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NIR-absorption and NIR-VCD spectroscopy can teach

us a lot about OH bonds

Abstract – We briefly review the local mode model and its usefulness to interpret simply
and effectively the near infrared absorption and near infrared vibrational circular dichroism
spectra (NIR and NIR-VCD respectively). In particular we consider the case of the OH-
stretching first overtone region between 6250 and 7700 cm-1 (1600 and 1300 nm). With ref-
erence and by comparison of newly acquired data for chiral phenylethanol and chiral
2,2,2-trifluorophenylethanol, we show that NIR VCD spectra in that region are quite inform-
ative about the OH bond, more than the corresponding fundamental region, between 3000
and 3800 cm-1, which is more accessible to standard instrumentation. 

Introduction. The local mode model and NIR spectra

Near-infrared (NIR) vibrational absorption spectroscopy covers the spectro-
scopic region from straight infrared to the red-visible region (2500-700 nm = 4000-
15,000 cm-1): it has been thought generally to be dull and hard to cope with
theoretically; for this reason it has been used scarcely in Academia but a lot in indus-
try and for practical reasons, for example in the pharma- industry, agro-food indus-
try, packaging industry and for quality control [1]. The scope of the present chapter
is to demonstrate that this spectroscopic region deserves attention also from basic
science investigators and can provide useful and fundamental information on molec-
ular structure. This has been recognized for some time, the revived interest dating
back to 1980, when considerable progress had been made both experimentally and
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theoretically. Indeed, in the eighties, besides the use of long path-length cells
employed in order to be able to detect vibrational features with increasingly lower
molecular absorption coefficient at decreasing wavelength [2], several methods were
proposed and utilized to investigate also gases, like laser intra-cavity photo-acoustic
spectroscopy, thermal lensing, etc. [3-7]. Theoretically, the local mode approximation
[2, 8-10] accommodated satisfactorily the interpretation of the many spectroscopic
data being accumulated; the local mode model stimulated interested, through a
renewed attention to the Morse potential and the alike, also from theoretical physi-
cists utilizing methods, as, e.g. Lie-algebraic methods [11]. The local mode model
allows one to approximate the NIR spectrum as the succession of overtone spectra
at ν-th order of the uncoupled XH-stretching vibrational modes (X = C, O, N, etc.);
the large anharmonicity permitting to overcome inter-mode couplings. Concurrently,
in the model no combination or mixed mode involving XH-modes plus bath-modes
or bending modes is expected to bear intensity, as generally observed.

Our group contributed to the field by testing whether some NIR chiroptical
spectroscopy were possible on chiral compounds, and indeed we found it was [12,
13] in the range from 3000 to 600 nm for molecules not containing electronic chro-
mophores, active in the investigated region. Some fifty compounds were studied in
our group, in the group of Nafie and in the group of Stephens even earlier [13-15]:
for all of them it was possible to measure vibrational circular dichroism (VCD),
which has been measured prevalently in the mid-IR range (3300-1000 cm-1 ≈ 3000-
10000 nm). VCD spectroscopy consists in the difference in absorption of left and
right circularly polarized light in the IR and NIR range [16]. Theoretically we also
contributed to the further elaboration of the local mode model by introducing the
effect of mechanical anharmonicity and of electrical anharmonicity [16-19] in such a
way that the new terms are easily computed from ab-initio/DFT quantum mechan-
ical packages [20-21]. In this way, we provided a protocol for calculating the
mechanical anhamonicity parameter χ n�together with the harmonic mechanical fre-
quency ωn for the n-th bond-stretching (or local mode) at ν-th order from the 2nd,
3rd and 4th derivatives Knn, Knnn and Knnnn of the Hessian matrix, to be inserted in
the Birge-Sponer or Dunham expansion reported in eq. (1) (all other constants in
eq. (1) being easily recognizable fundamental constants):

                                                                                                                                     (1)

                                                                                                                                     (2)

                                                                                                                                     (3)
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In eqs. (2) and (3) instead are presented the contributions of electrical anhar-
monicity to the electric dipole transition moments and magnetic dipole transition
moments for the 0 -> ν transition of the n-th local mode; such contributions are the
first derivative of the atomic polar tensor Π and atomic axial tensor A with respect
to the n-th XH stretching, involving the α-th atoms (the transition moments just
presented enter the dipole strengths and rotational strengths, as for example in refs.
[21, 22, and 23]. Explanation of the other constants in eqs. (2) and (3) and gener-
alization to include higher derivatives than the first one may be found in refs. [17,
18 and 19].

Discussion. The first overtone of the OH-stretching region

In this chapter we deal with the first overtone (Δν = 2) of alcohol molecules.
For this and even further overtone regions, since just one OH bond is present, the
local mode approximation is well justified. Through the method briefly expounded
above, we were able to explain the NIR and NIR-VCD spectra of (R)- and (S)-bor-
neol between 1600 and 1300 nm. [24] The case of borneol is intriguing, since two
features are observed for the OH-stretching in NIR-VCD, instead of just one, as
observed in the NIR-absorption spectrum and as expected from the local mode
model. The explanation we provided in ref. [24] was that three conformers, corre-
sponding to three different orientations of the OH group, are present in solution
and VCD is able to detect them, since the sign of VCD is different for one of them
with respect to the other two. Thus VCD adds some information, which absorption
is unable to pick, since it has got an implicitly higher resolution, due to sign sensi-
tivity. Not only that, the mechanical anharmonicity parameter and mechanical fre-
quency we were able to calculate in ref. [24] are pretty close in value to the ones
for ethylene glycol, that Kjaergaard et al. [7] had calculated and measured for the
OH bond for overtone up to �v = 5, as may be appreciated from Table 1.
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     Cmpd.        Conformer          τ(deg)              %pop             ω(cm-1)               χ(cm-1)

    Borneol              1-f                   68                 51.5               3807                88.6
    (ref. 24)              2-f                  174                28.3               3822                86.8
                               3-f                  300                20.2               3814                90.0

    Ethylene             1-b                                                             3806                82.9
      glycol                1-f                                                              3856                84.1
     (ref. 7)

Table 1. Comparison of mechanical harmonic frequencies and anharmonicity constant calculated
via DFT for the OH bond in borneol [24] and ethylene glycol [7]. One has three conformers for
borneol, for which the OH bond is «free» (f) and several conformers for ethylene glycol, for which
the OH bond can be either «free» (f) or involved in a donor-type H-bond (b). Results for just one
conformer are provided in the latter case.



The new alcohol-cases that we wish to discuss here are (R)- and (S)-phenyl
ethanol (1) and (R)- and (S)-2,2,2-trifluoro-phenyl ethanol (2), differing just in the
CH3 group being substituted by a CF3 group. In Figure 1 we present the superim-
posed mid-IR and mid-IR-VCD spectra of both enantiomers of 1 and of 2 in CS2

and CCl4 solution respectively (please notice that the VCD spectra of the two enan-
tiomers of the two compounds are opposite, within experimental error). While the
data for 2 are from a previous publication of ours [25], the data for 1 are taken
from our collection of yet unpublished results.

We were able to predict [25] the IR and VCD spectra of Figure 1 by DFT cal-
culations carried out by using standard methodology [20, 26]. Computed spectra
are not reported here for conciseness. The computed spectra contain fundamental
transitions (Δν = 1) for highly delocalized normal modes resulting from linear com-
binations of several simple «internal» modes involving CC- and CO- and CF-stretch-
ings and HCC and OH bendings [27]. Besides and more importantly the computed
spectra are weighted averages of IR and VCD spectra of different conformers, which
are thermally populated through Boltzmann population factors [26]. The conformers
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Fig. 1. IR-VCD spectra of phenyl ethanol (1) (left) and of 2,2,2-trifluoro-phenyl ethanol (2) (right).
Spectrum of 1 was recorded in CS2 solvent at 0.1M concentration in 200 μm cell. Spectrum of 2
was recorded in CDCl3 solvent at ca. 0.1M concentration in 100 μm cell.



predicted for these compounds are presented in Figure 2: in the top line one has
the conformers for molecule 1 ((R)-enantiomer), in the lower line the conformers
for molecule 2 ((S)-enantiomer).

Please notice that the prevalent conformer for 1 (with a population factor larger
than 80%) is such that the positive H atom of the OH bond is strongly attracted
by the phenyl moiety. Instead in 2 the OH is pointing to the strongly electro-negative
CF3-group (with a population larger than 50%), while the conformer with the OH
pointing towards PHE is close to 30% in population. This has consequences on the
reproduction of the spectra, especially the VCD ones, of Figure 2; however there is
no clear, immediately recognizable signature of each one of the two conformers.
Instead, a dramatic difference is observed in NIR-VCD spectra of 1 and 2, which
we recorded on our home-made apparatus in the region of the first OH-stretching
overtone (Δν = 2) (see Figure 3) on the same solution employed for mid-IR VCD
measurements.

The NIR absorption spectrum is very simple and almost coincidental in the two
cases, namely it is composed by one single band at ca. 1416 nm with a max absorp-
tion coefficient ε ≈ 1.6 M-1cm-1, being two order of magnitudes lower than in the
mid-IR. The NIR-VCD spectrum (which provides mirror-image spectrum for the
two enantiomers, as is in the mid-IR) is composed by a single feature in 1 and by a
major feature in 2, accompanied by a minor one at lower energies (longer wave-
lengths) and opposite sign. The major feature reaches approximately the value
Δε� ≈ ±1 x 10-4 for 1 and the value Δε� ≈ ±1.6 x 10-4 for 2, with two orders of mag-
nitude decrease from the fundamental IR stretching region (cfr. Figure 1). The latter
fact, namely that absorption and VCD spectra decrease by similar orders of magni-
tude at each overtone order has been known for some time, even before the advent
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Fig. 2. Calculated conformers of phenyl ethanol (1) (first row as R configuration) and of 2,2,2-triflu-
oro-phenyl ethanol (2) (second row as S configuration). Population factors are reported in brackets.



of DFT calculations [28-30], based on the first extensive application of Van Vleck
perturbation theory to the study of VCD anharmonic spectra [31, 32]. However,
and most importantly, for the same absolute configuration at the stereogenic carbon,
the sign of the major VCD band is reversed. To explain that fact, we first observe
that the (C.I.P.) specification of molecular chirality [33] by Cahn, Ingold, and Prelog
for 1 is such the groups about the sterogenic carbon C* are in the decreasing order:
OH, Phe, CH3, H, while for 2 the order is: OH, CF3, Phe, H. Thereby the (R) con-
figuration for 1, as defined by C.I.P. rule, places the chemical groups in the same
order as for (S)-2, once the substitution CH3 ⇔ CF3 is made (see Figure 2). More-
over, the different conformational properties pointed out above for 1 and 2 give fur-
ther meaning to what is observed: as it happens in borneol, different orientations
of the OH group, are characterized by different signs in the VCD transition. Indeed,
as of Figure 2, the conformer prevailing in 1 is quite different from the conformer
prevailing in 2: in the former case OH tends towards the Phe group (# 2 in C.I.P.
rule), while in the latter case the OH tends towards CF3 (once more # 2 in C.I.P.
rule). We think that this fact provides physical grounds to the C.I.P. rule and the
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Fig. 3. NIR-VCD spectra of the two enantiomers of phenyl ethanol (1) (left) and of 2,2,2-triflu-
oro-phenyl ethanol (2) (right). Spectrum of 1 was recorded in CS2 solvent at 0.1M concentration
in 5 cm quartz cuvette. Spectrum of 2 was recorded in CCl4 solvent at 0.13 M concentration in 2
cm path-length quartz cuvette.



NIR-VCD spectrum is directly related to it. In conclusion, the NIR-VCD spectrum
is directly related to the local structure of the vibrational chromophore, not only as
regards the geometrical characteristics, but also as regards the different electronic
chemical environment, through the electrical anharmonicity parameters. The corre-
sponding IR-VCD spectra, examined extensively by Nafie et al. [14] for several com-
pounds, is not as informative as the NIR-VCD ones. We finally wish to report that
the importance of the first overtone region for the OH-stretching had been pointed
out some time ago by Sandorfy et al. in seminal studies of NIR absorption spectra
of simple alcohols [34].

REFERENCES

[1] Jamrógiewigz M., (2012). Application of the near-infrared spectroscopy in the pharmaceutical
technology. J. Pharm. Biomed. Anal. 66, 1-10.

[2] Henry B.R., (1977). Use of Local Modes in the Description of Highly Vibrationally Excited
Molecules. Accts. Chem. Res. 10, 207-213.

[3] Franko M. & Tran C.D., (2010). Thermal Lens Spectroscopy. Encyclopedia Analytical Chem-
istry, J. Wiley, London.

[4] Swofford R.L., Long M.E., Burberry M.S. & Albrecht A.C., (1977). «Free» O-H overtone
absorption of methanols in the visible region by thermal lensing spectroscopy. J. Chem. Phys.
66, 664-668.

[5] Fang H.L., Swofford R.L., (1982). Photoacoustic spectroscopy of vibrational overtones in
polyatomic molecules. Appl. Optics 21, 55-60.

[6] Lespade L., Rodin S., Cavagnat D., Martin J.J., Cornut J.C. & Abbate S., (1991) Intracavity
dye laser photoacoustic spectroscopy: measurements of the fifth overtone of cyclohexene.
Annales Physique, supplement au n. 2, 16, 145-146.

[7] Kjaergaard H.G. & Howard D.L., (2006) Overtone spectroscopy: a sensitive probe of hydro-
gen bonding. Chemistry in New Zealand, 16-19.

[8] Lawton R.T. & Child M.S., (1981). Local and normal stretching vibrational states of H2O.
Mol. Phys. 44, 709-723.

[9] Lehmann K.K., (1983). On the relation of Child and Lawton’s harmonically coupled anhar-
monic-oscillator model and Darling-Dennison coupling. J. Chem. Phys. 79, 1098.

[10] Mills I.M. & Robiette A.G., (1985). On the relationship of normal modes to local modes in
molecular vibrations. Mol. Phys. 56, 743-765.

[11] Iachello F. & Levine R.D., (1995). Algebraic Theory of Molecules. Oxford University Press,
New York.

[12] Abbate S., Longhi G., Ricard L., Bertucci C., Rosini C., Salvadori P. & Moscowitz A., (1989).
Vibrational Circular Dichroism as a Criterion for Local Mode versus Normal Mode Behavior.
Near infrared Circular Dichroism Spectra of some Monoterpenes. J. Am. Chem. Soc. 111, 836-
840.

[13] Castiglioni E., Lebon F., Longhi G. & Abbate S., (2002). Vibrational Circular Dichroism in
the Near Infrared: Instrumental Developments and Applications. Enantiomer 7, 161-173.

[14] Guo C., Shah R.D., Dukor R.K., Freedman T.B., Cao X. & Nafie L.A., (2006). Fourier trans-
form vibrational circular dichroism from 800 to 10,000 cm-1: Near-IR-VCD spectral standards
for terpenes and related molecules. Vibr. Spectrosc. 42, 254-272.

— 79 —



[15] Keiderling T.A. & Stephens P.J., (1976). Vibrational circular dichroism of overtone and com-
bination bands. Chem. Phys. Lett. 41, 46-48.

[16] Nafie L.A., (2011). Vibrational Optical Activity: Principles and Applications. Wiley, UK.
[17] Abbate S., Longhi G., Castiglioni E. (2012). Near-Infrared Vibrational Circular Dichroism:

Nir-Vcd. In Comprehensive Chiroptical Spectroscopy, Volume 1: Instrumentation, Method-
ologies, and Theoretical Simulations, First Edition. Ed. Berova N., Polavarapu P.L., Nakanishi
K. & Woody R.W., Vol 1, Ch. 10, 247, John Wiley & Sons, Inc.

[18] Gangemi F., Gangemi R., Longhi G. & Abbate S. (2009). Calculations of overtone NIR and
NIR-VCD spectra in the local mode approximation: camphor and camphorquinone. Vibr.
Spectrosc. 50, 257-267.

[19] Abbate S., Castiglioni E., Gangemi F., Gangemi R. & Longhi G., (2009). NIR-VCD, vibra-
tional circular dichroism in the near-infrared: Experiments, theory and calculations. Chirality,
21, S242-S252.

[20] Gaussian09. Frisch M.J., et al. (2009) Gaussian, Inc., Wallingford, CT.
[21] Stephens P.J., (1985). The theory of vibrational circular dichroism. J. Phys. Chem. 89, 748-

752.
[22] Moscowitz A., (1962). Theoretical aspects of optical activity. Part one: small molecules. Adv.

Chem. Phys. Vol IV, 68-112.
[23] Bak K.L., Bludský O. & Jørgensen P., (1995). Ab initio calculations of anharmonic vibrational

circular dichroism intensities of trans-2,3-dideuterio-oxirane. J. Chem. Phys. 103:10548-10555.
[24] Gangemi F., Gangemi R., Longhi G. & Abbate S., (2009). Experimental and ab-initio calcu-

lated VCD spectra of the first OH-stretching overtone of (1R)-(-) and (1S)-(+)-endo-borneol.
Phys. Chem. Chem. Phys. 11, 2683-2689.

[25] Abbate S., Lebon F., Lepri S., Longhi G., Gangemi R., Spizzichino S., Bellachioma G., Ruz-
ziconi R., (2011). Vibrational Circular Dichroism (VCD): a Valuable Tool for Conformational
Analysis and Absolute Configuration Assignment of Chiral 1-([2.2.]Paracyclophan-4-yl)-2,2,2-
trifluoroethanols. ChemPhysChem 12, 3519-3523.

[26] Stephens P.J., Devlin F.J. & Cheeseman J.R., (2012). VCD spectroscopy for Organic Chemists.
CRC Press, Boca Raton, FL.

[27] Wilson E.B. Jr., Decius J.C., Cross P.C., (1955). Molecular Vibrations. McGraw-Hill, New
York, NY.

[28] Abbate S., Longhi G. & Santina C., (2000). Theoretical and experimental studies for the inter-
pretation of vibrational circular dichroism spectra in the CH-stretching overtone region. Chi-
rality 12, 180-190.

[29] Polavarapu P.L., (1996). Vibrational optical activity of anharmonic oscillator. Mol. Phys. 89,
1503-1510.

[30] Abbate S., Gangemi R., Longhi G., (2002). Dipole and rotational strengths for overtone tran-
sitions of a C2-symmetry HCCH molecular fragment using Van Vleck perturbation theory. J.
Chem. Phys. 117, 7575-7586.

[31] Faulkner T.R., Marcott C., Moscowitz A., Overend J., (1977). Anharmonic effects in vibra-
tional circular dichroism. J. Am. Chem. Soc. 99, 8160-8168.

[32] Faulkner T.R., Marcott C., Moscowitz A., Overend J., (1977). Vibrational circular dichroism
in bromochlorofluoromethane and bromochlorofluoromethane-d. Calculation of the rotational
strengths associated with the fundamentals and the binary overtones and combinations. J. Am.
Chem. Soc. 99, 8169-8175.

[33] Cahn, R.S., Ingold, C., Prelog, V., (1966). Specification of molecular chirality. Angew. Chem.
Intl. Ed. 5, 385-415.

[34] Péron, J.-J., Sandorfy, C., (1976). The anharmonicity of the OH stretching vibration of hydro-
gen bonded methanol in binary systems. J. Chem. Phys. 65, 3153-3157.

— 80 —


