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Unusual H-Bond Topology and Bifurcated H-bonds in the
2-Fluoroethanol Trimer
Javix Thomas, Xunchen Liu, Wolfgang J�ger, and Yunjie Xu*

Abstract: By using a combination of rotational spectroscopy
and ab initio calculations, an unusual H-bond topology was
revealed for the 2-fluoroethanol trimer. The trimer exhibits
a strong heterochiral preference and adopts an open OH···OH
H-bond topology while utilizing two types of bifurcated H-
bonds involving organic fluorine. This is in stark contrast to the
cyclic OH···OH H-bond topology adopted by trimers of water
and other simple alcohols. The strengths of different H-bonds
in the trimer were analyzed by using the quantum theory of
atoms in molecules. The study showcases a remarkable
example of a chirality-induced switch in H-bond topology in
a simple transient chiral fluoroalcohol. It provides important
insight into the H-bond topologies of small fluoroalcohol
aggregates, which are proposed to play a key role in protein
folding and in enantioselective reactions and separations where
fluoroalcohols serve as a (co)solvent.

Noncovalent interactions involving organic fluorine exert
an enormous influence on the biological, chemical, and
pharmaceutical properties of fluorinated compounds.[1] Fluo-
roalcohols are well known co-solvents for studying the
secondary and tertiary substructures of polypeptides and
proteins in aqueous solution.[2] More recently, their applica-
tions have been extended to enantioselective hydrogenations
with chiral self-assembling catalysts and to enantioselective
separations of a number of chiral metal–organic frame-
works.[3] One important property of these fluoroalcohols is
their transient chirality, which enables chirality induction,
amplification, and synchronization events.[4a,b] Another inter-
esting aspect is how well organic fluorine can serve as
a hydrogen (H)-bond acceptor, a subject that is being actively
researched and hotly debated.[5] While spectroscopic tech-
niques such as NMR, FTIR, and electronic circular dichroism
have greatly enriched our understanding of the roles of
fluoroalcohols in the aforementioned processes, the mecha-
nisms of these fascinating events are still not well understood.
Although small clusters of fluoroalcohols have been identi-
fied as playing a key role in protein folding through the aid of
molecular dynamics simulations,[6] detailed information on
the H-bond topologies, especially the role of organic fluorine,

is still lacking. To fully appreciate these complex events
involving fluoroalcohols, a rigorous description of small
fluoroalcohol clusters is essential. Suhm and co-workers
have taken a bottom-up approach by studying dimers and
trimers of fluoroalcohols with and without water by using low
resolution jet-cooled FTIR and Raman spectroscopy.[4] By
adding one solvent molecule at a time, detailed structural and
energetic information about the crucial initial few steps of
solvation and self-aggregation can be obtained and used as
a benchmark to further improve the related theoretical
modelling.

High-resolution FT microwave (MW) spectroscopy pro-
vides significant advantages in distinguishing the conformers
of monomers or aggregates because their unique moments of
inertia and dipole selection rules lead to well separated
rotational transition frequencies.[7–9] The recent triumph of
FTMW spectroscopy in detecting and providing detailed
structural and energetic information about small to mid-sized
water clusters highlights these advantages and demonstrates
the importance of such stringent experimental tests for
advancing theoretical modelling.[10] Because of the significant
challenges in assigning their rotational spectra, very few
FTMW studies of trimers and higher clusters of organic
molecules have been reported so far. Examples are trimers
and tetramers of difluoromethane held together by weak H-
bonds[11] and the phenol trimer.[12b] Herein, we report
a detailed FTMW spectroscopic and ab initio study of the
trimer of the transiently chiral 2-fluoroethanol (FE). Our
study reveals an unusual H-bond topology for the FE trimer
and significant roles for OH···FC and bifurcated H-bonds in
stabilizing the particular binding arrangement.

In contrast to water and ethanol, FE has both hydro-
phobic and hydrophilic domains and an F atom that can act as
an H-bond acceptor. While ethanol exhibits subtle gauche–
trans isomerism, both FE and trifluoroethanol (TFE) exist in
one dominant gauche form.[4a, 13] Previous molecular self-
recognition studies on the dimer of FE[4c,14] show only a slight
preference for the heterochiral species, while the TFE
dimer[4a, 15] exhibits a strong homochiral preference. In the
liquid state, on the other hand, the trans/gauche ratio
increases to 40:60 for TFE, whereas the trans form of FE is
only slightly populated even at a much elevated temperature
of 156 88C.[16] It is thus of great interest to evaluate the effects
of monomeric conformational distribution, the associated
transient chirality, and the H-bond interactions with fluorine
in small clusters of FE and eventually to make a connection to
the microstructures in the FE liquid.

In terms of the detailed H-bond topology of trimers, water
and the small alcohols methanol and ethanol have been
shown to favour a cyclic H-bonded ring structure in which
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each molecule serves simultaneously as an H-bond donor and
acceptor, utilizing the classical OH···OH H-bonds and
emphasizing cooperativity.[17–19] Both TFE[4a] and phenol[12]

were reported to have a cyclic OH···OH H-bonded ring for
their most stable ternary clusters, even though phenol
includes a bulky aromatic unit. Similarly, methyl lactate,
a derivative of methanol, exhibits an analogous cyclic H-
bonded ring and strongly favours the homochiral ternary
combination.[4b, 20] We note that no previous structural iden-
tification was reported for the FE trimer, although some IR
bands observed in a jet expansion were tentatively identified
as being due to FE clusters beyond the dimer.[4c]

To aid with the spectral search, extensive ab initio
calculations were carried out to explore the conformational
landscape of the FE trimer. FE is a transiently chiral species
with two structurally relevant dihedral angles, t(FCCO) and
t(CCOH), which can take on g + (+ 6088), g- (¢6088), and t (088)
conformations. The monomer therefore has nine possible
conformations, including four enantiomeric pairs, classified
into five groups: G¢g + /G + g¢, G¢t/G + t, Tt, Tg¢/Tg + ,
and G¢g¢/G + g + , in order of decreasing stability. The
capital and small letters stand for t(FCCO) and t(CCOH),
respectively. Based on the related trimer structures, similar
cyclic OH···OH H-bonded ring structures were explored for
the FE trimer with subtly different orientations of the
hydroxy and aliphatic/fluorinated parts. One particularly
aesthetic structure is conformer II (Figure 1), an oblate
symmetric top in which two intermolecular H-bonded rings
coexist to give the usual cyclic OH···OH and a CH···FCH H-
bonded ring. This homochiral conformer is the most stable
cyclic ring structure identified and has a large c-type dipole
moment component. One therefore expects an easily recog-
nizable symmetric top spectral pattern. Despite intensive
efforts since 2008, no spectrum could be assigned based on
this or any other related cyclic H-bonded ring structures.[21]

The unsuccessful trials indicated that the FE trimer perhaps
takes on a drastically different binding topology.

Although only the G¢g + /G + g¢ enantiomeric pair was
detected as the monomer and as the building block in the FE
dimer experimentally (the next monomeric enantiomeric pair
is more than 7 kJmol¢1 less stable),[4c,14] we considered all
possible ternary combinations of the monomeric subunits
from the above five groups, giving 125 starting geometries.
Furthermore, we recognized that chirality plays an important
role in the conformational stability of the ternary system and
more subtle conformal changes were thus explored by
switching the chirality of particular subunits in a FE trimer.
The structures of 28 low-energy conformers were re-opti-
mized at the MP2/6-311 ++ G(2d,p) level and their true
minimum natures were confirmed by harmonic frequency
calculations. The geometries of the four most stable con-
formers are shown in Figure 1 and their calculated relative
energies and spectroscopic constants are given in Table 1,
while the corresponding information for the other less stable
conformers is provided in Figure S1 and Table S1 in the
Supporting Information.

The conformers of the FE trimer are named for their
monomeric constituents and their relative stability ranking is
indicated by Roman numerals, with I being the most stable.
For simplicity, we will use Roman numerals to denote
particular conformers in the remainder of the paper. Not
surprisingly, all four of the most stable conformers are made
of the G + g¢/G¢g + monomeric subunits. What is surprising
is that the predicted most stable trimer (I) is heterochiral and
does not possess a cyclic OH···OH H-bonded ring. The
homochiral oblate top (II), which has the usual OH···OH
cyclic ring, is approximately 3.3 kJmol¢1 less stable, or
0.9 kJmol¢1 after BSSE correction, than I. As can be seen
from Table 1, I and II are expected to have vastly different
rotational transition frequencies, obeying different selection
rules. In fact, all four conformers can be easily identified by
their rotational spectra.

Preliminary searches for the FE trimer were done by using
a chirped pulse (CP) and a cavity-based FTMW spectrome-

Table 1: Relative energies and spectroscopic constants of the four most
stable conformers of the FE trimer at the MP2/6-311 + + G(2d,p) level of
theory.

Parameter[a] I II III IV

DDe 0.00 4.15 5.23 5.63
DDe

BSSE 0.00 1.77 2.79 3.22
DD0 0.00 3.32 4.55 4.74
DD0

BSSE 0.00 0.93 2.11 2.32
A 844 677 798 895
B 610 677 582 481
C 455 465 438 388
jma j 1.33 0.00 0.03 1.84
jmb j 0.74 0.00 0.00 1.50
jmc j 1.12 2.07 2.21 0.41

[a] DDe, DDe
BSSE, DD0, DD0

BSSE are the raw, basis set superposition error
(BSSE)-corrected,[26] zero-point energy (ZPE)-corrected, and both ZPE-
and BSSE-corrected relative dissociation energies in kJmol¢1, respec-
tively. A, B, and C are rotational constants in MHz, and jma,b,c j is the
magnitude of the electric dipole moment components in Debye.

Figure 1. Geometries of the four most stable conformers of the FE
trimer. C orange, O red, F yellow. The OH···OH and OH···FC H-bonds
are shown in red and CH···FC/CH···OH H-bonds in blue.
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ter[22, 23] in the 7.7–11.7 and 3.7–7.7 GHz regions, respectively.
Strong transitions resulting from the FE monomer[13] and
dimer[14] could be eliminated, thereby greatly facilitating the
spectral assignment of the FE trimer. A total of 60 observed
transitions of a-, b- and c-types were assigned and fitted by
using WatsonÏs S-reduction[24] Hamiltonian in its Ir represen-
tation with the Pgopher program.[25] The experimental
spectroscopic constants are summarized in Table 2, while
the fitted transition frequencies are summarized in Table S2
in the Supporting Information. The experimental rotational
constants and the relative a-, b- and c-type transition
intensities are consistent only with I, with the maximum
deviation of the experimental constants from the theoretical
ones being approximately 2.9%. The signs of the distortion
constants were also reproduced by a harmonic force field
calculation of I.

Considerable efforts were spent to identify spectra of II–
IV but without success. We note that the remaining unas-
signed transitions are considerably weaker than those
assigned to I. Therefore, the current experimental data
show that I is by far the preferred binding topology utilized
by the FE trimer. This experimental observation suggests that
the relative energy difference between I and the rest (II, III,
and IV) is likely to be larger than 1 kJ mol¢1 and is probably
close to 4 kJmol¢1, as indicated by the DD0 values. As noted in
a previous FE dimer study[14] and by others,[27] the counter-
poise correction[26] tends to overcorrect with relatively small
basis sets such as the one used here.

It is not immediately obvious why I is the preferred
binding topology over II when examining the optimized
geometries of I and II (Figure 1). Since weak H-bonds are
often found alongside strong ones, they are hard to identify,
even though their significant contribution to self-assembly,
crystallisation, and other molecular recognition processes is
being increasingly recognized.[28] To appreciate the stability of
I, we applied BaderÏs quantum theory of atoms in molecules
(QTAIM),[29] a powerful method for characterizing H-
bonds.[30, 31] We utilized the Multiwfn[32] program and per-
formed QTAIM analyses to identify bond critical points
(BCPs) and bond paths of potential H-bonds. The results for I
and II are illustrated in Figure 2. While the H-bonds
identified in Figure 1 are all confirmed for I and II in the
QTAIM analyses, two different types of bifurcated H-

bonds[33] were additionally identified in I and none in II. In
the first type of bifurcated H-bonds, (C)H acts as an H-donor
to both O and F atoms, while in the second type, F acts as
a bifurcated acceptor for two adjacent (C)H atoms. The
unexpected stability of I may be a result of these bifurcated
H-bonds (see below).

Bifurcated H-bonds are commonly identified in the
crystal structures of biomolecules such as amino acids,
nucleobases, and sugars.[34] The strength of a bifurcated H-
bond, for example, between a thiol (or hydroxy) H+ and C=O
was shown recently to be between 50 to 60% of that of
canonical H-bonds.[35] The H-bond energy EHB can be
estimated by using EHB = 0.5a0

3 V(r), where V(r) is the
electron potential density at the related BCP and a0 is the
Bohr radius.[36] The energy values for the H-bonds identified
in I and II are given in Table S3 in the Supporting
Information. The sum of all H-bond energies is
143.6 kJmol¢1 for I, which is much larger than the
110.8 kJmol¢1 calculated for II. While we acknowledge that
EHB values based on V(r) are known to be overestimated, the
relative magnitudes of the EHB values nevertheless show
a clear preference for I over II, consistent with the exper-
imental data. While the CH···FC bond energies, at approx-
imately 8 to 9 kJmol¢1, are similar in I and II, the EHB values
range from 5 to 8 kJmol¢1 for the three bifurcated H-bonds
identified in I. Furthermore, opening up the strained
OH···OH cyclic H-bonds in II allows I to have two stronger
OH···OH H-bonds and an additional OH···FC H-bond. A
detailed analysis shows that the strength of the OH···OH
bonds in I comes from the fact that these bonds adopt a much
closer to linear arrangement (17188 and 16488) compared to
those in II (14688). All of these factors result in a strong
preference for I over II. It is worth emphasizing that in
comparison to the homochiral trimer II, which adopts the
usual cyclic OH···OH H-bonded ring topology, the exper-
imentally identified FE trimer I is heterochiral and takes on
a very different H-bond topology, with two OH···OH bonds
and one OH···FC H-bond, supplemented with three bifur-
cated H-bonds. This is a striking case of a chirality-induced
switch in H-bond topology. Related chirality-dependent
switching in H-bond topology has been reported for tetra-
meric methyl lactate clusters and 1-indanol clusters.[37]

Table 2: Experimental spectroscopic parameters of the FE trimer.

Parameter I

A [MHz] 828.79997(18)
B [MHz] 596.39423(11)
C [MHz] 441.971596(94)
DJ [kHz] 0.12440(65)
DJK [kHz] ¢0.0674(51)
DK [kHz] 0.4588(54)
dJ [kHz] ¢0.03558(37)
d2 [kHz] ¢0.00501(26)
N[a] 60
s [kHz][b] 1.7

[a] The number of transitions included in the fit. [b] The standard
deviation of the fit. Standard errors are in parentheses and are expressed
in units of the least significant digit.

Figure 2. QTAIM analyses of the ternary FE conformers I and II. C
orange, O red, F yellow. The BCPs are indicated with blue dots, except
for those of the covalent bonds which are omitted for clarity. The bond
paths for the OH···H and OH···FC H-bonds are shown in red, those
for the CF···HC H-bonds in dark blue, and those for the bifurcated H-
bonds in cyan.

Angewandte
Chemie

11713Angew. Chem. Int. Ed. 2015, 54, 11711 –11715 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


In summary, an unusual H-bond topology in the FE trimer
was revealed by using FTMW spectroscopy and ab initio
calculations. In contrast to related small hydroxy-group-
containing molecules, such as water, methanol, ethanol, TFE,
phenol, and methyl lactate, all of which adopt a cyclic
OH···OH H-bonded ring in their most stable trimer, the FE
trimer shows a strong heterochiral preference and adopts
a compact binding topology that utilizes OH···OH, OH···FC
and two types of bifurcated H-bonds. The QTAIM analyses
offer insights into the preference for heterochiral I over
homochiral II, which assumes the usual cyclic H-bonded ring.
This study showcases a remarkable example of a chirality-
induced switch in H-bond topology in a simple fluoroalcohol
trimer and highlights the importance of bifurcated H-bonds in
even a relatively small cluster. It provides new insight into the
initial few steps of the self-aggregation of a widely used
fluoroalcohol.

Experimental Section
Spectral measurements were done using a CP- and a cavity-based
FTMW spectrometer, the details of which were described before.[22, 23]

For the final measurements with the cavity-based instrument, the
frequency uncertainty is ca. 2 kHz and the full line width at half
maximum is ca. 10 kHz. An FE sample obtained from Sigma Aldrich
(97% purity) was used without further purification. A sample mixture
of 0.1% FE in 2–4 bar of helium or neon was used for the CP and the
cavity measurements, respectively. We used the Gaussian09 program
package[38] for all geometry optimization and harmonic-frequency
calculations. All final results were obtained at the second order
Møller-Plesset perturbation theory (MP2)[39] level with the 6-311 ++
G(2d,p) basis set.[40] The cartesian coordinates of I and II are listed in
Table S4.
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