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The Fourier transform IR vibrational spectra of amino-ethanol (AE) and its dimer have been recorded at
room temperature and under jet-cooled conditions over the far and mid infrared ranges (50-4000 cm�1)
using the White-type cell and the supersonic jet of the Jet-AILES apparatus at the synchrotron facility
SOLEIL. Assignment of the monomer experimental frequencies has been derived from anharmonic
frequencies calculated at a hybrid CCSD(T)-F12/MP2 level. Various thermodynamical effects in the
supersonic expansion conditions including molar dilution of AE and nature of carrier gas have been
used to promote or not the formation of dimers. Four vibrational modes of the observed dimer have
been unambiguously assigned using mode-specific scaling factors deduced from the ratio between
experimental and computed frequencies for the monomer. The most stable g′Gg′monomer undergoes
strong deformation upon dimerization, leading to a homochiral head to head dimer involving two
strong hydrogen bonds. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972016]

I. INTRODUCTION

Hydrogen bonding plays a major role in defining the orga-
nization of matter, at both molecular and supramolecular lev-
els, with effects ranging from the structuration of liquids to the
shape of biomolecules.1 Of special interest is the intramolec-
ular hydrogen bond, in which the donor and acceptor parts
belong to the same entity. They tune the biomolecules’ fold-
ing patterns and the way in which they interact with each other
or with the solvent. In smaller systems as well, intramolecu-
lar hydrogen bonding has important structural consequences.
Among them, the amino-alcohol motif has attracted particu-
lar interest due to its ubiquity in many life-related systems
such as neurotransmitters or drug design.2 For example, the
presence or absence of a hydrogen bond in 3-aminobutan-2-
ol, which depends on the stereochemistry of the hydroxyl and
amino-bearing carbons, dictates the solid or liquid state of
the molecule at room temperature. In larger systems as well,
the presence or absence of an intramolecular OH· · ·N hydro-
gen bond has important consequences in biological processes,
which has prompted the study of numerous neurotransmitters
based on the amino alcohol motif in the gas phase.3,4

Unless strong steric constraints are imposed by bulky sub-
stituents or cyclic structure,5–7 the most stable structure of
1,2 amino-alcohols isolated in the gas phase or in a van der
Waals matrix displays an intramolecular OH· · ·N hydrogen

a)Email: pierre.asselin@upmc.fr

bond. Depending on the strength of this hydrogen bond and on
the environment, other conformations, either open or involv-
ing an NH· · ·O interaction, may be observed.8 In particular,
the intramolecular H-bond is disrupted in the bulk where
intermolecular H-bonds, in which both nitrogen and oxygen
can act as acceptors, are predominant.9,10 Isomerization from
the most stable structure to a NH· · ·O form has been photo-
chemically induced in a cryogenic matrix.11 Complexation in
jet-cooled conditions may also favor the less stable NH· · ·O
form, as observed in complexes between an aromatic alcohol
and amino-alcohols,12,13 as well as other open forms.4,14

The paradigm for intramolecular OH· · ·N interaction is
1,2 aminoethanol, referred to as AE hereafter. Its conforma-
tion has been the subject of numerous experimental studies in
the microwave15,16 or millimeter range in the gas phase.17 IR
spectroscopy has been reported for AE isolated in a cryogenic
matrix9 or in a supersonic expansion18 in the hydride stretch
region. The vibrational spectroscopy study of gas-phase AE
has been extended to the hydride stretch overtones region.19

The conformational preference of AE in polar or non-polar
solvent has been studied by NMR; the gauche conformation
is always favored.20 Numerous theoretical studies have been
carried out in addition to the experimental approaches.19,21–24

Both gauche effects and intramolecular hydrogen bonds con-
tribute to the increased stability of the gauche forms; while
the gauche effect has been suggested to play a major role in
polar solvents, intramolecular hydrogen bond is dominant in
non-polar solvents or in the gas phase.23,25
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We revisit here the vibrational spectroscopy of AE and
its dimer in the hydride stretch, mid infrared (MIR), and far
infrared (FIR) regions, by means of the Jet-AILES apparatus,
installed on the infrared beamline AILES at the synchrotron
facility SOLEIL.26–28 This experimental setup combines a
continuous supersonic expansion with a pumping capacity
adapted to high molecular flows and a high resolution Fourier
Transform IR (FTIR) spectrometer. It enables probing the
vibrational spectroscopy of gaseous and sublimated vapors of
initially liquid or solid samples controlled in flow and tem-
perature, over the whole IR range. In the first step, such a
versatile spectroscopic probe is used in conjunction with high
level ab initio calculations to characterize the vibrational sig-
natures of the AE monomer and its structural properties. In
the second step, vibrational signatures of the AE dimer are
investigated and compared to ab initio frequency calculations.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Experimental details

Jet-cooled spectra were recorded using the Jet-AILES
apparatus, already described in detail in previous studies, and
coupled to the high resolution Bruker IFS 125 FTIR spectrom-
eter implemented on the AILES beamline at the synchrotron
facility SOLEIL.24 Briefly, a slit nozzle of 60 mm length and
80 µm width was used to expand the sample into an expansion
chamber connected to a set of root pumps delivering a pumping
capacity of about 1800 m3 h�1. Production of AE vapor from
liquid AE (Aldrich, 98% purity) was regulated using a Con-
trolled Evaporation Mixer (Bronkhorst CEM model W303A-
22-K) supplied with a flow of helium or argon as a carrier gas
(Bronkhorst 2-100 standard liter min�1 (slm) model F-202AV)
and liquid AE (Bronkhorst mini CORI-FLOW 1000 g h�1

model M13). To avoid sample condensation, the vapor/carrier
gas line and the stagnation reservoir of the slit nozzle were
both moderately heated at 310 K.

In our supersonic expansion conditions, the backing P0

and residual P1 pressures were typically maintained in the
150-500 Torr and 0.2-0.8 Torr ranges, respectively. Jet-cooled
FT spectra of 200 co-added interferograms were recorded at
0.5 cm�1 resolution with suitable combinations of infrared
sources (Globar, tungsten filament), beamsplitters (compos-
ite, KBr–Ge, Si–CaF2), and detectors (InSb, HgCdTe, Si-
bolometer).

Static absorption experiments at room temperature were
performed by injecting 0.025 Torr of vaporized AE gas in a
multipass cell in which the optics in White-type configuration
were set to obtain 150 m absorption path from a base length
of 2.5 m. Two polypropylene films of 50 µm thickness sepa-
rated the cell from the interferometer for the experiments in the
far-infrared range. Globar/composite/bolometer, Globar/KBr–
Ge/HgCdTe, and tungsten filament/Si–CaF2/InSb configura-
tions were used in the 100-600 cm�1, 700-2000 cm�1, and
3200-3800 cm�1 spectral ranges limited by different band pass
filters, respectively.

B. Theoretical methods

Both AE monomer and dimer structures were opti-
mized at the second order Møller-Plesset (MP2) level, with

the augmented correlation-consistent basis set aug-cc-pVTZ
(AVTZ) of Dunning and co-workers.29,30 MP2 calculations
were performed with the Gaussian09 package.31 Explicitly
correlated coupled cluster calculations (CCSD(T)-F12) were
carried out with the F12b approximation and the aug-cc-
pVDZ (AVDZ) basis set using the Molpro2012.1 package.32,33

Due to computational cost, CCSD(T)-F12 calculations were
limited to the monomer. All geometry optimizations were
performed with the “very tight” convergence criterion and
stationary points were checked with harmonic frequency
calculations.

For the monomer, the anharmonic frequencies were cal-
culated at the MP2/AVTZ level of theory using the vibra-
tional perturbation theory (VPT2) approach as implemented
in Gaussian09.34 Anharmonic corrections obtained thereby
were then used to correct the CCSD(T)-F12/AVDZ harmonic
frequencies using Equation (1) to obtain hybrid CCSD(T)-
F12/MP2 anharmonic frequencies. ω and υ are the harmonic
and anharmonic frequencies, respectively,

υHybrid CCSD (T )−F12/MP2 = ωCCSD (T )−F12 − (ωMP2 − υMP2) .

(1)

The procedure consisting of applying anharmonicity cor-
rections calculated at the MP2 or DFT level to the CCSD(T)-
F12 frequencies led to an excellent agreement between theory
and experiment for floppy molecules as well as H-bonded
systems.28,35

Due to computational cost, a different procedure was fol-
lowed for the dimer. The harmonic frequencies of the dimer
were calculated at the MP2/AVTZ level and scaled by a
mode-specific scaling factor, which takes into account the
anharmonicity pattern specific to each vibration mode.36,37

The mode-specific scaling factor was deduced from the ratio
between the observed and calculated corresponding frequency
of the monomer. It should be noted that this procedure, referred
to as “hybrid CCSD(T)-F12/MP2 level,” is possible only if
there is a direct correlation between the mode of the dimer and
a mode of the monomer.

The hydrogen bonds network was visualized with the
Non-Covalent Interaction (NCI) method.38 This method and
its applications to intramolecular H-bonds have been described
recently in detail.38–40 It rests on a topological analysis of the
electron density ρ and its reduced gradient s(ρ) in regions of
weak electron density and small reduced gradient. The zones
where s(ρ) tends to zero, i.e., zones close to the minima of elec-
tron density, are characteristic of non-covalent interactions.
The visualization was accomplished by plotting iso-surfaces
of the reduced gradient which codes the interactions using a
RGB coloring scheme resting on the sign of the second eigen-
value, λ2, of the Hessian matrix. Iso-surfaces with positive λ2

are coded in red and correspond to repulsive regions, while
iso-surfaces with negative λ2 are coded in blue and corre-
spond to favorable interactions. It should be noted that these
red and blue iso-surfaces correspond to ring critical points
(RCPs) and bond critical points (BCPs), respectively, defined
in the QTAIM approach.41 In the particular case of intramolec-
ular hydrogen bonding, the favorable hydrogen bond is always
accompanied by steric constraints due to the formation of a H-
bonded cycle, which appears as a bicolor blue/red iso-surface.
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Finally, regions with λ2 close to zero correspond to weak delo-
calized interactions like dispersion and are coded in green. The
color intensity and the shape of the iso-surface also give impor-
tant information: the stronger the interaction, the more intense
is the color and larger the reduced electron density in the iso-
surface. Moreover, strong directional interactions appear as
small localized iso-surface, while multicentric or delocalized
interactions appear as extended iso-surfaces. The input elec-
tronic density for the NCI calculations was obtained from the
Gaussian .wfn output file at the MP2/AVTZ level (using Den-
sity = Current keyword), and a cut-off of 0.35 was applied.
The 3-D NCI images were plotted using the VMD software
with an isovalue of 0.4.42

III. EXPERIMENTAL RESULTS

Two spectral regions were mainly investigated, namely
the hydride stretch region (3250-3650 cm�1) and the fin-
gerprint region (850-1850 cm�1), to identify the vibrational
signatures of AE and its dimer. Figure 1 displays a series of jet-
cooled FT spectra recorded for different dilutions of AE/carrier
gas mixtures in the hydride stretch region. An expansion of
helium seeded with AE was used first to avoid cluster for-
mation. In these conditions, only one band at 3567.8 cm�1

is observed (Figure 1(a)) with partially resolved rotational
branches, assigned to the AE monomer. When replacing
helium by argon, AE complexation is expected as evidenced
in previous hydrogen bonded studies.28 At low AE concentra-
tion (Figure 1(b)), two additional features, broader than that
of the monomer (3567.8 cm�1), appear at lower frequencies.
They consist of an intense band at about 3304 cm�1 assigned
to the dimer and a weaker one at 3388 cm�1. At higher AE
concentrations a narrow band at 3430 cm�1 is clearly distin-
guishable, which belongs to the Q branch of the monomer
(Figure 1(c)). Finally, the AE concentration increase from 25
to 100 g/h is correlated with the collective growth of both
broad overlapping bands around 3350 and 3388 cm�1 appar-
ently stronger than that of the 3304 cm�1 band (Figure 1(d)).
On the grounds of only AE concentration effects, no defi-
nite assignment can be proposed. The 3388 cm�1 band first
observed under the same conditions as the dimer band is

FIG. 1. Jet-AILES FTIR spectrum in the bonded OH stretch region of AE
recorded at 0.5 cm�1 resolution for different dilutions of the binary mixture
AE/carrier gas: (a) 50 g/h AE, 30 slm He, (b) 25 g/h AE, 10 slm Ar, (c) 100 g/h
AE, 10 slm Ar, (d) 100 g/h AE, 20 slm Ar. The notations M, D, T, and Q stand
for monomer, dimer, trimer, and tetramer, respectively.

FIG. 2. Jet-AILES FTIR spectrum of AE in the fingerprint region recorded
at 0.5 cm�1 resolution for different dilutions of the binary mixture AE/carrier
gas: (a) 50 g/h AE, 30 slm He, (b) 25 g/h AE, 10 slm Ar, (c) 50 g/h AE, 20
slm Ar. The notations M and D stand for monomer and dimer, respectively.

tentatively assigned to a trimer, while the 3350 cm�1 band
could correspond to a less stable conformer of the trimer or a
tetramer.

The same procedure was followed in the fingerprint
region. The spectrum recorded with helium as a carrier gas
(Figure 2(a)) is expected to contain only monomer bands.
Twelve of them are observed, at 880, 901, 1049, 1093, 1165,
1232, 1280, 1343, 1376, 1397, 1463, and 1625 cm�1 (Table I).
Few bands display an intense Q branch such as those at
901, 1049, 1376, and 1463 cm�1. This rotational signature
will give complementary information about their assignment
(vide infra). Figures 2(b) and 2(c) display jet-cooled spectra

TABLE I. Frequencies observed in the gas-phase (in cm�1) of the AE
monomer and dimer from this work and Ref. 9 are given. Monomer-to-dimer
shifts are also given.

Monomer
Dimer

Jet Cell Jet M-D shift

3567.8 3570a 3304 �266
3430 3422a

3356a

2949a

2882a

2861a

1625 1623a 1579 �46
1463 1462a

1397 1385a

1376 1375a

1343 1359a

1232 1230a

1280
1165
1093 1083a

1049 1037a 1037 �12
901 919 +18
880 858a

774 759a

530 540a

463 460a

210b

aBand maximum in the room temperature cell-FTIR spectrum from Ref. 9.
bBand maximum in the room temperature cell-FTIR spectrum (this work).
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FIG. 3. FT spectra of the AE monomer recorded in the FIR range: bottom,
Jet-AILES spectrum at 0.5 cm�1 resolution with 100 g/h AE, 30 slm He; top,
cell spectrum at 0.1 cm�1 resolution.

recorded with argon as a carrier gas, at different AE con-
centrations. Dimer absorption bands are expected to appear
only in the spectrum recorded in argon and to increase with
concentration, i.e., from Figure 2(b) (with experimental con-
ditions identical to those of Figure 1(b)) to Figure 2(c). This is
the case for the three unstructured bands observed at 919, 1037,
and 1579 cm�1. In the poorly sensitive 700-900 cm�1 range,
jet-cooled spectra were also recorded using the same effects
of dilution and nature of carrier gas to evidence monomer
from dimer absorptions, but no additional dimer absorption
was detected.

Finally, jet-cooled and room temperature cell spectra were
both recorded in the far-infrared range (100-600 cm�1). A
remarkable simplification of the bands observed in the cell is
obtained with the Jet-AILES expansion (Figure 3). Q branches
only broadened by the apparatus function of the FTIR spec-
trometer were observed in the jet-cooled spectrum at 463 and
530 cm�1 while the huge width of bands observed in the cell,
40–100 cm�1 full-width-at-half-maximum typically for those
centered at 210, 457, and 530 cm�1, is probably due to the
unresolved rotational structure of several fundamental bands,
the presence of hot bands and of possible splittings related to
the internal dynamics of AE.

Finally, 17 bands were assigned to the AE monomer and
4 bands to its dimer. The observed frequencies are gathered in
Table I.

In the following paragraph theoretical results will be pre-
sented, namely the set of anharmonic frequencies for the most
stable AE monomers and the corrected harmonic frequencies
for the dimer. The bands observed in the FTIR spectra will
be assigned by comparing the observed frequencies and those

calculated for the different isomers of AE monomer, taking
into account their relative population either in the cell at room
temperature or in the supersonic expansion. In addition, sim-
ulation of the band contours observed in the fingerprint region
will be used to confirm the assignments to the most stable
isomer and assess the contribution of the less stable ones.

IV. THEORETICAL RESULTS AND DISCUSSION
A. Monomer

The conformation of 2-aminoethanol has been extensively
studied as well as its modification upon the complexation with
rare gas, water, or an aromatic alcohol.9,12,14,16,18,21 In the
following, we shall refer to the notation widely used in the
literature, in which the 13 possible conformers are labelled by
three letters.9 The central capital letter refers to the N–C–C–O
dihedral angle, which amounts to ∼+60◦, �60◦, 180◦ for G,
G′, T, respectively. The preceding and following letters g, g′,
and t correspond to rotations of ∼+60◦, �60◦, 180◦ around
C–N (C–C–N–lp dihedral angle, lp being the lone pair on the
N atom) and C–O (C–C–O–H dihedral angle), respectively.
The four most stable isomers of AE are shown in Figure 4.
Cartesian coordinates of each structure are reported in Part
1 of the supplementary material. The most stable conforma-
tion is g′Gg′, as it was concluded in all previous theoretical
and experimental studies. It shows an intramolecular OH· · ·N
hydrogen bond that clearly appears as a bicolor analysis in
the 3D NCI plot, as already reported.19 The signature of the
hydrogen bond appears as the blue component of the pellet
while that of the ring closure corresponds to the red part.
The other conformers are calculated at higher energy and dis-
play a weaker intramolecular hydrogen bond, either OH· · ·N
(gGg′) or NH· · ·O (gGt and tGt). In the three higher-energy
conformers, the weaker H-bonding interaction is accompa-
nied by a lesser ring closure constrain, as evidenced by the
lighter blue and red colors seen in the NCI plots. The stronger
intramolecular interaction in g′Gg′ also manifests itself by
a larger electronic density at the critical point characteristic
of the hydrogen bond (0.0205 for g′Gg′ vs. 0.0119 for gGt,
0.0127 for gGg′ and 0.0113 for tGt). It should be noted also
that the critical density is larger for the conformers showing
an OH· · ·N bond (g′Gg′ and gGt) than those with a weaker
NH· · ·O interaction.

The ground state rotational constants computed at the
MP2/AVTZ level for the four isomers shown in Figure 4
are reported in Table II as well as the planar moment

FIG. 4. 3D NCI plot of the four most stable isomers of AE monomer. The group in front is that acting as a hydrogen-bond donor, namely OH for g′Gg′ and
gGg′ and NH for gGt and tGt. Electronic and [ZPE corrected] relative energy (kJ/mol) at the CCSD(T)-F12/AVDZ level of theory are also reported. Note the
bicolored isosurface characteristic of intramolecular interaction and the more intense color in g′Gg′, which shows a stronger interaction.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-041647
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TABLE II. Calculated hybrid CCSD(T)-F12/MP2 anharmonic frequencies (cm�1) for the four most stable isomers of AE and MP2/AVTZ IR intensities at the
harmonic level (km/mol) are given in parentheses. IR intensities (%) relative to that of νOHb are reported in square brackets for g′Gg′ for easier comparison
between experiment and calculations. IP: in phase vibrations. OOP: out of phase vibrations. Equilibrium rotational constants (denoted by subscript e) at the
CCSD(T)-F12 and MP2 level (in parentheses). Ground state rotational constants (denoted by subscript 0) at the MP2 level (in parentheses). ∆Pcc (u Å2) is the
difference between experimental and calculated planar moment of inertia Pcc.

Ab initio

Isomer: Expt. g′Gg′ gGt gGg′ tGt

Mode
νOHb 3567.8 [100] 3575 (74) [100] 3692 (45) 3631 (37) 3692 (45)
νNH2asym 3430 [10] 3432 (9) [13] 3421 (10) 3441 (10) 3411 (8)
νNH2sym 3357 (1) [2] 3352 (2) 3375 (1) 3344 (2)
νCH asym IP 2959 (28) [38] 2936 (27) 2956 (30) 2951 (22)
νCH asym OOP 2950 (21) [29] 2922 (36) 2942 (27) 2921 (64)
νCH sym IP 2844 (55) [75] 2859 (46) 2927 (38) 2911 (5)
νCH sym OOP 2835 (52) [70] 2834 (45) 2911 (38) 2856 (51)
δNH2 1625 [70] 1622 (29) [39] 1570 (33) 1615 (27) 1583 (22)
δCH2 1469 (1) [2] 1466 (4) 1460 (1) 1469 (5)
δCH2 1463 [30] 1457 (5) [7] 1455 (5) 1440 (5) 1442 (3)
ωCH2 1397 [100] 1403(47) [64] 1419 (3) 1384 (20) 1408 (1)
ωCH2 1376 [40] 1373 (13) [18] 1376 (6) 1368 (15) 1361 (1)
δCOH 1343 [20] 1341 (7) [9] 1304 (7) 1357 (6) 1349 (9)
τNH2 1280 [10] 1293 (3) [4] 1250 (33) 1314 (4) 1271 (23)
τCH2 1232 [40] 1236 (24) [32] 1220 (3) 1199 (11) 1224 (17)
τCH2 1165 [20] 1166 (7) [9] 1147 (0) 1169 (1) 1136 (2)
νCN,CO sym 1093 [210] 1098 (44) [59] 1090 (36) 1097 (35) 1102 (10)
νCN,CO asym 1049 [240] 1045 (52) [70] 1077 (18) 1034 (15) 1074 (71)
τNH2 986 (7) [9] 1024 (56) 1028 (72) 1001 (23)
ωNH2 901 [40] 901 (46) [62] 885 (5) 866 (14) 882 (62)
νCC 880 [30] 869 (14) [19] 853 (54) 806 (104) 842 (85)
ωNH2 774 [180] 787 (85) [115] 820 (85) 819 (5) 815 (38)
τOH 530 [70] 497 (90) [121] 495 (15) 517 (13) 505 (17)
τOH 463 [20] 495 (32) [43] 345 (4) 389 (100) 339 (25)
δOCCN 318 (1) [1] 246 (45) 320 (1) 254 (27)
τNH2 210 237 (11) [15] 188 (109) 121 (11) 228 (88)
τOCCN 175 (6) [8] 168 (10) <102a (72) 164 (23)

Ae 0.4843 (0.4831) 0.5036 (0.5026) 0.4825 (0.4829) 0.4989 (0.4989)
A0 0.4840b (0.4699) (0.4958) (0.4781) (0.4948)
Be 0.1878 (0.1888) 0.1824 (0.1831) 0.1877 (0.1877) 0.1787 (0.1790)
B0 0.1850b (0.1859) (0.1805) (0.1845) (0.1768)
Ce 0.1544 (0.1549) 0.1517 (0.1521) 0.1509 (0.1510) 0.1499 (0.1500)
C0 0.1525b (0.1533) (0.1501) (0.1490) (0.1482)
Pcc �166.9b

�164.9 �171.7 �169.2 �175.1
∆ Pcc · · · �2.0 4.8 2.3 8.2

aHarmonic value. A failure of VPT2 on this mode leads to negative anharmonic frequency.
bReference 16.

of inertia Pcc and its difference ∆Pcc with the experimental
value. The ground state rotational constants are very similar to
each other. In particular, both g′Gg′ and gGg′ isomers could
match the experimental constants obtained by Tubergen et al.16

On the basis of energetic criteria and∆Pcc, the observed isomer
can be safely assigned to g′Gg′, in agreement with Tubergen’s
conclusions. Very good agreement between our calculations
and the experiment was found for B0 and C0 within 0.5%.
On the other hand, the agreement is not satisfactory for A0

which shows an error of 3% relative to the experimental value.
As the Ae values calculated at the MP2 or CCSD(T)-F12
levels are nearly identical (0.4831 cm�1 and 0.4843 cm�1,
respectively), the difference between MP2 and experimental
A0 values is not due to a problem of electronic correlation

treatment but rather to an overestimation of the anharmonic
correction.

The hybrid CCSD(T)-F12/MP2 anharmonic frequencies
of the four most stable isomers of AE are reported in Table II
as well as the corresponding experimental data. Harmonic and
anharmonic MP2/AVTZ frequencies are reported in Part 2 of
the supplementary material, as well as harmonic CCSD(T)-
F12/AVDZ frequencies.

The IR vibrational signatures computed for the four
AE isomers clearly differ from each other. Comparison of
the computed anharmonic frequencies and those attributed
to the AE monomer in the experimental spectrum leads
to the unambiguous conclusion that the observed isomer is
g′Gg′. The agreement between the theory and experiment is

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-041647
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excellent for the frequencies between 3600 and 900 cm�1 (with
a root-means-square deviation (RMSD) of 4 cm�1 and a max-
imum deviation of 7 cm�1). It is however less satisfactory for
the frequencies below 900 cm�1, with an RMSD of 25 cm�1

and a maximum deviation of 33 cm�1. This reflects the limits
of the VPT2 approach and its difficulties in describing large
amplitude low frequency vibrational modes.43

We searched for other contributions than the fundamental
bands of the g′Gg′ isomer of the AE monomer in the FTIR
spectra. An additional proof of the spectral assignments can
be provided by band contour simulations of the most intense
fundamental bands of the four most stable isomers of AE.
The simulation has been performed in the 800-1850 cm�1

fingerprint region using the computed ground and excited
state rotational parameters, band centers, and intensities. The
intensity cutoff for g′Gg′ is 7 km/mol, which represents our
detection threshold in jet. A relatively low cutoff (30 km/mol)
is fixed for the less stable ones to account for the error bar
in the calculated intensities. The band type has been deter-
mined from the projection of the dipole moment derivatives
on the principal inertia axes using the IOP(7/33 = 1) key-
word in Gaussian09 for MP2/AVTZ harmonic frequencies
calculation.

In the first step, vibrational signatures of the three less
stable isomers in jet-cooled conditions should be assessed.
Especially in the 800-1100 cm�1 range, the cumulative inten-
sities of ωNH2 , νCC, and the in-phase or out-of-phase com-
binations of the CN and CO stretches (noted νCN,CO sym and
νCN,CO asym hereafter), as well as weaker νCC stretches of gGt,
gGg′, and tGt, could lead to a residual spectral background
which would result to an overestimated experimental inten-
sities of both symmetric and asymmetric νCN,CO stretching
bands at 1049 and 1093 cm�1 (Table II). The progressive
disappearance of such a background in both spectra of Fig-
ures 2(b) and 2(c) correlates well with a more efficient relax-
ation towards the most stable isomer g′Gg′ in argon seeded
expansions.

A delicate point is to properly estimate the relative pop-
ulation of the isomers g′Gg′/gGt/gGg′/tGt (predicted to be
76/8/8/8 at room temperature from a Boltzmann distribution
calculation). From the jet-cooled FTIR spectra it is out of reach
to derive the vibrational temperature in absence of hot bands
and thereby to calculate the Boltzmann distribution. However,
we could extract an upper limit for this relative population
of the isomers by considering the νOHb mode, experimentally
observed for the g′Gg′ isomer (Figure 1) with a signal-to-noise
ratio of about 20. In gGt, gGg′, and tGt, the corresponding
mode is expected to be 50–120 cm�1 higher in energy than in
g′Gg′, but is not observed (Table II). Taking into account the
intensities calculated for the four isomers (Table II), the upper
limit of the relative population could be estimated to 82/6/6/6,
which represents the most favorable case to observe less sta-
ble isomers in the jet-cooled spectra. Introducing this ratio in
our band contour simulations proves that the contribution of
less stable isomers is almost negligible in the fingerprint region
(Figure 5(c)), even in the 800-1100 cm�1 range where the con-
tribution of less stable isomers only cannot explain the large
differences observed between the experimental and theoretical
intensities of both νCN,CO sym and νCN,CO asym bands.

FIG. 5. Comparison between the He seeded jet-cooled FTIR spectrum of AE
50 g/h AE, 30 slm He, 0.5 cm�1 resolution (a) and simulated band contours
of AE for the g′Gg′ isomer (b) for gGt, gGg′, and tGt isomers (c).

On the other hand, the cumulative intensities of the bands
due to less stable isomers in the FIR range (180-400 cm�1) are
of the same order as that due to the g′Gg′ isomer (Table II). Low
frequency motions such as τNH2 , and in lesser extent δOCCN

bands of gGt and tGt, should notably contribute to the 100 cm�1

fwhm band centered at 210 cm�1. On the other hand, the τOH

band of gGg′ calculated at 389 cm�1 agrees well with the small
shoulder unassigned until now and observed at ∼380 cm�1 in
the cell spectrum (Figure 3).

Band contour simulations of the main fundamentals of
the most stable g′Gg′ isomer are shown in Figure 5(b)
for the fingerprint region and compared to the jet-cooled
FTIR spectrum recorded in helium (Figure 5(a)). A rel-
atively good agreement is observed between experimen-
tal and calculated band contours, except for the νCC and
δNH2 bands at 901 and 1625 cm�1 for which the band
contour differences observed could indicate the presence
of vibrational coupling with low-frequency large amplitude
motions.

Finally, the most intense combination or overtone bands
of the g′Gg′ isomer have been examined to check if they
could contribute to the jet-cooled FTIR spectra. Although
VPT2 undergoes some limitations for overtone bands,44 a
satisfactory agreement is obtained between our calculations
and the 2νOHb and 2νNH2 asym or 2νNH2 sym modes observed
by Thomsen et al. at 6944 cm�1 and 6613 cm�1.19 The cor-
responding frequencies calculated here are 6957 for 2νOHb

and 6717 and 6639 cm�1 for 2νNH2 asym or 2νNH2 sym, respec-
tively, which gives confidence in the proposed assignments.
Three combination bands are therefore likely to appear in the
fingerprint region: the (τNH2 + τOCCN) mode at 1047 cm�1

(intensity ≈ 20 km/mol) contributes to the background below
the νCN,CO asym band, and both (τCH2 + τNH2 ) and (νCN,CO asym

+ δOCCN) modes located at 1403 and 1416 cm�1 with inten-
sities of 14 and 10 km/mol, respectively, could be involved
in the shoulder on the high-energy side of the ωCH2 mode at
1397 cm�1.

B. Dimer

Due to the competition between inter- and intra-molecular
hydrogen bonding, several dimer geometries should be taken
into account. The anticipated structures, depicted in Figure 6,
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FIG. 6. Schematic anticipated structures for the AE dimer.

are as follows: first, the insertion structure is obtained by insert-
ing the OH group of a sub-unit into the hydrogen bond of the
other. An OH· · ·OH· · ·NH2 motif is formed. Although the
intramolecular OH· · ·N bond of the acceptor is not disrupted,
it is slightly distorted so that the OH group of the donor can
be inserted. As a result, the OH of the donor acts as a double
donor, towards the two NH2 groups, as well as an acceptor
from the OH of the other molecule in the addition structure,
monomers are bounded by only one OH· · ·N intermolecular
bond. In the head-to-head structure, the two intramolecular
hydrogen bonds open up. The monomers are bounded by two
OH· · ·N intermolecular bonds, forming a cyclic dimer as in the
case of carboxylic acid.45 Except from the acceptor unit of the
insertion structure, dimers are composed of the less stable gGt
monomeric form. Although kinetics of dimerization is hard
to assess, the OH· · ·N intramolecular hydrogen bond of the
g′Gg′ form seems to open up to the benefit of strong OH· · ·N
intermolecular interactions so that the monomers adopt a struc-
ture optimizing intramolecular NH· · ·O interactions. It should
also be noted that, like ethylene glycol, AE has transient chiral-
ity and may be cooled down in its P or M enantiomer.46 Dimers
of identical or opposite chirality have therefore been taken
into account in the conformational search and optimization
procedure.

The energetics of selected dimers is presented in Table III
as well as relevant molecular parameters. The optimized Carte-
sian coordinates of each structure are reported in Part 3 of
the supplementary material. The 3-D NCI plots as well as
densities at the relevant critical points are reported in Part
4 of the supplementary material. The dimers listed in Table
III are not exhaustive and must be seen as illustrative exam-
plesof the possible structures (Fig. 7). The monomer geometry

FIG. 7. MP2/AVTZ calculated structures listed in Table III. (a) Homochiral
head-to-head (b) heterochiral head-to-head (c) addition structure (d) insertion
structure.

is strongly distorted in all the calculated structures. Insertion
and addition dimers can be safely discarded as they lie much
higher in energy than head-to-head dimers. Moreover, the non-
equivalence of the OH groups in addition dimers results in
distinct OH stretch bands of comparable intensity, which does
not correspond to the observed spectrum (see hereafter).

The head-to-head dimer can be formed either in a
homochiral or heterochiral manner. The homochiral dimer
is by far the most stable one. Chirality synchronization has
been already observed in systems showing transient chirality,
either homochiral preference as in the ethylene glycol dimer
or preference for monomers of opposite chirality like in the 2-
fluoroethanol dimer.47,48 In the case described here, the energy
difference amounts to 9.8 kJ/mol. The structural differences
between heterochiral and homochiral dimers are related to the
balance between intermolecular and intramolecular hydrogen
bonds. The heterochiral dimer shows longer intermolecular
OH· · ·N hydrogen bonds, not completely counterbalanced by
stronger intramolecular NH· · ·O bonds. From energetic con-
siderations, the observed dimer can be safely assigned to the
homochiral head-to-head dimer. This assignment is confirmed
by the analysis of the IR spectrum, performed using the

TABLE III. Energetics of selected stable structures of the dimer at the MP2/AVTZ level of theory. For dissymmetric dimers, M1 (M2) stands for the molecule
located on the left (right) hand side in Figure 6.

Molecule ∆Ea (kJ/mol) Structure OH· · ·N (intra) (Å) NH· · ·O (intra) (Å) OH· · ·N (inter) (Å) O–C–C–N angle (deg)

Monomer . . . g′Gg′ 2.23 . . . . . . 57
Head-to-head homochiral 0 Distorted gGg′ . . . M1: 2.51 M1: 1.89 M1: 55

M2: 2.51 M2: 1.89 M2: 55
Head-to-head heterochiral +9.8 M1: gG′g′ . . . M1: 2.29 M1: 1.89 M1: �49

M2: g′Gg M2: 2.29 M2: 1.89 M2: 49
N-addition +26.7 M1: tGt (donor) . . . M1: 2.49

M1: 1.87
M1: 60

M2: tGg (acceptor) M2: 2.46 M2: 60
Insertion +14.5 M1: Distorted g′Gg′ M1: 2.76 OH(M2)· · ·N(M1): 1.96

M1: 56
M2: Distorted gGg′ M2: 2.65 . . .

M2: 63
(inserted) OH(M1)· · ·O(M2): 1.84

aHarmonic ZPE-corrected.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-041647
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TABLE IV. Harmonic frequencies ω of the most intense MP2/AVTZ vibrational modes, experimental frequencies ν for the AE dimer and monomer, scaling
factor ν/ω, and scaled frequencies for the dimer (see text). IR intensities for the dimer are given in parentheses (km/mol). Frequency shifts from corresponding
monomer frequencies are reported in squared brackets. All wavenumbers are in cm�1. IP: in phase vibrations. OOP: out of phase vibrations.

AE monomer (g′Gg′) AE Dimer (head to head homochiral)

Expt. Ab initio Ab initio Expt.

Mode ν ω ν/ω Mode ω (IR int) Scaled ν

νOH 3567.8 3733 0.956 OOP 3412 (1728) 3261 [�307] 3304 [�264]
IP 3383 (74) 3234 [�334] . . .

δNH2 1625 1651 0.984 IP 1630 (63) 1605 [�20] 1579 [�46]
. . . . . . . . . . . . 1139 (44) . . . . . .
νCN, CO sym 1093 1125 0.972 IP 1135 (46) 1103 [+10] . . .

OOP 1124 (59) 1093 [0] . . .
νCN, CO asym 1049 1075 0.976 OOP 1057 (58) 1032 [�17] 1037 [�12]

901 934 0.965 OOP 954 (199) 921 [+19] 919 [+18]
τOH 530 555 0.955 OOP 805 (68) 769 [+239] . . .

MP2/AVTZ harmonic frequencies scaled by the mode-
specific scaling factor. The assignment has been done tak-
ing into account the most intense modes (>40 km/mol)
of the most stable conformer (head to head homochiral
dimer) in the spectral windows covered by the experiment.
Table IV gathers the selected computed frequencies for the
head-to-head homochiral dimer and the g′Gg′ monomer,
as well as the corresponding experimental frequencies and
the mode-specific scaling factors. Experimental and theo-
retical frequency shifts from monomer to dimer are also
reported.

The analysis of Table IV leads to the following obser-
vations. First, the scaling factor for the modes involving the
OH group (ν(OH) and τ(OH)) is very close to the 0.958 value
proposed as an “average” scaling factor for the MP2/AVTZ
method.37 Second, the agreement between calculated and
experimental frequencies depends on the mode: both scaled
frequencies and shifts are in excellent agreement with exper-
iment, for the mode observed at 919 and 1037 cm�1. The
agreement is not as good but still satisfactory for the defor-
mation mode involving the NH2 group δNH2 . The discrepancy
arises from the fact that the scaling factor calculated from
the monomer does not take into account the anharmonicity
arising from the coupling with intermolecular vibrational
modes. This effect often is important in hydrogen-bonded sys-
tems, especially when water is involved.43,49–51 The red shift
of νOH is overestimated in our calculation, most probably
due to both the well-known overestimation of the hydrogen
bond strength by MP2, the modification of both diagonal and
non-diagonal anharmonicity upon dimerization, and the uncal-
culated coupling with intermolecular modes.52,53 Moreover,
the strong IR intensity (1728 km/mol) calculated for the out of
phase νOH mode is consistent with the strong band observed at
3304 cm�1. The νCN,CO sym band observed at 1093 cm�1 for the
AE monomer is computed nearly unchanged in the dimer and
might be hidden by that of the monomer. However the small
shoulder present around 1105 cm�1 (see Figure 2(c)) could cor-
respond to the in phase νCN,CO sym but also to the delocalized
mode with a harmonic frequency of 1139 cm�1. For this mode,
there is no direct correspondence between a monomer and the
dimer mode, due to the deformation of the monomer upon

dimerization. The use of the scaling procedure was therefore
not possible. Both modes are weak and the shoulder proba-
bly is a superposition of the two of them. The in phase νOH

stretch and the out of phase τOH torsion are not assigned,
probably due to an overestimation of their harmonic intensity.

For other dimer conformations, the most intense νOH

stretching modes are shifted from that of the head to head
homochiral. The shift amounts to +14 cm�1, �61 cm�1, and
+53 cm�1 for the head to head heterochiral, the insertion,
and the addition conformers, with intensity of 1342, 644, and
1027 km/mol, respectively. The MP2/AVTZ harmonic fre-
quencies of the 4 dimer structures are gathered in Part 5 of
the supplementary material. The νOH stretch of the addition
dimer could be responsible for the small band observed at
3388 cm�1, 84 cm�1 higher in energy than that of the head
to head homochiral. However, this conformer can be safely
ruled out from energetic considerations as it is destabilized by
26 kJ/mol relative to the most stable form. As mentioned in
the experimental part, this band is probably the signature of a
larger AE complex.

V. CONCLUSIONS

The FTIR vibrational spectra of amino-ethanol and its
dimer have been recorded in jet-cooled conditions in three
different regions, namely, the hydride stretch region (3250-
3650 cm�1), the fingerprint region (850-1850 cm�1), and the
far-IR region (150-650 cm�1), using the Jet-AILES appara-
tus at the synchrotron facility SOLEIL. These experiments
confirm that the main monomer observed in jet-cooled condi-
tions is the g′Gg′ form, which is responsible for all the bands
observed in the hydride stretch and fingerprint regions. Less
abundant conformers, namely gGt and tGt, could contribute
to the room temperature spectrum in the far-IR region. Both
energetic and spectroscopic criteria also show that the exper-
imentally observed AE dimer is the head-to-head homochi-
ral one, in which the intramolecular hydrogen bond of the
monomer opens up to form a head-to-head dimer involv-
ing two strong hydrogen bonds. The transient axial chirality
of the two monomers has to be synchronized for optimal
interaction between them, as already observed in diols.46 The
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work conducted here also shows that correcting the harmonic
frequencies calculated at the CCSD(T)-F12/aug-cc-pVDZ
level by anharmonicity corrections arising from anharmonic
calculations at the MP2/aug-cc-pVTZ level yields satisfac-
tory results for the monomer, at an affordable calculation cost.
Mode-specific scaling factors deduced from the ratio between
experimental and computed frequencies for the monomers
have been used for the assignment of the dimer, with a satisfac-
tory agreement between experimental and theoretical results.

SUPPLEMENTARY MATERIAL

See supplementary material for the Cartesian coordinates,
the harmonic and anharmonic frequencies computed of the
four most stable conformers of aminoethanol monomer (parts
1 and 2, respectively) and dimer (parts 3 and 4, respectively),
and for the NCI 3-D plots of the four most stable conformations
of aminoethanol dimer (part 5).
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A. Peremans, J. Phys. Chem. A 105, 6841 (2001).
51K. Mackeprang, H. G. Kjaergaard, T. Salmi, V. Hänninen, and L. Halonen,

J. Chem. Phys. 140, 184309 (2014).
52M. Goubet, B. Madebene, and M. Lewerenz, Chimia 58, 291 (2004).
53M. Heger, M. A. Suhm, and R. A. Mata, J. Chem. Phys. 141, 101105 (2014).

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-041647
http://dx.doi.org/10.1021/cr050970a
http://dx.doi.org/10.1021/jp205267c
http://dx.doi.org/10.1039/b203846c
http://dx.doi.org/10.1039/b203846c
http://dx.doi.org/10.1039/C5CP00576K
http://dx.doi.org/10.1039/C5CP00576K
http://dx.doi.org/10.1021/jp1095536
http://dx.doi.org/10.1039/c1cp20939f
http://dx.doi.org/10.1039/c1cp20939f
http://dx.doi.org/10.1016/S0022-2860(00)00396-3
http://dx.doi.org/10.1016/S0022-2860(98)00794-7
http://dx.doi.org/10.1016/0378-3812(95)02902-8
http://dx.doi.org/10.1016/0378-3812(95)02902-8
http://dx.doi.org/10.1063/1.445568
http://dx.doi.org/10.1016/j.molstruc.2004.01.020
http://dx.doi.org/10.1039/B315952C
http://dx.doi.org/10.1039/b212199a
http://dx.doi.org/10.1063/1.1676133
http://dx.doi.org/10.1063/1.1612919
http://dx.doi.org/10.1016/S0022-2852(02)00056-5
http://dx.doi.org/10.1139/v04-046
http://dx.doi.org/10.1021/jp405512y
http://dx.doi.org/10.1021/ol7020077
http://dx.doi.org/10.1021/jp013211e
http://dx.doi.org/10.1021/ja00784a008
http://dx.doi.org/10.1021/jp971022j
http://dx.doi.org/10.1002/(SICI)1097-461X(1996)59:3<227::AID-QUA6>3.0.CO;2-
http://dx.doi.org/10.1002/mrc.1512
http://dx.doi.org/10.1021/jp111507z
http://dx.doi.org/10.1039/c3cp44305a
http://dx.doi.org/10.1039/c3cp55047h
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1002/wcms.82
http://dx.doi.org/10.1002/wcms.82
http://dx.doi.org/10.1063/1.3695210
http://dx.doi.org/10.1021/jp2115753
http://dx.doi.org/10.1002/cphc.201001023
http://dx.doi.org/10.1021/jp508422u
http://dx.doi.org/10.1021/ja100936w
http://dx.doi.org/10.1021/jp204278k
http://dx.doi.org/10.1039/c3cp52774c
http://dx.doi.org/10.1016/0009-2614(92)85247-8
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1021/ct2003308
http://dx.doi.org/10.1021/jp710066f
http://dx.doi.org/10.1039/C4CP05684A
http://dx.doi.org/10.1002/anie.201600603
http://dx.doi.org/10.1002/anie.200800957
http://dx.doi.org/10.1016/j.molstruc.2005.09.022
http://dx.doi.org/10.1039/B517814B
http://dx.doi.org/10.1021/jp010218n
http://dx.doi.org/10.1063/1.4873420
http://dx.doi.org/10.2533/000942904777677803
http://dx.doi.org/10.1063/1.4895728

