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Abstract:



The basic retention mechanisms of reversed-phase and hydrophilic-interaction liquid chromatography (HILIC) were quantitatively analyzed using simple molecular mechanics (MM) calculations. The model bonded phases were composed of an alkyl chain bonded to siloxane-like molecules. The head of the alkyl chain was a hydroxyl group, used to study retention mechanisms of HILIC. The standard analytes were benzoic acid, aniline, benzene, water, and acetonitrile. The molecular interaction (MI) energy values of the van der Waals (VW) force were predominant for the reversed-phase chromatography, and those of hydrogen bonding (HB) were predominant for HILIC. Up to 5 units of methylene affected the MI.
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1. Introduction


Retention mechanisms of various chromatographic methods such as gas chromatography, liquid chromatography, chiral chromatography, and affinity chromatography have been quantitatively studied using computational chemistry. The new approach has demonstrated the determination of the quantitative structure–retention relationship using chromatography [1]. However, the system required is fairly expensive software, despite that the software can be run by a personal computer. Because the model phase requires more than 1 MB of memory and a longer calculation time, to date, simple molecules have been used to explain the basic retention mechanisms in chromatography. This simple approach was applied to explain the difference in retention mechanisms of hydrophobic (reversed-phase) and aqueous hydrophilic interaction, as well as the ion-exchange liquid chromatographic method. Ion-exchange liquid chromatography is a type of hydrophilic liquid chromatography, whereas ion-exchange liquid chromatography is an established liquid chromatography method [2]. Therefore, ion-exchange liquid chromatography should remain classified as an independent chromatographic method. The retention mechanism of ion-exchange liquid chromatography occurs via the exchange of ions interacting (being adsorbed) with the ion-exchange groups of the ion-exchangers. However, the molecular forms of the analytes are retained on ion-exchangers by Lewis acid–base (charge-transfer) interactions, as well as by hydrogen-bonding. On the other hand, if the silanol effect of bonded-phase silica gel is eliminated, the retention mechanisms of hydrophilic-interaction liquid chromatography (HILIC) are hydrogen bonding (HB) and Lewis acid–base (charge-transfer) interactions that are dependent upon the chemical structures of the packing materials and analytes [3]. The retention mechanism of HILIC-mode liquid chromatography was reviewed [4,5,6,7,8,9,10]. The chromatographic behavior of selected compounds using silica-based stationary phases was studied, and it was concluded that the description of either partition or adsorption mechanisms were inconclusive in HILIC. Ion-exchange was a significant contributor to the retention of ionized bases for all the studied columns. Van Deemter plots of different columns were studied, but the results varied. The behavior could be influenced by the polymeric or monomeric nature of the different bonded phases, and the polymeric layers led to a somewhat reduced performance [4].



The stationary and mobile phases used in HILIC were analyzed, and it was difficult to unambiguously define the HILIC retention mechanism. The term “HILIC” could be used as the reference to a plethora of techniques employing polar stationary phases in combination with aqueous–organic (or polar–organic) mobile phases, generally showing a normal-phase retention behavior, which could be to some extent affected by ion-exchange, ion-repulsion, size-exclusion, ion-pairing or reversed-phase mechanism contributions, regardless of whether the solute distribution between the stationary and the mobile phases was attributed to adsorption, partition, or a combination of the two effects. This “universal” understanding of HILIC separations might cover the gap between the non-aqueous normal-phase chromatography and aqueous reversed-phase chromatography [7]. The measurement of adsorbed water in the stationary phase exhibited the properties of different stationary phases; however, such polar phases retain free silanol groups [9]. The retention mechanism of HILIC in terms of HB, Coulombic interactions, and the phase ratio using linear solvation energy relationships between 23 packing materials were examined; however, no universal model that simultaneously comprises acidic, basic, and neutral analytes could be achieved. HILIC columns were classified using physico-chemical descriptors, and the retention mechanisms were intensely discussed; however, the results could not be adopted as a general rule, and may only be attributed to their specific test settings, varying under different elution conditions [10]. These above-mentioned problems are the basic problems in quantitatively studying the stationary phase selectivity. The stability of silica gels and the polar bonded phases also hinder the reproducibility in normal-phase liquid chromatography. The results are varied when such columns are aged. Particularly, polar bonded silica gels are unstable in aqueous eluents containing buffer components. Moreover, the adsorption of water and a soluble silica matrix under such conditions render the stationary phase unstable. Therefore, it was difficult to fit the retention data to the equations. However, hydrophilic interactions and ion-exchange should be clearly explained from the nature of analytes and the used packing materials. The HILIC mode and HILIC mechanism should be carefully described and selected. Their conclusions may reflect that the specificity and lifetime of the polar bonded phases are not guaranteed by manufacturers, and the free silanol groups remain in the polar phases.



However, it is challenging to explain the retention mechanisms of HILIC in various bonded-phase silica gels, and the experimental conditions must be known and the experimental conditions simplified, in order to explain the retention mechanisms quantitatively. Here, the experimental conditions were simplified, and the hydrophobic and hydrophilic retention mechanisms have been analyzed and explained quantitatively using a computational chemical method with simple model phases and analytes.



A basic quantitative explanation of molecular interactions (MIs) was applied to the quantitative analyses of HILIC retention mechanisms. The retention factors were based on the solubility factors that are commonly used to explain the retention mechanisms in liquid chromatography [1]. The mechanisms are quantitatively explained using model compounds in silico, as used in organic chemistry. Different chromatography methods demonstrate the typical MI forces. If we can quantitatively reconstruct the obtained solubility factors, we can quantitatively analyze the chromatographic retention mechanisms. Computational chemical analysis methods provide the MI energy as the sum of mainly van der Waals (VW), HB, and electrostatic (ES) energy values. The VW energy is related to molecular size; hence, the contact surface area between an analyte and an adsorbent contribute to the MI energy. When HB exists between an analyte and an adsorbent, the HB energy contributes to the MI energy. When ion–ion interactions exist, ES energy contributes to the MI energy. The interaction degree can be obtained as ES energy values as calculated for the ion–ion interaction using molecular mechanics (MM) calculations. Here, a simple model experiment was carried out in silico to obtain a quantitative explanation of hydrophobic and hydrophylic mode chromatography, particularly for the effect of alkyl chain (ligand) length as described excluding ion-exchangers and zwitter ion phase used for HILIC; however the retention mechanism was inconclusive because unspecified experimental conditions were provided.



Pentyl-bonded silica gel is inert and stable compared to butyl-bonded silica gel [11]. Therefore, the design of stable and polar bonded silica gels was studied to perform HILIC-mode liquid chromatography for the long-term operation. The limitation of the alkyl chain (ligand) length was studied using a computational chemical analysis.




2. Experimental


The model phases were constructed on the basis of bonded-phase silica gels. Model pentyl- and pentanol-bonded silica gels are shown as examples in Figure 1. The siloxane-related atoms were locked (indicated by L on atoms) as solid silica gels. These model phases were considered as model phases without a silanol effect. Free silanol groups form strong interactions with amines. However, modern bonded-phase silica gels synthesized from pure silica gels are chemically treated and do not show the silanol effect. However, popular amino-, cyano-, and phenyl-silica gels are not treated using secondary silanization (end-capping), and thus, a long lifetime is not guaranteed in an aqueous solution containing buffer components. When the silanol effect is included, the analysis of chromatographic retention mechanisms becomes very complicated, and the basic mechanisms cannot be quantitatively analyzed. In this experiment, the model alkyl chain length was from ethyl to octadecyl. The analytes were benzoic acid, aniline, benzene, water, and acetonitrile. The molecular and ionized form of benzoic acid and aniline were used to make clear the effect of HB and ES energy changes. Their polar group effect for direct interactions with the model phase was also studied, and either the polar group of analytes directly faced the model phases or the aromatic ring directly faced the model phases. The MI energy values were calculated using the following equations. The HB, ES, and VW energy values were calculated using the CAChe MM program (Fujitsu, Japan). The computer was a PC model Prime INWIN BL672-4 with Intel Core i7 from Dospara, Yokohama, Japan. These MI energy values (kcal mol−1), the sum of the solute and model phase energy values minus a complex energy value, were calculated according to the following equations [1]. MIHB, MIES, and MIVW are the MI energy of HB, ES, and VW energy values, respectively.


Figure 1. Model pentyl- and hydroxypentyl-phases.
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MIHB = HB (molecule A) + HB (molecule B) − HB (molecule A and molecule B complex).



MIES = ES (molecule A) + ES (molecule B) − ES (molecule A and molecule B complex).



MIVW = VW (molecule A) + VW (molecule B) − VW (molecule A and molecule B complex). The relative MIHB, MIES, and MIVW values indicate the contribution level.




3. Results and Discussion


First, the alkyl chain-length effect, which may contribute to the MIs based on the electron localization of the alkyl group, was studied, because the alkyl chain length contributes to the HB of alkyl alcohols. The HB of alkyl alcohols on the alkyl chain length and up to four methylene units can affect the HB based on calorimetric experiments. The result could be explained by the energy change calculated using the MM [12]. The calculated MI energy values are shown in Table 1 and Table 2 with the corresponding alkyl chain numbers. The complex conformation was designed to form head-to-head complexes but not side-to-side complexes. This is because the side-to-side complexes are related to the contact surface area but are not direct indications of the electron localization at the head group of the model phase. The practical alkyl chain length in reversed-phase liquid chromatography was demonstrated, and the proposed chain length was 11 [13]. The quantitative analysis was achieved using dodecane as the brush for the model bonded phase, and the MI between the dodecane and a variety of analytes, such as alkanes, alkenes, and alkyl alcohols, but not aromatic compounds, as a result of the requirement of steric effects, was quantitatively analyzed using MM calculations. As the results, VW energy was the predominant MI. The alkyl chain length affected the retention of a variety of compounds. The MIVW of larger compounds was constant when a shorter alkyl chain bonded phase was used. MIVW energy values of alkenes were less than those of their related alkanes. The result supports the idea that the hydrophobic interaction due to MIVW is the predominant MI in reversed-phase liquid chromatography [1].



Table 1. Molecular interaction (MI) energy values of molecular-form benzoic acid and model alkyl- and alkanol-phases.







	
Model-Phase

	
Alkyl-Phase

	
Hydroxyl-Phase




	
Cn

	
MIHB a

	
MIES a

	
MIVW a

	
MIHB b

	
MIES b

	
MIVW b

	
MIHB c

	
MIES c

	
MIVW c

	
MIHB d

	
MIES d

	
MIVW d






	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
0.213

	
−0.052

	
0.730

	
2.604

	
0.926

	
0.496




	
2

	
0.001

	
0.042

	
0.927

	
−0.001

	
−0.048

	
0.686

	
0.310

	
−0.087

	
0.741

	
2.581

	
1.239

	
0.879




	
3

	
0.001

	
0.019

	
0.873

	
0.000

	
−0.031

	
0.694

	
0.313

	
−0.075

	
0.738

	
2.557

	
1.293

	
0.828




	
4

	
0.001

	
0.023

	
0.875

	
−0.005

	
−0.025

	
0.675

	
0.305

	
−0.086

	
0.727

	
2.556

	
1.357

	
0.823




	
5

	
0.003

	
0.009

	
0.914

	
0.000

	
−0.013

	
0.702

	
0.311

	
−0.077

	
0.723

	
2.566

	
1.329

	
0.836




	
6

	
0.002

	
0.014

	
0.878

	
−0.004

	
−0.014

	
0.657

	
-

	
-

	
-

	
-

	
-

	
-




	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
0.311

	
−0.084

	
0.707

	
2.565

	
1.348

	
0.841




	
8

	
0.003

	
0.008

	
0.935

	
−0.003

	
−0.009

	
0.727

	
-

	
-

	
-

	
-

	
-

	
-




	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
0.308

	
−0.082

	
0.722

	
2.568

	
1.354

	
0.849




	
10

	
0.003

	
0.005

	
0.940

	
0.000

	
−0.005

	
0.746

	
0.311

	
−0.085

	
0.733

	
2.570

	
1.340

	
0.862




	
11

	
0.003

	
0.002

	
0.894

	
-

	
-

	
-

	
0.310

	
−0.085

	
0.671

	
2.569

	
1.348

	
0.804




	
12

	
0.001

	
0.003

	
0.972

	
−0.004

	
−0.005

	
0.731

	
0.310

	
−0.083

	
0.737

	
2.559

	
1.340

	
0.860




	
13

	
0.003

	
0.003

	
0.915

	
-

	
-

	
-

	
0.311

	
−0.082

	
0.714

	
2.567

	
1.344

	
0.844




	
14

	
0.002

	
0.003

	
0.927

	
−0.004

	
−0.003

	
0.685

	
-

	
-

	
-

	
-

	
-

	
-




	
15

	
-

	
-

	
-

	
-

	
-

	
-

	
0.311

	
−0.087

	
0.686

	
2.563

	
1.356

	
0.825




	
16

	
0.003

	
0.003

	
0.939

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
17

	
-

	
-

	
-

	
-

	
-

	
-

	
0.311

	
−0.086

	
0.699

	
2.562

	
1.361

	
0.852




	
18

	
0.002

	
0.002

	
0.945

	
−0.002

	
−0.002

	
0.780

	
-

	
-

	
-

	
-

	
-

	
-








Cn: chain carbon number; HB, ES, VW: hydrogen bonding, electrostatic, van der Waals (energy values); a,b alkane; c,d alkanol phases; a,c benzoic acid phenyl contacted with head of model phases; b,d benzoic acid carboxyl group contacted with head of model phases.








Table 2. Molecular interaction (MI) energy values of ionized benzoic acid and model alkyl- and alkanol-phases.







	
Model-Phase

	
Alkyl-Phase

	
Hydroxyl-Phase




	
Cn

	
MIHB a

	
MIES a

	
MIVW a

	
MIHB b

	
MIES b

	
MIVW b

	
MIHB c

	
MIES c

	
MIVW c

	
MIHB d

	
MIES d

	
MIVW d






	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
0.307

	
−0.023

	
0.773

	
8.805

	
6.089

	
0.218




	
2

	
0.000

	
−0.326

	
0.942

	
0.000

	
−1.145

	
0.607

	
0.298

	
0.089

	
0.762

	
9.427

	
7.093

	
0.212




	
3

	
0.000

	
−0.280

	
0.821

	
0.000

	
−0.803

	
0.586

	
0.304

	
0.146

	
0.701

	
9.425

	
7.366

	
0.181




	
4

	
0.000

	
−0.225

	
0.894

	
0.000

	
−0.623

	
0.608

	
0.303

	
0.163

	
0.730

	
9.428

	
7.617

	
0.179




	
5

	
0.000

	
−0.182

	
0.875

	
0.000

	
−0.472

	
0.624

	
0.304

	
0.185

	
0.690

	
9.423

	
7.796

	
0.137




	
6

	
0.000

	
−0.162

	
0.875

	
0.000

	
−0.374

	
0.639

	
-

	
-

	
-

	
-

	
-

	
-




	
7

	
-

	
-

	
-

	
-

	
-

	
-

	
0.305

	
0.180

	
0.639

	
9.422

	
8.066

	
0.172




	
8

	
0.000

	
−0.123

	
0.943

	
0.000

	
−0.253

	
0.641

	
-

	
-

	
-

	
-

	
-

	
-




	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
0.302

	
0.453

	
0.897

	
9.422

	
8.211

	
0.159




	
10

	
0.000

	
−0.097

	
0.959

	
0.000

	
−0.180

	
0.701

	
0.304

	
0.484

	
0.974

	
9.423

	
8.271

	
0.167




	
11

	
0.003

	
0.002

	
0.894

	
-

	
-

	
-

	
-

	
-

	
-

	
9.422

	
8.252

	
0.145




	
12

	
0.000

	
−0.080

	
0.935

	
0.000

	
−0.135

	
0.709

	
0.305

	
0.510

	
0.974

	
9.422

	
8.274

	
0.177




	
13

	
-

	
-

	
-

	
-

	
-

	
-

	
0.304

	
0.514

	
0.917

	
9.421

	
8.298

	
0.073




	
14

	
0.000

	
−0.063

	
0.861

	
0.000

	
−0.103

	
0.683

	
-

	
-

	
-

	
-

	
-

	
-




	
15

	
-

	
-

	
-

	
-

	
-

	
-

	
0.304

	
0.517

	
0.931

	
9.423

	
8.355

	
0.060




	
16

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
17

	
-

	
-

	
-

	
-

	
-

	
-

	
0.305

	
0.542

	
0.963

	
9.422

	
8.344

	
0.124




	
18

	
0.000

	
−0.044

	
0.994

	
0.000

	
−0.067

	
0.650

	
-

	
-

	
-

	
-

	
-

	
-








Cn: chain carbon number; HB, ES, VW: hydrogen bonding, electrostatic, van der Waals (energy values); a,b alkane; c,d alkanol phases; a,c benzoic acid phenyl contacted with head of model phases; b,d benzoic acid carboxyl group contacted with head of model phases.








When the phenyl group of benzoic acid was in contact with the alkyl group at the head of the alkyl chain, the MIVW was about 0.9 kcal mol−1, and even benzoic acid was ionized. The results indicated that the hydrophobic interaction was about the same for both molecular and ionized benzoic acids in the head-to-head complex. The MIVW values for molecular and ionized forms of benzoic acid complexes between the carboxyl group and the head of the alkyl chain were 0.7 and 0.65 kcal mol−1, respectively. The MIHB and MIES values were about zero for these complexes. These values indicate that the VW interactions of the head-to-head complex are weak, and the simple structure does not have a larger surface area than that of the carboxyl group. When the carboxyl group was ionized, the behavior was reversed. The results can be used to understand the chromatographic behavior of acidic compounds in reversed-phase liquid chromatography. The non-polar group is in contact with the non-polar phase, and the polar group does not face the non-polar phase. Further, the ionization reduces the retention time. Thus, this simple model analysis predicts the chromatographic behavior of acidic compounds in the reversed-phase mode.



When a hydroxyl group was introduced to the head of model alkyl group instead of the methyl group, the results were reversed. The MI energy between the polar group and the hydroxyl group was higher than that between the phenyl group and hydroxyl group. The MIHB, MIES, and MIVW values of the carboxyl and hydroxyl group complexes were about 2.6, 1.3, and 0.8 kcal mol−1, respectively, and those of the phenyl and hydroxyl group complexes had values of 0.3, 0, and 0.7 kcal mol−1, respectively. The hydroxyl group contribution to the retention is clear from these results. The polar group is favorable to the polar group. The calculated MI energy values also demonstrate the alkyl group contribution to the polar group interactions as well as to HB of alkyl alcohols [3]. The MI energy-related alkyl chain length is shown in Figure 2. A similar experiment was carried out using alkyl alcohols without silicon dioxide, but the flexibility of short-chain alkyl groups made it difficult to obtain similar complex conformations to those of longer alkyl chains.


Figure 2. Inductive effect of alkyl-chain. Molecular interaction energy of ionized benzoic acid with hydroxyl group of alkyl chain: f denotes carboxyl group facing model phase; b denotes phenyl-group facing model phase.
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When benzoic acid was ionized, the MI energy values of the phenyl and the hydroxyl group complexes were approximately the same as those of molecular-form benzoic acid. However, the MI energy values of the complexes between the hydroxyl group and ionized carboxyl group were dramatically changed. The MIHB, MIES, and MIVW values of the hydroxyl and ionized carboxyl groups were 3.6, 6, and 0.2 times those of the phenyl and the hydroxyl group complexes, respectively. Such phenomena have been observed in HILIC-mode liquid chromatography. The contribution of the HB energy value is very high, whereas that of the VW value is small.



Similar results were obtained for complexes of aniline and these alkyl- and hydroxyl- phases. When the phenyl group of aniline faced toward the methyl group of the alkyl chain, and the MIVW value was about 0.75 kcal mol−1 for both molecular and ionized anilines. The MIHB value was about zero. The MIES value of molecular-form aniline was about zero; however, the MIES value for ionized aniline decreased from 0.35 to 0 kcal mol−1, corresponding to the alkyl chain length. This result indicates that inductive effects of the alkyl chain are manifested as a change in the ES energy. When the phenyl group of aniline was aligned towards the hydroxyl group of the alkyl chain, the MIHB, MIES, and MIVW values were about 0.3, 0, and 0.7 kcal mol−1, respectively; however, when aniline was ionized, these energy values were 0.3, −0.5, and 0.7 kcal mol−1, respectively. The negative MIES value was due to the imperfect conformation of the complex. Because this analysis focused on the inductive effect of the alkyl chain length, aniline formed a head-to-head complex rather than a side-to side complex, resulting in higher MI energy values. When the amino group faced toward the hydroxyl group of the alkyl chain, the MIHB and MIES values for ionized aniline were 10.1 and 7.0 kcal mol−1, which were higher than those of molecular-form aniline, whose MIHB and MIES values were 7.0 and 1 kcal mol−1. The MIVW values of both molecular and ionized aniline were about 0 kcal mol−1. The inductive effect of the alkyl chain was also observed as the MIES value changed. However, the trend for ionized aniline was the opposite of that of molecular-form aniline. The MIES value decreased with increasing chain length for ionized aniline. Such a phenomenon was not observed for the MIHB value.



Benzene was used as a neutral compound to eliminate the HB and ionization. The MIVW value with these model alkyl phases was about 0.8 kcal mol−1. An interesting result was obtained for acetonitrile. When the methyl group formed a complex with the model alkyl phases, the MIVW value was about 3 times that of the cyano group and the model alkyl phases, about 0.75 kcal mol−1. The MIES value of the methyl and the alkyl group complexes decreased with increasing alkyl chain length, but the result was the opposite for the cyano-alkyl group complexes. However, for the model alkanol phase, the complex with benzene indicated the contribution of the MIVW; however, this was only 1 kcal mol−1, and both the MIHB and MIES were negligible.



In the pure HILIC mode, these active sites become inactive as they are filled with acetonitrile, which is in excess and prevents hydrophobic interactions between silica and pyridine [14]. Therefore, the contribution of acetonitrile was analyzed. Acetonitrile also contributed to HB (MIHB of 3.2 kcal mol−1, MIES of 1.9 kcal mol−1, and weak MIVW of 0.35 kcal mol−1). The above results indicate that the acetonitrile methyl group was in contact with the aliphatic alkyl chain and had a MIVW of 0.75 kcal mol−1, and the acetonitrile cyano group was in contact with the alkyl chain hydroxyl group, having a MIHB of 3.2 kcal mol−1. Water was also used as a solvent molecule, and the MIVW with these model alkyl phases was about 0.35 kcal mol−1. The complex with water demonstrated a strong MIHB contribution (5.3 kcal mol−1), but weak MIES (1.4 kcal mol−1), and negligible MIVW contributions. However, the MIHB of molecular benzoic acid was only 2.6 kcal mol−1; that of ionized benzoic acid was 9 kcal mol−1. Therefore, ionized acids should form a strong complex in non-aqueous condition. This is a fundamental retention mechanism of hydrophilic-mode liquid chromatography. The results were the same for aniline.




4. Conclusions


This simple model analysis demonstrates the differences in retention mechanisms in both reversed-phase and hydrophilic-mode liquid chromatography, and we found that, as the alkyl chain (ligand) length of the bonded phase decreases, the ES energy effect increases. This is the same phenomenon observed for the alkyl chain length contribution to aliphatic alcohol HB. The results suggested that polar phases having a longer alkyl ligand length (up-to eight) may be used as stable bonded phases in place of popular polar phases bonded with propyl groups, which are not stable in aqueous solutions containing buffer components. The feasibility of the designed bonded-phase silica gels should be demonstrated in the future. This approach does not require significant computational resources; therefore, it can be applied to analyze MIs quantitatively.
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