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Introduction
Chirality is crucial for living organisms because the enantiomers of 

a racemic mixture very often exhibit a different physiological behavior 
[1]. For the development of optical active drug candidates, the analysis 
of chiral compounds by high performance liquid chromatography 
(HPLC) has become an important field in the pharmaceutical industry. 
Basically, improvements in e.g. the selectivity of the chiral stationary 
phase (CSP) materials used enabled considerable advances in chiral 
separation science during the past decades. In particular silica-
based CSP derivatives of amylose and cellulose, first investigated by 
Okamoto et al. [2,3] can be used to separate chiral compounds. Among 
them, amylose tris (3,5-dimethylphenylcarbamate) and its cellulose 
derivative as well as cellulose tris (4-methylphenylcarbamate) attached 
to a macroporous silica gel are very attractive due to their ability to 
separate a wide range of racemic compounds [2-5]. 

An enantioseparation achieved by those CSPs can be realized due 
to the different interaction behavior of the two enantiomers towards 
the stationary phase. While the substrate binds during the separation 
process to a receptor molecule (host-guest relationship) a transient 
macromolecular diastereomeric complex is formed which is described 
by its thermodynamic and kinetic stability [4]. For this binding process 
the dedicated and released energy is characteristic and determines the 
binding selectivity. However, mainly the separation mechanism of 
Pirkle-type or cyclodextrin CSPs had been investigated during the last 
years [2,3,6]. 

To achieve a further insight into the chiral recognition mechanism 
of a racemic separation process NMR spectroscopy can be used as a 
powerful tool to elucidate differences in the enantiomeric discrimination 
of the chiral receptors. However, reasonable resolution cannot be 
achieved for such heterogeneous systems used in chromatography 

by solution- or solid-state NMR. Thus, a direct comparison between 
chromatography and solution NMR is hardly worthwhile, because 
under these conditions the whole complexity of the two-phase system 
consisting of a dissolved analyte, a solid support material and a mobile 
phase is not fully considered. Hence, a hybrid technique based upon 
solution- and solid-state NMR, called High-Resolution combined 
with Magic Angle Spinning (HR/MAS) NMR spectroscopy has the 
potential to extract valuable information in the suspended-state about 
the chromatographic behavior [7-9]. The mechanical sample rotation 
around the “magic angle” at 54.74° (typical in the range of 4-6 kHz for 
suspended samples) influences the spectrum of the swollen CSP, since 
it modulates suszeptibility distortions thus leading to an increased 
signal resolution due to a decreased signal line width [7-9]. With this 
methodology an alternating adjustment of various parameters for 
optimization of the sepa-ration process can be achieved. Several one and 
multidimensional NMR techniques can be used which are based on the 
detection of dynamic parameters like the chemical shift due to chiral 
additives, relaxation time measurements or the Nuclear-Overhauser-
Effect (NOE) and provide an elegant tool to gain information about 
the host-guest complex structure and its interaction forces [7,8,10-15]. 
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Abstract
Molecular recognition processes are predicted to become the basis of all advanced separation techniques. In 

solution and recently also in suspension ligand-receptor interactions can be studied using methods of high-resolution 
(HR) suspended-state NMR spectroscopy, for example by employing the saturation transfer difference (STD) NMR 
technique.

In this approach molecular recognition processes of (R) and (S)-flurbiprofen on different derivatized 
polysaccharide-based silica chiral stationary phases (CSP) typically used in high performance liquid chromatography 
(HPLC) have been investigated. In addition to chromatographic investigations suspended-state high-resolution/
magic angle spinning (HR/MAS) NMR measurement were performed. A separation of racemic flurbiprofen was 
obtained on two out of three CSP column materials under identical chromatographic conditions. Hence, we expected 
significant different binding affinities resulting in spatial interactions stabilizing one transient diastereomeric complex 
relative to the other. Due to these differences we used for screening purposes T1 relaxation time measurements and 
the saturation transfer difference (STD) NMR methodology to study the interaction strength between (R) and (S) 
enantiomers and the three CSP materials used. Thus, saturation transfer difference (STD) NMR experiments can 
provide valuable information for the design and implementation of novel, task-specific or tailored stationary phases.
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For screening purposes and to elucidate the specific interaction 
behavior of a ligand toward a receptor on a molecular level, Meyer 
et al. [10] investigated for ligand-protein interactions the Saturation 
Transfer Difference (STD) NMR spectroscopy which we adopted 
to HR/MAS [7-9,16,17]. This technique utilizes cross relaxation 
processes to detect interactions between low molecular weight analytes 
and macromolecular receptors [17,18]. Principally, ligands adopt 
magnetization in dependence of their distance to a selective saturated 
receptor. The closer the proximity to the macromolecule, the stronger 
the transfer of saturation resulting in a decreased ligand signal intensity. 
In particular, two spectra were recorded alternately, one with (ON 
resonance spectrum) and the other without (OFF resonance spectrum) 
selective receptor saturation resulting after spectrum subtraction 
in the STD spectrum. Hence, in the difference spectrum only ligand 
resonances with binding affinity to the receptor are visible. 

In the current approach three polysaccharide-based chiral 
stationary phase materials were tested for their separation ability 
of racemic flurbiprofen. Hence, suspended-state HR/MAS NMR 
including spin-lattice (T1) relaxation time measurements and the 
saturation transfer difference (STD) technique were used to elucidate 
molecular recognition processes and ligand-receptor interactions. 
The results obtained were directly correlated to the chromatographic 
behavior and can be used to predict the elution order in the case of 
inefficient enantiomer resolution.

Experimental Section
Materials

(R) and (S)-flurbiprofen (2-(3-fluoro-4-phenyl-phenyl)propanoic 
acid) enantiomers (Figure 1) and 1,3,5-tris tert. butylbenzene as dead 
volume marker in HPLC were obtained from Aldrich, Milwaukee, 
USA. Trifluoroacetic acid was received from VWR, Darmstadt, 
Germany. Methanol was provided from Merck, Darmstadt, Germany. 
The derivatized polysaccharide-based silica chiral stationary phases 
(CSP) had a particle size of 3 μm and a pore diameter of 1000 Å with 
an approx. surface area of 25 m2/g donated by Knauer GmbH, Berlin, 
Germany. The polysaccharide coverage on the silica surface was about 
20%.

The glycosidic bonding is different for the polysaccharide-based 
CSPs. For the amylose phase it is α-1,4 and for the Eurocel phases it 
is β-1,4. The polysaccharide of Eurocel 01 (EC01) is derivatized with 
4-methylbenzoate and with 3,5-dimethylphenylcarbamate for Eurocel 
03 (EC 03). The amylose phase (AP) is similar to EC 03 derivatized with 
3,5-dimethylphenylcarbamate. The chemical structures of the coated 
CSPs surface selectors are presented in Figure 2.

For the NMR experiments, methanol-d4 with a HDO content of 
less than 0.03% was purchased from Euriso-Top, France. Deuterated 
trifluoroacetic acid (TFA-d1) with a purity of more than 99.5% was 
obtained from Fluka AG, Switzerland. 

HPLC method

The HPLC separations of racemic flurbiprofen on the three CSP 
columns were carried out with a Knauer Smartline System equipped 
with a Smartline Manager 5000 with degasser and LPG unit, a Pump 
1000, UV Detector 2800 and a Smartline Column Oven. The samples 
were introduced via an auto sampler 3950. The chromatograms 
obtained were analyzed with the help of ChromGate Software. Racemic 
flurbiprofen was preliminary dissolved in methanol and separated 
isocratically in methanol acidified with 0.1% TFA at a flow rate of 0.5 
ml/min by the chiral stationary phases (CSPs). The separations were 
monitored by UV at 210 nm at 25°C. 10 μl of the sample were injected. 
The peak identification in the chromatogram was performed by single 
analyte injection. The retention factor k’ for the CSPs was determined by 
k’=(tr-t0)/t0, wherein tr represents the retention time of the analyte and t0 
the elution time of the dead volume marker. The enantioselectivity α of 
the CSP towards both enantiomers was obtained by α=k’(S)/k’(R) [4]. 
Due to the α value, the differences in the Gibbs free energy (ΔΔG≠) at a 
given tem-perature can be calculated by ΔΔG≠=-RT ln α. For baseline 
separation of the two enantiomers, an α-value of app. 1.2 is necessary 
which corresponds to a ΔΔG≠ between the CSP and the enantiomers 
of only -0.11 kcal mol-1 [2,3]. 

HR/MAS NMR Spectroscopy in the suspended state

Suspended-state 1H High Resolution/Magic Angle Spinning (HR/
MAS) NMR spectra of the heterogeneous system were recorded on a 
Bruker ARX 400 MHz spectrometer. The spectrometer was equipped 
with a deuterium lock setup which was set on the resonance frequency 
of methanol-d4. The samples were recorded in 4 mm double bearing 
ZrO2 rotors at a spinning rate of 6 kHz. The rotor contained for each 
experiment 80 μl of a 0.1 M single enantiomer solution in methanol-d4 
(with 0.1% TFA-d1) with or without 10 mg of the chiral stationary 
phase (CSP) material. The spectra were recorded at 25°C and multiplied 
by an exponential line broadening function of lb=0.5 Hz prior to 
Fourier transformation. Spectra processing was performed using 
Bruker TOPSPIN 2.0 software. Signal assignment was accomplished 
using a two dimensional 1H-1H-COSY-NMR spectrum. To reduce 
esterfication reactions with the solvent under TFA acidic conditions, 
short experimental times were chosen thus avoiding occurring signals 
of the flurbiprofen methyl ester.

Spin-lattice relaxation time measurements (T1) were performed by 
the inversion recovery experiment. The time interval τ between the 90° 
and 180° pulses was varied within 16 experiments from 0.01-20 s with a 
relaxation delay of at least 60 s. The reproducibility of relaxation times 
is estimated to be within ± 5%.

Saturation transfer difference (STD) NMR spectra were obtained 
by selective saturation of the chiral stationary phase material by a series 
of 40 shaped 270° Eburb-1 pulses of 50 ms length, separated from each 
other by a 30 ms delay which yielded to a total saturation time of about 
2 s [7,18-20]. The magnetization spreads due to intramolecular spin 
diffusion processes all over the receptor molecule. Broad stationary 
phase background signals were reduced additionally by using a spin 
lock pulse (T1ρ filter) with duration of 30 ms and an attenuation of 8 
dB to destroy both transverse and longitudinal magnetization of the 
receptor macromolecule. Signals of the free analyte were not affected 
considerably. The irradiation frequency was set more than 1700 Hz away 
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Figure 1: Chemical structure of the analyte molecules (R/S)-flurbiprofen 
(2-(3-fluoro-4-phenyl-phenyl)propanoic acid). The asterisk denotes the 
stereogenic centre of the enantiomer.
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from any analyte resonances leading to a direct magnetization of ligand 
resonances of less than 0.2%. Spectrum subtraction to obtain the STD 
spectrum was achieved internally via appropriate phase cycling after 
each scan. In the binding case of a ligand during the receptor saturation 
time, intermolecular spin diffusion from the irradiated receptor leads 
to a partially saturation of the enantiomer resulting in decreased 
signal intensities after dissociation into solution. The OFF-resonance 
spectrum remains unchanged, since no receptor signal is saturated 
[12,17]. The ON-resonance irradiation frequency was set on broad 
stationary phase signals at 340 Hz (~1 ppm). The OFF experiment uses 
the same saturation pulses leading to equal energy contents to avoid 
e.g. temperature interferences between the ON and OFF experiment. 
Therefore, its irradiation frequency was set to 32 kHz (80 ppm) far 
away from any analyte signal. In total 4 k scans were recorded. The 
STD data [%] arise from the individual proton signal intensities of the 
STD spectrum in comparison to the OFF resonance 1H HR/MAS NMR 
spectrum referenced to the methyl signal at 1.53 ppm to an integral of 
3. The ratios of intensities ISTD/IOFF-Res. are normalized to the strongest 
signal (proton HC, 100%) to obtain absolute saturation values.

Results and Discussion
The separation of racemic flurbiprofen (Figure 1) into its 

enantiomers by HPLC was performed on three derivatized 
polysaccharide-based chiral stationary phases with a mobile phase 
consisting of methanol acidified with 0.1% trifluoracetic acid (TFA). 
Racemic flurbiprofen could be separated on the amylose phase (AP) 
and on Eurocel 03 (EC 03) but not with Eurocel 01 (EC 01). Figure 3 
shows the HPLC chromatograms recorded in terms of resolution per 
time unit. Peak tailing was reduced due to the addition of trifluoroacetic 
acid (TFA) to the mobile phase.

The retention order on AP and EC 03 is identical, the (R)-
enantiomer elutes prior to the (S)-enantiomer. This indicates that the 
binding affinity of (S) is stronger towards the corresponding stationary 
phase than (R). The retention factor k’ characterizing the separation 
efficiency of the column material as well as the column selectivity α 

are shown in Table 1. AP separates (R)- and (S)-flurbiprofen with a 
higher α-value than EC 03 indicating that AP is obviously more suited 
for the flurbiprofen separation than EC 03. The differences in the Gibbs 
free energy, which provides an insight into the order of magnitude 
of the interaction energies, between AP and the enantiomers is ca. 
-1.37 kcal mol-1, for EC 03 the energy difference is app. -0.49 kcal 
mol-1. A structural comparison of AP and EC 01 shows that with the 
same substituents the ordered left-handed helical structure of the 
polysaccharide is apparently crucial for the separation process on 
the stationary phase. In addition, a comparison of EC 01 with EC 03 
indicates that probably the derivatization of cellulose is important for 
the separation mechanism, because the phenylcarbamate CSP EC 03 is 
able to separate racemic flurbiprofen whereas the benzoate derivative 
EC 01 could not resolve the enantiomers. Obviously, the electron 
pushing methyl group in para-position as well as the polar ester group 
of EC 03 influences the molecular recognition ability of the stationary 
phase. Due to the inductive effect of the methyl group the electron 
density of the carbonyl group of the benzoate/carbamate CSPs should 
be increased. Thus, flurbiprofen should interact more effectively via 
electrostatic interaction forces like hydrogen bonds or dipole-dipole 
interactions.

Figure 4 shows the stacked-plot of 1H HR/MAS NMR spectra of 
(R/S)-flurbiprofen in suspension with AP, EC 01 and EC03. For the 
single enantiomers no chemical shift differences of analyte resonances 
in the racemic mixture in presence of any chiral stationary phase could 
be detected. The signals were assigned with the help of a HR/MAS 
COSY NMR spectrum.
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Figure 2: Chemical structures of the phenylcarbamate and methylbenzoate derivatives of amylose (AP) and cellulose (EC 03 and EC 01) 
immobilized on silica gel.

AP
(Amylose-phase)

Eurocel 01
(Cellulose-based)

Eurocel 03
(Cellulose-based)

Analyte k’ α k’ α k’ α
(R)-Flurbiprofen 0.23 1.74 No Separation 0.84 1.22
(S)-Flurbiprofen 0.4 1.02

Table 1: Retention factor k’ and selectivity α of the separation of racemic 
flurbiprofen on the three dif¬ferent CSPs.
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Binding enantiomers that are in exchange between the free sate and 
in the diastereomeric complex exhibit different relaxation properties 
promoted by dipolar interactions which represent the population-
weighted average of the free and bound state. Therefore, complex 
formation of the enantiomer leads to changes in the tumbling behavior 
of bound ligand fractions, whereas no changes of the host behavior 
are expected [12]. Thus, measurements of the spin-lattice relaxation 
time (T1) for the (R)- and (S)-proton resonances in solution and in 

the diastereomeric complex were performed in order to elucidate the 
dynamic behavior of the two enantiomers towards the chiral stationary 
phases (Table 2). All T1 times of (R)- and (S)-flurbiprofen protons were 
decreased in suspension with the CSP material compared to those 
free in solution. These results suggest that probably the mobility of 
all protons of the enantiomers in presence of AP, EC 01 and EC 03, 
especially of the aromatic protons HA-F, are more restricted due to the 
ligand-receptor complex formation than free in solution.

Representative, Figure 5 shows the T1ρ-filtered HR/MAS STD 
NMR spectrum of (S)-flurbiprofen in presence of the amylose-based 
CSP (AP). All signals of the analyte were detectable indicating that all 
protons of flurbiprofen are important for the binding process although 
the total intensity of the signals is only approximately 5% compared 
to the signals in the OFF-resonance spectrum. For a comparison of 
the three chiral stationary phases used, the signals were integrated 
in reference to the analyte methyl group at δ=1.53 ppm. Since both 
enantiomers exhibit only small saturation effects of about 2-6%, the 
signal intensities were normalized to the strongest resonance (HC, 
100%). Hence, STD differences between (R) and (S)-flurbiprofen were 
only found for HG and to a lesser extent for the methyl group towards 
the different CSP materials. The values for those groups are listed as 
a bar diagram in Figure 6. The integral values of the aromatic proton 
signals HA-F in suspension with the three CSP materials are in the same 
range (74-87%) and are significantly stronger compared to HG (47-64%) 
and to the methyl group (29-40%). Probably, binding affinities due to 
hydrophobic and/or π-π interactions between the phenyl residues of 
the CSPs and the aromatic system of flurbiprofen are important for 
the different molecular recognition of the analytes. A comparison 
between the three CSPs of the signal intensities of HG and the methyl 
group showed, that the highest STD intensity, thus the strongest 
effect and therefore the closest proximity toward the CSP material, 
was found for the (S)-enantiomer in presence of the amylose phase. 
Weaker interactions of these groups were recorded with EC 03. Even 
EC 01 showed interactions with flurbiprofen although the strength 
and selectivity of this CSP material is not appropriate to separate 
both enantiomers from each other. On the basis of X-ray structure 
analysis, the glucose residues of the left-handed helical structure of the 
derivatized polysaccharides are ordered along the helix axis. The polar 
carbamoyl groups are situated in the inner part of the helix whereas 
the hydrophobic phenyl groups are on the outside of the polymer 
chain [2,3]. Thus, additional important factors in the recognition of 
flurbiprofen are probably steric features of the stationary phases.

However, the stronger NMR effects were measured for the (S)-
enantiomer compared to (R)-flurbiprofen each in suspension with the 
CSP materials used which match the information obtained by HPLC.

Conclusion
To characterize chiral molecular recognition processes of racemic 

compounds, a successful separation of flurbiprofen enantiomers was 
performed on the amylose-based CSP (AP) as well as on Eurocel 03 
(EC 03). The enantiomers could not be separated under the chosen 
chromatographic conditions by Eurocel 01 (EC 01). Hence, the strength 
of different recognition forces against both enantiomers in the transient 
diastereomeric complex is responsible for the chiral discrimination of 
AP and EC 03 resulting in a different retention in HPLC.

Due to the heterogeneous system consisting of a CSP and an analyte 
solution, suspended-state HR/MAS NMR was used to obtain reasonable 
spectra as it approximates a chromatographic like environment. In 
order to study in more detail any occurring interactions, spin-lattice 

 

Figure 3: HPLC Chromatograms of the enantioseparation of (R/S)-flurbiprofen 
on the derivatized a) amylose CSP (AP) and the cellulose-based b) Eurocel 
01 and c) Eurocel 03. All separations were performed isocratically in methanol 
acidified with 0.1% TFA-d1 and monitored by UV detection at 210 nm at 25°C. 
Additional chromatographic conditions, see Experimental Section.

Signal 
Assignment

Chemical 
Shift 
[ppm]

T1 [S]
(R/S) in 
solution

AB EC01 EC03
R S R S R S

HA/A’ 7.56 2,28 2,07 1,71 1,90 2,22 2,02 1,96
HB/B’,D 7.47 2,29 2,07 1,66 1,79 2,20 2,03 1,93
HC 7.39 3,13 2,45 1,95 1,99 2,52 2,2 2,24
HE,F 7.25 2,31 2,09 1,80 1,85 2,21 2,02 2,02
HG 3.83 2,21 1,99 1,69 1,83 2,15 1,94 1,86
-CH3 1.52 0,93 1,14 1,30 1,21 1,24 0,98 0,95

Table 2: Spin-lattice relaxation times (T1) for the (R)- and (S)-flurbiprofen 
enantiomers in solution and together with the CSP materials used. The estimated 
errors are approximately within ± 5%. The signal assignment in this table was 
performed in reference to the analyte structures presented in Figure 1.
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analytes e.g. due to electrostatic forces like hydrogen bonding or dipol-
dipol interactions between the hydroxy groups of the enantiomers 
and the carbonyl/carbamoyl groups of the CSPs is responsible for the 
different molecular recognition of both enantiomers.

In addition, all analyte signals were detectable by STD NMR which 
means that the whole flurbiprofen molecule interacts with the CSPs 

(T1) measurements and the saturation transfer difference (STD) NMR 
spectroscopy was applied to the suspensions yielding to more precise 
information upon binding affinities during the recognition processes. 

Shorter T1 relaxation times of both enantiomers compared 
to solution-state indicate any interaction force toward the chiral 
stationary phases. Probably, restricted molecular mobility of the 
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Figure 4: Stacked-plot of the 1H HR/MAS NMR spectra of (R/S)-flurbiprofen together with a) the derivatized amylose-based CSP (AP), b) 
Eurocel 01 and c) Eurocel 03. Signal assignment was performed with the help of a 2D HR/MAS 1H-1H-COSY NMR spectrum due to the 
chemical structure presented in Figure 1. S=solvent (methanol, water).
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Figure 5: Representative 1D 1H STD HR/MAS NMR spectra of a) (R)-flurbiprofen, b) (S)-flurbiprofen in presence of the amylose-based 
CSP. All occurring analyte signals in this kind of spectrum show that they received magnetization during selective receptor saturation. The 
signal intensity of the STD spectrum decreased by more than 95% compared to the OFF-resonance spectrum. S=solvent (methanol).
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used. The aromatic flurbiprofen protons showed the strongest STD 
signal intensities and are probably based upon π-π interactions of the 
aromatic analyte system with the phenyl groups of the CSP material. 
STD NMR differences in their recognition ability between (R)- and (S)-
flurbiprofen could only be detected for the stereogenic center as well as 
for the methyl group of the analyte suggesting electrostatic interaction 
forces like hydrogen bonding for example to the carbamoyl moiety of 
the column material. The higher STD signal intensities obtained with 
the amylose-based CSP give evidence to stronger binding forces with the 
enantiomers compared to Eurocel 03. Even slight differences between 
both enantiomers were recorded on Eurocel 01, but the interaction 
strength is obviously not sufficient to separate both enantiomers in 
chromatography on EC 01.

However, the NMR results obtained are in accordance to the 
chromatographic separation behavior and can be correlated to the 
retention order obtained in HPLC thus allowing a further insight into 
the chromatographic separation process. Results obtained out of such 
interaction studies performed by suspended-state HR/MAS NMR 
spectroscopy have the ability to take a key role allowing to increase the 
HPLC sample throughput in industry by preliminary performed short 
term molecular recognition studies leading to an optimized ligand-
receptor system in chromatography.
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Figure 6: Bar diagram reflecting the normalized STD signal intensities of HG 
at the stereogenic center and of the methyl group for (R)- (solid bars) and 
(S)-flurbiprofen enantiomers (hatched bars) in presence of the amylose-based 
CSP (AP), Eurocel 01 (EC01) and Eurocel 03 (EC03) recorded in methanol-d4 
(+ 0.1% deuterated TFA). 
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