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Introduction 

Intramolecular hydrogen bond (H-bond) formation is of prime 

importance for shaping the structure of biomolecules and 

biopolymers such as proteins.1,2 Depending on the nature of the 

donor and the acceptor and the geometrical constraints between 

them, the intramolecular interactions, among which NH…O, 

OH….O, and OH…N bridges, range from strong H-bonds to 

weaker contacts that hardly influence the IR frequencies.3,4 

Interaction with a H-bond donor or acceptor environment results 

in a competition between intra and intermolecular H-bond 

formation. The intramolecular H-bond may be disrupted to the 

benefit of intermolecular H-bond formation, or not, depending on 

the relative interaction energies and experimental conditions. 

The competition between intra- and inter-molecular H-bond 

formation has been the subject of numerous studies in weakly 

bound complexes isolated in the gas phase, under supersonic jet 

conditions.5-7 The 1-2 amino-alcohol motif is in particular an 

interesting prototype for these studies, due to its ubiquity in 

biomolecules such as neurotransmitters. Different structures are 

observed for the jet-cooled complexes of 1-2 aminoalcohols with 

H-bond donating or accepting molecules.8-14 In the so-called 

addition complex, the solvent interacts with the internally bound 

aminoalcohol without modifying its structure, while in the 

insertion complexes, the intramolecular H-bond opens up so that 

both hydroxyl and amino groups interact with the solvent in a 

bidentate manner.15 Both structures are observed under jet-

cooled conditions because the energy barrier required for 

opening the H-bond may be insurmountable at the low 

temperature achieved there. In contrast, intermolecular 

interactions dominate in the bulk.16 

Vibrational circular dichroism (VCD), i.e. the difference in IR 

absorption by a chiral molecule between left and right circular 

polarized light, is a very sensitive probe of conformational 

flexibility and molecular interactions. H-bonding in particular 

strongly impinges the shape of VCD spectra.17 The influence of 

H-bond formation is observed in the solid state where strong 

intermolecular interactions take place18-21 and also in matrix 

isolation spectroscopy22-26 or in solution studies.27-29 The VCD 

spectrum of rigid systems in solution can be reproduced by the 

contribution of a limited number of structures. The same 

approach holds to some extent for solid-state systems where a 

small aggregate in the geometry of the crystal accounts 

qualitatively well for the measured spectrum,21,30 although this 

approach does not include long-range couplings.31 Temperature 

and anharmonicity effects influence the shape of the VCD 

spectra of flexible systems in solution. This aspect is especially 

important for simulating the VCD spectrum of hydroxyl-

containing molecules, whose OH bend region is very sensitive to 

structural dynamics.32 Molecular dynamics approaches have 

been proposed to account for these effects, which rest either on 

force fields or on first-principle simulations.33-37 However, they 

are often computationally demanding, in particular for complex or 

large molecules. An efficient alternative has been proposed, 

which consists in approximating the solute/solvent system by a 

limited number of clusters of well-defined size and shape, 

embedded in a solvent continuum. This approach is especially 

relevant for protic molecules diluted in a polar solvent, where 

specific and strong H-bonding interactions dictate the geometry 

of the clusters. This model, referred to as the “cluster-in-the-

liquid” model in the literature, has been successfully introduced 

for small molecules like glycidol or methyl lactate in water,38,39 
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Abstract: The infra-red (IR) absorption and vibrational 

circular dichroism (VCD) spectra of an intramolecularly 

hydrogen-bonded chiral amino-alcohol, (1S,2R)-(-)-cis-1-

amino-2-indanol, are studied in DMSO-d6. The spectra are 

simulated at the DFT level within the frame of the cluster-in-

the-liquid model. Both IR and VCD spectra show a clear 

signature of the formation of intermolecular hydrogen bonds 

at the detriment of the intramolecular OH…N interaction 

present in the isolated molecule. Two solvent molecules are 

necessary to reproduce the experimental spectra. While the 

first DMSO molecule captures the main spectral 

modifications due to hydrogen bond formation between the 

solute and the solvent, the second DMSO molecule is 

necessary for a good description of the Boltzmann 

contribution of the different complexes, based on their Gibbs 

free energy. 
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then further applied to many systems, including large 

molecules.40,41 Recent simulations based on first-principles 

molecular dynamics have confirmed the existence of long-lived 

1:1 complexes, which gives further validation to the “cluster-in-

the-liquid” model.37 We apply here this approach to (1S,2R)-(-)-

cis 1-amino-2-indanol (cis-AI), a bifunctional indane derivative 

endowed with an intramolecular H-bond shown in Scheme 1. 

This molecule has two stereogenic centers located on each 

functional carbons, which are of opposite absolute configuration. 

The structure of cis 1-amino-2-indanol as well as its hydrate is 

well known in the gas phase.10,13,42,43 Due to the conformational 

bias introduced by the alicyclic ring, the OH and NH2 

substituents can only be in axial/equatorial or equatorial/axial 

positions. Two almost isoenergetic monomers have been 

observed under supersonic jet conditions, both showing a 

frustrated intramolecular H-bond. They are related by the indane 

ring puckering (see Figure 1). Formation of cis-AI hydrates under 

jet-cooled conditions occurs through addition of the water 

molecule, keeping the intramolecular H-bond intact,13 while 

complexation with methyl-lactate takes place through both 

insertion or addition processes.10 No VCD spectra have been 

reported so far for cis-AI, although those of the related molecules 

1-indanol, 1-methylindane, 1-aminoindane and trans 1-amino-2-

indanol (trans-AI) are known from previous work.37,44-46 

Polavarapu and co-workers have paid particular attention to the 

role of the puckering motion and the rotation of the amino group 

in shaping the VCD spectra of neat 1-aminoindane, which was 

well reproduced by the Boltzmann weighted average 

contributions of the six most stable monomers.44 The IR 

absorption and VCD spectra of 1-indanol in DMSO have been 

simulated by both first-principle molecular dynamics simulations 

and the cluster-in-the-liquid approach.37,44 The VCD spectrum 

was well reproduced by the Boltzmann-averaged contributions of 

the most stable 1:1 complexes resulting from a full exploration of 

the potential energy surface, embedded in a DMSO solvent 

continuum. All the calculated 1:1 complexes, in both the Le 

Barbu-Debus et al. and Johnson et al. works, involve a strong 

OH…O H-bond from the 1-indanol hydroxyl to the DMSO.37,44 

Taking into account larger clusters was not necessary to 

reproduce the VCD spectrum. The case of bifunctional 

compounds like diols or amino-alcohols might be different 

because they possess two protic substituents that could interact 

with the solvent. It has been shown for chiral diols that, 

depending on the strength of the intramolecular H-bond, one to 

two solvent molecules should be explicitly included for 

accounting for the experimental spectra.47 Explicit solvation was 

not even necessary to determine the absolute configuration of a 

cyclic diol in methanol, which was treated as a continuum.48 We 

have recently discussed the influence of solvation on the IR 

absorption and VCD spectrum of (1S,2S)-trans-1-amino-2-

indanol (trans-AI), a stereomer of cis-AI. Static calculations 

resting on the cluster-in-the-liquid model were assessed by 

comparison with first principles and force fields molecular 

dynamics descriptions of solvation.46 The main conclusions of 

this work was that the VCD signal was mainly local, with no 

contribution of the solvent to the electric and magnetic dipole 

moments. The 1:1 complexes were able to capture the main 

features of solvation and satisfactorily reproduce the VCD 

spectrum, provided that their contributions to the VCD spectrum 

are correct. In other words, the VCD spectrum of each conformer 

was not strongly modified by solvation but its contribution to the 

total VCD spectrum, dictated by the Boltzmann factors, i.e., the 

relative Gibbs energy, was modified by solvation. In this work, 

we apply the cluster-in-the-liquid model to cis-AI in DMSO. cis-AI 

differs from trans-AI by the presence of an intramolecular H-

bond which is absent in trans-AI. This raises the question of the 

competition between inter and intramolecular H-bond. Based on 

cluster-in-the-liquid calculations, we will discuss the following 

points: what is the size of the clusters that should be taken into 

consideration to satisfactorily reproduce the spectra? What are 

the intramolecular and intermolecular factors influencing the 

shape of the VCD spectra in this system, such as the puckering 

angle, the orientation of the substituents? Last, can VCD 

spectroscopy be used as a signature of the H-bond formation 

with the solvent, to the detriment of the intramolecular interaction 

observed in the gas phase? To this end, we will compare the 

experimental IR absorption and VCD spectra of cis-AI in DMSO 

to those simulated for the monomer and clusters of different size, 

resorting to density functional theory (DFT) methods including, or 

not, dispersion corrections. 

 

 
 
SCHEME 1 Structure of cis-AI and atom numbering. 

Materials and Methods 

Experimental: The vibrational IR absorption and VCD spectra 

were measured with a Fourier Transform Infra-Red (FTIR) 

spectrometer Vertex 70 (Bruker) equipped with a VCD module 

PMA 50 (Bruker). The signal was measured by a MCT IR 

detector with a BaF2 window, cooled with liquid nitrogen. A 

spectral resolution of 4 cm-1 was used for both absorption and 

VCD spectra. The IR radiation was polarized with a linear 

polarizer then modulated by a 50 kHz ZnSe photo-elastic 

modulator (Hinds). Insertion of a 2000 cm-1 low-pass filter before 

the linear polarizer resulted in an increase of the dynamical 

response of the detector. The signal of the MCT detector was 

demodulated using a lock-in amplifier (Stanford Research 

Systems SR 830). The spectra were measured using 1 M 

solutions in DMSO-d6 in a 56 m cell with an acquisition time of 

4 h. The used concentration corresponds to the saturation limit 

at room temperature and to an optical density of ~0.4 for the 

larger-intensity band at 1475 cm-1. The alignment of the 

spectrometer was controlled by checking the mirror-image 

relation between the VCD spectra of the two enantiomers of 

camphor (0.3 M in CCl4) in the same cell as used here. DMSO-

d6 and enantiopure (1R,2S)-(+)-cis-1-amino-2-indanol (1S,2R)-(-

)-cis-1-amino-2-indanol (99% purity) were purchased by Aldrich 

and used without further purification.  

Theoretical: The exploration of the potential energy surface of 

the clusters was performed using the Macromodel program and 

the graphical interface Maestro of the Schrödinger package.49,50 

For each system, monomer or complex, several explorations 

were performed using the advanced conformation search option, 

with either the MMffs or the OPLS2005 force fields.51,52 Then the 

“redundant isomer” option was used to reduce the number of 

isomers. The root-mean-square deviation used was 1.0 Å for the 

cis-AI/DMSO complex and 1.5 Å for the cis-AI/DMSO2 complex. 

All the isomers below 5 kcal mol-1 obtained thereby for the 1:1 or 

1:2 complexes were then fully optimized in the frame of the DFT 

including empirical dispersion (DFT-D3BJ) or not.53,54 Both 
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B3LYP/6-311++G(d,p) and B3LYP-D3BJ/6-311++G(d,p) 

levels.55-57  were used to assess the influence of dispersion 

corrections on the calculated structures and spectra. Additional 

structures, which do not contribute through their Boltzmann 

population, were also optimized for the monomer and the 1:1 

complex: For the sake of comparison between complexes of 

different sizes containing the same monomer conformation, we 

fully optimized 1:1 complexes resulting from 1:2 complex from 

which we remove one DMSO, and monomers resulting from a 

1:1 complex from which we remove a DMSO. All structures were 

calculated in a DMSO solvent continuum with the Polarizable 

Continuum Model (PCM) default option of Gaussian.58 The 

harmonic frequencies were calculated at the same level of 

theory for structures corresponding to true minima, and scaled 

by 0.98 to account for anharmonicity and basis set 

incompleteness. The energetic values given in the text are the 

Gibbs energy at 298.15 K (G) when not specified otherwise. 

Zero-point-energy (ZPE) corrected energies (E0) have also 

been considered. All the calculations were performed with the 

Gaussian 09, Revision D.01 software.59 The monomers and 

complexes described below are those with relative Gibbs energy 

below 1.5 kcal mol-1, unless specified otherwise. 

Results and Discussion 

RESULTS 
 
Molecular Structure and Solvation Network 
Nomenclature 
In what follows, we resort to the nomenclature already used for 

(1R,2R)-(-)-trans-1-amino-2-indanol.46 It is based first on the 

orientation of the five-member ring. The configuration is called 

eq, for equatorial, when the amino group is in equatorial position, 

the hydroxyl group being in axial position. Conversely, the 

geometry is called ax, for axial, when the amino group is in axial 

position and the hydroxyl group in equatorial. The orientation of 

the hydroxyl group is denoted by g+, g- or t depending on the 

value of the HC2OH dihedral angle (around 60°, -60° and 180°, 

respectively). Similarly, the amino group orientation is denoted 

by G+, G- and T when the HC1Nlp dihedral angle is around 60°, -

60° and 180°, respectively; lp standing for the lone pair of the 

nitrogen atom. Two additional notations are introduced here, t* 

and T*. They correspond to a geometry with the C1C2OH and the 

C2C1Nlp dihedral angles close to 0°, respectively.  

In what follows, the 1:1 complexes are denoted bi-monomer, 

monoOH-monomer or monoNH-monomer and noHB-monomer. 

The suffix monomer describes the structure of the monomer 

contained in the complex. The prefix monoOH, monoNH, and 

noHB describes the presence of an intermolecular H-bond with 

OH, NH, or no intermolecular H bond, respectively. The prefix bi 

means that both OH and NH groups are bonded to the same 

DMSO molecule. The 1:2 complexes are called in the same 

manner, i.e. monoOH-monoNH-monomer when both DMSO 

molecule are H-bonded to cis-AI, and simply dmso added to the 

name of the 1:1 complex when the second DMSO molecule is 

not directly bonded to cis-AI. When none of the DMSO 

molecules is directly bonded to cis-AI, the geometry is denoted 

noHB-monomer. Each structure, characterized by a given 

molecular geometry and an H-bond pattern, displays variants, 

related to the internal rotation of the solvent. We call this 

ensemble a “family”. We have noticed that the IR absorption and 

VCD spectra are identical for a given family. Therefore, we shall 

only describe and discuss one geometry per family, which is 

defined by its H-bond pattern and a given intramolecular 

geometry. However, we calculate the Boltzmann weights using 

the total population, including all the variants found for a family, 

due to the flexibility associated with the solvation pattern. In what 

follows the term “family” will be omitted for the sake of simplicity. 

Monomer 
In the gas phase, the two most stable calculated structures 

display an OH…N intramolecular H-bond and differ by the ring 

puckering geometry. The most stable conformer has NH2 in axial 

and OH in equatorial positions. It is called axt*G+ and is identical 

to the cis-AII conformer previously reported.43 The second one 

has NH2 in equatorial and the OH in axial and the position is 

called eqg-T* and is the cis-AIII previously reported.43 The energy 

gap between theses conformers is of the order of 0.5 kcal mol-1, 

which is compatible with their coexistence under supersonic jet 

conditions.42,43 Only these two conformers are obtained below 2 

kcal mol-1. 

Inclusion of a DMSO solvent continuum inverts the energy 

ordering between these conformers relative to the gas phase but 

the energy difference is still small, eqg-T* being more stable than 

axt*G+ by ~ 0.3 kcal mol-1. The relative Gibbs energies of the 

different conformers is similar when including dispersion 

corrections or not and are summarized in Table 1. Considering 

the relative zero-point-energy (ZPE) corrected energies does not 

modify the energetic preference. Solvation also stabilizes 

additional forms of the cis-AI monomer, shown in Figure 1. 

Although they are higher in energy by more than 1.5 kcal mol-1, 

we describe them here because, as we shall see later, they play 

an important role in the formation of complexes with DMSO. Two 

of them display an intramolecular NH…O H-bond, with the OH in 

axial position. They are almost isoenergetic and are higher in 

energy by 1.5-1.8 kcal mol-1 relative to the most stable OH…N 

form. They differ from each other by the orientation of the OH 

group, outwards the molecule in eqg+G-, and towards the 

aromatic ring in eqtG-. The availability of the OH group for 

forming H-bonds is therefore expected to be different in the two 

forms.  

 

TABLE 1 Relative Gibbs energy (G) and ZPE corrected energy 

E0) of the cis-AI monomers calculated in a DMSO PCM solvation 
continuum 

The last three monomer geometries are axg-G-, eqtG+, and axg-

T. They are higher in energy than the most stable form by 2.2, 

2.4 and 3.0 kcal mol-1, respectively, because they lack any 

intramolecular H-bonding interaction, which makes both OH and 

NH2 groups available for interacting with the solvent. However, 

they differ in terms of expected interactions with the solvent by 

the fact that in axg-G- one of the amino hydrogen atoms points 

inwards. 
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FIGURE 1 Structures of the (1S,2R)-cis-AI monomer in a DMSO 
solvent continuum 

 

cis-AI:DMSO Complexes 
At the B3LYP/6-311++G(d,p) level of theory, five main 

conformers are populated. Their relative Gibbs energy is listed in 

Table 2 and the geometries are depicted in Figure 2.  

 

TABLE 2 Relative Gibbs energy and ZPE corrected energy E0) of 
the 1:1 cis-AI complexes with DMSO calculated in a DMSO PCM 
solvation continuum 

In terms of G, the most stable 1:1 complex, noHB-eqg-T*, 

contains the most stable monomer and is not H-bonded to the 

DMSO molecule. This structure is stabilized by keeping the 

intramolecular interaction intact and by favorable entropic effects 

due to its loose character. As discussed previously for the 

related system trans-AI, the remote position of the solvent might 

also be an artefact of the method that lacks dispersion 

correction.46 Still, we will consider this structure in what follows, 

as a model of the cis-AI solute unperturbed by the interaction 

with the solvent and keeping its intramolecular H-bond intact. 

The second conformer, monoOH-eqg+G-, involves an 

intermolecular OH…O H-bond, which is facilitated by the OH 

group pointing outward the aromatic ring. It contains a higher-

energy conformer of the monomer with an intramolecular NH…O 

H-bond. The presence of both intra and intermolecular H-bonds, 

within the complex, stabilizes the eqg+G- conformer due to 

cooperative effects. The third 1:1 complex, monoNH-eqg-T*, is 

again based on the most stable conformer of cis-AI and displays 

a single intermolecular H-bond between the amino group of cis-

AI and the oxygen atom of DMSO. Complexes involving a 

NH…O H-bond from the other NH group are much higher in 

energy at this level of theory. Then monoOH-axg-G- is constructed 

on the axg-G- structure, which is very disfavored in the monomer 

due to the lack of H-bond. It is stabilized by an OH…O H-bond 

with the solvent. Finally, noHB-axt*G+ is based on a stable 

OH…N geometry of the monomer. It is the ax counterpart of 

noHB-eqg-T* built on the most stable geometry and deserves the 

same comments. As Figure 2 shows, these five geometries have 

in common the fact that the DMSO molecule is relatively far from 

the aromatic ring. 

 
FIGURE 2 Structures of the 1:1 complexes of (1S,2R)-cis-AI with 
DMSO in a DMSO solvent continuum. 

 

In contrast, only two 1:1 complexes are expected to be 

populated at the B3LYP-D3BJ/6-311++G(d,p) level of theory, 

monoOH-eqtG- and bi-eqtG- (Figure S1). monoOH-eqtG- 

involves a single OH…O H-bond while a bifurcated H-bond takes 

place in bi-eqtG-, with simultaneous interaction between DMSO 

and the two protic groups. These complexes both contain the 

eqtG- monomer, which has the OH dangling inwards. This 

geometry allows concomitant formation of an H-bond between 

OH and DMSO and a strong interaction between the solvent and 

the aromatic ring, the DMSO molecule lying above the latter. 

Structures involving strong dispersion interactions are strongly 

favored here. 

It was reported in the literature that spectra simulations based on 

ZPE corrected energies E0 Boltzmann weights were in better 

agreement with the experiment than those predicted based on 

Gibbs free energies ΔG, because incorrect entropic factors 

resulting from intermolecular vibrations.60 We therefore 

compared the two approaches. Table 2 lists the relative ΔE0 of 

the 1:1 complexes. The stability order is very different from that 

obtained with ΔG. Only those involving an OH…O bond 

(monoOH) are stable if one considers ΔE0. This is because they 

are more strongly bound hence stiffer than monoNH or noHB 

complexes, thus disfavored when entropy is considered. 

cis-AI:DMSO2 Complexes 

The most stable 1-2 complexes are shown in Figure 3 and their 

relative Gibbs energies are given in Table 3. These complexes 
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all correspond to calculated 1:1 complexes whose structure is 

not modified by the addition of a second DMSO molecule. In 

contrast, the relative energies are strongly modified. 

 

TABLE 3 Relative Gibbs energy and ZPE corrected energy E0) of 
the 1:2 cis-AI complexes with DMSO calculated in a DMSO PCM 
solvation continuum 

The most stable 1:1 complex noHB-eqg-T* is destabilized by 

adding a second DMSO molecule, as is monoNH-eqg-T*. In 

contrast, the complexes involving an OH…O H-bond like 

monoOH-eqg+G-, monoOH-eqtG- or dmso-monoOH-axg-T are 

stabilized by adding a second solvent molecule. The first 1:2 

complex not derived from a 1:1 complex, namely, monoOH-

monoNH-eqtG-, is higher in energy by more than 5 kcal mol-1. 

Including dispersion corrections considerably modifies the 

energy ordering (see Table 3). In particular, the complexes 

involving two interactions with the DMSO like monoOH-

monoNH-eqtG- or dmso-bi-eqtG- are much stabilized. The 

geometry of the complexes is shown in Figure S1. The first three 

structures are built on the eqtG- conformer of cis-AI, already 

involved in the 1:1 complexes calculated at the same level. 

Among these structures, dmso-monoOH-eqtG- and dmso-bi-eqtG- 

consist in adding a DMSO to the 1:1 complexes calculated at the 

same level. The third one, dmso-monoOH-eqtG+ displays a 

single OH…O H-bond with the hydroxyl pointing inwards which 

allows a strong interaction between the DMSO and the aromatic 

ring. The fourth one, monoOH-monoNH-eqtG-, involves 

simultaneous OH…O and NH…O H-bond formation with two 

different DMSO molecules. Like for the 1:1 complex, inclusion of 

dispersion correction favors these four geometries allowing the 

solvent to interact with the aromatic ring. The less stable 

calculated 1:2 complex is dmso-monoOH-axg-G-, for which the 

DMSO, linked to cis-AI through an intermolecular H-bond, is far 

from the aromatic ring. 

We also compared the stability of the 1:2 complexes based on 

E0 (see Table 3). The stability ordering differs less from ΔG to 

ΔE0 than for the 1:1 complex. Still, there are marked differences. 

When considering ΔE0, all the stable complexes possess an 

OH…O hydrogen bond. The noHB complex is strongly 

destabilized while the bifurcated complex is stabilized, due to 

entropic reasons as mentioned for the 1:1 complex. 

 
 
FIGURE 3 Structures of the 1:2 complexes of (1S,2R)-cis-AI with 
DMSO in a DMSO solvent continuum. 
 

Spectral Assignment by Comparison with the Experiment 
In this section, we will discuss the factors affecting the shape of 

the calculated VCD signal by comparing the simulated spectra to 

the experiment. The experimental VCD spectrum shown in 

Figure 4 is that of (1S,2R)-cis-AI obtained by taking the half 

difference between (1S,2R)-cis-AI and (1R,2S)-cis-AI. The raw 

spectra are shown in Figure S2 for the two enantiomers and 

display very satisfactory specular relation. The simulated spectra 

are constructed from the Boltzmann-averaged contributions 

based on the Gibbs energies of the structures with population 

larger than 5% at the B3LYP/6-311++G(d,p) level. We will 

discuss how the simulated spectra compare to the experiment 

for the monomer, as well as the complex with one or two solvent 

molecules. Special attention will be paid to the modes that are 

possibly involved in H-bonding interactions with the solvent like 

β(OH) at ~1400 cm-1, β(NH2) at ~ 1600 cm-1 and the NH2
 rocking 

motion in the 1200 cm-1 range. We will also discuss how 

dispersion corrections and entropic factors affect the relative 

weight of the structures. 

Isolated Molecule  
The Boltzmann-averaged IR and VCD spectra of the monomer, 

based on either G or E0, together with the spectra of the 

individual conformers, are compared to the experiment in Figure 

4. The simulated IR spectrum is in good agreement with the 

experiment below 1300 cm-1 and above 1430 cm-1. However, the 

region between 1300 and 1430 cm-1 shows strong discrepancy 

between the two spectra. This region contains the β(OH) and 

delocalized bending modes with a strong contribution of the OH 

bend, which are expected to be sensitive to molecular 

interactions. Although the comparison between calculated and 

simulated intensities should be taken with caution, due to 

different band widths, it clearly appears that the calculated 

relative intensity of the transitions at 1406 and 1387 cm-1 is too 

high relative to the rest of the spectrum. In addition, the feature 

calculated at 1353 cm-1 is blue shifted compared to the 

experiment. The mismatch between calculated and experimental 
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VCD spectra is even more explicit. The band calculated at 1612 

cm-1, in the region of the β(NH), is negative while it is a bisignate 

with a large positive contribution in the experimental spectrum. 

The negative features observed at 1434 and 1256 cm-1 have no 

counterparts in the calculated spectrum. Conversely, the very 

strongly negative calculated band at 1353 cm-1 is not observed. 

Only the transitions at 1380 and 1192 cm-1 seem to be well 

simulated. It can be deduced from the individual contribution 

spectra that these two transitions arise from the most stable eqg-

T* conformer. Moreover, the bisignate signature at 1612 cm-1 is 

neither accounted for by the eqg-T* nor by the axtG+ conformers. 

As the relative energies of the most stable conformers are 

almost identical at B3LYP and B3LYP-D3BJ levels, the resulting 

averaged IR and VCD spectra (not shown) are the same with the 

two methods. Replacing G by E0 does not modify the 

spectrum substantially either as entropic effects are not 

important in the monomer. 

 
FIGURE 4 (Top/Left) Experimental IR absorption spectrum (black) 
compared with the simulated spectrum based on the Boltzmann-

averaged contributions of the monomers, with G calculated at the 
B3LYP/6-31G++(d,p) level (red). (Top/Right) Same for the VCD 
spectrum. (Bottom/Left) Individual IR contributions calculated at the 
B3LYP/6-311G++(d,p) level. (Bottom/Right) Same for VCD. a) eqg

-
T

*
, 

b)  axtG
+
, c) eqg

+
G

-
, d) eqtG

-
, e) eqtG

+
, f) axg

-
G

-
, g) axg

-
T. 

 

 
1:1 Complexes  
The IR and VCD spectra averaged over the five most stable 

structures are given in Figure 5. The agreement is considerably 

improved relative to the monomer, for both IR and VCD signals. 

The only flaw in the IR spectrum is the slight overestimation of 

the relative intensity of the β(OH) transition at 1387 cm-1. The 

VCD spectrum is now satisfactory; in particular the bisignate 

signal observed at 1612 cm-1 is well accounted for in the 

simulation. The main discrepancy is observed for the transition 

calculated at 1353 cm-1, which is too negative compared to the 

experimental spectrum, as it was in the VCD spectrum simulated 

for the monomer.  

The individual contributions to the VCD spectrum are given in 

Figure 5 (bottom). The most stable family of complexes, noHB-

eqg-T*, contributes up to 60% to the average. Due to the lack of 

specific interaction with the solvent, it displays the same 

spectrum as the parent monomer, with no bisignate signal and 

by far too negative a feature at 1353 cm-1. The high contribution 

of this complex explains the mismatch mentioned above. The 

VCD spectrum of monoOH-eqg+G-, which contributes by 26%, is 

strongly modified compared to the parent monomer and matches 

the experiment much better. In the 1600 cm-1 range however, 

very little modification is observed. The bisignate is well 

reproduced, as it was in the eqg+G- monomer, and is associated 

with the G- orientation of the NH2 group. As already described for 

trans-AI,46 the positive signal corresponds to pure NH2 scissoring 

motion, while the negative signal is due to scissoring of the NH2 

group strongly coupled with the aromatic CH bending motions. In 

contrast, the pattern between 1380 and 1420 cm-1, assigned to 

coupled bending motions involving β(OH) is strongly modified 

relative to the parent monomer. The two negative VCD features 

in the 1420-1440 range correspond to the H-bonded β(OH) 

coupled with the β(CH2). The interaction with DMSO results in 

both an upshift in frequency and a change in the description of 

the modes in terms of motions of the nuclei, which were 

described in terms of coupled β(OH) and β(C1H) motions in the 

monomer. The VCD signal is more negative in the complex than 

in the monomer, which reproduces well the negative feature 

experimentally observed at ~1440 cm-1. The 1200 cm-1 region 

(NH2 rocking motion) is also modified. While the NH2 rocking 

motion is well isolated from the other modes in the monomer and 

appears at 1185 cm-1 as a single strongly negative signal in the 

VCD spectrum, three modes can be described in terms of NH2 

rocking motion combined with ring deformations or CH bends in 

the complex. This leads to the three negative bands calculated in 

the 1200 cm-1 range. These observations are the signature of 

the formation of the intermolecular OH…O H-bond at the 

detriment of the intramolecular interaction. Nevertheless two 

bands are still at odd with the experimental spectrum, a negative 

signal at 1420 and a positive signal at 1300 cm-1. These modes 

can be described, like before, in terms of modes involving the 

OH bend motion. The spectrum of monoNH-eqg-T* is not strongly 

modified by the NH…O interaction. Therefore, its calculated 

spectrum resembles that of noHB- eqg-T* and does not match 

the experiment. The last contributing complex is monoOH-axg-G-. 

Its spectrum does not match the experiment well as it shows a 

strong positive signal at ~1300 cm-1, assigned to a mode 

strongly modified by complexation because it involves the OH 

bend that gains VCD activity via complexation. There is little 

consequence on the quality of the spectrum due to its limited 

contribution (5 %). The remaining complexes, noHB-axt*G+, 

monoOH-axg-T, monoOH-eqtG-, bi-eqtG- and monoNH-axt*G+, 

do not contribute to the averaged spectrum. 

 
FIGURE 5 (Top/left) Experimental IR absorption spectrum (black) 
compared with the simulation resulting from Boltzmann averaged 
contribution of the 1:1 complexes calculated at the B3LYP/6-

311G++(d,p) level using G (red) or E0 (blue).(Top/Right) Same for 
the VCD spectrum. (Bottom/Left) Individual IR contributions 
calculated at the B3LYP/6-311G++(d,p) level. (Bottom/Right) Same 
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for VCD. a) noHB-eqg
-
T*, b) monoOH-eqg

+
G

-
, c) monoNH-eqg-T*, d) 

monoOH-axg
-
G

-
, e) noHB-axt*G

+
, f) monoOH-axg

-
T, g) monoOH-

eqtG
-
, h) bi-eqtG

-
, i) monoNH-axt*G

+
. Note that the spectra with 

identical colors correspond to structures containing identical 
monomers 
 

 
The results obtained at the B3LYP-D3BJ/6-311++G(d,p) level 

are given in Figure 6. The Boltzmann-averaged VCD spectrum, 

based on 86% of the monoOH-eqtG- and 14% of the bi-eqtG- 

conformers,  shows decent agreement below 1300 cm-1 and 

above 1430 cm-1 but, as already noticed for the monomer, the 

1300 - 1430 cm-1 region is at odd with the experiment. As 

discussed previously, the G- configuration of the amino group 

accounts well for the bisignate signature at 1612 cm-1. 

Nevertheless, the eqt geometry of the hydroxyl group where the 

hydroxyl group point to the aromatic ring seems to be 

responsible for the discrepancy in the central region of the 

spectrum. The negative peaks observed instead of positive ones 

at 1329 and 1387 cm-1 are due to β(OH) coupled with β(C1H) 

and β(OH) coupled with the NH2 rocking motion in the monoOH-

eqtG- and bi-eqtG-, respectively. Moreover, a positive transition 

is observed at 1250 cm-1 where a negative feature is expected. 

This band arising from both complexes is attributed to β(OH) 

coupled with β(CH) localized on the 5-member ring. This 

observation suggests that complexes with the DMSO located 

over the aromatic ring do not account well for the experimental 

results. Moreover, as discussed in the case of the B3LYP 

results, the most affected regions are those where modes 

involving OH bending motions appear. When using E0 instead 

of G for simulating the spectrum (Figure 6), the agreement 

between simulated and experimental spectra is acceptable in 

terms of band position. However some discrepancies are met in 

the relative intensities. The bisignate at ~1600 cm-1 and the two 

positive bands at ~1300 cm-1 are too intense compared to the 

rest of the spectrum. This can be explained the exclusive 

contribution of complexes with an OH…O H-bond, in particular 

too large a contribution of monoOH-axg-G-.  

 
FIGURE 6 (Top/Left) Experimental IR absorption spectrum (black) 
compared with the simulation resulting from Boltzmann averaged 
contribution of the 1:1 complexes calculated at the B3LYP-D3BJ/6-

311G++(d,p) level taking into account G (red). (Top/Right) Same 
for the VCD spectrum. (Bottom/Left) Individual IR contributions 
calculated at the same level. (Bottom/Right) Same for VCD. a) 
monoOH-eqtG

-
, b) bi-eqtG

-
. Identical colors correspond to structures 

containing identical monomers. 

 

1:2 Complexes The simulated IR absorption and VCD spectra 

are given in Figure 7 together with the experiment and the 

individual contributions. Both IR and VCD spectra match the 

experimental results very well. The relative IR absorption is 

satisfactory on the whole spectrum, in particular at 1387 cm-1 

where it was overestimated for the monomer and the 1:1 

complex. Regarding the VCD spectrum, the intensity and sign 

are well reproduced at 1353 cm-1 where the monomer and the 

1:1 complex were at odd with the experiment. The only minor 

discrepancy is at 1417 cm-1 where a weak negative signal is 

calculated instead of the weak positive signal expected. 

FIGURE 7  (Top/left)  Experimental IR absorption spectrum (black)  

compared with the simulation resulting from Boltzmann averaged 

contributions of the 1:2 complexes calculated at the B3LYP/6-

311G++(d,p) level, using G (red) or E (blue). (Top/Right) Same for 

the VCD spectrum. (Bottom/Left) Individual IR contributions 

calculated at the same level of theory. (Bottom/Right) Same for VCD. 

a) dmso-monoOH-eqg
+
G

-
, b) dmso-monoOH-eqtG-, c) noHB-eqg-T*; 

d) dmso-monoOH-axg-T; e) dmso-monoNH-eqg
-
T*. Identical colors 

correspond to structures containing identical monomers. 

 

The most stable complex dmso-monoOH-eqg+G-, with 

population of 48%, is already in good agreement with the 

experiment. Its VCD spectrum is not modified relative to the 

monoOH-eqg+G- 1:1 complex from which it is derived (see 5). 

This geometry is responsible for the discrepancy at 1417, as it 

was in the 1:1 complex. The second most stable 1:2 complex, 

dmso-monoOH-eqtG-, contributes by 26%. In terms of band 

position and shape, this complex is compatible with the 

experiment and can contribute to the VCD spectrum. Finally, the 

other calculated 1:2 complexes, noHB-eqg-T*, dmso-monoOH-axg-

T and dmso-monoNH-eqg-T*, contribute by a lesser extent to the 

average. Having the amino group in T or T* conformation, they 

do not display the bisignate signal attributed to G-. It should be 

noted that the contribution of the complexes built on eqg-T* is 

less than for the monomer or the 1:1 complex, which explains 

the better agreement. 

The results obtained at the B3LYP-D3BJ/6-311++G(d,p) level 

are given in Figures 8. They lead to similar conclusions as for 

their 1:1 homologues, due to similar contributions, namely, 70 % 

of dmso-monoOH-eqtG-, 22% of dmso-bi-eqtG- and 8% of 

monoOH-monoNH-eqtG-. The experiment is well accounted for 

above 1500 cm-1 and below 1230 cm-1. In between, the 

discrepancies are the same as those observed for the 1:1 

complex and arise from the same reasons. 

Finally, the spectrum constructed using Boltzmann contributions 

calculated from E0 is completely at odd with the experiment 

(see Figure 7). This is due to the fact that using E0 favors tight 
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complexes, in particular the bifurcated dmso-bi-eqtG- and the 
bisolvated monoOH-monoNH-eqtG-, whose spectrum does not 
reproduce the experiment. 
 

 
FIGURE 8 (Top/left) Experimental IR absorption spectrum (black) 

compared with the simulation resulting from Boltzmann averaged 

contribution of the 1:2 complexes calculated at the B3LYP-D3BJ/6-

311G++(d,p) level using G (red). (Top/Right) Same for the VCD 

spectrum. (Bottom/Left) Individual IR contributions calculated at the 

same level. (Bottom/Right) Same for VCD. a) dmso-monoOH-eqtG
-
, 

b) dmso-bi-eqtG
-
, c) dmso-monoOH-eqtG+, d) monoOH-monoNH-

eqtG
-
. Identical colors correspond to structures containing identical 

monomers. 

 

DISCUSSION 
 
Role of Solvation  
Solvation has two major effects. It first affects the relative energy 

of the different conformers. Second, for a given structure, it may 

result in modifications of the spectrum. The latter point appears 

clearly from the comparison of the solute spectra in the 

monomer, 1:1, and 1:2 complexes, shown in Figures 4, 5, and 7. 

The main modifications in terms of frequencies, intensities, and 

for the VCD spectra, sign of the peaks, are due to the addition of 

the first solvent molecule, mainly on the OH group of cis-AI. As 

expected, complexation mostly affects the modes depicted in 

terms of OH bending motions. 

Changes in relative Gibbs energies are already brought by the 

first molecule of solvent. However, further changes, which result 

in an improvement of the agreement between experiment and 

simulation, is brought by the second solvent molecule. To check 

this hypothesis, a simulated VCD spectrum built from the 

individual contributions of the 1:1 complexes weighted by the 

Boltzmann contributions of the corresponding 1:2 complexes is 

shown in Figure S3. The spectrum built from the 1:1 complexes 

is almost identical to that of the 1:2 complex. This shows that the 

second solvent molecule mainly contributes via the energy 

ordering, and does not result in spectral modifications. 

The second question concerning solvation is whether the H-bond 

opening has a signature in the VCD spectrum. The 

intramolecularly bonded geometries (eqg-T* and axt*G+) are 

characterized by a very intense β(OH) in the IR absorption, 

which results in the mismatch observed at ~1400 cm-1 in the IR 

absorption simulated with the Boltzmann average of the 

monomers or the 1:1 complex, resulting from too high a 

contribution of these conformers. We can conclude that non-

intermolecularly H-bonded structures cannot contribute strongly 

to the spectrum. This is what is expected from chemical 

considerations in the full solvation limit. The signature of the 

intermolecular H-bond appears in both the IR absorption and 

VCD spectra.  As can be expected, the most affected region is 

that containing modes involving the β(OH) motion in the region 

of 1400 cm-1. For eqg+G-, which displays no intramolecular H-

bond in the monomer, the β(OH) is blue shifted upon formation 

of the intermolecular H-bond and its VCD signal changes sign. In 

contrast, the NH2 scissoring motion is not much affected when 

the interaction is located on the OH group. The G- structures 

keep their characteristic bisignate signature whether interacting 

or not with DMSO via the OH group. Interaction with the NH2 

group does not modify much the VCD and IR spectra either, 

apart from a blue shift of the band in the 1600 cm-1 region. Last, 

we can compare similar geometries, namely eqtG- and eqg+G- 

that only differ by the rotation of the OH group, inwards for the 

former and outwards for the latter. The spectrum of eqtG- is 

clearly at odd with the experiment below 1400 cm-1. By forcing 

the OH group to rotate outside to allow H-bond formation, the 

solvent improves the agreement with the experiment. Last, for a 

given H-bonded structure, modifying the puckering angle has 

strong consequences. As shown in Figure 4, the VCD spectra of 

eqg-T* and axt*G+ bear little resemblance. The presence of one 

or two DMSO molecule also allows favoring the eq conformers, 

which match the experiment better. 

Effect of Dispersion Corrections 
The dispersion corrections are known to be necessary to 

satisfactorily reproduce the structure of gas-phase clusters.61 In 

the cluster-in-the-liquid limit, the dispersion corrections 

overestimate the structures with the solvent interacting with the 

aromatic ring, which would be probably more adapted to gas-

phase clusters of limited size and are not representative of full 

solvation.46 The conclusion that dispersion is overestimated 

when describing the VCD spectra of aromatic chiral acids in the 

very same DMSO solvent has been drawn already by 

Bünnemann and Merten.62 This kind of folded structure forces a 

rotation of the protic substituent inwards. As discussed above, 

this results in a less satisfactory match with the experiment. 

Effect of Entropy 
The effects of entropy can be assessed by comparing the 

simulated spectrum using Boltzmann weights resting on E0 or 

G. Using G leads to the overestimated contribution of very 

floppy complexes, like those with no H-bond with the solvent that 

are not physically relevant. However, this weakness is corrected 

when using 1:2 complexes. The presence of a second DMSO 

molecule is sufficient for reproducing the spectrum. In contrast, 

using E0 results to overestimated contribution of rigid 

complexes. For the 1:1 complex, only those showing an OH…O 

bond to the solvents contribute to the spectrum, which gives a 

physically relevant picture of the main interaction at play in this 

system. However, the situation deteriorates when going to the 

1:2 complex. The simulated VCD spectrum is in this case 

completely at odd with the experiment, because of the 

overestimated contribution of rigid structures like the bifurcated 

complex. 

The effect of entropy can also be assessed by comparing the 

spectra of Figures 5 and 7, obtained from the weighted average 

of all the conformational variants obtained for each family, with 

those considering only the most stable geometry of each family 

(Figures S4 and S5 of the SI). The latter approach was used 

successfully by the groups of Xu and Merten, with the weights of 
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the different clusters obtained by adjustment to the experimental 

VCD spectrum.63,64  

Comparison with other indan Derivatives 
We shall  finally compare cis-AI with similar systems in DMSO 

like 1-indanol37 or trans-AI.46 Like for 1-indanol, the OH bend 

region displays a clear signature of solvation by DMSO, both in 

terms of band position and VCD signature. Besides the 

modification brought by the H-bond formation, solvation forces 

the OH group to rotate outside the molecular frame, which 

results in a better agreement with the experiment. Although cis-

AI displays an intramolecular H-bond and trans-AI does not, the 

two molecules show similarities. In both systems, a bisignate 

signature is experimentally observed at ~1600 cm-1 and is only 

accounted for by considering G- structures. In both systems, the 

complexes involving a single H-bond between OH and DMSO 

play a major role. The bifurcated 1:1 complexes are dominant in 

trans-AI because the trans position of the two substituents allows 

easy insertion of the solvent. In contrast, they are calculated very 

high in free energy in cis-AI because they demand the DMSO 

insert in the intramolecular H-bond, which does not make the H-

bond optimal due to steric constrains. Bifurcated 1:1 complexes 

are stabilized when including dispersion, but again they contain 

monomers with OH directed inwards, which is not satisfactory in 

terms of agreement with the experiment.  

Conclusion 

We have studied the VCD spectrum of cis-AI in DMSO in the 

frame of the cluster-in-the-liquid model. Two DMSO molecules 

are sufficient for a satisfactory match with the experiment. The 

first DMSO molecule modifies the spectrum relative to the 

monomer, while the second DMSO adjusts the Boltzmann 

contributions. The conformers, which reproduce well the 

spectrum, do not have intramolecular H-bond. OH must be 

outside (i.e. DMSO far from the aromatic ring) and interact with 

the solvent. These conformers are found when no dispersion is 

included, which underlines the limits of the cluster-in-the-liquid 

model, which is far from full solvation. However, satisfactory 

agreement between experiment and simulation is obtained at a 

reduced computational cost. This system also illustrates that 

entropic effects are a bottleneck in the cluster-in-the-liquid 

model:  while using G tends to overestimate the contribution of 

very floppy systems, using E0 overestimates the contribution of 

rigid systems. This approach also allows us to find transferable 

parameters like the bisignate signature at ~1600 cm-1 that is the 

signature of the G- conformation of the NH substituent in indan 

derivatives. Further work is in progress on the VCD signature of 

the solid-state structure of this class of molecules. 
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