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a b s t r a c t 

Enantioseparation of nineteen ß2 -amino acids has been performed by liquid chromatography on chi- 

ral stationary phases based on native teicoplanin and teicoplanin aglycone covalently bonded to 2.7 

μm superficially porous silica particles. Separations were carried out in unbuffered (water/methanol), 

buffered [aqueous triethylammonium acetate (TEAA)/methanol] reversed-phase (RP) mode, and in polar- 

ionic (TEAA containing acetonitrile/methanol) mobile phases. Effects of pH in the RP mode, acid and salt 

additives, as well as counter-ion concentrations on chromatographic parameters have been studied. The 

structure of selectands ( ß2 -amino acids possessing aliphatic or aromatic side chains) and selectors (native 

teicoplanin or teicoplanin aglycone) was found to have a considerable influence on separation perfor- 

mance. Analysis of van Deemter plots and determination of thermodynamic parameters were performed 

to further explore details of the separation performance. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In the past decade, considerable interest has been paid to pep- 

ides containing ß-amino acids ( ß-peptides). With an additional 

arbon atom between the amino and carboxylic groups, these ß- 

mino acids can adopt various stable secondary structures with 

urther functionalization possibilities enhancing the number of po- 

ential applications [1] . Unlike their analogs, these ß-amino acids 

re not readily susceptible to hydrolysis or enzymatic degradation. 

onsequently, peptides with incorporated ß-amino acids exhibit 

nhanced stability [2] . Additionally, chimeric peptides (mixed α- 

nd ß-peptides) consisting of α- and ß-amino acids are of consid- 

rable interest as peptidomimetics in an increasing range of ther- 

peutic applications [ 3 , 4 ]. Depending on the position of the side

hain on the 3-aminoalkanoic acid skeleton ß2 - and ß3 -amino acids 

an be differentiated. The syntheses of ß2 -amino acids in enan- 

iomerically pure form are much more challenging than their ß3 - 
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nalogs [5] . The synthesis of ß2 - amino acids in racemic form and 

heir subsequent enantioseparation currently is the most practi- 

al and effective approach to obtain enantiopure ß2 -amino acids. 

hromatographic data related to the separation and identification 

f β3 -amino acid enantiomers have been reported in the litera- 

ure [6-8] . However, relatively little information is available on the 

eparation of ß2 -amino acid enantiomers. The enantioseparation 

f a few ß2 -amino acids have recently been carried out by direct 

igh-performance liquid chromatography (HPLC) methods on chi- 

al stationary phases (CSPs) based on ( + )-(18-crown-6)-2,3,11,12- 

etracarboxylic acid [ 9 , 10 ], macrocyclic glycopeptides [ 11 , 12 ], and

inchona alkaloids [ 13 , 14 ]. 

Core-shell particles (superficially porous particles, SPPs) and 

ub-2 μm fully porous particles (FPPs) are expected to provide 

igh-throughput and effective separations of a variety of chiral 

olecules in ultra-high-performance liquid chromatography (UH- 

LC). Teicoplanin, teicoplanin aglycone, vancomycin, or isopropyl- 

yclofructan covalently bonded to sub-2 μm or 2.7 μm SPPs were 

uccessfully applied for the enantioseparation of native and N - 

rotected α-amino acids and small peptides under LC [15-18] , 

nd supercritical fluid chromatography (SFC) conditions [ 19 , 20 ]. Te- 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Figure 1. Structure of ß2 -amino acids 
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coplanin and teicoplanin aglycone covalently attached to 1.9 μm 

PP silica gel with narrow size distribution exhibited excellent 

eparation performances for native proteinogenic amino acids in 

oth LC and SFC modalities [21] . The new synthetic route devel- 

ped for bonding teicoplanin to sub-2 μm or 2.7 μm SPPs and 

o sub-2 μm FPPs endowed the selector with a zwitterionic char- 

cter [ 22 , 23 ]. Ion-exchange-type CSPs are also being developed 

or UHPLC purposes. For example, tert -butylcarbamoyl(8 S ,9 R )- 

uinine was covalently bonded to 1.9 μm [22] or to 2.7 μm [24- 

0] SPPs, and to 3.0 μm and 1.7 μm FPPs [28] . Lämmerhofer et

l. [30] in chiral × chiral two-dimensional UHPLC applied tert - 

utylcarbamoyl(8 S ,9 R )-quinine and tert -butylcarbamoyl(8 R ,9 S )- 

uinidine selectors bonded to 2.7 μm SPPs for the separation of 

nantiomers of native proteinogenic α- amino acids after peptide 

ydrolysis. A survey of literature data revealed that enantiosepa- 

ations under UHPLC conditions were performed for proteinogenic 

- amino acids with the only exceptions being the enantiosepara- 

ion of γ -aminobutyric acid [27] and ß-Ala [ 28 , 34 ]. 

The present study provides results for the utilization of CSPs 

ased on macrocyclic glycopeptides covalently bonded to 2.7 μm 

PPs for the enantioseparation of 19 unusual ß2 -amino acids. Ex- 

eriments were performed utilizing columns with 3.0 and 2.1 mm 

nternal diameter (i.d.) based on teicoplanin- and teicoplanin agly- 

one. RP and polar-ionic mobile phases were applied in separa- 

ions. Effects of the nature and concentration of the mobile phase 

omponents, acid and salt additives under various conditions, and 

H in reversed-phase (RP) mode were studied. To gain detailed in- 

ormation about the chiral recognition process, structure–retention 

selectivity) relationships were evaluated by taking into account 

he structural features of both the analytes and selectors. Analysis 

f van Deemter plots served as a basis for the kinetic investiga- 

ions, while the temperature dependence study allowed thermody- 

amic characterization. In a few cases, elution sequences also were 

etermined. 

. Experimental 

.1. Chemicals and materials 

Nineteen racemic amino acids ( 1 - 19 ) were synthesized as de- 

cribed earlier [13] . (For structures see Fig. 1 ). Enantiomers ( R )- 2 ,
2 
 S )- 5 and ( S )- 6 were generous gifts from Prof. D. Tourwé (Vrije Uni-

ersiteit Brussels, Brussels, Belgium). 

Methanol (MeOH), acetonitrile (MeCN), and water of LC-MS 

rade, NH 3 dissolved in MeOH, triethylamine (TEA), formic acid 

FA), glacial acetic acid (AcOH), ammonium formate (HCO 2 NH 4 ), 

nd ammonium acetate (NH 4 OAc) of analytical reagent grade were 

rom VWR International (Radnor, PA, USA). The pH reported for 

he reversed-phase mobile phase is the apparent pH (pH a ), which 

as adjusted directly in the aqueous triethylammonium acetate 

TEAA)/MeOH solutions with the addition of AcOH. 

.2. Apparatus and chromatography 

LC measurements were carried out on a Waters® ACQUITY 

PLC® H-Class PLUS System with Empower 3 software (Waters) 

nd components as follows: quaternary solvent manager, sample 

anager FTN-H, column manager, PDA detector, and QDa mass 

pectrometer detector. The parameters for the QDa detector were 

et as follows: positive ion mode, probe temperature, 600 °C, cap- 

llary voltage, 1.5 V, cone voltage, 20 V. 

Chiral columns, based on teicoplanin (TeicoShell, T ) and te- 

coplanin aglycone (TagShell, TAG ) attached covalently to the sur- 

ace of 2.7 μm SPPs, were applied in this study. The core di- 

meter and shell thickness of the SPPs were 1.7 μm and 0.5 

m, respectively. All columns (AZYP, LLC, Arlington, TX, USA) have 

00 × 3.0 mm i.d. or 100 × 2.1 mm i.d. dimensions (abbreviations 

or columns: T-3.0 and T-2.1; Tag-3.0 and Tag-2.1 ). 

Stock solutions of analytes (1-10 mg ml –1 ) were prepared in 

eOH and diluted with the mobile phase. The dead-time ( t 0 ) of 

he columns was determined by 0.1% AcOH dissolved in MeOH and 

etected at 210 or 256 nm. In all experiments a flow rate of 0.3 ml

in 

–1 provided efficiency and fast analysis for both column dimen- 

ions, while the column temperature was set at 20 °C (if not oth- 

rwise stated). 

. Results and discussion 

Based on their side chain, the investigated ß2 -amino acids can 

e divided into two sub-groups: those that contain an aliphatic 

oiety or an aromatic moiety. The branch or the length of the 

liphatic moiety or the nature and position of substituents on the 
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romatic ring influences the size and polarity of the molecule and 

s expected to have a considerable effect on selector–analyte inter- 

ctions. 

.1. Effect of pH on retention and separation performance 

The pK value of carboxylic groups of teicoplanin and teicoplanin 

glycone (playing important role in the retention mechanism) is 

pproximately 2.5. The pK values of the amino groups of ß2 -amino 

cids 1-19 are in the range 10.16–10.32. The corresponding val- 

es for the carboxylic moieties of 1-12, 19 are between 4.10- 

.50, whereas for 13 - 18 they are between 3.20-3.60 (calculated 

ith Marvin Sketch v. 17.28 software, ChemAxon Ltd., Budapest). 

herefore, the charge of macrocyclic glycopeptide-based station- 

ry phases and analytes is sensitive to pH and alters the interac- 

ions between the CSP and the analyte. To reveal the possible ef- 

ects of pH a on retention, selectivity, and resolution of ß2 -amino 

cids bearing aliphatic ( 3 ) and aromatic side chain ( 9 ) were se-

ected and their retention behavior was investigated on T-3.0 and 

AG-3.0 columns in the RP mode applying eluents consisting of 

q .TEAA/MeOH (90/10 v/v and 30/70 v/v ) with a constant TEAA 

oncentration of 20.0 mM) and varying pH a of the mobile phase 

etween pH a 3.5 −6.5. Under the studied conditions, the retention 

actors of the first eluting enantiomer ( k 1 ) usually changed slightly 

ith increasing pH a for both analytes, and only analyte 9 exhibited 

oderate increases in the aq .TEAA/MeOH 30/70 ( v/v ) eluent (Fig. 

1). Interestingly, α and R S increased more significantly in both 

obile phase systems, especially for analyte 3 , with the highest 

alues obtained above pH a 5.0 (Fig. S1). Based on their pK values, 

eicoplanin, teicoplanin aglycone, and ß2 -amino acids are present 

n ionized form under these mobile phase conditions. That is, the 

bserved behavior is probably due to increased ionic interactions 

etween the protonated amino group of the analyte and the depro- 

onated carboxylic group of the selector. The ionic structures affect 

ither directly the Columbic or dipolar interactions between the 

nalyte and selector, or influence indirectly the retention by chang- 

ng the conformation of the macrocyclic glycopeptides. To obtain 

he highest resolution and selectivity an eluent pH a of 5.0 or above 

an be recommended for the enantioseparation of ß-amino acids. 

.2. Effects of mobile phase composition on the chromatographic 

erformance 

Employing analytes 3 and 9 , first, the effects of five different 

obile phase additives (salts or acids, namely HCO 2 NH 4 , NH 4 OAc, 

EAA , FA , and AcOH) were studied on the chromatographic per- 

ormance of T-3.0 and TAG-3.0 CSPs. Experiments were performed 

ith a constant aqueous to organic solvent ratio (H 2 O/MeOH 90/10 

/v ) and a constant additive concentration (20.0 mM, calculated for 

he whole eluent system). In the case of organic salts, the pH a was 

djusted to 5.0 by the addition of the corresponding acid. Mobile 

hases containing solely 20.0 mM FA or AcOH (without pH adjust- 

ent) resulted in unresolved peaks with rather poor peak shapes 

Fig. S2). In contrast, when HCO 2 NH 4 , NH 4 OAc or TEAA were used

s mobile phase additive, resolution could be obtained. Employing 

EAA has led to symmetrical peak shapes, very good efficiencies, 

nd selectivities. Therefore, in further experiments, TEAA was the 

avored mobile phase additive. It is worth mentioning that regard- 

ng MS-based detection, NH 4 OAc offers higher sensitivity with ac- 

eptable peak shapes and resolution. 

MeOH and MeCN organic modifiers are used commonly in 

mino acid separations [9] . The nature and concentration of the 

obile phase components can exert considerable effects on re- 

ention and separation. Therefore, we next investigated the ef- 

ects of organic modifiers on the enantioseparation of analytes 3 
3 
nd 9 utilizing T-3.0 and TAG-3.0 CSPs. Figure 2 shows the chro- 

atographic figures of merit for the separations of analytes 3 

nd 9 in three different eluent systems. In unbuffered RP mode 

 a ), mobile phase compositions of H 2 O/MeOH 90/10–10/90 ( v/v ), 

n buffered RP mode ( b ), aq. TEAA/MeOH 90/10-30/70 ( v/v ) con- 

aining 20 mM TEAA and pH a 5.0, and in polar-ionic mode ( c ), 

eCN/MeOH 90/10–10/90 ( v/v ) containing 20 mM TEAA were ap- 

lied. 

In the unbuffered eluent system ( Fig. 2 A), k 1 increases with in- 

reasing MeOH content, however, not in the whole range studied. 

he observed phenomenon is at least partly for the lower solubil- 

ty of amino acids with polar character in the less polar MeOH. 

he observed minimum in the curve for analyte 9 indicates an in- 

reased hydrophobic interaction at higher water content. Regard- 

ng α and R S values, they increase with increasing MeOH content. 

nterestingly, comparing the two CSPs, k 1 values were higher on 

he T-3.0 column, while higher α and R S values were registered on 

AG-3.0 ., which may indicate reduced nonselective interactions in 

he latter case. 

Under buffered RP conditions ( Fig. 2 B), similar to the un- 

uffered eluents, a slight increase in k 1 , α, and R S values was reg- 

stered with increasing MeOH content. As an exception, analyte 9 

n the TAG-3.0 column first showed a moderate increase, then a 

light decrease for k 1 . Comparing these two eluent systems, a re- 

arkable difference between chromatographic performances can 

e noted. In the presence of TEAA, higher α and R S values are ob- 

ained with significantly lower retentions, suggesting a pronounced 

uppression of nonselective interactions between the analytes and 

he stationary phase by the salt addition. 

The results obtained with the application of mixtures of MeCN 

nd MeOH along with acid and base additives in the polar-ionic 

ode are depicted in Fig. 2 C. With variation in the composition 

f the eluent the acid–base equilibrium and proton activity will 

e changed. At high MeCNcontent, the solvation of polar amino 

cids in the aprotic solvent decreases resulting in high retentions, 

hile the increasing ratio of protic MeOH favors the solvation of 

olar amino acids, i.e ., retention decreases. The change of α and 

 S values exhibited trends similar to those discussed above. The 

mproved selectivity with increasing MeOH content suggests that 

ydrogen bonding may not play a major role in these enantiosep- 

rations. 

.3. Effects of the counter-ion concentration 

The stoichiometric displacement model [31] is applied fre- 

uently to describe the retention behavior based on ion-pairing 

nd ion-exchange mechanisms, predicting a linear relationship be- 

ween the logarithm of the retention factor and the logarithm of 

he counter-ion concentration, 

og k = log K Z − Z log c counter−ion (1) 

here Z is the ratio of the number of charges of the cation and 

he counter-ion, while K z describes the ion-exchange equilibrium. 

f an ion-exchange mechanism exists, plotting log k against log 

 counter-ion will result in a straight line with a slope proportional 

o the effective char ge during the ion-exchange process, while the 

ntercept provides information about the equilibrium constant. 

To probe the potency of the simple displacement model in our 

ase, experiments were carried out on T-3.0 and TAG-3.0 CSPs ap- 

lying mobile phases b, aq. TEAA/MeOH (90/10 v/v, pH a ≈5.5 ) and 

 , MeCN/MeOH (10/90 v/v ) both containing 5.0-160 mM TEAA. In 

 cation exchange process in the presence of TEAA, the proto- 

ated triethylammonium ion acts as a competitor. The results pre- 

ented in Fig. 3 , definitely indicate the applicability of the sto- 

chiometric displacement model, i.e., they support the involve- 

ent of ion-interaction processes in the retention mechanism. In 
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Figure 2. Effect of bulk solvent composition on chromatographic parameters for analyte 3 and 9 applying different mobile phase systems 

Chromatographic conditions: column, T-3.0 and TAG-3.0; mobile phase, a, H 2 O/MeOH (90/10–10/90 v/v ), b , aq. TEAA/MeOH (90/10-30/70 v/v ), concentration of TEAA in mobile 

phase 20.0 mM and the actual pH of the mobile phase, pH a 5.0, c , MeOH/MeCN (90/10–10/90 v/v ), concentration of TEAA in mobile phase, 20.0 mM; flow rate, 0.3 ml min –1 ; 

detection, 210-258 nm; temperature, 20 °C; symbols, on T-3.0 for analyte 3 , � , for analyte 9 , █, on TAG-3.0 for analyte 3 , � , for analyte 9 , �

Figure 3. Effect of ion content on retention factor of the first eluting enantiomer, 

k 1 for analytes 3 and 9 Chromatographic conditions: column, T-3.0 and TAG-3.0; 

mobile phase, A, aq. TEAA/MeOH (90/10 v/v ), concentration of TEAA in mobile phase, 

5.0-160 mM, B, MeCN/MeOH (10/90 v/v ), concentration of TEAA in mobile phase, 

5.0-160 mM; flow rate, 0.3 ml min –1 ; detection, 210-258 nm; temperature, 20 °C; 

symbols, on T-3.0 for analyte 3 , � , for analyte 9 , █, on TAG-3.0 for analyte 3 , � , 

for analyte 9 , �

t

c

I

e

i

r

e

t

a

i

i

e

i

(

3

s

f

t

g

a

b

R  

v

a

2

a

b

w

m

r

a

p

s

t

4

c

8

s

i  

1

m

his study, linear relationships were found between log k 1 vs. log 

 counter-ion , with slopes varying between about (–0.10) and (–0.23). 

n an earlier study, slopes around –1.0 were found for strong ion- 

xchangers, where the selector and selectand act in almost fully 

onized form [32] . In absolute terms, the smaller slopes observed 

eveal a marked difference between the strong and weak ion- 

xchanger-based CSPs [33] . In the case of weak ion-exchanger CSPs, 

he retention (affected by the pH and the ionic state of the selector 

nd analyte) can be reduced with the enhancement of the counter- 

on concentration, but only to a limited range. It is worth mention- 

ng that on both CSPs, practically equal slopes were calculated for 

ach enantiomer, i.e., no significant difference could be observed 
4 
n the enantioselectivities with varying counter-ion concentration 

data not shown). 

.4. Effects of structures of selector and analyte on retention and 

electivity 

The structure of both the chiral selector and the analyte af- 

ects considerably their interactions resulting in different reten- 

ion and separation characteristics. To gain a set of chromato- 

raphic data, screening of the enantioseparation of 19 ß2 -amino 

cids was performed on four teicoplanin and teicoplanin aglycone- 

ased columns in three different mobile phase systems: unbuffered 

P ( a , H 2 O/MeOH 30/70 v/v ), buffered RP ( b , aq. TEAA/MeOH 30/70

/v , containing 2.5 mM TEA and 5.0 mM AcOH, pH a 5.5), and 

 polar-ionic mobile phase ( c , MeCN/MeOH 30/70 v/v , containing 

.5 mM TEA and 5.0 mM AcOH). The related chromatographic data 

re summarized in Tables S1 −S4. All studied ß2 -amino acids were 

aseline-separated on at least one CSP, and often with both CSPs 

ithin three to five minutes depending on the nature of analytes, 

obile phase, and inner diameter of columns. The overall success 

ate of the enantioseparations is depicted in Fig. S3. Taking into 

ccount the time needed for the analyses, application of mobile 

hase a and b seemed to be more favorable (Tables S1 −S4). It 

hould be noted, that the analysis time obtained here is three to 

en times lower than that observed earlier on 5 μm particles and 

.6 mm i.d. columns [10-13] . It was also observed that, in most 

ases, ß2 -amino acids possessing aliphatic side chains (analytes 1- 

 ) exhibited slightly smaller R S values than analytes with aromatic 

ide chains ( 9-19 ). This is in spite of their similar enantioselectiv- 

ty (1.30 < α < 2.20). For analytes 9-19 , in almost all cases, R S >

.5 was obtained on all four columns applied with any of the three 

obile phase systems (exceptions were compounds 12 and 13 ). 
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Figure 4. Dependence of retention factors of the first eluting enantiomer ( k 1 ) and separation factors ( α) of analytes 1-6 on the Meyer substituent parameter ( V a ) Chromato- 

graphic conditions, column, T-3.0, T-2.1, TAG-3.0 and TAG-2.1; mobile phase, A , aq. TEAA/MeOH (30/70 v/v ), concentration of TEA and AcOH in mobile phase 2.5 and 5.0 mM, 

respectively and the actual pH of the mobile phase, pH a 5.5, B, MeCN/MeOH (30/70 v/v ), concentration of TEA and AcOH in mobile phase 2.5 and 5.0 mM, respectively; flow 

rate, 0.3 ml min –1 ; detection, 210-258 nm; temperature, 20 °C; symbols, for T-3.0 █, for TAG-3.0 � , for T-2.1 and for TAG-2.1 � 
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In order to determine the specific structural effects of analytes 

ossessing alkyl side chains on chromatographic data such as k 1 
nd α, the effect of the volume of the alkyl substituents ( V 

a ) was

nvestigated. The steric effect of a substituent on the reaction rate 

an be characterized by the size descriptor of the molecule, V 

a 

34] . The V 

a values for Me, Et, Pr, Bu, 2-Pr, and 2-Bu moieties are

.84, 4.31, 4.78, 4.79, 5.74, and 6.21 × 10 −2 nm 

3 , respectively. Note, 

hat there are no V 

a values available for 6-methylheptanoic ( 7 ) and 

-cyclohexylpentanoic ( 8 ) moieties. Values of k 1 and α showed a 

ood correlation with V 

a on all studied columns in all three elu- 

nt systems. As the data presented in Fig. 4 confirm the volume of 

he alkyl substituents markedly influenced k 1 : a bulkier substituent 

indered the interactions between the selector and analyte lead- 

ng to reduced retention. Since the difference in the interactions 

f the two enantiomeric analytes with the CSP differed consider- 

bly, an enhanced chiral recognition with higher V 

a values could be 

bserved. It should be noted here, that not only the position and 

ulkiness of the substituent but also the steric effect may heav- 

ly influence retention behavior and chiral recognition of ß2 -amino 

cids. 

Comparing the separation of analytes 9-19 possessing aromatic 

r substituted aromatic side chains to analytes 1-8. shows higher 

 S values for analytes 9 – 19 . In most cases, the R S was above

.5 and only analytes 12 and 13 exhibited poorer resolution (Table 

1 −S4). The most relevant and optimized data of separations are 

epicted in Table 1 . The presence of an aromatic moiety instead of 

n aliphatic side chain in 9-19 probably improves π–π-interactions 

etween the enantiomers and the chiral selector and contributes 

o better chiral recognition. Enantiomers of analyte 12 possessing 

n additional 4-dimethylamino moiety (pK a 5.0, calculated with 

arvin Sketch v. 17.28 software, ChemAxon Ltd., Budapest) were 

aseline-separated only in mobile phases b and c , where the ionic 

trength could be kept at a constant level. 

Analytes 11, 13 , and 14 possess a methyl, chlorine, or hydroxyl 

ubstituent at position 4 of the aromatic ring, giving π- basic or 

- acidic character to the molecules. Figures 5 and S4 are chro- 

atograms that illustrate the separation performance obtained on 

AG-3.0 and T-3.0 CSPs in two different eluent systems. The methyl 

nd chlorine moieties show slight effects on retention, selectivity, 

nd resolution, while the hydroxyl moieties and their positions in 

nalytes 14 vs. 15 affect considerably the separation performance. 

he 3-position of the hydroxyl moiety probably favors steric inter- 

ctions between selector and analyte resulting in higher selectiv- 

ty and resolution, in particular, on the TAG-3 CSP in H 2 O/MeOH 

30/70 v/v ) mobile phase ( Fig. 5 A). These differences, especially in 

esolution, can be observed in Fig. S4 A and S4B. 

Analytes 16-18 possess an additional ether O-atom, which is ca- 

able of H-bond interactions, while 19 bears a naphthyl moiety, 
a

5 
hich may facilitate stronger π–π-interactions. All these structural 

eatures led to higher α and R S values as depicted in Fig. 5 B and

ig. S4B. 

In addition to the chromatograms for analytes 11-19 , Figure 6 

epicts selected chromatograms for analytes 1-10 and 12 as well 

epresenting the separations obtained within three minutes. Using 

nantiopure analytes, elution sequences for analytes 2, 5 , and 6 

ere determined and found to be the same for all columns and 

obile phases, they were, R < S . 

According to the data in Tables S1–S4, the separation fac- 

ors, despite similar retention times and retention factors of the 

rst eluting enantiomers, sometimes differ considerably on the 

eicoplanin- and teicoplanin aglycone-based CSPs, indicating a pos- 

ible difference in the separation mechanism. In most cases, higher 

electivities and resolutions were obtained with the aglycone- 

ased CSP under all the studied conditions, while no clear trend 

ould be observed for the variation in the retention times. As 

escribed earlier [35] the sugar units of the native teicoplanin 

ay affect the chiral recognition process in different ways; they 

lock the possible interaction sites on the aglycone, occupy the 

pace inside the “basket”, and offer additional interaction sites 

ince the three sugar units are themselves chiral. To quanti- 

atively determine the effects of the sugar units, the equation 

( �G °) = −RT ln α was applied for the calculation of the dif- 

erences in enantioselective free energies between the two CSPs 

 �( �G °) TAG − �( �G °) T ]. As illustrated in Fig. 7 , the energy differ-

nces [ �( �G °) TAG − �( �G °) T ] with very few exceptions, are neg-

tive, i.e., the interaction between the free aglycone basket (with- 

ut the sugar moieties) and analyte improves chiral recognition. 

y comparing the [ �( �G °) TAG − �( �G °) T ] values for analytes 1-

 , it is interesting to note that in the case of molecules with a

arger size, interactions between selector and analyte are favored. 

t should be noted that [ �( �G °) TAG − �( �G °) T ] values can vary

ith the amount of mobile phase additives. 

.5. van Deemter analysis 

Organic components of eluents (MeOH and MeCN) used in this 

tudy in combination with water yield mobile phases with consid- 

rable viscosity, while combination of MeOH and MeCN result in 

ow-viscosity eluent allowing higher flow rates without high back- 

ressures. According to Darcy’s law, backpressure relates to mobile 

hase viscosity and linear velocity [ 21 , 36 ]. For the investigation 

f van Deemter plots, mobile phases possessing low and moder- 

te viscosity [mobile phase b , aq. TEAA/MeOH (30/70 v/v ) and c , 

eCN/MeOH (30/70 v/v, respectively) both containing 2.5 mM TEA 

nd 5.0 mM AcOH] were selected, and plots were constructed on 

ll four studied columns for analytes containing an aliphatic ( 6 ) or 
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Table 1 

Selected chromatographic data for the separation of ß2 -amino acids 

Analyte Column Mobile phase k 1 α R S 

aliphatic ß2 -amino acids 

1 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.40 1.30 1.01 

T-3.0 H 2 O/MeOH (10/90 v/v ) 0.20 1.46 0.90 

TAG-3 H 2 O/MeOH (30/70 v/v ) 0.70 1.30 1.05 

TAG-3 H 2 O/MeOH (10/90 v/v ) 1.82 1.22 0.72 

TAG-3.0 aq. TEAA/MeOH (10/90 v/v ) 1.75 1.24 0.74 

2 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.53 1.35 1.32 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.50 1.54 1.35 

3 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.34 1.75 2.48 

T-2.1 H 2 O/MeOH (30/70 v/v ) 0.86 1.30 1.58 

T-3.0 H 2 O/MeOH (30/70 v/v ) 0.47 1.80 2.66 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.49 1.63 1.71 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.04 1.72 1.53 

4 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.33 1.76 2.07 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.37 1.60 1.70 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 0.97 1.66 1.40 

5 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.30 1.85 1.71 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.45 1.90 1.35 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.02 1.73 1.37 

TAG-3.0 MeCN/MeOH (10/90 v/v ) 1.09 1.51 1.58 

6 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.28 2.03 2.50 

T-3.0 MeCN/MeOH (10/90 v/v ) 1.45 1.45 0.83 

T-2.1 H 2 O/MeOH (30/70 v/v ) 0.85 1.46 1.64 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.95 2.06 2.39 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.22 1.74 1.30 

TAG-3.0 aq. TEAA/MeOH (10/90 v/v ) 0.73 2.24 2.88 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.15 1.82 2.02 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 0.77 1.48 1.72 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 0.69 1.90 1.89 

7 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.27 1.81 1.97 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.66 1.64 1.80 

TAG-3.0 aq. TEAA/MeOH (20/80 v/v ) 0.28 1.62 1.14 

TAG-3.0 aq. TEAA/MeOH (10/90 v/v ) 0.79 1.80 2.08 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.08 1.60 1.77 

( continued on next page ) 
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Table 1 ( continued ) 

Analyte Column Mobile phase k 1 α R S 

8 T-3.0 H 2 O/MeOH (30/70 v/v ) 1.10 1.59 2.05 

T-3.0 aq. TEAA/MeOH (10/90 v/v ) 0.79 1.61 1.67 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.55 1.56 1.75 

aromatic ß2 -amino acids 

9 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.82 1.36 1.75 

T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.62 1.48 1.99 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.73 1.23 1.94 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.69 1.53 1.73 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.43 1.39 1.68 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 1.00 1.49 1.82 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.91 1.49 1.94 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.09 1.34 1.59 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.72 1.60 1.72 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.67 1.48 1.68 

10 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.97 1.50 1.74 

T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.62 1.70 2.77 

T-3.0 MeCN/MeOH (30/70 v/v ) 1.88 1.43 1.76 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.74 1.21 1.87 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.72 1.72 2.40 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.07 1.52 2.08 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 1.19 1.73 2.83 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.10 1.74 3.02 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.05 1.71 2.06 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.24 1.46 2.31 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.89 1.75 2.50 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.45 1.80 2.54 

11 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.64 1.39 1.70 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.87 1.17 1.58 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.72 1.46 1.59 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.30 1.33 1.46 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.12 1.43 1.68 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 1.02 1.41 1.78 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.39 1.39 2.02 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.81 1.51 1.64 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.58 1.45 1.64 

12 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.57 1.17 1.27 

T-3.0 aq. TEAA/MeOH (10/90 v/v ) 1.88 1.44 1.97 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.95 1.32 1.37 

T-2.1 MeCN/MeOH (10/90 v/v ) 2.35 1.27 1.19 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.62 1.33 1.06 

TAG-3.0 MeCN/MeOH (10/90 v/v ) 3.08 1.39 1.15 

TAG-2.1 MeCN/MeOH (20/80 v/v ) 1.81 1.43 1.53 

( continued on next page ) 
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Table 1 ( continued ) 

Analyte Column Mobile phase k 1 α R S 

13 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.73 1.18 1.32 

T-3.0 aq. TEAA/MeOH (10/90 v/v ) 1.30 1.32 1.56 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.78 1.30 1.32 

T-2.1 aq. TEAA/MeOH (10/90 v/v ) 1.62 1.40 1.91 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.33 1.26 1.22 

TAG-3.0 aq. TEAA/MeOH (10/90 v/v ) 2.08 1.28 1.07 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.60 1.28 1.47 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 1.04 1.35 1.21 

TAG-2.1 aq. TEAA/MeOH (10/90 v/v ) 1.49 1.38 1.46 

14 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.67 1.46 1.84 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.71 1.16 1.49 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.73 1.51 1.74 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.47 1.37 1.59 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.83 1.48 1.89 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.95 1.96 3.32 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.63 1.43 1.38 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.11 1.39 2.09 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.74 2.13 2.78 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.88 1.53 1.91 

15 T-3.0 H 2 O/MeOH (30/70 v/v ) 0.86 1.40 1.57 

T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.59 1.50 3.10 

T-3.0 MeCN/MeOH (30/70 v/v ) 2.31 1.36 1.38 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.82 2.10 2.58 

16 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.68 1.34 1.51 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.92 1.16 1.50 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.76 1.41 1.48 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 1.12 1.37 1.48 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.07 1.36 1.63 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.47 1.34 1.90 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.85 1.44 1.53 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.63 1.41 1.51 

17 T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.67 1.45 1.82 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.86 1.18 1.57 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.73 1.50 1.74 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 0.92 2.00 2.91 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.93 1.93 3.16 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.91 1.70 2.14 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.26 1.74 3.00 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.74 2.12 2.78 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 2.13 1.83 2.64 

( continued on next page ) 
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Table 1 ( continued ) 

Analyte Column Mobile phase k 1 α R S 

18 T-3.0 H 2 O/MeOH (30/70 v/v ) 1.19 1.35 1.58 

T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.74 1.47 2.09 

T-3.0 MeCN/MeOH (30/70 v/v ) 2.37 1.32 1.48 

T-2.1 H 2 O/MeOH (30/70 v/v ) 2.02 1.22 1.91 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.84 1.52 1.94 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.71 1.40 1.74 

TAG-3.0 H 2 O/MeOH (30/70 v/v ) 1.05 1.73 2.72 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.07 1.66 2.75 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.50 1.55 1.68 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.44 1.56 2.88 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.84 1.77 2.46 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 1.76 1.66 2.27 

19 T-3.0 H 2 O/MeOH (30/70 v/v ) 1.17 1.45 1.98 

T-3.0 aq. TEAA/MeOH (30/70 v/v ) 0.75 1.64 2.71 

T-3.0 MeCN/MeOH (30/70 v/v ) 2.27 1.36 1.55 

T-2.1 H 2 O/MeOH (30/70 v/v ) 1.97 1.31 2.37 

T-2.1 aq. TEAA/MeOH (30/70 v/v ) 0.88 1.70 2.57 

T-2.1 MeCN/MeOH (30/70 v/v ) 2.96 1.45 1.94 

19 TAG-3.0 H 2 O/MeOH (30/70 v/v ) 1.53 1.75 2.77 

TAG-3.0 aq. TEAA/MeOH (30/70 v/v ) 1.62 1.73 2.97 

TAG-3.0 MeCN/MeOH (30/70 v/v ) 2.95 1.53 1.50 

TAG-2.1 H 2 O/MeOH (30/70 v/v ) 1.60 1.67 3.22 

TAG-2.1 aq. TEAA/MeOH (30/70 v/v ) 1.04 1.86 2.83 

TAG-2.1 MeCN/MeOH (30/70 v/v ) 2.12 1.69 2.30 

Chromatographic conditions: column, T-3.0, T-2.1, TAG-3.0 and TAG-2.1 ; mobile phase, H 2 O/MeOH (30/70 v/v ), aq. TEAA/MeOH (30/70 v/v ) and 

MeCN/MeOH (30/70 v/v ), the latter two contain 2.5 mM TEA and 5.0 mM AcOH; flow rate, 0.3 ml min −1 ; detection, 210-258 nm; temperature, 20 

°C 
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romatic ( 9 ) side chain. van Deemter plots are shown in Figure 8 A

for analyte 6 ) and Fig. S5 A (for analyte 9 ) in polar-ionic mode. In

he polar-ionic mode, the curves for the first eluting enantiomer 

how characteristic minima for analyte 6 on T-3.0, T-2.1, and TAG- 

.0 columns, and a slight minima on TAG-2.1 at ~1.5 mm sec –1 

 Fig. 8 A). It should be noted that 2.1 mm i.d. columns are usu-

lly less efficient than 3.0 mm ones due to wall effects ( Fig. 8 A).

he H minima on T-3.0 and TAG-3.0 were registered at 0.24 mm 

ec –1 , while on T-2.1 at 0.48 mm sec –1 linear velocity, which corre- 

ponds to a flow rate of 0.1 ml min 

–1 . The van Deemter curves for

eicoplanin-based columns run below the plots of the teicoplanin 

glycone. Fig. S5 A depicts van Deemter plots for analyte 9 un- 

er the same conditions. The shape of the curve for columns with 

.0 mm i.d. are similar to plots obtained for analyte 6 (minima 

re in the range 0.24–0.48 mm sec –1 , i.e., 0.1–0.2 ml min 

–1 ), while

lots obtained on columns with 2.1 mm i.d. exhibited slight min- 

ma at lower flow rates (0.05–0.1 ml min 

–1 ). Interestingly, the H-u 

lot for the teicoplanin aglycone column with 2.1 mm i.d. ( TAG- 

.1 ) runs below the same type of column with a larger i.d. ( TAG-

.0 ). Figures 8 B and S5B depict van Deemter plots for analytes 6

nd 9 applying mobile phase b , aq. TEAA/MeOH (30/70 v/v ) con- 

aining 2.5 mM TEA and 5.0 mM AcOH on teicoplanin- and te- 
9 
coplanin aglycone-based columns possessing different internal di- 

meters. The van Deemter curves at high flow rates (where the C- 

erm dominates) on T-3.0 columns exhibited a slight increase in 

late height, while on T-2.1 columns a decrease in plate height 

slightly negative slope) was registered for both analytes at high 

ow rates. It is described several times that at high backpressures, 

wo types of temperature gradients – axial and radial – exist to- 

ether as the result of significant frictional heating [ 16 , 37-39 ]. Ax- 

al temperature differences ranging from 11 to 16 °C can readily be 

enerated when pressure above 300 bar is applied [ 16 , 37 ]. In some

ases, longitudinal frictional heating was found to increase the chi- 

al resolution when small particles and high flow rates are used 

 16 , 21 ]. In Fig. 8 C, van Deemter plots for the first and second elut-

ng enantiomer of analyte 6 on TAG-3 and analyte 9 on the T-2.1 

olumn are depicted. It is interesting to note that identical kinetic 

lot shapes were recorded for both enantiomers with the curve for 

he second enantiomer shifted upwards. The similar shapes indi- 

ate that both enantiomers have similar adsorption/desorption ki- 

etics (the same results were obtained under other conditions too; 

ata not shown). In summary, comparing results obtained for van 

eemter analyses and screening experiments of 19 ß2 -amino acids 

registered at a flow rate of 0.3 ml min 

–1 ), the following conclu- 
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Figure 5. Effect of nature of substituents and chemical structure of analytes on chromatographic performance for analytes 11 and 13-19 Chromatographic condition, column, 

TAG-3.0; mobile phase, A , H 2 O/MeOH (30/70 v/v ), B, aq. TEAA/MeOH (30/70 v/v ), concentration of TEA and AcOH in mobile phase 2.5 and 5.0 mM, respectively and the actual 

pH of the mobile phase, pH a 5.5; flow rate, 0.3 ml min –1 ; detection, 258 nm; temperature, 20 °C 

Figure 6. Selected chromatograms for analytes 1-10 and 12 Chromatographic conditions, columns, for analytes 1, 4, 6, 7 , and 8 T-3.0, for 2, 3 and 5 TAG-3.0, for 9 and 

10 T-2.1 and for 11 and 12 TAG-2.1; mobile phase, for analytes 1-7 and 11 , H 2 O/MeOH (30/70 v/v ), for 8-10 and 12 aq. TEAA/MeOH (30/70 v/v ), concentration of TEA and 

AcOH in mobile phase 2.5 and 5.0 mM, respectively and the actual pH of the mobile phase, pH a 5.5; flow rate, 0.3 ml min –1 ; detection, 258 nm; temperature, 20 °C; 
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ions can be drawn: (i) higher plate numbers were obtained on 

eicoplanin-based than on teicoplanin aglycone-based CSP ( T-3.0 

s. TAG-3.0 and T-2.1 vs. TAG-2.1 ), (ii) in general, for SPPs of 2.7 

m, the narrow bore columns (2.1 mm i.d.) show decreased effi- 

iency compared to their counterparts with 3.0 mm i.d. Note, that 

he latter columns were expected to outperform the columns of 

.1 mm i.d, and this expectation was met under all the studied 

onditions. It must be emphasized, however, that column perfor- 

ance, in the practice, depends on both the nature of analytes and 

he mobile phase composition. H values for analytes possessing an 

lkyl side chain ( 1-8 ) were always smaller on columns of 3.0 mm 

.d., while for analytes possessing an aromatic side chain ( 9-19 ), 

olumns of 2.1 mm i.d. showed better performance (Table S1–S4 

nd Fig. S5 A). However, in the RP mode for analytes 9-19 , columns 

f 3.0 mm i.d. always outperformed the columns of 2.1 mm i.d. 

olumns (Table S1–S4). 
l

10 
.6. Temperature dependence and thermodynamic parameters 

Studying the effects of temperature on retention and enantios- 

lectivity in chiral separations is an often applied methodology 

o gather information on enantiomer recognition [40-43] . Theo- 

etically, retention observed on chiral CSPs consists of chiral and 

onchiral components [44-48] , however, in this study, these two 

omponents are not differentiated. Keeping in mind the limita- 

ions of the approach, used herein the difference in the change in 

tandard enthalpy �( �H °) and entropy �( �S °) for the enantiomer 

airs were calculated using the relationship between ln α (natural 

ogarithm of the apparent selectivity factor) and T −1 (reciprocal of 

bsolute temperature) as described by the van’t Hoff equation: 

n α = −�( �H 

◦) + 

�( �S ◦) 
(2) 
RT R 
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Figure 7. Enantioselectivity free energy differences �( �G °) TAG − �( �G °) T between aglycone and native teicoplanin selector Chromatographic condition, column, A , TAG-3.0 

vs. T-3.0 and B, TAG-2.1 vs. T-2.1; mobile phase, a , H 2 O/MeOH 30/70 v/v ), b , aq. TEAA/MeOH (30/70 v/v ), concentration of TEA and AcOH in the mobile phase 2.5 and 5.0 mM, 

respectively, and the actual pH of the mobile phase, pH a 5.5, c , MeCN/MeOH (30/70 v/v ), concentration of TEA and AcOH in the mobile phase 2.5 and 5.0 mM, respectively; 

flow rate, 0.3 ml min –1 ; detection, 210-258 nm; temperature, 20 °C; symbols, mobile phase, a , mobile phase, b and mobile phase, c 

Figure 8. Plots of plate heights versus superficial velocities for analytes 6 and 9 on macrocyclic glycopeptide-based columns Chromatographic conditions: columns, A , T-3.0, 

T-2.1, TAG-3.0 and TAG-2.1, B , T-3.0, T-2.1 and C , TAG-3.0 and T-2.1 ; mobile phase, A , MeCN/MeOH (30/70 v/v ), concentration of TEA and AcOH in the mobile phase 2.5 and 

5.0 mM, respectively, B and C , aq. TEAA/MeOH (30/70 v/v ), concentration of TEA and AcOH in the mobile phase 2.5 and 5.0 mM, respectively, and the actual pH a of the mobile 

phase, pH a 5.5; detection, 210-258 nm; temperature, 20 °C; symbols, A , analyte 6 , � T-3.0, � T-2.1, � TAG-3.0, � TAG-2.1; B , analyte 6 , � T-3.0, � T-2.1, analyte 9 , � T-3.0, �
T-2.1; C , analyte 6 , � TAG-3.0 (first enantiomer), � TAG-3.0 (second enantiomer), analyte 9 , █ T-2.1 (first enantiomer), � T-2.1 (second enantiomer) 
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here R is the universal gas constant. As discussed earlier, under 

HPLC conditions operating with inlet pressures above 300 bars, 

he generated axial temperature differences can lead to a marked 

ifference between real operational and set conditions [ 16 , 21 , 37 ].

o avoid the temperature differences caused by high backpressure, 

he nature of applied mobile phases and flow rates were carefully 

elected for this study. For example, CSPs with 2.1 mm i.d. were 

pplied only in polar-ionic mode. 

Dependence of the chromatographic parameters on tempera- 

ure was studied on the four columns for analyte 8 possessing 

n aliphatic side chain, and for analyte 9 bearing an aromatic 
11 
ide chain in the temperature range 5-50 °C. Experimental data 

ith mobile phases of aq. TEAA/MeOH (30/70 v/v ) and MeCN/MeOH 

30/70 v/v ) both containing 20 mM TEAA are presented in Table S5. 

s most frequently observed, both k and α decreased with increas- 

ng temperature in all cases. Resolution usually decreases with in- 

reasing temperature, while in a few cases, R S , exhibited a max- 

mum curve with the change of temperature (Table S5). Lower R S 
alues at low and high temperatures can be attributed to the lower 

inetic and higher thermodynamic effect (decreased α values), re- 

pectively. 
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Table 2 

Thermodynamic parameters, �( �H 

o ), �( �S o ), Tx �( �S o ), �( �G o ), correlation coefficients ( R 2 ), T iso and Q values of ß2 -amino acids in different separation modalities on 

TeicoShell and TagShell columns with 3.0 and 2.1 i.d., respectively 

Compound Mobile phase - �( �H 

o ) (kJ/mol) - �( �S o ) (J/(mol ∗K) Correlation coefficients ( R 2 ) -Tx �( �S o ) 298K (kJ/mol) - �( �G o ) 298K (kJ/mol) T iso ( o C) Q 

TeicoShell (3.0 mm I.D.) 

8 b 3.55 7.59 0.9960 2.26 1.28 194 1.57 

c 1.43 2.72 0.9790 0.81 0.62 255 1.77 

9 b 2.05 3.57 0.9882 1.06 0.99 302 1.93 

c 1.30 2.31 0.9976 0.69 0.61 289 1.89 

TeicoShell (2.1 mm I.D.) 

8 c 1.96 4.32 0.9936 1.29 0.68 181 1.52 

9 c 1.99 3.99 0.9994 1.19 0.80 226 1.67 

TagShell (3.0 mm I.D.) 

8 b 2.04 4.42 0.9912 1.32 0.73 189 1.55 

c 2.56 5.14 0.9949 1.53 1.02 225 1.67 

9 b 2.06 4.24 0.9810 1.26 0.79 212 1.63 

c 2.11 4.78 0.9980 1.42 0.68 168 1.48 

TagShell (2.1 mm I.D.) 

8 c 2.02 3.34 0.9950 0.99 1.02 332 2.03 

9 c 2.28 4.91 0.9989 1.46 0.81 191 1.56 

Chromatographic conditions: columns, TeicoShell and TagShell with 3.0 and 2.1 i.d., respectively; mobile phase, b , aq .TEAA/MeOH/ (30/70 v/v ), total concentration of TEAA 

in the mobile phase 20 mM ̧ actual pH of mobile phase, pH a = 5.0, c , MeCN/MeOH/ (30/70 v/v ) containing 20 mM TEAA; detection, 215-256 nm; flow rates, 0.3 ml min −1 ; 

T iso , temperature where the enantioselectivity cancels; Q = �( �H o ) / T x �( �S o ) 298K 
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The calculated –�( �H °) and –�( �S °) values are presented in 

able 2 . The �( �H °) values ranged from –1.30 to –3.55 kJ mol −1 .

hese negative values indicate that the adsorption/desorption ki- 

etics are enthalpically favored. �( �S °) values ranged from –2.31 

o –7.59 J mol –1 K 

–1 . It is important to note that �( �S °) values are

epended on (i) the difference in the number of degrees of free- 

om between the solutes bound on the CSP, and (ii) the number of 

olvent molecules leaving the solvated CSP and the analyte, when 

he analyte is associated with the CSP. The trends in the change in 

( �S °) and �( �H °) were similar, that is, a more negative �( �H °)
as accompanied by a more negative �( �S °). 

Under the applied conditions more negative �( �G °) values 

calculated at 298 K) were obtained on TagShell CSPs, in most 

ases, indicating that the differential binding to the aglycone-based 

elector was more favorable. For the representation of the relative 

ontribution to the free energy of adsorption we calculated the en- 

halpy/entropy ratio, as Q = �( �H °)/[298 × �( �S °)]. As indicated 

n Table 2 , the enantioselective discrimination was enthalpically 

riven in all cases. 

. Conclusions 

It was generally observed that an increase in the methanol con- 

ent in the RP mode resulted in a slight increase in retention and 

oderate enhancement in selectivity and resolution. In the polar- 

onic mode, retention considerably decreased, while selectivity and 

esolution moderately increased with increasing methanol content. 

he change of actual pH a under RP conditions showed, that pH a 

alues higher than 5.0 were advantageous regarding retention, se- 

ectivity, and resolution. In the application of different organic 

cids and salts, the best chromatographic performances were ob- 

erved with the TEAA additive. 

Macrocyclic glycopeptide CSPs are expected to act as weak ion- 

xchangers and this concept was supported by the validated dis- 

lacement model. Investigation of the effect of analyte and selec- 

or structures revealed that (i) there is a strong relationship be- 

ween separation performance (retention and selectivity) and the 

ize of the aliphatic side chain (Meyer’s size descriptor), (ii) the na- 

ure of substituents on analytes with an aromatic ring (endowing 

- acidic- or π- basic character for the molecule) affects separation 

erformance slightly, while the position of a hydroxyl moiety has 

 considerable effect, and (iii) separation is thermodynamically fa- 

ored in the case of selectors without sugar units (aglycone-based 

SPs). 
12 
Analyses of van Deemter plots in the polar-ionic mode con- 

rmed a typical shape with a plate height of minima, while no 

haracteristic minima were registered when RP eluents were ap- 

lied. Columns with 3.0 mm i.d. exhibited a slight increase in 

late height, while a decrease in plate height was registered for 

he columns with 2.1 mm i.d. at high flow rates (axial tempera- 

ure effect). In addition, in all three mobile phase systems, lower 

late heights were obtained: (i) concerning native teicoplanin ( T ) 

s. teicoplanin aglycone ( TAG ) for all analytes and (ii) concerning 

olumns with 3.0 mm i.d vs. columns with 2.1 mm i.d. for ß2 - 

mino acids possessing aliphatic side chains. For analytes with aro- 

atic side chains, an opposite correlation was observed. Evaluation 

f the kinetic curves, in most cases, supports that the separation of 

wo enantiomers takes place with the same adsorption/desorption 

inetics, i.e., the shape and slope of van Deemter plots were simi- 

ar. Let us note here, that the determined plate heights were higher 

han expected, although data were not corrected with the extra- 

olumn volume of the instrument. Reduction of the extra-column 

ffects ( e.g. , by altering the tubing of the UHPLC) would probably 

esult in lower plate heights. The flat C-term curves observed in 

any cases demonstrate the possibility for high-speed enantiosep- 

rations without significant loss in efficiency, thus the speed gain 

nd the significant reduction in solvent consumption offered by 

he columns based on 2.7 μm SP particles compared to a tradi- 

ional (5 μm FP particle-based) column are worth to utilize. 

Thermodynamic parameters obtained by a temperature- 

ependence study revealed that enantioseparations were enthalpi- 

ally driven and selectivity decreased with enhanced temperature 

nder all studied conditions. 

Elution sequences for analytes 2, 5 , and 6 were determined to 

how an R < S relationship. 
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