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We report the observation of structural changes in an axially chiral molecule, biphenyl-2-
carboxaldehyde, due to aggregation with water. Using high-resolution broadband rotational spec-
troscopy we find that two water molecules link opposite sides of the molecule, resembling a
water wire. We show that this effect can be explained by a cooperative rearrangement of both
molecule and a water dimer. Hydrogen bonding interactions are shown to change the original
structure upon aggregation of water. This phenomenon is insightful on the role of microsolvation
in assisting structural morphing of stereo-selective chiral molecular systems. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4966584]

Water mediates the dynamics of biological processes from
protein folding1 to proton transport in membranes.2 Localised
solvation is presumed to effectively alter the binding efficiency
of organic ligands to biological receptors, determining the
availability, rate, and specificity of the binding. Consequently,
assisted docking of ligands to receptors via intermediate
local interactions with water molecules has been extensively
modelled.3 The interplay between structure and function
of a biochemical system is tentatively better described by
considering interactions with naturally occurring aqueous
environments. Yet, a full comprehensive picture of such
interactions is not established.

Isolated micro-solvated molecules in the gas phase have
become an appealing target to reveal the stepwise hydration
of molecular systems.4–12 For example, high-resolution
spectroscopy was recently employed to investigate water-
mediated interactions between amide linkages, revealing
hydrogen bonding cooperativity effects that are key to protein
folding dynamics.13 Unraveling the intermolecular binding
forces and their role mediating more complex processes
supports our understanding of hydration of biological systems
and consequently improves methods for drug design.3 Chiral
molecules with axial chirality such as biphenyl-type systems,
i.e., systems where rotation about an axis changes the
handedness of the molecule, are generally of interest due
to their low interconversion barriers between energetically
equivalent stereoisomers.

Structural studies combining supersonic expansions
with high-resolution rotational spectroscopy14 provide a
powerful means to probe molecular complexes with a
selected number of water molecules aggregated to the

a)Author to whom correspondence should be addressed. Electronic mail:
melanie.schnell@mpsd.mpg.de

target system. With the implementation of short and intense
microwave chirps in broadband excitation schemes, as
in chirped-pulse Fourier-transform microwave (CP-FTMW)
spectroscopy, it is possible to record rotational spectra of
complex, flexible molecules spanning several GHz with a
single acquisition.15 Here we use CP-FTMW spectroscopy
combined with the cold and isolated conditions of a
supersonic jet and complemented with theoretical methods
to reveal the structures of free and micro-solvated biphenyl-2-
carboxaldehyde (BPCO). All measurements were performed
using the Hamburg COMPACT spectrometer. A complete
description of the experimental setup can be found in
Ref. 16. Additional upgrades to this design have been reported
elsewhere.17,18 Further experimental details can be found in
the supplementary material. The experiments are supported
by quantum-chemical calculations using Gaussian09.19 The
initial guesses for the geometries of the BPCO-water clusters
were obtained using the program ABCluster.20 A list of
valid candidates was then further optimised using Moller-
Plesset perturbation theory (MP2) with the 6-311++G(d,p)
basis set and density functional theory (B3LYP-D3) including
Grimme’s empirical dispersion correction and the aug-cc-
pVTZ basis set.

Fig. 1 shows the calculated potential energy surface
displaying the barrier separating the stereoisomers of BPCO.
The two stereoisomers have calculated dihedral angles of
φ = −52.7◦ (blue) and φ = −127.3◦ (red), respectively. In
Fig. 2 we show the broadband microwave spectrum of
BPCO. A total of 138 rotational transitions were assigned
and the rotational constants were determined through a
recurrent fit using the A-reduced rigid rotor Hamiltonian as
implemented in PGOPHER.21 Quartic centrifugal distortion
constants were also well determined. A summary of the
fitted spectroscopic parameters is shown in Table I. We find

0021-9606/2016/145(16)/161103/5/$30.00 145, 161103-1 Published by AIP Publishing.
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FIG. 1. Relaxed potential energy scan of the stereo-axis of BPCO, repre-
sented by the dihedral angle φ connecting the two phenyl moieties. The calcu-
lation was performed using density functional theory at the B3LYP-D3/aug-
cc-pVTZ level of theory. The energy barrier separating the two stereoisomers
is just above 5 kJ/mol (420 cm−1). The dihedral coordinate established by the
numbered atoms defines the chiral axis.

no evidence for large amplitude motions for free BPCO. A
signal-to-noise ratio (SNR) of 850:1 allowed us to observe
all thirteen distinct spectra for the singly substituted 13C
isotopologues in natural abundance (see inset of Fig. 2). With
these conditions we were able to employ the substitution,
rs, method to derive the positions of the carbon atoms in
the principal axis frame using the Kraitchman equations.22,23

This method provides a way to extract atom coordinates
from the changes in the moments of inertia upon isotopic
substitution. An overlay of the experimentally determined
atom positions and a theoretical prediction at the B3LYP-
D3/aug-cc-pVTZ level of theory is shown in Fig. 2 (upper left).
The good agreement between experiment and theory regarding
the twist angle (φ) of unbound BPCO, −56.7(±4.2)◦ and

FIG. 2. Broadband rotational spectrum of BPCO from 2 to 8 GHz (1.9 M
averages, 17 h of measurement time). The upper trace (in black) shows the
experimental spectrum using neon as a carrier gas. The lower trace represents
simulations obtained from the fitted spectroscopic parameters reported in
Table I. Inset: portion of the spectrum highlighting the satellite transitions
corresponding to the singly substituted 13C isotopologues. The lower trace
(in blue) represents the simulated spectrum. In the upper left we show an
overlay of the experimental (see supplementary material) and the predicted
(B3LYP-D3/aug-cc-pVTZ) structure of BPCO. The blue spheres represent
the experimentally determined carbon atom positions.

−55.4◦/−52.7◦ (MP2/DFT) (see Table I), respectively, gives
us confidence in the reliability of our calculations for further
comparisons.

In another set of experiments we prepared our molecular
beam with a mixture of BPCO and water (2M averages,
18 h of measurement time). Fig. 3 shows two sections of the
broadband spectrum highlighting fitted rotational transitions
for three complexes of water with BPCO. Fitted rotational
parameters are given in Table I for all observed species.
In Fig. 4 we present the calculated molecular structures of
BPCO-1w(I), BPCO-1w(II), and BPCO-2w(II), which are
found to reproduce the experimental rotational constants.

TABLE I. Rotational constants, dipole moments, and centrifugal distortion constants for biphenyl-carboxaldehyde (BPCO) and water aggregates. The errors
given here for the measured values are standard errors. N is the number of lines included in the fit and σ is the standard deviation of the fit. The values of φ are
defined by the dihedral angle as depicted in Fig. 1.

BPCO BPCO-1w(I) BPCO-1w(II) BPCO-2w(II)

Exp B3LYPa/MP2b Exp B3LYPa/MP2b Exp B3LYPa/MP2b Exp B3LYPa/MP2b

A/MHz 1234.899 70(25) 1238.95/1226.79 974.767 25(54) 978.94/968.36 627.436 61(55) 620.37/656.88 496.656 14(61) 502.18/506.83
B/MHz 501.695 03(15) 503.75/502.90 358.036 77(13) 364.09/362.20 498.725 77(28) 501.36/496.66 437.482 28(30) 440.21/430.91
C/MHz 386.795 24(13) 386.53/387.84 278.110 19(11) 281.28/280.41 296.548 10(27) 295.20/301.99 258.286 01(21) 257.80/260.46
DJ/kHz 0.010 4(11) . . . 0.014 46(42) . . . 0.012 9(16) . . . 0.964 8(419) . . .
DJK/kHz 0.103 1(35) . . . 0.012 8(54) . . . 0.236(12) . . . −0.422(15) . . .
DK/kHz −0.056 2(85) . . . 0.272(30) . . . 0.197(18) . . . 0.526(30) . . .
dJ/kHz 0.002 03(50) . . . 0.002 97(23) . . . . . . . . . 0.036 9(23) . . .
dK/kHz 0.068 5(91) . . . −0.051 0(84) . . . . . . . . . −0.097 2(86) . . .
|µa |/D . . . 1.53/1.22 . . . 3.43/3.02 . . . 0.28/0.93 . . . 1.95/1.56
|µb |/D . . . 3.25/3.01 . . . 1.73/1.25 . . . 3.67/2.40 . . . 1.74/0.87
|µc |/D . . . 0.17/0.04 . . . 0.60/0.85 . . . 0.48/0.72 . . . 0.96/1.18
N 138 . . . 125 . . . 65 . . . 37 . . .
σ/kHz 4.5 . . . 5.4 . . . 8.7 . . . 2.8 . . .
φ/deg −56.7 ± 4.2 −52.7/−55.4 . . . −52.7/−55.3 . . . −51.8/−53.3 . . . −48.3/−50.6

aaug-cc-pVTZ basis set.
b6-311G++(d,p) basis set.
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FIG. 3. Two sections of the broadband
rotational spectrum measured by adding
water to the jet (2 M averages, 18 h
of measurement time). The upper trace
(in black) shows the experimental spec-
trum using neon as a carrier gas. The
lower traces represent simulations ob-
tained from the fitted spectroscopic pa-
rameters reported in Table I.

BPCO-1w(I) and BPCO-1w(II) are the two lowest energy
minima, respectively, with the differential zero-point corrected
energy being ∆ZPE(1w(II)) = 1.7 kJ/mol. Both quantum-
chemical methods employed predict very well the observed
rotational constants for the four observed species (see
Table I). We find that the B3LYP-D3 calculations predict
the experimental rotational constants more accurately than the
MP2 calculations, while the dipole-moment components are
better reproduced by the MP2 calculations, in particular for
2w(II).

In order to further elucidate the structures of the molecular
complexes, we performed an additional measurement
where we seeded our jet with an isotopically enriched
sample of water with ca. 50% H2

18O (2M averages,
18 h of measurement time). This allowed us to observe
the rotational spectra of isotopically substituted BPCO-
1w(I)(18O), BPCO-1w(II)(18O), and BPCO-2w(II)(18O) and
thus obtain experimentally the positions of the oxygens for
the water molecules using the rs method. An overlay of
the predicted structures with the experimentally determined
positions of the water oxygen atoms is shown in Fig. 4.
The good agreement between experiment and theory secures
our confidence in the structural assignment and provides
further structural information. Spectroscopic parameters

for the isotopically substituted species are given in the
supplementary material.

We find that a single water molecule can bind to BPCO
via two different docking sites (see Fig. 4). The two geometries
have a similar configuration since they encompass O–H· · ·O
hydrogen bonds between the water and the carbonyl group of
BPCO. However, 1w(I) is additionally stabilised by a weak
C–H· · ·O secondary interaction with the adjacent phenyl ring.
In the complex 1w(II), the water does not interact with
the phenyl ring. These configurations are in agreement and
consistent with the calculated energies that predict 1w(I) to
be more stable than 1w(II), the additional interaction in 1w(I)
likely being responsible for the additional stability of the
complex. Furthermore, in 1w(I) the position of the water
molecule is better defined compared with that of 1w(II). This
result is consistent with the lack of a secondary interaction
in 1w(II), preventing similar stabilities for both complexes.
We also note that the different docking locations for the water
molecule in the one-water clusters, 1w(I) and 1w(II), result in
distinct spectral signatures, an a-type vs. a b-type spectrum,
respectively.

Interestingly, we identify a single binding geometry for
the two-water cluster, 2w(II). The two water molecules form
a dimer that links both sides of BPCO resembling a water

FIG. 4. Calculated structures, dominant intermolecular interactions, and angles φ for the observed first- and second-order molecular clusters of BPCO and
water. All depicted structures were obtained at the B3LYP-D3/aug-cc-pVTZ level of theory. The structures of the BPCO-water clusters are overlaid with the
experimentally determined positions of the oxygen atoms of the water molecules (blue spheres).
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FIG. 5. Left: Overlay of free BPCO and BPCO-2w(II) calculated at the
B3LYP-D3/aug-cc-pVTZ level of theory. The structure of free BPCO has
been set to semi-transparent to highlight the different angles φ for the two
systems. Right: (A) water dimer structure obtained at the same level of theory
depicting relevant interatomic distances; (B) geometry of the water dimer
complexed to BPCO, which is removed for clarity; (C) overlay of the two
water dimer structures depicting the change in the orientation of hydrogens.
The angle is determined by the numbered atoms 1, 2, and 3.

wire. When comparing the angle φ, defined by the two planes
containing each phenyl ring (see Figs. 1 and 5), for bare BPCO,
BPCO-1w(I), BPCO-1w(II), and BPCO-2w(II), we observe an
interesting trend towards decreasing φ (Table I and Fig. 4). By
comparing the angle φ of the free and wired BPCO, we find that
the addition of water reduces φ by approximately 5◦, i.e., the
binding interactions seem to partly cancel some of the steric
hindrance. This change in φ for BPCO is consistently predicted
by both ab initio and density functional theory calculations
(see Table I). Moreover, we note that in the 2w(II) complex,
the water molecule interacting with the carbonyl group adopts
a binding geometry similar to that of 1w(II) and not as
1w(I).

The free BPCO is stabilised in a non-planar configuration
due to steric hindrance additionally influenced by the
carbonyl group. Electrostatic repulsion locks the system in
this configuration where stereo-inversion is separated by an
energy barrier of ca. 5 kJ/mol (420 cm−1, see Fig. 1). Upon
complexation, the water wire perturbs the initial electrostatic
balance. Revealing the mechanisms for aggregation of the
water wire to BPCO and providing a quantitative analysis of
all the effects at play here are not trivial.12,24

As a first step in that direction, we performed zeroth-order
symmetry adapted perturbation theory (SAPT)25 calculations
to decompose the energetic contributions arising from
intermolecular binding forces in 1w(I), 1w(II), and 2w(II).
SAPT(0)/jun-cc-pVDZ26 calculations were performed using
the B3LYP-D3 optimised structures as starting geometries.
The jun-cc-pVDZ is a reduced form of the aug-cc-pVDZ basis
set. The calculations were performed using the Psi4 electronic
structure package27 and the results are shown in Table II.
There is a clear indication that hydrogen bonding is the
dominant contribution for all three water-bound complexes.
The∆Eelec contribution arises mainly from O–H· · ·O hydrogen

TABLE II. Energy decomposition (kJ/mol) obtained from a SAPT(0)/jun-
cc-pVDZ calculation on all three observed water complexes with BPCO.
∆Eelec is the electrostatic energy; ∆Eind is the induction energy accounting for
charge transfer interactions; ∆Edisp is the energy contribution from dispersion
interactions; ∆Eexch represents the repulsion due to exchange.

∆Eelec ∆Eind ∆Edisp ∆Eexch ∆Etot

1w(I) −43.3 −11.2 −10.3 34.9 −30.0
1w(II) −39.1 −10.4 −9.2 31.7 −27.1
2w(II) −61.4 −19.1 −15.9 49.8 −46.8

bonds as depicted in Fig. 4 (interaction marked as a). The
energetic contributions for the 2w(II) complex were computed
employing the water dimer as a single molecular unit. As such,
the proportion of energetic contributions in 2w(II) compared
with those of 1w(I) and 1w(II) are similar, which consistently
agrees with the fact that in all three water complexes a single
strong O–H· · ·O interaction is present between water and the
solute.

As a tentative model, we propose here a water binding
mechanism through the interaction of an already formed water
dimer and free BPCO. In Fig. 5 (left) we show an overlay of
the observed conformations of free BPCO and BPCO linked
via the water wire. The predicted change of 5◦ in the dihedral
angle φ for the 2w(II) complex is depicted in the overlay of
complexed and uncomplexed species. Furthermore, we show
in Fig. 5 (right) a comparison of the free and complexed water
dimer geometries. The experimentally determined O· · ·O
distance (2.852(2) Å) and relative orientation of the water
molecules, with respect to each other, show that the dimer
forming the 2w(II) complex undergoes a distortion. In addition
to a measurable shortening of the O· · ·O distance in the wire
compared with that of the free water dimer (2.909 Å), the
changing orientation (9.2◦) indicates that the dimer adopts a
geometry that facilitates the binding interaction with BPCO.
We find that a delicate balance between conformational
changes in BPCO, via a change of φ, and distortion of
the water dimer, via shortening of O· · ·O, results in a stable
cluster. Relevant bond distances for the cluster are shown in
Figs. 4 and 5.

To conclude, we used high-resolution rotational spectros-
copy to determine experimentally the structure of an axially
chiral molecule of the biphenyl family and of three different
complexes with water. We find that the second-order water
cluster forms a wire that connects the two phenyl moieties,
which leads to a measurable change of the dihedral angle
between the two phenyl moieties of the BPCO upon complexa-
tion. We investigated this effect considering hydrogen bonding
interactions between water and the axially chiral molecule.
As our results show, specific interactions between a small
number of water molecules and a biochemical ligand result in
conformational changes that may influence further interaction
mechanisms. Explicit considerations of solvated sites within
the target molecule, in particular for systems with axial
symmetry, will provide a more complete description of
the molecular system under investigation. This result, while
addressing a particular type of chiral systems containing
axial symmetry, carries general implications regarding water
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interactions playing a mediating role in ligand-receptor inter-
actions. Our observations may extend to other molecules with
axial symmetry outside of the biphenyl family. Structural re-
arrangements from both ligand and water moieties may coop-
erate towards optimising further interactions with other more
complex molecular systems, such as biological receptors.

See the supplementary material for further details of
experimental methods, rotational constants of all reported
species, Kraitchman calculations, and line lists with all fitted
rotational transitions.
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