering of residual silanol groups by the 445 

additive, as was described with the silica stationary phase: anions that were 446 

previously repulsed by silanol groups are no longer repulsed thus more retained, and 447 

perhaps attracted by adsorbed ammonium ions; cations that were previously 448 

attracted by residual silanol groups are no longer attracted thus less retained. 449 

 450 

Secondly, Accucore Phenyl-X is an example of a polar aromatic phase: the ligand 451 

possesses a terminal aromatic group, with an alkyl chain and polar group in the 452 

spacer arm. The retention model when no additive is present is significantly different 453 

from the retention model of Accucore Phenyl-hexyl. The aromatic terminal group and 454 

alkyl spacer arm contribute to strong π-π interactions (e term) and dispersive 455 

interactions (v term). The polar group in the spacer arm is contributing to strong 456 

hydrogen-bonding interactions with proton donors (positive a term). Silanophilic 457 

interactions are however absent, as the other polar interactions are all negative or 458 

non-significant (s, b, d- and d+). When the additive is present in the mobile phase, the 459 

most significant changes are observed on s and a terms, which are both increased, 460 

suggesting that polar analytes are more retained. Contrary to the non-polar phenyl-461 

hexyl stationary phase, the large concentration of polar embedded groups in the 462 

ligands of Accucore Phenyl-X probably contribute to the creation of a dense layer of 463 

adsorbed mobile phase components. This is precisely why polar embedded groups 464 

were designed in reversed-phase HPLC, with the layer of adsorbed water creating a 465 

shielding effect against silanophilic interactions. Ionic interactions (d terms) are also 466 

increasing, which is consistent with this hypothesis. 467 

 468 

The third example is that of Accucore PFP, a pentafluorophenyl-bonded silica phase. 469 

As was discussed in a previous paper [33], the retention pattern on PFP phases 470 

when no additive is present mostly comprise significant π-π and dipole-dipole 471 

interactions (e and s terms) along with strong interactions with cationic species (d+ 472 

term), which may issue from the most electronegative fluorine atoms. With the 473 

introduction of ammonium acetate and water, the most significant changes are: 474 

reduction of dipole-dipole interactions (s term) and interactions with cations (d+ term), 475 

strong increase in dispersive interactions (v term) and interactions with anions (d- 476 

term). 477 
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 478 

Finally, the last three columns are all polar stationary phases and will be discussed 479 

as a group, as most observations are similar between the three phases. First, the 480 

retention patterns are all consistent with “normal-phase” retention mode. Indeed, all 481 

polar interaction terms (e, s, a, b, d- and d+) are positive, while the dispersive 482 

interactions are negative (v term). This is similar to what is normally observed in 483 

normal-phase HPLC [35,40]. When no additive is present, the most significant 484 

interaction terms are hydrogen bonding interactions (a and b terms) with the silica 485 

surface or polar ligands. Interactions with anionic species are rather small (d- term) 486 

while interactions with cationic species are positive (d+ term). When the additives are 487 

present in the mobile phase: dipole-dipole interactions and hydrogen bonding with 488 

proton donors (s and a terms) increase on all three columns. Regarding ionic 489 

interactions, as was observed in the previous section on the BEH silica phase, the 490 

retention of cationic species slightly increases (d+ term) while the retention of anionic 491 

species strongly increases (d- term). Clearly, the three polar phases seem most 492 

significantly affected by the adsorption of additives than the less polar phases. This 493 

was not unexpected as the adsorption of water and ammonium acetate should be 494 

favoured on polar surfaces and ligands. This is in accordance with previous reports 495 

from Berger and Deye, indicating that “polar columns exhibit as much as a 50-fold 496 

higher additive surface coverage than non-polar columns” [23]. Similarly, the 497 

adsorption of the methanol co-solvent was shown to vary depending on the polarity 498 

of the stationary phase, in the works of Glenne et al. [25]. 499 

 500 

To gain a more global view of the different retention and separation behaviours in 501 

such a wide variety of stationary phases, the spider diagram was previously designed 502 

[30,35,41]. Very simply, it allows projecting the 7-dimensional space into 2 503 

dimensions, with a minimal loss of information (Figure 5). Bubble points represent 504 

stationary phases. The closest the position of the bubbles, the closest the retention 505 

behaviour. Conversely, bubbles that are distant in the figure indicate different 506 

retention behaviour, usually yielding different elution orders and selectivities. Bubble 507 

size is related to the strength of interactions. Comparing the plots of stationary phase 508 

classification with (Figure 5a) or without (Figure 5b) additives, an immediate 509 

observation is that the bubbles representing the stationary phases are more 510 

scattered in the selectivity space when no additive is present. On the opposite, when 511 
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ammonium acetate and water are present, many bubbles are grouped in close 512 

fashion. This is especially true to the polar stationary phases on the right hand-side 513 

of the figure. For instance, the polar stationary phases with a diversity of bonding 514 

chemistries that are significantly different when no additive is present (although all 515 

providing “normal-phase” retention mode) are all clustered together when additives 516 

are present. Also the pentafluorophenyl phases (in the upper part of the figure) that 517 

are most singular without additives (mostly due to strong interactions with cations) 518 

are not so strongly different from the others when additives are present. This 519 

indicates that the introduction of an additive is reducing the differences between the 520 

stationary phases, probably because they are now all covered with a layer of water 521 

molecules, ammonium and acetate ions. 522 

A side-conclusion of this observation is that, while the additive is favourable to elution 523 

of ionizable species (especially bases), it is not necessarily favourable to take 524 

advantage of the selectivity differences of the stationary phases. Whenever the 525 

analytes do not require the use of an additive to elute from the columns, it would then 526 

be advisable to screen for stationary phases without it. 527 

 528 

As all experiments in this paper were conducted at a rather low temperature (25°C), 529 

which should definitely be in subcritical conditions and not subcritical, the applicability 530 

of the above observations to higher temperatures is questionable. Blackwell and co-531 

workers had addressed that question previously [6] and concluded that higher 532 

temperatures (80°C) favoured stronger interactions between analyte and stationary 533 

phase, thereby favouring selectivity, and that the effects of additives were more 534 

pronounced than was the case at lower temperature values (25°C). A possible 535 

reason for these observations is that increasing temperature causes decreasing 536 

adsorption of mobile phase components on the stationary phase. Then the stationary 537 

phase surface and/or ligands are more available for analyte adsorption. Because the 538 

stationary phase surface would be less shielded with mobile phase components, 539 

different stationary phases would likely retain more singularity.  540 

 541 

4.3. Effect of a salt additive in the sample dilution solvent 542 

 543 

Judging from the above observations (long equilibration times, loss of specific 544 

selectivity) and others not further discussed here (possible damage to the stationary 545 
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phase, difficulty to clean the stationary phase from adsorbed additives), it would be 546 

desirable to avoid their use whenever possible. However, for solubility reasons, some 547 

analytes (very polar and/or ionizable species) do require the presence of an additive. 548 

Rather than introducing it in the mobile phase composition, it was sometimes 549 

recommended to introduce it solely in the dilution solvent for the analyte [18,19]. In 550 

this experiment, again only the ACQUITY UPC2 BEH column was examined with a 551 

single basic analyte, nicotine. The analyte was diluted in methanol containing 5 mM 552 

ammonium acetate and 0.5% water. 553 

In Figure 6a, selected analyses from 30 replicates (injections 1, 5, 10, 15, 20, 25 and 554 

30) can be observed. It is clear that the retention and peak shapes both take several 555 

injections before to reach an equilibrium: retention time progressively reduces, with 556 

peak symmetry progressively improving. A non-variant chromatogram was obtained 557 

after about 25 injections. When increasing the concentration of additive in the dilution 558 

solvent to 10 and 20 mM, peak shape was slightly improved and the number of 559 

injections required to reach a reproducible chromatogram reduced to about 20. 560 

Similar improvement in peak shape when concentration increased was previously 561 

mentioned by Desfontaine et al. [19] but no mention was made on reproducibility. 562 

Another interesting observation is to compare the best chromatogram obtained with 563 

additives in dilution solvent to that obtained without additives and with the additives in 564 

mobile phase (Figure 6b). While the introduction of additive in the dilution solvent is 565 

yielding some improvement compared to no additive (retention decrease and slightly 566 

improved peak shape), it is by no means as significant as the results obtained when 567 

the additive is in the mobile phase. Highest concentrations yielded identical 568 

conclusions. If the sole effect of additives in the dilution solvent had been to create 569 

ion pairs with the analyte, the chromatograms should have been as good as the one 570 

obtained when the additives are in the mobile phase, and from the first injection. 571 

Most probably, the additives present in the dilution solvent get progressively 572 

adsorbed on the stationary phase, until a stable layer is obtained and no further 573 

changes are observed. It is possible however that less polar stationary phases would 574 

have yielded more favourable conclusions, as less adsorption of additives should 575 

occur. In another paper from Desfontaine et al. concerning the choice of dilution 576 

solvent [42], it was concluded that the best solvent should be one with the lowest 577 

adsorption possible on the stationary phase. This conclusion may also apply to 578 

additives. 579 



18 

As a conclusion, based on the limited experiments above (one stationary phase, one 580 

analyte, one additive), the sole use of an additive in the dilution solvent seems clearly 581 

not advisable as (i) the results are clearly inferior to those obtained when additives 582 

are present in the mobile phase and (ii) repeatability is very poor, as it takes many 583 

injections to obtain repeatable analyses. 584 

 585 

 586 

5. Conclusions 587 

In the first part of this series, the limited effects of additives on mobile phase polarity, 588 

but significant effects on the apparent acidity of the mobile phase had been 589 

demonstrated. In this second instalment, the adsorption of ammonium acetate and 590 

water on the stationary phases has been thoroughly investigated. On the one hand, 591 

adsorption of mobile phase additives cause significant problems: long equilibration 592 

time; levelling of retention patterns and selectivities, especially for polar stationary 593 

phases, and poor reproducibility when small concentrations of additives are included 594 

in the sample diluent. On another hand, the introduction of additives in the mobile 595 

phase is mostly found to be beneficial to chromatographic resolution and detection. 596 

The effects of ammonium acetate on the interactions established with a variety of 597 

stationary phases have been deconvoluted with the help of LSER methodology. 598 

Perhaps in contradiction to the usual impression, the retention of basic analytes is 599 

not necessarily reduced by the introduction of ammonium acetate, although peak 600 

shapes are generally improved. In addition, the retention of acidic analytes increases 601 

significantly when the concentration of ammonium acetate increases. When the 602 

stationary phases are covered with an additive, they are much more similar than 603 

without an additive, especially polar stationary phases that adsorb more polar 604 

additives. In the last section of this series of papers, we shall examine the possible 605 

effects occurring between the analytes and additives. 606 

 607 
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Figure Caption 776 

 777 

Figure 1. Breakthrough curves recorded with a step gradient from 0 to 5% co-solvent 778 

in CO2. Acquity UPC2 BEH column at 25°C, 150 bar, 1 ml/min. The black, flat curve 779 

was recorded with methanol alone while the orange, irregular curve was recorded 780 

with methanol comprising 2% water and 20 mM ammonium acetate. 781 

 782 

Figure 2. Variation of retention (log k values) for three selected analytes when the 783 

concentration of ammonium acetate in the methanol co-solvent increases from 0 to 784 

25 mM. Acquity UPC2 BEH column at 25°C, 150 bar, 1 ml/min. Mobile phase: carbon 785 

dioxide – methanol, with or without additive. 786 

 787 

Figure 3. System map (variation of LSER system constants, calculated with the 788 

retention data for the analytes in Table S1) on Acquity UPC2 BEH column when the 789 

concentration of ammonium acetate in the methanol co-solvent increases from 0 to 790 

25 mM. 25°C, 150 bar, 1 ml/min. Mobile phase: carbon dioxide – methanol, with or 791 

without additive. (a) System constants related to charge-neutral species and (b) 792 

system constants for ionizable species. 793 

 794 

Figure 4. Representative histograms for normalized LSER models calculated with 795 

the retention data measured for the 114 analytes in Table 1 and Eq. (2). 796 

Chromatographic conditions: CO2-solvent 90:10 (v/v), 25°C, 150 bar, 1 or 3 mL/min 797 

depending on column dimensions. The solvent is methanol alone (left, blue bars) or 798 

containing 20 mM ammonium acetate and 2% water (right, orange bars). 799 

 800 

Figure 5. Spider diagram based on LSER models calculated with Eq. (2), with the 801 

retention data measured for the analytes in Table S1, for the 32 columns in Table 1. 802 

Columns groups were defined in previous works according to similarities in 803 

selectivity. Chromatographic conditions: CO2-MeOH 90:10 (v/v), 25°C, 150 bar, 1 or 804 

3 mL/min depending on column dimensions. (a) no additives, 109 eluted analytes (b) 805 

with 2% water and 20 mM ammonium acetate in the methanol co-solvent, 114 eluted 806 

analytes. 807 

 808 
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Figure 6. Variation of retention and peak shape observed for a basic analyte 809 

(nicotine) eluted from ACQUITY UPC2 BEH column when additives are present in the 810 

dilution solvent. 25°C, 150 bar, 1 ml/min. CO2-MeOH 90:10 (v/v), with 5 mM AA and 811 

0.5% water in injection solvent. (a) Variation over 30 replicates. The chromatograms 812 

shown are injections 1, 5, 10, 15, 20, 25 and 30. (b) Comparison to other conditions 813 

when no additive is present or additive is present in the mobile phase. 814 
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 816 



Figure 1. Breakthrough curves recorded with a step gradient from 0 to 5% co-solvent in CO2. Acquity UPC2 

BEH column at 25°C, 150 bar, 1 ml/min. The black, flat curve was recorded with methanol alone while the 

orange, irregular curve was recorded with methanol comprising 2% water and 20 mM ammonium acetate. 
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Figure 2. Variation of retention (log k values) for three selected analytes when the concentration of 

ammonium acetate in the methanol co-solvent increases from 0 to 25 mM. Acquity UPC2 BEH column at 

25°C, 150 bar, 1 ml/min. Mobile phase: carbon dioxide – methanol, with or without additive. 
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Figure 3. System map (variation of LSER system constants, calculated with the retention data for the 

analytes in Table S1) on Acquity UPC2 BEH column when the concentration of ammonium acetate in the 

methanol co-solvent increases from 0 to 25 mM. 25°C, 150 bar, 1 ml/min. Mobile phase: carbon dioxide – 

methanol, with or without additive. (a) System constants related to charge-neutral species and (b) system 

constants for ionizable species. 

-1

-0.5

0

0.5

1

1.5

2

0 5 10 15 20 25

V
a
lu

e
s
 o

f 
s
y
s
te

m
 c

o
n

s
ta

n
ts

Concentration of additive in methanol co-solvent (mM)

e

s

a

b

v

-1

-0.5

0

0.5

1

1.5

2

0 5 10 15 20 25

V
a
lu

e
s
 o

f 
s
y
s
te

m
 c

o
n

s
ta

n
ts

Concentration of additive in methanol co-solvent (mM)

d -

d +

(a) (b) 



-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

e s a b v d- d+

Accucore HILIC

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

e s a b v d- d+

Accucore PFP

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

e s a b v d- d+

Accucore Phenyl-X

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

e s a b v d- d+

Accucore Phenyl-hexyl

Figure 4. Representative histograms for normalized LSER models calculated with the retention data 

measured for the 114 analytes in Table 1 and Eq. (2). Chromatographic conditions: CO2-solvent 90:10 (v/v), 

25°C, 150 bar, 1 or 3 mL/min depending on column dimensions. The solvent is methanol alone (left, blue 

bars) or containing 20 mM ammonium acetate and 2% water (right, orange bars). 
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Figure 4 (continued). Representative histograms for normalized LSER models calculated with the retention 

data measured for the 114 analytes in Table 1 and Eq. (2). Chromatographic conditions: CO2-solvent 90:10 

(v/v), 25°C, 150 bar, 1 or 3 mL/min depending on column dimensions. The solvent is methanol alone (left, 

blue bars) or containing 20 mM ammonium acetate and 2% water (right, orange bars). 



Figure 5. Spider diagram based on LSER models calculated with Eq. (2), with the retention data measured for the analytes in 

Table S1, for the 32 columns in Table 1. Columns groups were defined in previous works according to similarities in selectivity. 

Chromatographic conditions: CO2-MeOH 90:10 (v/v), 25°C, 150 bar, 1 or 3 mL/min depending on column dimensions. (a) no 

additives, 109 eluted analytes (b) with 2% water and 20 mM ammonium acetate in the methanol co-solvent, 114 eluted analytes. 
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Figure 5. Spider diagram based on LSER models calculated with Eq. (2), with the retention data measured for the analytes in 

Table S1, for the 32 columns in Table 1. Columns groups were defined in previous works according to similarities in selectivity. 

Chromatographic conditions: CO2-MeOH 90:10 (v/v), 25°C, 150 bar, 1 or 3 mL/min depending on column dimensions. (a) no 

additives, 109 eluted analytes (b) with 2% water and 20 mM ammonium acetate in the methanol co-solvent, 114 eluted analytes. 



Figure 6. Variation of retention and peak shape observed for a basic analyte (nicotine) eluted from ACQUITY 

UPC2 BEH column when additives are present in the dilution solvent. 25°C, 150 bar, 1 ml/min. CO2-MeOH 

90:10 (v/v), with 5 mM AA and 0.5% water in injection solvent. (a) Variation over 30 replicates. The 

chromatograms shown are injections 1, 5, 10, 15, 20, 25 and 30. (b) Comparison to other conditions when no 

additive is present or additive is present in the mobile phase. 
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Figure 6. Variation of retention and peak shape observed for a basic analyte (nicotine) eluted from ACQUITY 

UPC2 BEH column when additives are present in the dilution solvent. 25°C, 150 bar, 1 ml/min. CO2-MeOH 

90:10 (v/v), with 5 mM AA and 0.5% water in injection solvent. (a) Variation over 30 replicates. The 

chromatograms shown are injections 1, 5, 10, 15, 20, 25 and 30. (b) Comparison to other conditions when no 

additive is present or additive is present in the mobile phase (20 mM AA and 2 % water). 
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Table 1. 32 columns compared in the present study

FPP stands for fully porous particles; SPP stands for superficially porous particles

Column Name Manufacturer Particles Bonded ligand
Dimensions 

(mm)

Particle size 

(µm)

ACQUITY UPC² HSS C18 SB Waters FPP Octadecyl, non endcapped 100 x 3.0 1.8

ACQUITY UPC² BEH Waters FPP Bare hybrid silica 100 x 3.0 1.7

ACQUITY UPLC BEH Shield RP18 Waters FPP Alkyl with embedded carbamate group 100 x 3.0 1.7

ACQUITY UPC² BEH 2-EP Waters FPP 2-ethylpyridine 100 x 3.0 1.7

ACQUITY UPC² CSH Fluorophenyl Waters FPP Pentafluorophenyl 100 x 3.0 1.7

ACQUITY UPC² Torus 1-AA Waters FPP 1-Amino-anthracene 100 x 3.0 1.7

ACQUITY UPC² Torus 2-PIC Waters FPP 2-Picolyl-amine 100 x 3.0 1.7

ACQUITY UPC² Torus DEA Waters FPP Diethylamine 100 x 3.0 1.7

ACQUITY UPC² Torus DIOL Waters FPP Propanediol 100 x 3.0 1.7

Nucleodur C18 Gravity-SB Macherey-Nagel FPP Octadecyl, endcapped 100 x 3.0 1.8

Hypersil Gold Silica Thermo FPP Bare silica 100 x 3.0 1.9

Hypersil Gold CN Thermo FPP Cyanopropyl-bonded silica 100 x 2.1 1.9

Syncronis HILIC Thermo FPP Sulfobetaine 100 x 3.0 1.7

Titan PFP Sigma-Aldrich FPP Pentafluorophenyl 100 x 3.0 1.9

Titan Silica Sigma-Aldrich FPP Bare silica 100 x 3.0 1.9

Accucore HILIC Thermo SPP Bare silica 150 x 4.6 2.6

Accucore 150-Amide-HILIC Thermo SPP Polyamide 150 x 4.6 2.6

Accucore Urea-HILIC Thermo SPP Propylurea 150 x 4.6 2.6

Accucore Phenyl-X Thermo SPP Phenyl-alkyl 150 x 4.6 2.6

Accucore Phenyl-hexyl Thermo SPP Phenyl-hexyl 150 x 4.6 2.6

Accucore PFP Thermo SPP Pentafluorophenyl 150 x 4.6 2.6

Ascentis Express Biphenyl Sigma-Aldrich SPP Biphenyl 150 x 4.6 2.6

Ascentis Express Phenyl-hexyl Sigma-Aldrich SPP Phenyl-hexyl 150 x 4.6 2.6

Ascentis Express OH5 Sigma-Aldrich SPP Penta-hydroxyl 150 x 4.6 2.7

Ascentis Express F5 Sigma-Aldrich SPP Pentafluorophenyl 150 x 4.6 2.7

Cortecs HILIC Waters SPP Bare silica 150 x 4.6 2.7

Kinetex HILIC Phenomenex SPP Bare silica 150 x 4.6 2.6

Kinetex PFP Phenomenex SPP Pentafluorophenyl 150 x 4.6 2.6

Kinetex F5 (2) Phenomenex SPP Pentafluorophenyl 150 x 4.6 2.6

Nucleoshell HILIC Macherey-Nagel SPP Sulfobetaine 150 x 3.0 2.7

Nucleoshell PFP Macherey-Nagel SPP Pentafluorophenyl 150 x 3.0 2.7

Speedcore Diphenyl Fortis Technologies SPP Diphenyl-alkyl 150 x 4.6 2.6




