
Introduction
Separation of enantiomers is of utmost 
importance in drug research, because 
of the requirement for high purity grade 
ingredients for pharmaceutical formu-
lations. Among the various techniques 
for enantioseparation, chromatographic 
techniques, such as high-performance 
liquid chromatography (HPLC), play an 
important role. Enantiomers interact 
differently and selectively with a chiral 
stationary phase (CSP), therefore exhib-
iting distinct retention times (Figure 1). 
Stationary phases often consist of porous 
silica particles modified by complex bind-
ing groups (selectors), which are respon-
sible for the selective interaction with 
the analytes (selectands), thus providing 
separation. The selectands are injected in 
the column and eluted with the mobile 
phase (solvent), which has opposite 
polarity to that of the CSP. In modern 
instruments, the separated analytes are 
identified typically using a UV detector, 
the main reason being the excellent 
detection limit of the method. Infrared 
spectroscopy is also a potent liquid chro-
matographic detection method1 and a 
number of pertinent techniques have 
been developed in the last two decades.2 
The advantage of infrared spectroscopy 
over UV methods is that a direct molec-
ular identification of the analyte can be 

achieved, given the fact that the IR spec-
trum of an organic compound provides a 
unique fingerprint, which makes it distin-
guishable from other compounds.

It is obvious that the interactions occur-
ring at the solid–liquid interface between 
the CSP and the selectands dissolved in 

the mobile phase are the essence of an 
HPLC experiment. The separation of a 
racemic mixture is based on the differ-
ent energies of the two diastereomeric 
complexes that are formed upon interac-
tion between the CSP and the enantiom-
ers. The larger the difference in the free 
energy between the two diastereomeric 
analyte–CSP complexes is, the higher 
is the separation capacity. To success-
fully separate enantiomers, at least three 
interactions (three-point model) have 
to be generated between one enanti-
omer and the CSP, including attractive 
(ionic, hydrogen bonding, π–π interac-
tion, van der Waals) and repulsive (steric 
hindrance) interactions.

The rational design of a new CSP 
requires the understanding of the nature 
of its interaction with the analytes. At 
this point in situ techniques come into 
play. The determination of crucial inter-
actions manifesting at solids in contact 
with liquids is the goal of our research 
and we pursue this goal applying infra-
red spectroscopy of the solid–liquid 
interface, during, for example, the chro-
matographic event. Hence, we report 
here on an analytical technique based 
on the combination of attenuated total 
reflection infrared (ATR-IR) spectroscopy3 
and modulation excitation (ME),4 which 
enables the investigation of the inter-
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Figure 1. In chiral liquid chromatography 
a racemic mixture is separated because 
of the different adsorption strength of the 
enantiomers on the chiral stationary phase. 
The less strongly bound enantiomer is eluted 
faster and shows a shorter retention time.
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actions leading to separation at the 
selectand–selector interface. The poten-
tial of the technique is validated for the 
well-known system given by the enan-
tiomers of N-3,5-dinitrobenzoyl-leucine 
[DNB-(R,S)-Leu] and tert-butylcarbamoyl 
quinine (tBuCQN)5 immobilised on 
porous silica particles [Figure 2(c)].

Attenuated total 
reflection infrared (ATR-IR) 
spectroscopy
The investigation of interactions at solid 
interfaces using infrared spectroscopy is 
not trivial when the sample is immersed 
in a liquid environment, because the bulk 
liquid (and solid) phase absorbs most of 
the energy, thus obscuring the typically 
weak signals originating from species 
residing at the interface. This problem is 
overcome in a multiple internal reflec-
tion geometry, based on attenuated total 
reflection Fourier transform infrared (ATR-
FTIR or simply ATR-IR) spectroscopy.3 
The method is already used for detec-
tion in chromatography, the design of 
proper spectroscopic cells allowing for 

the remarkable increase of the detection 
limit to the part per billion region.

In ATR-IR spectroscopy the infrared 
beam is coupled into an internal reflec-
tion element (IRE) [Figure 2(a)]. The 
latter consists of a material of high refrac-
tive index (n1) and is transparent in the 
mid-IR, like zinc selenide (or germa-
nium). The geometry of the IRE allows 
the radiation to be totally reflected once 
or, in the case of multiple internal reflec-
tion, several times before it leaves the 
IRE. Total internal reflection of an elec-
tromagnetic wave occurs at the interface 
of the IRE and an optically rare medium 
(the sample, n2 < n1) when the angle of 
incidence of the radiation exceeds the 
critical angle (θc), defined by the law 
of refraction [sin(θc) = n2 / n1]. At the 
point of reflection an evanescent elec-
tromagnetic field is generated into the 
sample [Figure 2(c)]. The amplitude of 
the evanescent field decreases exponen-
tially from the surface of the IRE into the 
sample. An indication on the fraction of 
sample probed by the electromagnetic 
field is given by the penetration depth 
(dp),
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which is the distance from the IRE 
surface where the electric field vector 
E drops to a value 1 / e of its amplitude 
at the interface. The penetration depth 
depends on the wavelength λ, the angle 
of incidence (θ) and the refractive indi-
ces of the IRE and the sample (n1 and 
n2). Typical values of dp are in the range 
of 0.1–1.3 μm.

Upon internal reflection no energy 
is lost if no absorption occurs in the 
sample. When absorption occurs at the 
interface, the evanescent field is atten-
uated and the infrared spectrum of 
the sample (the analyte) is generated. 
Now consider a thin film of CSP parti-
cles deposited on the surface of the 
IRE [Figure 2(b)] in contact with a flow-
ing solution. Since only a small volume 
is probed near the IRE’s surface, what 
is sampled by the infrared radiation is 
mainly originating from species residing 
within the CSP layer, which discriminates 
signals from the bulk liquid. Therefore, the 
resulting ATR-IR spectrum consists mainly 
of information on adsorbate–adsorb-
ate, adsorbate–surface and adsorbate–
solute interactions. The ATR-IR method 
becomes in this way a potential sensor 
for the crucial interactions involved in 
enantioseparation but requires combina-
tion with an additional analytical method 
to be sensitive enough to differentiate 
between diastereomeric complexes. This 
technique is modulation excitation ATR-
IR spectroscopy4 in which the absolute 
configuration of the analyte is changed 
periodically.6

Absolute configuration 
modulation (ACM) 
spectroscopy
Modulation excitation can be applied for 
the investigation of reversible systems, 
the reversibility of the process being an 
essential requirement. The method is 
based on the stimulation of the system 
under investigation by a periodic alteration 
of an external parameter, e.g. tempera-
ture, pressure, electric field, concentration 
or absolute configuration, in this instance 

Figure 2. ATR-IR spectroscopy of chiral solid–liquid interfaces. (a) The trapezoidal IRE is mounted 
in a flow-through cell, where solutions can be periodically admitted. (b) The CSP particles are 
deposited on the IRE and contacted with each enantiomer dissolved in the mobile phase. (c) An 
evanescent electromagnetic field is generated into the optical rare medium (n1 > n2). Interaction 
of the vibrational dipoles of the species residing within the CSP layer (the liquid phase, the 
adsorbed species and the CSP material) and the evanescent field generates IR signals.
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the latter being the designated parameter 
to investigate chromatographic systems in 
combination with ATR-IR spectroscopy.6 
The system will then respond periodi-
cally at the frequency of the stimulation. 
The initial periods of perturbation are 
needed for the system to reach a quasi-
steady state, around which it will oscil-
late. Therefore, data sampling is started 
only after the system has reached this 
equilibrium.

From an experimental point of view, 
concentration modulation measurements 
are performed by alternately admit-
ting one enantiomer and the solvent 
(210 mM acetic acid in acetonitrile in 
the present case) to the CSP layer using 
a peristaltic or a HPLC pump. Absolute 
concentration modulation (ACM) experi-
ments are on the other hand carried out 
by alternately admitting each enantiomer 
to the CSP layer; the two diastereomeric 
enantiomer/CSP complexes are therefore 
formed and detected alternately on the 
surface of the particles. The IRE (ZnSe) 
is coated with a layer of the CSP particles 
and is mounted in a homemade flow-
through cell (total volume, ca. 80 μL)7 
schematically depicted in Figure 2(a).

The resulting data set of a modulation 
excitation experiment is composed of a 
series of time-resolved spectra within the 
modulation period. Since the chemical 
process under investigation and therefore 
the system response is reversible many 
periods can be accumulated and aver-
aged, resulting in spectra with very high 
signal-to-noise ratio.

A typical data set collected during an 
experiment where the absolute config-
uration is modulated is depicted in 
Figure 3(a) together with the concen-
tration profiles of the (R)- and the (S)-
enantiomer. In contrast to concentration 
modulation experiments [Figure 3(b)],4 
the total concentration of both enanti-
omers does not change within a modu-
lation period T and remains constant 
throughout the experiment. Signals 
contributing to the time-resolved spec-
tra originate from dissolved species and 
from species interacting with the CSP, 
forming non-specific interactions and/or 
diastereomeric complexes. It is impor-
tant to be reminded here that enanti-
omers exhibit identical infrared spectra; 

therefore, the corresponding signals 
remain constant within a modulation 
period. On the contrary, selective inter-
actions between each enantiomer and 
the CSP give rise to two diastereomeric 
complexes that have distinct contribu-
tions in their IR spectra. Signals originat-
ing from such specific interactions should 
exhibit a similar periodic behaviour as 
the stimulation. This is clearly seen in 
Figure 3(a) where response signals in 
the 1800–1400 cm–1 spectral range are 
shown. Signals of amide I and amide II 
vibrations, which are very sensitive to 
hydrogen bond formation, appear typi-
cally in this region of the spectrum for 
the selected chromatographic system. 
Figure 3(a) shows that most of the 
signals exhibit the same periodic behav-
iour as the concentration profile of the 

(S)-enantiomer. Therefore, it is likely that 
they originate predominantly from vibra-
tions belonging to the (S)-enantiomer/
CSP complex.8 Accordingly, Figure 3(b) 
shows that in the concentration modu-
lation experiments the time-resolved 
signal at 1346 cm–1 [νs(NO2) of DNB-
Leu] exhibits different kinetic behaviour 
for the two enantiomers: DNB-(S)-Leu is 
more slowly desorbed from the CSP.

An important step in a modulation 
experiment is the additional elaboration 
of the time-resolved data set obtained, 
for example, in Figure 3 using a phase-
sensitive analysis (PSA) to obtain phase-
resolved spectra according to
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Figure 3. (a) Spectral data in the amide I/II region obtained in an ACM experiment. The CSP 
was alternately contacted with solutions containing equal concentrations (1 mM) of the (R)- and 
the (S)-enantiomer of DNB-Leu, resulting in a constant and maximum total concentration within 
one modulation period T (299 s). (b) Time-dependent response of the signal at 1346 cm–1 
[νs(NO2)] of the two enantiomers of DNB-Leu in two distinct concentration modulation experi-
ments (DNB-Leu 1 mM vs solvent) showing the longer time required to desorb DNB-(S)-Leu. The 
spectrum where the CSP was contacted with the solvent only served as the reference.
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of the time-dependent sinusoidal signal. 
Equation (2) represents an effective filter 
of signals at frequencies different from 
the stimulation frequency. Since this 
holds also for the noise of a signal, which 
consists mainly of much higher frequen-
cies than the modulation frequency, an 
increase of about one order of magni-
tude of the signal-to-noise ratio can be 
obtained additionally to the improved 
signal-to-noise ratio gained by co-adding 
the spectra of several periods.6

The signals of species that are not 
affected by the stimulation (for example 
signals of dissolved enantiomers) remain 
constant within a modulation period and 
are silent in the phase-resolved spectrum 
(integrating a sine function over one period 
equals zero!). This procedure allows for 
the separation of the static response from 
the information of interest, or in chromato-
graphic terms the separation of dissolved 
and non-specifically bound species from 
the enantio-specifically interacting enanti-
omer/CSP complex.

Figure 5(a) shows the in phase spec-
trum resulting from the PSA of the time-
resolved data set shown in Figure 3.8 
For the reasons mentioned above, every 

signal observed in the phase-resolved 
spectrum of the ACM experiment [Figure 
5(a)] originates only from the interface 
where the enantiomers form diastereo-
meric complexes with the CSP. No 
signal from dissolved species of DNB-
Leu is observed, e.g. the signal at ca. 
1750 cm–1 [ν(COOH), Figure 5(d)]. For 
comparison with the ACM experiment, in 
phase spectra of concentration modula-
tion experiments are reported where the 
(S)-enantiomer (red) and the (R)-enan-
tiomer (blue) were modulated against 
the neat solvent, i.e. the net concentra-
tion changed from 0% to 100% within 
the modulation period. In fact, spectrum 
(a) is the difference between the (S)-
enantiomer/CSP and the (R)-enanti-
omer/CSP complexes. In contrast to the 
ACM experiment, the signals observed 
in the concentration modulation spec-
tra originate from adsorbate–surface 
interactions and from dissolved species. 
It is obvious from Figure 5(a) and (b) 
that the demodulated spectrum of the 
ACM experiment contains mainly signals 
originating from the (S)-enantiomer/CSP 
complex. Spectra (a) and (b) deviate 
considerably from the spectrum of the 
dissolved enantiomer(s) [Figure 5(d)]. 
Note the appearance of the signals at 
1715 cm–1 and 1585 cm–1 concomitant 
with the negative signal at 1735 cm–1. 
Comparison with a spectrum of the anal-
ogous of tBuCQN in the liquid state indi-
cates that these features rationalise the 
response of the CSP surface to a specific 
bonding with the functional groups of 
the (S)-enantiomer. The positive signal 
at 1715 cm–1 originates from the amide 
group of the CSP hydrogen bonded to 
the enantiomer. The vibration associated 
with this group red-shifts upon interac-
tion and gives rise to the negative signal 
at 1735 cm–1. On the contrary, the (R)-
enantiomer [Figure 5(c)] exhibits much 
weaker signals on the CSP and a rather 
similar spectrum to that recorded in the 
absence of the CSP. Therefore, no specific 
hydrogen bond occurs between this 
enantiomer and the CSP, which is further 
corroborated by the absence of the nega-
tive signal at 1735 cm–1. The observed 
difference in signal intensities between 
spectra (a), (b) and (c) reveals also that 
the concentration of the (S)-enantiomer 

where k determines the demodulation 
frequency (k = 1 being the fundamen-
tal frequency, and k = 2, 3, . . . the first 
harmonic, second harmonic etc.), T is the 
duration of the modulation period, φPSD 
is the demodulation phase constant, ω 
(= 2π / T ) is the modulation frequency, 
and A(ν~,t) is the time-dependent absorb-
ance at wavenumber ν~ (response signals 
as depicted in Figure 3). The argument 
of the sine function is called the phase 
angle of the demodulation function.

The principle of PSA is depicted 
in Figure 4, which illustrates the rela-
tion between a time-resolved signal at 
wavenumber ν~0, characterised by the 
absorbance A(ν~0,t) and the correspond-
ing phase-resolved signal. The transient 
signal depicted in Figure 4(a) (red) and 
the demodulation sine function chosen 
by the operator (dashed) have the same 
phase angle and are in phase; and after 
multiplication they generate a function 
as depicted in Figure 4(b). Integration 
over the whole period (green area) and 
normalisation according to Equation (2) 
produces the signal at ν~0 in the demod-
ulated spectra [Figure 4(c)]. The inten-
sity at ν~0 corresponds to the amplitude 

Figure 4. Principle of ACM and PSA. The time-dependent response signal at each wavenumber 
(ν~0) can be analysed according to Equation (2). A sine function [(a), dashed] with the same 
phase angle (same frequency ω + same phase constant φPSD) as the response signal [(a), 
red] is multiplied with the response signal leading to a result as depicted in (b). Integration and 
normalisation of the product over the whole period T gives the in phase spectrum at ν~0 (c).
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Figure 6. Left panel: demodulated in phase spectra of modulation 
experiments for the (R)- and (S)-enantiomers of ethyl lactate (EL) 
on Chiralpak AS. (a) ACM experiment [(R)-EL vs. (S)-EL]; (c) and (d) 
concentration modulation experiments [(R)- and (S)-EL vs solvent, 
respectively]. (e) Concentration modulation experiment as in (c) 
and (d) but without CSP [(R)-EL and (S)-EL, identical, 1.8 mM]. (b) 
Time-resolved spectrum of the concentration modulation experiment 
corresponding to spectrum (c). Right panel: artist’s view of plausible 
selectand–selector interactions [the (R)-enantiomer binds to the CSP 
more strongly].

Figure 5. Left panel: demodulated in phase spectra of modulation 
excitation experiments. (a) ACM experiment [DNB-(S)-Leu vs DNB-
(R)-Leu]: the signals originate exclusively from molecular vibrations 
involved in the diastereomeric interactions between the enantio mers 
of DNB-Leu and the CSP. (b) and (c) concentration modulation 
experiments [DNB-(S)- and DNB-(R)-Leu vs solvent, respectively]. 
(d) Transmission IR spectrum of dissolved DNB-(S)-Leu, 50 mM [the 
DNB-(R)-Leu spectrum would be identical]. (e) Transmission IR spec-
trum of dissolved tBuCQN (50 mM). Right panel: artist’s view of the 
structure of the diastereomeric complex generated by interaction of the 
most strongly bound DNB-(S)-Leu with the CSP that rationalises the 
 spectrum (a).

FASTLINK / CIRCLE 009 FOR FURTHER INFORMATION



16 SPECTROSCOPYEUROPE

ARTICLEARTICLE

www.spectroscopyeurope.com

 VOL. 19 NO. 1 (2007)

at the CSP is higher than that of the (R)-
enantiomer, thus supporting the order of 
elution of the two enantiomers.5

It can be concluded from the assign-
ment of the observed signals8 that the 
driving force for the stronger binding of 
the (S)-enantiomer and therefore for 
the separation of the two enantiomers 
is the enantio-specific hydrogen bond-
ing between the amide N–H group of 
DNB-(S)-Leu and the carbamate C=O 
group of the CSP.8 The right panel of 
Figure 5 shows a possible molecular 
structure of the diastereomeric complex 
that rationalises the spectrum in Figure 
5(a). Computational methods serve to 
assign a proper structure and allow one 
to interpret the changes observed in the 
spectra at chiral solid–liquid interfaces.8 
Additionally to the enantio-specific inter-
action, both enantiomers exhibit a non-
specific acid–base interaction between 
the tertiary nitrogen atom of the quinine 
moiety of the tBuCQN and their carboxy-
lic group, and π–π interactions between 
aromatic rings.5 The interpretation of the 
spectrum depicted in Figure 5(a) allows 
the identification of the functional groups 
of the selector and the selectand inter-
acting with each other and provides 
indications on the structure of diastere-
omeric complexes on a molecular level. 
Therefore, the technique presented here 
closes the gap between “model studies” 
based on the crystal structure of solids 
and nuclear magnetic resonance (NMR) 
of analogues of the components of the 
chromatographic system.

The enantio-specif ic interaction 
demonstrated in Figure 5(a) and the 
obvious different appearance of the 
spectra in Figure 5(b) and (c) indicate 
that the interaction between the CSP and 
DNB-(S)-Leu is strong. This also implies 
that most of the features observed in 
the time-resolved spectra [Figure 3(b)] 
are identical to the features found in the 
phase-resolved spectra [Figure 5(a)]. 
Although this is an excellent example 
to demonstrate the potential of ACM for 
chromatographic applications, it does not 
allow one to properly discuss the pecu-
liar advantages of ACM and PSA, e.g. the 
increase of the signal-to-noise ratio by 
about one order of magnitude and the 
separation of dynamic signals originating 

from enantio-specific interactions from 
the static signals of dissolved and non-
specifically adsorbed species often domi-
nating the spectrum.

Figure 6 shows a chromatographic 
study more representative for this 
purpose.6 In this case the degree of 
interaction between the enantiomers 
of ethyl lactate and the more complex 
CSP (a polysaccharide derivative)9 is 
very similar and interactions appear 
weaker compared to the DNB-Leu/
tBuCQN system. The time-resolved 
spectra obtained during a concentration 
modulation experiment clearly exhibit a 
poorer signal-to-noise ratio compared to 
the spectra in Figure 3(b). The in phase 
spectra in Figure 6(c) and (d) demon-
strate the higher signal-to-noise ratio and 
quality of spectra achieved using the 
modulation technique.

The ACM spectrum obtained after 
modulation of the two enantio mers 
against each other [Figure 6(b)] addi-
tionally demonstrates the excellent 
separation between signals of dissolved 
species (for example at ca. 1740, 
1220 and 1140 cm–1) and signals of 
species interacting at the CSP surface. 
Dissolved species clearly appear strong 
in the concentration modulation experi-
ments since interaction between the 
enantiomer(s) and the CSP is weak. This 
better signal resolution is shown in the 
ACM spectrum illustrating how complex 
features observed between 1800 cm–1 
and 1650 cm–1 are better deconvoluted 
providing only information on species 
interacting at the surface of the CSP and 
on the response of the CSP material.

The two examples described clearly 
demonstrate the value and potential of 
probing chiral recognition in liquid chro-
matography by absolute configuration 
modulation ATR-IR spectroscopy.
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