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Abstract: Structural changes induced by water play a
pivotal role in chemistry and biology but remain
challenging to predict, measure, and control at molec-
ular level. Here we explore size-governed gas-phase
water aggregation in the flexible molecule 4-hydroxy-2-
butanone, modeling the conformational adaptability of
flexible substrates to host water scaffolds and the
preference for sequential droplet growth. The experi-
ment was conducted using broadband rotational spectro-
scopy, rationalized with quantum chemical calculations.
Two different isomers were observed experimentally
from the di- to the pentahydrates (4-hydroxy-2-buta-
none-(H2O)n=2–5), including the 18O isotopologues for
the di- and trihydrates. Interestingly, to accommodate
water molecules effectively, the heavy atom skeleton of
4-hydroxy-2-butanone reshapes in every observed iso-
mer and does not correspond to the stable conformer of
the free monomer. All solvates initiate from the alcohol
group (proton donor) but retain the carbonyl group as
secondary binding point. The water scaffolds closely
resemble those found in the pure water clusters,
balancing between the capability of 4-hydroxy-2-buta-
none for steering the orientation and position of the
water molecules and the ability of water to modulate the
monomer’s conformation. The present work thus pro-
vides an accurate molecular description on how torsion-
ally flexible molecules dynamically adapt to water along
progressing solvation.

Water is ubiquitous on Earth and indispensable for
sustaining life. Accordingly, a plethora of water-related
studies are found across the realms of chemistry, biology
and atmospheric sciences.[1–3] Among them, gas-phase stud-
ies of water aggregation play a unique role describing the
structure and energetics of size-governed clusters and the
chemical evolution from the monohydrates to the formation
of nanodroplets.[4–11] This molecular research is experimen-
tally challenging, but contributes to the models bridging the
gap between the interactions in small-clusters and the
description of solvated biomolecules and liquids.[12] Water
clusters reveal the balance between the monomers’ internal
bonding forces determining the shape of the unsolvated
molecule and the much weaker non-covalent interactions
(NCIs) competing in molecular complexation vs. water self-
aggregation. While NCIs associated with water have long
been a focal point of research,[13] the subsequent water-
induced alterations in molecular structure are both intrigu-
ing and neither totally explored nor understood. Known
examples include the water influence on protein folding[14,15]

and protein-ligand binding.[16,17] However, assessing the role
of water in the conformational behavior of large biomole-
cules is still difficult to control, observe, and predict. The
solvation of small molecules in size-specific aqueous envi-
ronments can provide fundamental insight on the water’s
ability to induce structural alterations, providing experimen-
tally conclusive evidence to validate, complement and
benchmark the computational predictions.

The structure and NCIs of molecules and clusters can be
determined through microwave spectroscopy, at a precision
offered by no other spectroscopic method.[18–21] However,
despite the wealth of rotational studies, most of them are
limited to only one or two water molecules,[21] hiding the
view of the accumulative structural changes along the
successive addition of water molecules. Moreover, previous
studies are mostly limited to substrates with low conforma-
tional variability. Nevertheless, the development of broad-
band microwave techniques[19,20] made the observation of a
few larger hydrates in the range of n=3–6 water molecules,
severely obstructed by weak and congested spectra, feasible.
For most of these larger clusters, water molecules create
self-association networks resembling the corresponding pure
water clusters, then named droplet aggregation.[22–24] Evi-
dence for this aggregation pattern has also been obtained
through IR studies, as in benzene-(H2O)n=6–8.

[25–27] In a few
cases, e.g., the di- to pentahydrate water clusters of 3-
methylcatechol (MC-(H2O)n=2–5),

[28] the aggregate structure
is visibly different from the pure water clusters, thus termed
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wetting pathway. These two pathways show how different
solute species may govern solvent aggregation. Indeed, the
aggregation pattern is quite dependent on the solute
monomer structure. With the conformational space being
low-dimensional, structural changes are deemed to be rather
small or just subtle for rigid solutes. For the benzaldehyde-
water clusters BA-(H2O)n=1–6, the dihedral angle between
the phenyl ring and the -CHO group of BA changed less
than 10 degrees compared with the free monomer.[23] For the
3-methyl-3-oxetanemethanol-water clusters MOM-(H2O)n=

1–6, in which the monomer bears a flexible alicyclic rather
than a rigid aromatic ring, the angle of the oxetane ring
puckers within 25 degrees.[22] Hydration governed puckering
also stabilizes the high energy conformers of the 12-crown-4
ether.[29] In the n=1–6 water clusters of the two-carbon
molecule of glycoaldehyde (GLY), the heavy atom back-
bone of the monomer rotates out of plane between 53 and
90 degrees.[24] Interestingly, the elongation of larger molec-
ular backbones or lateral chains, as reported on the small
clusters of methyl lactate-water (ML-(H2O)n=1,2),

[30] 2-ami-
noethanol-water (AE-H2O),

[31] serotonin-(H2O)n=1,2,
[32] or

tetrahydro-2-turoic acid-water,[33] show the strong potential
of flexible molecules to undergo significant structural
changes. However, with the size of the water clusters
increasing, the spectroscopic identification of isomeric
structures becomes progressively challenging. Growing com-
plexity arises from multiple structures which may only differ
in the orientations of the endocyclic hydrogen bonds (HBs)
of the water cluster, as observed in the BA-(H2O)n=4–6

aggregates.[23] Consequently, acquiring the structure of a
water cluster, them concertively governing an n-dimensional
conformational behavior of a flexible molecule with compli-
cated potential energy surfaces (PES), represents a rather
intricate experimental endeavor.

4-Hydroxy-2-butanone (4H2B) features both hydrophilic
alcohol and carbonyl groups separated by two methylene
units, so it is expected to display a rich conformational
behavior. A preceding rotational study on the monomer and
its monohydrate showed water disrupting the intramolecular
HB within 4H2B, but led to small changes in the monomer,
characterized by a gauche alcohol group (τ(C9C10-C11O12)
ca. 65–70°, for the atom numbering see Figure 2).[34] Here,
we will prove that, unlike in rigid molecules, the introduc-
tion of 2 to 5 water molecules in a flexible open-chain
carbon skeleton will engage water scaffolds with the internal
torsional motions of 4H2B, leading to monomer adaptation
as the hydrate grows. This work will thus offer an unique
high-resolution and size-dependent view of the competing
intra- and intermolecular solvation interactions, mimicking
water interactions on large biologically functional molecules.
At the same time, the interplay between monomer and
solvated structures of 4H2B will reveal aggregation patterns
fundamentally different to those of rigid substrates, illustrat-
ing how the monomer or water may dominate solvation on
increasingly larger complexes. The balance between energy
costs and structural deformation on water aggregation
makes also 4H2B a model for theoretical computations on
solvation of flexible organic molecules.

The rotational spectra of the 4H2B monomer and its
monohydrate were reported in our preceding study up to
20 GHz.[34] From this work, it was known that only a limited
number of transitions are present below 8 GHz due to their
relatively large values of the rotational constants. For this
reason, the heavier di- to pentahydrates were recorded in
the 2–8 GHz region using a broadband chirp-excitation
Fourier transform microwave spectrometer[35,36] in Valladol-
id. The initial conformational search of 4H2B-(H2O)n=2–5

used the semiempirical conformer-rotamer ensemble sam-
pling tool CREST.[37] Further geometry optimizations were
performed at the B3LYP-D3(BJ)/6-311+ +G(d,p)[38–41] level
of theory. Afterwards, some of geometries were re-exam-
ined with the B2PLYP-D3(BJ)/def2TZVP[42–44] and RI-MP2/
aug-cc-pVTZ[45–47] methods. The calculations used
Gaussian 16[48] and ORCA 5.0.[49] The theoretical results for
all clusters are reported in Tables S1–S12. Furthermore, a
relaxed PES scan was carried out at the B3LYP-D3(BJ)/6-
311+ +G(d,p) level of theory. To provide more accurate
deformation energies between the observed conformer of
the free monomer and the 4H2B moiety in the hydrated
structures, the respective single point energy calculations
were also conducted at the same level. Full experimental
and computational details are reported in the Supporting
Information.

The spectral analysis was guided by the predicted geo-
metries of the 4H2B-(H2O)n=2–5 clusters, given in Ta-
bles S13–S23. Following a long iterative procedure which
compared the spectrum to multiple molecular simulations
for each cluster, the rotational transitions of the di- to
pentahydrates were progressively identified. Illustrative
sections of the spectrum are shown in Figure 1. Noticeably,
two isomers were observed for each of the 4H2B aggregates
comprising two to five water molecules.

The experimental spectroscopic parameters for all
observed isomers of the 4H2B-(H2O)n=2–5 clusters are
reported in Table 1. The internal rotation barrier of the
methyl group was not determined for all isomers, as only a
small number of torsionally split transitions (A and E
symmetry states) could be identified. Hence, the spectral
observations were reproduced with a Watson’s S-reduced
semi-rigid rotational Hamiltonian,[50] including only A state
transitions (Tables S24–S31). The lines of the resolved E
state are summarized in Tables S32–S38, documenting the
large fraction of overlaps with the A state. No E state and
blended (overlapped by A and E state) lines were observed
for 4H2B-(H2O)4-II, thus resulting in a smaller rms global
deviation than for other isomers. The centrifugal distortion
constants were partially determined for the present exper-
imental data set. The unfitted centrifugal distortion con-
stants were fixed at zero. The spectral assignments were also
confirmed by observation of the H2

18O isotopic species for
the dihydrates 4H2B-(H2O)2-II and 4H2B-(H2O)2-III and
the trihydrate 4H2B-(H2O)3-I, reported in Tables S39–S47.
Based on the rotational constants of these isotopologues
(Tables S48–S50), the coordinates of the water oxygen in
4H2B-(H2O)2-II, 4H2B-(H2O)2-III and 4H2B-(H2O)3-I were
derived with the Kraitchman’s equations[51] (Tables S51–
S53), allowing for a partial substitution (rs) structure
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(Tables S54–S56). Effective structures[52] (r0) were also
determined by a least-squares fit adjusting the vibrational
ground rotational constants (Tables S54–S56). Finally, semi-
experimental structures[53] (re

SE) were determined from the
corrected rotational constants (Table S60) in Tables S54–
S56.

The structures of the di- and trihydrates of 4H2B are
depicted in Figure 2 (a). Four plausible isomers were found
on the PES of the dihydrate 4H2B-(H2O)2 within 5 kJmol

� 1,
and two of them (II and III) were positively identified in the
spectrum. The global minimum (isomer I) could not be
assigned because of the small dipole moments and the
reduced number of observable transitions. The isomers I
(SI) and II of the dihydrate form characteristic water chains,
inserting the two water molecules between the carbonyl and
the alcohol sites of the monomer, with water acting as
proton donor to the carbonyl group (acceptor to the
alcohol), as in the monohydrate. Water insertion into
isomers I and II requires a significant increase of the
alcohol-to-carbonyl distance (monomer: 2.2 Å), leading to
large torsional changes (ca. 80–130°) in the carbonyl
dihedral τ(O8C9-C10C11). The theoretical dihedrals for the
carbon skeleton and alcohol torsion of the 4H2B structure
in the observed isomers are shown in Figure S1. The
departure from the near-antiperiplanar carbon skeleton of
the monomer and the monohydrate and a reorientation of
the alcohol enlarges the alcohol-carbonyl distance in the
dihydrate to 3.5–3.6 Å. The water chain is the preferred
binding motif in other dihydrates like MOM-(H2O)2,

[22] BA-
(H2O)2,

[23] GLY-(H2O)2
[24] and MC-(H2O)2.

[28] Conversely,
isomer III mostly retains the structure of the monohydrate,
but uncommonly adding a second proton donor water
molecule to the alcohol, which now behaves as bridge
between the two water molecules. A comparison of the
O···O water distances in the two isomers with the theoretical
values in Tables S54 and S55 shows a ca. 8% decrease,
suggesting cooperative effects.[4–9]

In the case of the trihydrate 4H2B-(H2O)3, the most
stable isomers I and II in Figure 2(a) were detected in the
experiment and the most intense one was unequivocally
confirmed by isotopic substitution. In both isomers, the
alcohol group serves as molecular anchor to build a closed
ring of four consecutive hydroxyl groups, reminiscent of the
pure water tetramer in Figure 2(b).[4] In addition, one of the
water molecules (O3 in isomer I, O1 in isomer II) exerts a

Figure 1. Sections of the broadband rotational spectra of 4H2B-
(H2O)n=1–3 (a), 4H2B-(H2O)4-I (b), 4H2B-(H2O)4-II (c), 4H2B-(H2O)5-I
(d), and 4H2B-(H2O)5-II (e). The upper positive trace shows the
experimental spectrum (after removal of the monomer transitions).
The negative traces, in different colors, are the simulated spectra based
on the fitted rotational parameters. The A and E torsional symmetry
splittings due to the methyl internal rotation are illustrated for the
transition 70,7

!61,6 of 4H2B-(H2O)5-II (e).

Table 1: Experimental spectroscopic parameters of the 4H2B-(H2O)n=2–5 clusters.

Parameters 4H2B-(H2O)2-II 4H2B-(H2O)2-III 4H2B-(H2O)3-I 4H2B-(H2O)3-II 4H2B-(H2O)4-I 4H2B-(H2O)4-II 4H2B-(H2O)5-I 4H2B-(H2O)5-II

A/MHz[a] 1869.1533(38)[b] 1696.009(79) 1401.2895(17) 1200.96036(88) 904.0922(19) 1101.643(69) 804.878(42) 766.5032(12)
B/MHz 1267.2790(15) 1276.8702(57) 961.6085(21) 988.6439(11) 740.4262(46) 693.6488(23) 587.9747(14) 658.8228(13)
C/MHz 947.5525(13) 1077.2089(49) 796.2891(21) 883.01517(70) 665.5203(39) 625.3962(25) 528.2762(17) 523.1678(12)
DJ/kHz 0.478(62) 0.361(52) 0.166(28) 0.139(16) 0.127(16)
DJK/kHz 0.234(64) � 1.244(41) 0.0181(86)
DK/kHz 2.44(30) 2.040(54) � 0.0113(38)
d1/kHz � 0.108(49)
d2/Hz � 34.8(72)
Paa/uÅ

2 331 283 400 331 441 539 594 527
Pbb/uÅ

2 202 186 235 241 318 269 363 429
Pcc/uÅ

2 68 112 126 180 241 190 265 230
jμ j/D μb>μa, no μc μa, no μb and μc μa�μc>μb μc>μa, no μb μa>μc, no μb μa, no μb and μc μa>μb, no μc μb>μa, no μc

N[c] 20 8 46 26 22 19 31 44
σ/kHz[d] 15.1 13.2 13.1 15.6 18.9 5.2 11.9 14.7

[a] Rotational constants (A, B, C), centrifugal distortion constants (DJ, DJK, DK, d1, d2), planar moments (Paa, Pbb, Pcc) and electric dipole moment
components (μa, μb, and μc). [b] Standard errors in parentheses in units of the last digit. [c] Number of transitions in the fit. [d] RMS deviation of
the fit.
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role of double proton-donor, linking the water-alcohol
network to a second binding site at the carbonyl group. The
formation of a lateral OH-based square does not require
large changes in the monomer, which is very similar in the
two isomers and exhibits a near antiperiplanar carbon
skeleton (τ(O8C9-C10C11) ca. ~24°, for the atom numbering

see Figure 2). However, it is noticeably that a 180° rotation
of the alcohol group permits the creation of both clockwise
and anticlockwise orientations of the water units in the two
isomers. In the pure water tetramer, the four free H atoms
extend out of the water ring plane, adopting a symmetric up-
down-up-down (u-d-u-d) orientation. This situation is repli-
cated in both isomers with some distortions due to the
interaction with the carbonyl group and some steric
hindrance with 4H2B. The structural data for the O···O
distances shown in Figure 2 and Table S56 reveal a slight (<
ca. 5%) decrease relative to the average distance in the pure
water tetramer (except O3···O4 in isomer I). In consequence,
solvation of 4H2B up to the trihydrate confirms the decisive
role of the functionalized polar groups as nucleation sites
and how solvation proceeds by water self-aggregation to the
molecular linking site, creating an initial nucleation droplet
on top of the flexibly adapting monomer.

The PES of the tetrahydrate 4H2B-(H2O)4 is much more
complex, with 18 plausible isomers below 5 kJmol� 1. Despite
similarities in the rotational constants, the electric dipole
moment components and the planar moments of inertia
(Paa, Pbb, and Pcc) permitted the assignment of isomers I and
II (Figure 3 (a)) in the experiment. As the cluster size
increases, some structural patterns recurrently emerge. First,
for isomer I, we can clearly identify that water aggregation
builds up from the alcohol group in 4H2B, which takes the
structural role of a water molecule and forms a closed ring
resembling the pure water pentamer of Figure 3 (b),
characterized by a chiral asymmetric pentagon with coplanar
oxygen atoms.[5] The H atoms in isomer I also adopt similar
alternating orientations as those in the pure water pentamer
(u-u-d-u-d), except for the water molecules establishing the
second link to the carbonyl group. All differences in the
O···O distances relative to the pure water pentamer are
generally small (within ~0.2 Å). However, the oxygen atoms

Figure 2. (a) The observed structures of 4H2B, 4H2B-H2O, 4H2B-
(H2O)2 and 4H2B-(H2O)3. The experimental rs (blue) and r0 (red) O···O
distances are compared with the theoretical values (B3LYP-D3(BJ)/6-
311+ +G(d,p), black). (b) The O···O distances (green) of the water
dimer[6] and tetramer[4] are given for comparison.

Figure 3. (a) The observed structures of 4H2B-(H2O)n=4–5 indicating the theoretical values of the O···O distances (B3LYP-D3(BJ)/6-311+ +G(d,p)).
(b) The geometries and O···O distances (green) of the corresponding pure water clusters are given for comparison.[4–7]
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closing the pentagonal hydroxyl ring notably depart from
linearity. In the two isomers, the oxygen ring displays a bent
structure reminiscent of a puckered five-membered ring (16°
in isomer I vs. 20° in the water pentamer), with the oxygen
atoms departing from planarity ca. 8–10°. Isomer II shows
larger bending, with the out-of-plane oxygen pointing away
from the carbonyl group. Because of the second link to the
carbonyl group, one or two molecules adopt a triple role as
double proton donors and an acceptor, showcasing the great
flexibility of the 4H2B moiety to provide tailored possibil-
ities for water aggregation. Meanwhile, the solvation
influence on the 4H2B monomer is more obvious compared
to smaller hydrates, as important deformations are apparent
in the carbon skeleton and the alcohol group, resulting in a
folded conformation. Interestingly, the preferred anticlinal
carbon skeleton (τ(O8C9-C10C11) ca. 105–127°) and the
gauche oxygen torsion (τ(C9C10-C11O12) ca. 60°) change
compared to the free monomer. In addition, the gauche
oxygen torsion remains very similar in the two isomers, but
the terminal hydroxyl group can reverse again the clockwise
or anticlockwise alignment of the water molecules. As the
complexity of the HB networks increases, it is easier to
identify more intricate, three-dimensional binding topolo-
gies. A closer look at isomer II reveals a HB geometry
similar to the one observed in the pure water heptamer. As
shown in Figure 3, the alcohol and the carbonyl groups play
the role of heptamer O5 and O3, respectively. Despite slight
distortions are present, the O···O distances exhibit similar
values in both complexes, which further sustains their
structural similarities. Several views of the isomer II overlaid
with the pure water pentamer and/or heptamer can be found
in Figures S4 and S5.

The PES of the pentahydrate 4H2B-(H2O)5 was surpris-
ingly simpler, as the number of predicted minima reduced to
six isomers (within 5 kJmol� 1) upon adding the fifth water
molecule, which made the isomeric assignments much easier.
Two isomers were observed in the spectrum, with their
structures identified to be isomers I and II in Figure 3 (a).
The pentahydrate scaffolding is also initiated at the alcohol
group, now offering comparison with the water hexamer.
The pure water hexamer is characterized by three non-
planar isomeric structures denoted cage, prism, and book,
observed at 1 :1 : 0.25 population ratios in a supersonic jet-
expansion.[7] It is thus interesting to check if these 3D
arrangements survive when one or more of the water units
are replaced by an alcohol or equivalent functional groups.
In isomers I and II, the OH group undertakes the position
of the O3 and O4 water molecule of the book structure,
respectively. Besides, one or two water molecules bind to
the carbonyl group, locking the book arrangement to the
aliphatic chain. Finally, the 4H2B carbon-chain skeleton
exhibits remarkable flexibility to host the water molecules in
the book scaffolding, adopting either a gauche (τ(O8C9-
C10C11) ca. 50°) or an antiperiplanar structure ((τ(O8C9-
C10C11) ca. 5°), which are quite different to the tetrahy-
drate and instead move back to carbon chain conformations
observed in some isomers of the smaller n=1–3 clusters.
Figure 3 shows the O···O distances for both isomers
compared with the book isomer of the pure water hexamer.

In isomer I, the O1···O2, O2···O3, O3···O4 and O2···O5
distances of 2.63 Å, 2.74 Å, 2.71 Å and 2.87 Å, respectively,
are ca. ~0.1 Å shorter than the corresponding values in the
book structure of the pure water hexamer. In isomer II, all
O···O distances match those of the book structure with very
small deviations (around �0.05 Å), except for the distances
of O3···O4, O5···O6, and O2···O5. Despite these small
deviations arising from the presence of the solute, the
structural similarities with the book isomer are remarkable.
In order to gain further insight on the subtle differences
between these two isomers, we performed a simple energy
decomposition analysis. For both hydrates, we analyzed the
contributions to the binding energy from the insertion of the
hydroxy group in the HB network (O3 or O4) and the
distortion of the monomer (negative contribution), com-
pared to the monomer minimum energy conformation. The
energy contributions were estimated at the RI-MP2/aug-cc-
pVTZ level of theory (Tables S61 and S62). Our results
show that while the distortion of the monomer is similar in
both isomers (12.05 kJmol� 1 vs 12.28 kJmol� 1 for I and II,
respectively), the contribution of the remaining water units
is significantly different for each cluster, with an energy
difference of 6.83 kJmol� 1 in favor of isomer I. This clearly
shows how the water HB network in isomer II is more
strained compared to the isolated pure water cluster and
provides evidence of the large adaptability of water net-
works when solvating an organic molecule.

The effect of the deformation energy of the monomer
upon solvation can be gauged by exploring the PES arising
from the extended or folded conformations of the carbon
backbone and the orientation of the OH group. As shown in
Figure 4, a comparison of the observed conformations high-
lights how the monomer unit undergoes significant structural
torsions as the stepwise addition of water takes place. The
addition of further water molecules provides enough inter-
nal energy to circumvent the energy toll given by these
distortions and thus higher energy forms become observ-
able. As examples, the deformation energies between the

Figure 4. Relaxed PES scan for 4H2B along the dihedral angles τ(O8C9-
C10C11) and τ(C10C11-O12H13), the corresponding geometries of the
4H2B subunits in 4H2B-(H2O)n=0–5 are indicated.
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4H2B moiety in 4H2B-H2O and 4H2B-(H2O)4-II and the
observed free monomer (Figure 2 (a)) are the smallest and
largest identified, accounting for ~10 kJmol� 1 and
~26 kJmol� 1 (also in Figure S1), respectively. Thus, the
water molecules can induce changes to a structure of 4H2B
which is ~26 kJmol� 1 higher in energy than the most stable
conformer of the free monomer, stabilizing this structure in
the complex.

The emerging picture is that molecular flexibility opens
a larger variety of possibilities when creating the first
solvation shell of an organic molecule. Before the present
study, only molecules with reduced conformational flexibil-
ity had been reported at high resolution, such that several
new conclusions can relevantly be drawn from our findings.
First, in the case of small clusters, water molecules start
inducing visible conformational changes of the 4H2B moiety
in 4H2B-(H2O)2. As observed in isomer III of 4H2B-(H2O)2,
the OH group can be inserted between two water molecules,
deviating from the typical behavior of water dimerization
commonly reported for other dihydrated clusters. Second, as
the cluster size increases, the aggregation of water molecules
in 4H2B-(H2O)n=3–5 begins to resemble the pure water
clusters, i.e. the 4H2B moiety’s relative influence on the
aggregation of water molecules decreases. Simultaneously,
the conformational behavior of 4H2B becomes increasingly
dependent on the water cluster’s preferred structure. This is
particularly evident in the two isomers of 4H2B-(H2O)4,
where the 4H2B moiety must adjust three dihedral angles
very differently to accommodate the water molecules. Third,
the range of extension and the binding sites of the flexible
molecule determine the extent of its structural changes and
how the structural alterations are induced upon water
aggregation.

Overall, the formation of the observed water aggregates
is governed by a delicate energetic balance between
distortions of the solute and water hydrogen bond networks.
This energy balance plays a crucial role in the molecule’s
overall stability and potential reactivity caused by the
presence of solvent molecules in the vicinity of the organic
molecule. The large conformational flexibility of 4H2B
enabled the observation of several isomers for each cluster
size compared to the commonly reported observation of a
single isomer in related studies on hydrated organic mole-
cules. Our investigation serves as a first example that offers
deeper insights into the conformational behavior of flexible
molecules and their water clusters, particularly in scenarios
where structural changes are essential for designing new
materials and optimizing chemical processes in solution.
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Adaptive Response to Solvation in Flexible
Molecules: Oligo Hydrates of 4-Hydroxy-2-
butanone

Stepwise Hydration of a flexible organic
molecule reveals how water solvation
scaffolds deforms the substrate struc-
ture, generally through different structur-
al pathways. In this experiment we
observed solvation with up to five water
molecules for 4-hydroxy-2-butanone, us-
ing broadband microwave spectroscopy.
Solvation is accompanied by multiple
isomerization, as two isomers were rota-
tionally detected for each cluster.
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