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Abstract 

The effects of chiral discrimination of ibuprofen (IBP) on the complexation process with methyl-β-

cyclodextrin (Me-β-CD) have been investigated, in solid phase, by FTIR-ATR spectroscopy and 

numerical simulation. The inclusion mechanism has been discussed by the temperature-dependent 

analysis of the vibrational spectra, in the C=O stretching region, of complexes formed by Me-β-CD 

with the two enantiomeric and the racemic forms of IBP. It turned out to be enthalpy-driven, with 

IBP enantiomers giving rise to more stable inclusion complexes with respect to the racemate. 

 

Keywords: Ibuprofen; inclusion complex ; FTIR-ATR spectroscopy; numerical simulation. 
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1. Introduction 

 

Chirality is an important property of the molecules, whose study is of great interest in chemistry, 

biology and pharmaceutical science, also for its application in many technological fields. It 

expresses the property of a system to be non-invariant with respect to the reflection operation; thus, 

a molecule is chiral if it is non-superimposable onto its mirror image and the two non-identical 

mirror images are called enantiomers or optical isomers. Enantiomers have identical physical and 

chemical properties, so that they cannot be separated directly by any of the conventional chemical 

techniques; nevertheless, enantiomeric forms of the same molecule show different stereoselective 

interactions with many biological molecules, such as enzymes, which are chiral, leading enormous 

impact on biological processes. In particular, chirality plays a relevant role in drug development, 

since most of the drugs are chiral molecules and their enantiomers show different pharmacological 

activities [1]. In this context, the resolution of a racemic mixture still remains one of the 

technologies applied for  the commercial production of enantiomerically pure chiral compounds.  

Ibuprofen (IBP, 4-isobutyl-2-phenyl-propionic acid), one of the most effective and widely 

used non-steroidal analgesic and anti-inflammatory agent, contains in its chemical structure a 

stereogenic  carbon, thus it can exist in two enantiomeric forms (R)- and (S)-ibuprofen (see figure 

1(a-b)).  

[Insert figure 1 about here] 

 

(R)- and (S)-IBP exhibit different pharmacological performance, in particular, only (S)-IBP is 

biologically active and primarily responsible for the anti-inflammatory activity of the drug. 

Nevertheless, IBP is currently clinically used as a racemate (R, S)-IBP form, because in vivo (R)- 

form is continuously metabolically converted into the (S)-form [2].  

Structural properties of IBP enantiomers and racemate have been widely characterized, by 

different experimental techniques and simulation [3-11]. In particular, it was observed that in 

crystal lattices of both (S)- and (R, S)-IBP two molecules are arranged to form a cyclic dimer 

through hydrogen bonds between their carboxylic groups COOH. Thermodynamics of sublimation, 

crystal lattice energies, and crystal structures of racemate and enantiomers of IBP have been also 

characterized [4, 5] in order to understand the differences of drug-drug intermolecular interactions 

in the two cases. This information is the basic knowledge needed for a rational development of the 

appropriate method for the resolution of racemate. In particular, cyclodextrins (CDs), which are 

chiral macrocycles characterized by a hydrophobic inner cavity and a outer hydrophilic surface, 

have been used as chiral selectors for the separation of IBP enantiomers[12-15]. In this sense, a 
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deeper understanding of the interactions occurring between each of the two enantiomeric forms of 

IBP and the hydrophobic cavity of CDs is of fundamental importance. For example, it has been 

shown  that, in liquid phase, (S)-IBP forms more stable inclusion complexes with hydroxyprophyl-

β-cyclodextrin (HP-β-CD) as compared with (R, S)-IBP [16], as well as chiral discrimination was 

studied in water by NMR analysis. [17]. Nevertheless, a limited number of investigations on the 

complexes in solid state is found in literature. 

Recently we have reported a study of  solid inclusion complexes of (R, S)-IBP with β-cyclodextrin 

(β-CD) and methyl-β-cyclodextrin (Me-β-CD) by using Fourier transform infrared spectroscopy in 

Attenuated Total Reflectance geometry (FTIR-ATR) and Density Functional Theory (DFT) 

calculations. [18]  The combined use of experimental and numerical techniques revealed a 

successful tool for the interpretation of the modifications induced in the vibrational spectra of IBP 

by inclusion in the CD cavity. In particular, the shifts to the higher frequencies of the FTIR band, 

assigned to the C=O stretch vibration, was attributed to the complexation-induced breakdown of the 

intermolecular hydrogen bonds in the IBP dimer. Finally, from the temperature dependent studies, 

the thermodynamic parameter ∆H associated to the binding of IBP with βCDs in solid phase has 

been estimated. From the results, Me-β-CD has been shown to be the most effective carrier for 

racemate IBP.  

Here, we focus our attention on the inclusion complexes formed by Me-β-CD with the two 

enantiomers of IBP by using a temperature-dependent analysis of the vibrational properties in solid 

phase using FTIR-ATR spectroscopy and numerical simulation, in order to understanding if 

chirality of IBP can determine different interactions with CD molecules, thus influencing the 

complexation mechanism, i.e. geometry and/or thermal stability of inclusion complexes. 

 

 

2. Experimental details and computational methods 

 

β-cyclodextrin (β-CD) and methyl-β-cyclodextrin (Me-β-CD, degree of substitution ≈ 1.7–1.9) 

were purchased from Fluka Chemie (Switzerland). Racemic, (R)- and (S)-IBP were acquired from 

Sigma-Aldrich. All the reagents were used without purification. For the synthesis of complexes, 

Me-β-CD (65.5 mg, 0.05 mmol) was dissolved in water (0.5 ml) to obtain a 0.1 mM solution; 

subsequently, another 1 ml of water was added and the mixture was stirred at 50°C in order to 

obtain a limpid solution. An equimolar amount of dry (R)- (or (S)-IBP) (10.4 mg, 0.05 mmol) was 

added to this solution and the resulting dispersion was stirred at 50°C for 2 hours, obtaining a white 

dispersion. The liquid phase was removed and both the evaporated surnatant and the precipitate 
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were dried in a vacuum chamber, using P2O5 as dehydratant. Electrospray ionization mass 

spectrometry (ESI-MS, Bruker Esquire spectrometer) measurements and nuclear magnetic 

resonance (NMR, Bruker Avance 400 sectrometer) analysis allowed to verify the effective complex 

formation and to obtain information its stoichiometry, that turned out to be 1:1 [19]. 

FTIR-ATR absorption measurements were performed, from 250 K to 340 K, in the 400 ÷ 4000 cm
-1

 

wavenumber range. Spectra were recorded using a Bomem DA8 Fourier transform spectrometer, 

operating with a Globar source, in combination with a KBr beamsplitter and a thermoelectrically 

cooled deuterated triglycene sulphate (DTGS) detector. The powders were contained in Golden 

Gate diamond ATR system, just based on the Attenuated Total Reflectance (ATR) technique. The 

spectra were recorded with a resolution of 4 cm
-1

, automatically adding 100 repetitive scans in order 

to obtain a good signal-to-noise ratio and highly reproducible spectra. All the measurements were 

performed in a dry atmosphere. All the spectra were normalized for taking into account the effective 

number of absorbers. No smoothing was done, and spectroscopic manipulation such as baseline 

adjustment and normalization were performed using the Spectracalc software package GRAMS 

(Galactic Industries, Salem, NH, USA). The analysis of the 1500 ÷ 1800 cm
-1

 region, typical of the 

C=O stretching vibrational mode, that required a band decomposition procedure, was undertaken 

using the curve fitting routine provided in the PeakFit 4.0 software package, which enabled the type 

of fitting function to be selected and allowed specific parameters to be fixed or varied accordingly. 

Preliminarly, second derivative computations have been used for evaluating the wavenumbers of 

the maxima of the different sub-bands, and the fitting procedure was applied to the experimental 

profiles based on these wavenumber values. The strategy adopted was to use well-defined shape 

components of Voigt functions with all the parameters allowed to vary upon iteration. The 

statistical parameters were used as a guide to “best-fit”. The procedure adopted makes use of the 

minimum number of parameters. The best-fit is characterized by r
2
 ~ 0.99 for all the investigated 

systems. 

Starting structures of the two enantiomeric and the racemic forms of IBP molecule were generated 

connecting by hydrogen bonds the carboxylic groups of  (R)- (or (S)-IBP) single molecules by 

using PCMODEL 7.0 (Serena Software, Bloomington, Indiana) and the resulting structures 

minimized using molecular mechanics methods. Subsequently, this initial geometry was re-

optimised at B3LYP level, using standard basis set 6-31G implemented in Gaussian 03W revision 

C.02 program package [20,21,22] and the optimised structural parameters were used in energy 

calculations at Density Functional Theory (DFT) levels. 
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3. Results and discussion 

 

In figure 2(a-c) the FTIR-ATR spectra of (R, S)-, (R)- and (S)-IBP are shown in the whole explored 

wavenumer range, 600 ÷ 3800 cm
-1

. The C=O stretching region (1500 ÷ 1800 cm
-1

) was 

investigated in detail, since, being this vibration very active in the infrared, it can constitute an 

excellent candidate to reveal variations in peak-intensity, frequency and shape, attributable to the 

complexation process. The corresponding FTIR-ATR spectra in the region of C=O stretching 

vibration are reported in the inset of figure 2. The major differences appear when comparing the 

spectra of the two enantiomers with that of the racemate IBP, while minor changes occur between 

the (R)- and (S)-IBP spectra. 

[Insert figure 2 about here] 

The observed differences in the vibrational dynamics can be explained by taking into account the 

different symmetry exhibited by the racemate and the two enantiomeric forms of IBP. As specified 

in the Introduction, and based on our previous FTIR-ATR and quantum chemical results [18,19], 

uncomplexed IBP prevalently develops dimeric entities derived from symmetric hydrogen bonding 

of the two carboxylic groups of adjacent molecules. However, as it turns out from molecular 

mechanics calculations and X-ray crystallographic data [3,9], in the unit cell of (S)-IBP (or (R)-

IBP) the molecules in the dimer are in different conformational state, though both in the (S)- (or 

(R)-) configuration. In contrast, the racemate IBP dimer is formed by hydrogen bonds across a 

centre of inversion, with one molecule in the (R)- configuration, and the other in the (S)-

configuration (figure 3). As a consequence, the surrounding environment “seen” by the carbonyl 

groups, to which the C=O stretching mode is strongly sensitive, is similar for the two enantiomers 

but different with respect to the racemate.  

 

 [Insert figure 3 about here] 

In figure 4 we report the FTIR-ATR spectra of the inclusion complexes formed by Me-β-CD with 

(R, S)-, (R)- and (S)-IBP. As can be seen, the three complexes exhibit a markedly different 

vibrational behaviour. 

[Insert figure 4 about here] 

In particular, we observe, in the case of (S)-IBP/Me-β-CD, an enhanced intensity of the δ-HOH 

bending mode of water molecules attached to the Me-β-CD, revealed at ~ 1640 cm
-1

. As reported in 

literature [23], the intensity of band related to intramolecular HOH bending mode of bulk liquid 

water diminishes with decreasing temperature and tends to zero at the crystallization. So, bending 

band can be ascribed to the water molecules not involved in a symmetric tetrahedral network. This 
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occurrence, then, lets us hypothesize, for the (S)-IBP/Me-β-CD case, the presence of a major 

number of crystallization water molecules, in molecular form, still present inside the cavity even 

after complexation. 

For a quantitative analysis of the vibrational contributions in this spectral region, curve-fitting 

techniques has been used, with the wavenumber of the maxima of the band components evalutated 

from second derivative computations. The fit turned out to be as realistic as possible by using three 

components, at ~ 1640 cm
-1

 (δ-HOH bending of water molecules attached to β-CDs), at  ~ 1710 cm
-

1
 (C=O stretching of uncomplexed dimeric IBP) and at ~ 1730 cm

-1
 (C=O stretching of complexed 

monomeric IBP), as minimum number of bands corresponding to the number of distinct features 

observed in the experimental spectra. The partial overlapping of the δ-HOH bending and C=O 

stretching vibrations has been solved by simultaneously fitting, in a first step, the whole spectrum, 

and, then, by subtracting the contribution at ~ 1640 cm
-1

 and performing a more detailed fit for the 

C=O stretching mode. In this last case, two components have been necessary for a realistic 

reproduction of the experimental spectra, ω1 at ~ 1710 cm
-1

 and ω2 at ~ 1730 cm
-1

, ascribed, 

respectively, to the C=O stretching of uncomplexed and complexed IBP. The final deconvolutions 

of the C=O stretching band for (R)-IBP/Me-β-CD and (S)-IBP/Me-β-CD inclusion complexes are 

shown in figure 5(a-b), at T = 300 K as an example, and the main deconvolution data 

(wavenumbers and percentage areas) are given in table 1. 

[Insert figure 5 about here] 

[Insert table 1 about here] 

We observe a tendency of the wavenumbers of each component to shift to higher values by 

increasing temperature, ascribed to a strengthening of the double bond in the corresponding 

carbonyl groups because of the establishment of weaker forces. 

The temperature-dependence of percentage intensities of IR bands, which are representative, as well 

known, of the population of the corresponding oscillators, has been described according to a model 

already successfully applied in the case of (R, S)-IBP/β-CDs inclusion complexes.[18, 24] Once the 

thermal reversibility of the inclusion complex has been checked, an “affinity” constant ( )TA  has 

been introduced, defined as: 

( ) ( )
( )

( )
( )Tn

Tn

TI

TI
TA

1

2

1

2 == ,     (1) 

where ( )Tn1  and ( )Tn2  are, respectively, the number of uncomplexed and complexed IBP 

molecules at a given temperature T. 

( )TA  was found to decrease with increasing temperature according to the equation: 
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R

S

RT

H
A

∆
+






 ∆−
=ln ,      (2) 

being H∆ and S∆  the enthalpy and entropy variations associated with the binding of IBP and Me-

β-CD in solid phase, respectively, and R the gas constant. 

From the slope of the linear plot of the logarithm of ( )TA  as a function of inverse temperature, 

shown in figure 6(a-b), we estimated H∆  = -5797 ± 283 J·mol
-1

 for (R)-IBP/Me-β-CD and H∆  = -

4272 ± 224 J·mol
-1

 for (S)-IBP/Me-β-CD inclusion complexes, respectively. 

[Insert figure 6 about here] 

The large and negative obtained H∆ values are comparable with those already obtained for (R, S)-

IBP/Me-β-CD inclusion complex ( H∆  = -3573 ± 317 J·mol
-1

, as reported in ref. [18]). Then, a 

similar complexation mechanism for both racemic and enantiomeric IBP can be hypothesized, 

driven by the breaking down of intermolecular hydrogen bonding of dimeric IBP, the release of 

enthalpy-rich water molecules from the hydrophobic cavity of CD, their replacement with 

monomeric IBP molecules, and the rearrangement of crystallization H2O in a new H-bond 

environment. Nevertheless, enantiomers are shown to form, in solid phase, more stable inclusion 

complex with respect to the racemate. This is in agreement with what revealed by Nerurkar et al. 

[16], in liquid phase, by solubility studies on (R, S)-IPB  and (S)-IBP inclusion complexes with 

hydroxypropyl (HP) β-CDs, and can be justified thinking that the intermolecular dimeric H-bond 

between one (R)-IBP molecule and one (S)-IBP molecule, taking place in the racemate, is favoured 

with respect to the H-bond developed between two IBP molecules in the (R)- or (S)- configuration. 

Hence, it is more difficult to be broken, and this occurrence makes the complexation process in the 

(R, S)-IBP/Me-β-CD system, in a way, hindered. This interpretation can be supported also by the 

value of the total energies computed at DFT level for (R, S)- and (R)-IBP dimers, where the energy 

for racemic IBP results lower of about 0.46 kcal/mol respect to (R)-IBP, in agreement with other 

molecular mechanics computations. [3] 

 

 

4. Conclusions 

 

A quantitative analysis about the influence of chirality on the spectroscopic modifications induced, 

in solid phase, on the C=O stretching vibration of inclusion complexes formed by enantiomers and 

racemate of IBP with Me-β-CD has been performed, by the combined use of FTIR-ATR 

spectroscopy and numerical simulation. By exploring a wide temperature range, from 250 K to 340 

K, we have been able to furnish a description of the complexation mechanism, quantifying, as main 
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contribution, the enthalpy changes associated to the “host-guest” interaction. A higher stability has 

been revealed in the case of the complexes formed by the enantiomers with respect to racemate. It 

has been ascribed to the increased difficulty, in this last case, in breaking the intermolecular dimeric 

hydrogen bond between (R)- and (S)-IBP molecules, proved to constitute the first step for 

complexation. 
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T 
(K) 

ωωωω1 
(cm

-1
) 

I1 
(%) 

ωωωω2 
(cm

-1
) 

I2 
(%) 

(R)-IBP/Me-ββββ-CD inclusion complex 
250 1701.5 48.9 1726.4 51.1 
260 1704.1 53.1 1727.8 46.9 
270 1705.9 54.8 1728.5 45.2 
280 1707.2 55.4 1729.1 44.6 
290 1707.7 58.0 1729.5 42.0 
300 1709.7 61.4 1730.2 38.6 
310 1710.2 63.6 1730.4 36.4 
320 1710.0 64.4 1730.9 35.6 
330 1711.9 65.9 1731.1 34.1 
340 1712.2 66.4 1731.1 33.6 

(S)-IBP/Me-ββββ-CD inclusion complex 
250 1700.1 56.1 1725.2 43.9 
260 1702.5 56.5 1727.3 43.4 
270 1703.4 59.8 1727.6 40.2 
280 1705.6 61.8 1728.6 38.2 
290 1706.9 62.8 1728.6 37.2 
300 1706.6 64.5 1729.2 35.5 
310 1708.2 65.6 1730.1 34.4 
320 1708.6 67.1 1730.8 32.8 
330 1709.7 67.4 1730.4 32.6 
340 1710.9 67.6 1731.2 32.3 

 

Table 1 – Best-fit results for C=O stretching band for (R)-IBP/Me-β-CD and (S)-IBP/Me-β-CD 

inclusion complexes. 
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Figure captions 

 

Figure 1 – Structure of the two enantiomers of IBP: (a) (R)-IBP, (b) (S)-IBP. Notation: full wedge: 

bond outgoing, empty wedge: bond ingoing. 

 

Figure 2 – FTIR-ATR spectra, at T = 300 K, in the 600 ÷ 3800 cm
-1

 wavenumber range, of ((a), 

solid line) (R, S)-, ((b), closed squares) (R)-, and ((c), open circles) (S)-IBP. In the inset, the C=O 

stretching region (1500 ÷ 1800 cm
-1

) for the same systems is reported. 

 

Figure 3 – Minimized structure for dimers of (R,S)-IBP (at the top) and (R)-IBP (at the bottom). 

Atoms in red indicate the oxygens involved in the hydrogen bonding interaction. 

 

Figure 4 – FTIR-ATR spectra, at T = 300 K,  in the C=O stretching region (1500 ÷ 1800 cm
-1

), of 

(R, S)-IBP/Me-β-CD (solid line), (R)-IBP/Me-β-CD (closed squares), (S)-IBP//Me-β-CD (open 

circles) inclusion complexes. 

 

Figure 5 – The fit of the FTIR-ATR band in the 1650 ÷ 1760 cm
-1

 wavenumber range of (R)-

IBP/Me-β-CD (a) and (S)-IBP/Me-β-CD (b) inclusion complex, at T = 300 K. Continuous line: 

best-fit, dashed lines: deconvolution components. 

 

Figure 6 - Semi-log plot of A vs. 1/T for (a) (R)-IBP/Me-β-CD and (b) (S)-IBP/Me-β-CD inclusion 

complex, together with the best-fit performed according to equation (2). See text for details 
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