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ABSTRACT: The investigation on the preferred arrangement and intermolecular interactions of gas phase solute-water clus-
ters gives insight into the intermolecular potentials that govern the structure and dynamics of the aqueous solutions. Here,
we report the investigation of hydrated coordination networks of benzaldehyde-(water)n (n = 1-6) clusters in a pulsed super-
sonic expansion using broadband rotational spectroscopy. Benzaldehyde (PhCHO) is the simplest aromatic aldehyde that in-
volves both hydrophilic (CHO) and hydrophobic (phenyl ring) functional groups, which can mimic molecules of biological
significance. For the n = 1-3 clusters, the water molecules are connected around the hydrophilic CHO moiety of benzaldehyde
through a strong CO---HO hydrogen bond and weak CH---OH hydrogen bond(s). For the larger clusters, the spectra are con-
sistent with the structures in which the water clusters are coordinated on the surface of PhnCHO with both the hydrophilic
CHO and hydrophobic phenyl ring groups being involved in the bonding interactions. The presence of benzaldehyde does not
strongly interfere with the cyclic water tetramer and pentamer, which retain the same structure as in the pure water cluster.
The book isomer instead of cage or prism isomers of water hexamer is incorporated into the microsolvated cluster. The
PhCHO molecule deviates from the planar structure upon sequential addition of water molecules. The PhCHO-(H20)1-6 clus-
ters may serve as a simple model system in understanding the solute-water interactions of biologically relevant molecules in
aqueous environment.

INTRODUCTION are difficult to predict. Their potential energy surface is of-
ten characterized by shallow and quasi-degenerate local
minima, whose number increases with the dimensions (de-
grees of freedom) and the size of the clusters. In addition,
zero-point energy can play an important role and tip the
balance of the energy ordering of different cluster iso-

mers.22

Water is of fundamental importance for our existence on
this planet, and it is involved in nearly all chemical and bio-
logical processes.! The water-solute interactions and the
different ways in which water molecules bind themselves
together in highly dynamic and complex networks lie at the
heart of solvation chemistry as well as biomolecular folding

and assembly. The accurate description of different forms
and intermolecular potential of water-solute interactions
has been one of the most important subjects in chemistry,
which is now receiving increased attention.!-2!

Water-solute clusters in gas phase serve as simple models
in understanding the structures and intermolecular interac-
tions in the bulk water solutions.! 20 When incorporating a
solute molecule into a water cluster, the intermolecular in-
teractions become more complicated. The energetically
preferred structures of large clusters, governed by the sub-
tle interplay of different kinds of noncovalent interactions,

From the experimental point of view, spectroscopic tech-
niques such as photoelectron spectroscopy and especially
IR action spectroscopy, which has a high efficiency of count-
ing ions, have been applied to study solute-water clusters.
However, these techniques often face the dilemma of iden-
tifying the detailed structures of neutral clusters.?3-27 Micro-
wave spectroscopy is a powerful tool for precise measure-
ment of geometric structures of weakly bound molecular
clusters in the gas phase.?8-31 This technique can routinely
achieve frequency resolution better than 10 kHz (10-7 cm™1).
Therefore, a chemical species, even in complex mixtures,
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can be unambiguously resolved and identified.?® The high
spectral resolution of contemporary Fourier transform mi-
crowave spectroscopy can fully resolve several closely
spaced rotational spectra of isotopically labeled species. By
means of Kraitchman'’s equations, the small differences in
the moments of inertia of isotopic species can be used to ob-
tain the substituted atom positions without any structural
assumption from theoretical calculations.32 With the inven-
tion of broadband chirped-pulse Fourier transform micro-
wave (CP-FTMW) spectroscopy, it is now possible to collect
~106resolution elements over several GHz in a single signal
acquisition event.33 34 This fast spectral acquisition over
broad frequency ranges rapidly changed the applicability of
rotational spectroscopy for the studies of large clusters. It
has been successfully employed to determine the stable
structures of water clusters including water hexamer,3> 36
heptamer,3” nonamer and decamer.3® These investigations
explicitly painted the 3D picture and internal dynamics of
water at the onset of aggregation.

Microwave spectroscopy has also been applied to solute-
water clusters. Due to the low number density of clusters in
the molecular beam, there are very few studies with rota-
tional resolution of solute-(H20)x clusters involving more
than four water molecules.2% 39-43 Regarding hydrated aro-
matic compound clusters, which are of biological and astro-
nomical importance, up to four water molecules have been
reported in the study of acenaphthene-(H20)1-4.3°

-22
keal/mol

Scheme 1. Electrostatic potential surface of benzaldehyde.

Herein, we report a microwave spectroscopy study on the
PhCHO-(H20)x clusters produced in a pulsed supersonic ex-
pansion using broadband CP-FTMW spectrometers. The
spectra of clusters with n = 1-6 are reported. As the simplest
aromatic aldehyde, PhCHO is composed of both hydrophilic
(CHO) and hydrophobic (phenyl ring) functional groups
(see scheme 1 the electrostatic potential surface of PhCHO),
which can mimic molecules of biological significance. The
observed water networks in these clusters change from a
chain to a cyclic structure, and then to a three-dimensional
structure with increasing the number of water molecules.
With the number of waters growing, the water binding site
extends from the hydrophilic CHO site to the hydrophobic
ring site and creates a single water layer covering the solute
molecule.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Experimental details: The microwave spectra of benzalde-
hyde-water clusters were measured using the broadband
CP-FTMW spectrometers** at DESY (Hamburg) and Fudan
university (Shanghai). The diagram of the instrument
(Shanghai) is shown in Scheme S1 of Supporting Infor-
mation. Benzaldehyde was purchased from Sigma-Aldrich
(purification > 99.5%) and used without further purifica-
tion. It was placed in a reservoir, which is custom-made as
part of the pulsed valve (General valve series 9), located
close to the valve orifice and kept at room temperature. A
second reservoir located upstream outside of the vacuum
chamber was used for distilled water. Samples with differ-
entratios of H21°0/H2'80 (1:0, 3:1, and 0:1) were used. Neon
at 3 bars of backing pressure was used as carrier gas. A
pulsed supersonicjet (operated at 8 Hz at Hamburg and 9Hz
at Shanghai) was generated by the expansion of the gas mix-
ture into the vacuum chamber through a 1 mm diameter
nozzle. After a delay of approximately 900 ps, eight back-to-
back chirped pulses with a duration of 4 us spanning the 2-
8 GHz frequency range were broadcast into the vacuum
chamber through a horn antenna to interact with each mo-
lecular beam pulse. The chirped pulses were generated by a
25 GS/s arbitrary waveform generator (AWG) and ampli-
fied by a 300 Watts traveling wave tube amplifier (TWTA).
The subsequent eight free induction decay (FID) signals of
the macroscopic dipole moment of the ensemble of mole-
cules were collected for 40 us with another horn antenna,
amplified, and recorded with a digital oscilloscope in the
time domain. The signals were then transformed to the fre-
quency domain by the application of Fourier transfor-
mation. A fast-frame data acquisition scheme for eight exci-
tation and emission cycles per supersonic expansion has
been used to reduce measurement time and sample con-
sumption. The spectra have an accuracy in the frequency
measurement better than 15 kHz and a resolution better
than 25 kHz.

Spectral assignment and fitting: The molecular rotational
spectrum originates from transitions between the quan-
tized energy levels for molecular rotation. The Hamiltonian
operator for rotational kinetic energy is: 28

Hrot = Hr + Ha
H, = AP%: + BP: + CP?

In these expressions, H:r is the rigid rotor term, Ha is the cen-
trifugal distortion term, P, Pv, and Pc are the angular mo-
mentum operators for rotational motion about the three
principal axes of rotation, and 4, B, and C are the rotational
constants. The rotational constants are inversely related to
the principal moments-of-inertia that characterize the
three-dimensional mass distribution of the molecule. The
interaction of the microwave source with the dipole mo-
ment changes the rotational kinetic energy around the three
principal axes, which results in three types of rotational
spectra, known as a-type, b-type, and c-type. The relative in-
tensities of these spectra are proportional to the square of
the respective dipole moment component. The experi-
mental rotational constants combined with the dipole mo-
ments can provide structural information for the assigned
molecules.
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Initial spectral assignments of the rotational transitions
were obtained using the JB95 program.* Refined fits were
achieved using the AABS suite*¢ with a standard Watson-
type Hamiltonian (S-reduction and I' representation)*’ as
implemented in Pickett’s SPFIT.48

The positions of individual atoms in the principal axis sys-
tem can be determined by rotational spectroscopy with iso-
topic substitutions without any calculated assumption of in-
itial structures.32 The approach is based on the Born-Oppen-
heimer approximation that the atom positions in the molec-
ular structure are isotope independent. With a single iso-
topic substitution for each different atom, the mass distri-
bution will change. By measuring the changes in the rota-
tional constants upon single isotopic substitution, the
changes in the three moments-of-inertia can be converted
to the atom coordinates in the principal axis system (rs). In
an alternative way, starting with an initial structure, which
is generally obtained from quantum chemical calculations,
the moments-of-inertia can be changed by adjusting some
structural parameters. In a least-squares fitting procedure,
the experimental moments-of-inertia can be reproduced,
and the fitted structure can be obtained, which is regarded
as the effective structure of the ground state (ro). In the
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cases where vibrational-rotational effects occur, additional
parameters are added to the fit, and the mass-dependent
molecular structure, which is close to the experimental
equilibrium structure, rm, is obtained.28 49,50

Quantum chemical calculations: The conformational
search of benzaldehyde-water clusters was performed us-
ing the CREST/GFN-xTB software.! The energetically low-
lying structures with a 20 kJ/mol energy threshold were
then reoptimized at the B3LYP-D4/def2-TZVP level of the-
ory5? using the Orca package.5? Harmonic frequency calcu-
lations were performed at the same level to confirm the real
potential minima and to obtain their zero-point vibrational
energies (ZPVE). The basis set superposition error (BSSE)
was also considered for the binding energies of the clusters.
To visualize the intermolecular interactions, we used the
noncovalent interaction (NCI) approach, which is based on
the electron density and its derivatives.>* The intuitive de-
scription indicates where the strong hydrogen bonds and
weak attractive interactions occur. The analysis for NCI was
generated with the Multiwfn software,> and the plots were
carried out with the Chimera software.5¢ The lowest-energy
complexes optimized at the B3LYP-D4/def2-TZVP level of
theory were used as inputs for these analyses.
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Figure 1. Broadband rotational spectra of PhCHO-(H20)1-6. The black upper trace corresponds to the experimental spectrum after
removing the spectral lines arising from the PhCHO monomer (9.5 million FID average). The lower traces in different colors repre-
sent simulated spectra of PhCHO-(H20)1-3 from the experimental spectroscopic parameters (Tables 1 and 2), at a rotational temper-
ature of 1 K, and the theoretical dipole moment components for the respective complexes. The inset highlights the tunnelling splitting
of PhCHO-(H20)s. At the bottom, parts of the spectra highlight representative transitions from the n = 4-6 clusters. The quantum
numbers are defined using the standard nomenclature for the rotational energy levels of an asymmetric top, denoted as Jka k., where
J is the quantum number for the total rotational angular momentum, and Ka and Kc are the quantum numbers for the projection of
the total rotational angular momentum onto the rotational axes (a and c) in the two limiting cases of prolate and oblate symmetric

tops, respectively.
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RESULTS AND DISCUSSION

The rotational spectra were measured within the frequency
range covering 2 to 8 GHz using different water samples
that contain pure H21¢0, pure H2!80, and a mixture of H21¢0
and H2'80 with a 3:1 ratio, respectively. As expected, the ro-
tational spectra of the PhCHO molecule and the water dimer
(H20)2 are the most intense contributors. The spectra of
PhCHO monomer in the 6-41 and 170-330 GHz ranges have
been reported in a previous work.57 In our spectrum, inter-
estingly, the signal intensity of the species containing the
180 labeled carbonyl group is much stronger in the experi-
ment with the H2!80 sample. This is due to oxygen-atom ex-
change between the -CHO group and H:0, a process similar
to the one that has been observed in the study of the rota-
tional spectroscopy of acrolein-water complexes.5®8 The
spectroscopic parameters of different isotopologues of the
PhCHO monomer determined from the spectrum in the 2-8
GHz range are listed in Table S1. The substitution coordi-
nates (rs) from Kraitchman's equations and the fitted struc-
tural parameters (rs, and rm() are listed in Tables S2 and S3.
These data are in agreement with those reported previously
derived from the high frequency spectral range.5” The equi-
librium coordinates and structural parameters predicted at
the B3LYP-D4/def2-TZVP level of theory are also listed in
Tables S2 and S3 for comparison. The results show good
agreement between experiments and quantum chemical
calculations.

Figure 1 shows the experimental spectrum after removing
the spectral lines arising from the PhCHO monomer. The
most intense rotational transitions in Figure 1 are assigned
to two PhCHO-H20 conformational isomers (see Figure 1).
Guided by the prediction from theoretical calculations, two
groups of rotational transitions can be straightforwardly as-
signed to two PhCHO-(H20): isomers with the rotational
constants being listed in Table 1. The small values of the pla-
nar moments of inertia along the c principal axis (Pc) imply
that these vibrationally averaged structures are planar (see
Table 1). Due to the high signal-to-noise ratio of the spectra
for these clusters, we can also assign the rotational transi-
tions of their singly 13C-substituted isotopologues. The next
group of a-type transitions could be assigned to the PhCHO-
(H20)3 cluster, among which some of the transitions split
into two closely spaced components (see the inset of Figure
1). The spectral splitting is the result from a large-amplitude
motion along a symmetric potential, which usually can lift
the degeneracies of the vibrational levels in this symmetric
potential (vide infra).>?

Besides the spectral lines of the PhCHO-(H20)a (n=1-3) clus-
ters, abundant but low intensity spectral lines are present
in the spectrum. Among these lines, some interesting spec-
tral patterns can clearly be identified, which are quartets
with two pairs of equally spaced spectral lines. Some repre-
sentative transitions are shown in the bottom panel of Fig-
ure 1. These spectral features are consistent with the tran-
sitions of systems consisting of four quantum energy levels,
in which two of them are a-type transitions while the other
two are b-type transitions, or they are b-type combined with
c-type transitions. Following this general hint, we initially
fit these frequencies to three independent rotational Ham-
iltonians and succeeded to include more rotational transi-
tions over the course of the analysis. By comparing the fitted
spectroscopic parameters with those derived from high-
level quantum chemical calculations, the spectra are as-
signed to the PhCHO-(H20)4, PhCHO-(H20)s, and PhCHO-
(H20)s6 clusters, respectively, as listed in Table 2. In the
H2'80-containing broadband spectra, we can assign the 180-
enriched species for the PhnCHO-(H20)1-3 clusters; however,
we were not able to assign any for the larger clusters. This
finding is understandable because the diluted populations
of different isotopologues in the molecular beam signifi-
cantly decreased their signal intensity from that of their al-
ready weak parent species. In addition, the oxygen-atom ex-
change between PhCHO and water makes the situation
more complicated as well. The experimentally observed fre-
quencies and their assignments are listed in Tables S26-S34,
respectively.

For the PhCHO-(H20)1-2 clusters, the structural parameters
(rs, ro/rm) of the heavy atom frameworks are derived from
their isotopic rotational constants. For PhCHO-(H20)s, the
positions of the oxygen atoms in the water molecules can be
experimentally determined from the 80 enriched spectra.
These data are listed in Tables S5, S6, S8, S9, S12, S13, S15,
S16,S18, S19.

Quantum chemical calculations were performed for the
PhCHO-(H20)» (n=1-6) clusters. The low-lying stable con-
formers for each cluster calculated at the B3LYP-D4 /def2-
TZVP level of theory are listed in Tables S35-S40. The most
stable conformers of the n=1-3 clusters are shown in Figure
2. The optimized hydrogen bonding parameters (C---O and
0---0 distances) together with the experimentally fitted val-
ues are listed. The NCI plots mapping the location and
strength of the noncovalent interactions are also shown in
Figures 2 and 3. A hydrogen bond OH-+-Ocarbony1 between a
water molecule and the carbonyl group of PhCHO is present
in all the clusters.

Table 1. Comparison between the experimental and simulated spectroscopic parameters of the PhnCHO-(H20)1,2 clusters.

PhCHO-H20_(I) PhCHO-H20_(1I) PhCHO-(H20)2_(I) PhCHO-(H20)2_(II)
Expl. Calc. Expl. Calc. Expl. Calc. Expl. Calc.

A[MHz] 4609.3877(27)2 4691.5[F] 2732.5980(17) 2755.8 2504.9934(12) | 2586.3 1497.61477(68) 1558.6
B[MHz] 694.37090(50) 697.4 981.80018(77) 1013.2 521.84825(22) 525.8 797.12914(46) 789.8
C[MHz] 603.86222(47) 607.4 722.99239(72) 741.4 432.45243(21) | 4382 521.33059(27) 5289

4
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1 Dj[kHz] 0.1293(86) 0.269(16) 0.0971(14) 0.3339(58)
2 Di[kHz] | -1.762(33) -0.413(62) -0.7224(66) -1.159(26)
3
4 di[kHz] -0.0835(41) -0.0255(13) -0.1386(34)
5 pa/us/pc | Y/Y/NIE 3.7/0.1/0.7 | Y/Y/N 2.9/1.0/0.7 | Y/Y/N 29/0.1/01 | Y/Y/N 2.9/1.0/0.2
6
7 Pe[ph2] | 0.27649(42) 0.34085(41) 0.77714(35) 1.02634(32)
8 old[kHz] | 7.860 8.753 3.886 3.859
9
10 Nl 45 45 64 45
11
[a] Standard errors within parentheses are expressed in units of the last two digits. [b] calculated at B3LYP-D4/def2-TZVP level of theory. [c] Y/N denotes
12 that the corresponding transitions were observed/not observed. [d] Root-mean-square deviation of the fit. [e] number of the lines in the fit.
13
14
15
16 Table 2. Comparison between the experimental and simulated spectroscopic parameters of the PhCHO-(H20)s-s clusters.
17
18 PhCHO-(H:0)3 PhCHO-(H:0)4 PhCHO-(H:0)s PhCHO-(H20)s
19
20 Expl. Calc. Expl. Calc. Expl. Calc. Expl. Calc.
21 A[MHz] 1438.7861(69)1 | 1508.70] 844.63511(66) | 874.8 610.05086(37) | 620.9 530.48882(40) | 523.6
22
B[MHz] 454.65050(81) 455.7 646.24247(40) | 661.6 559.16530(54) | 588.0 442.34902(28) | 479.2
23
24 C[MHz] 351.25839(64) 354.7 529.76060(31) | 544.2 422.56078(33) | 4384 347.58346(19) | 3443
25
26 Dj[kHz] | 0.0979(24) 0.2232(39) 0.1130(33) 0.1452(22)
;é Di(kHz] | -0.454(29) -0.480(15) -0.467(11)
29 Di[kHz] 0.707(37) 0.693(10)
;? di[kHz] | -0.0233(25) -0.0601(26) -0.0221(20) -0.0445(11)
32 dafus/pe | Y/Y/NE 1.3/0.1/0.7 | Y/Y/Y 3.1/0.8/13 | Y/Y/Y 0.8/2.5/0.7 | Y/Y/Y 2.0/2.2/0.8
33
34 Pe[pd?] | 12.0318(19) 213.19538(44) 268.11975(69) 320.58852(65)
35 old[kHz] | 9.028 5.256 9.718 8.405
36
fel
37 N 49 71 98 157
38 [a] Standard errors within parentheses are expressed in units of the last two digits. [b] calculated at B3LYP-D4/def2-TZVP level of theory. [c] Y/N denotes
39 that the corresponding transitions were observed/not observed. [d] Root-mean-square deviation of the fit. [e] number of the lines in the fit.
40
41
42
43 For the n = 1 complex, there are two close-lying isomers as- in Table 1, the calculated rotational constants (A, B, C) are
44 sociated with the structures in which the water molecule is in excellent agreement with the experimental values for
45 located at either side of the carbonyl group within the both isomers.
PhCHO molecule plane. The first structure (Figure 2a) in- . .
46 For the n = 2 cluster, two close-lying structural isomers have
volves a secondary weak CH---O hydrogen bond between . o ;
47 been assigned. In the firstisomer (Figure 2c), the two water
the hydrogen atom of the aldehyde group and the oxygen .
48 . . molecules form an OH---O hydrogen bond and coordinate
atom of water, while the second structure contains a sec- . .
49 with the aldehyde group via an OH-++Ocarbonyl hydrogen bond
ondary weak CH---0O hydrogen bond between the hydrogen . .
50 . . and a CH---O hydrogen bond forming a cyclic structure. In
atom of the phenyl ring and the water oxygen atom (Figure . .
51 . ’ . the second isomer, only the O atom of the aldehyde group is
2b). The first structure is predicted to be 2.9 k] /mol less sta- . . . .
. involved in forming an OH::+Ocarbony1 hydrogen bond with
52 ble than the second structure after zero-point energy and .
. i . one water molecule. Besides the strong OH---O hydrogen
53 basis set superposition error corrections. The calculated hy-
. . . bond, the two water molecules form weak CH::-0 hydrogen
54 drogen bonding C:--:O and O---O distances are slightly bonds with the hydrogen atoms of the phenyl ring (Figur
55 shorter than the experimental values (Figure 2). As listed ondasw ¢ hydrogen atoms of the phenyl Ting (Figure
56
57
58
59
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2d). The first structure involves a stronger hydrogen bond
between the water molecules with a shorter 0-:-O distance.
The first structure is predicted to be 1.5 k] /mol more stable

than the second structure at the B3LYP-D4 /def2-TZVP level.

The calculated rotational constants match the experimental
values very well (Table 1) and support the experimental as-
signment.

For the n = 3 cluster, the experimentally observed structure
can be attributed to the predicted most stable structure
(Figure 2e). In this structure, the three water molecules
form a chain instead of the cyclic structure of the isolated
water trimer observed in the gas phase.®® The hydrogen-
bonding fashion is similar to those in the n =1 and 2 com-
plexes. The 0-0-0 water chain has an experimentally deter-
mined angle of 112.0(1)°. It interacts with PhnCHO and binds
to the carbonyl oxygen atom on one end and to two hydro-
gen atoms in a bifurcated manner on the other end. The
middle water molecule is squeezed out of the plane defined
by the PhCHO molecule, and forms a weak CH::-O hydrogen
bond with the hydrogen atom of the aldehyde group (Figure
2e). This structural characteristic coincides with the in-
creased planar moment of inertia (Pec=12.0318, see Table 2)
with respect to those of the n=1, 2 clusters. This structure
can undergo a puckering motion with the middle water mol-
ecule moving above and below the symmetric plane. This is
similar to the motion observed in the pure water pentamer
and indan.6%62 This puckering motion is responsible for the
observed splitting of the rotational transition of PhCHO-
(H20)s. The barrier for this puckering motion is predicted to
be 9.2 k] mol! at the B3LYP-D4/def2-TZVP level. The oxy-
gen atom of the middle water has to move 2.02 A going from
the puckered-up to the puckered-down structure. The next
structure is predicted to be 1.5 k] /mol higher in energy than
the most stable isomer. It has a similar water arrangement
and rotational constants as the most stable structure but
differs for the free OH bond orientations.

For the larger PhCHO-(H20)4-6 clusters, a set of structures in
which PhCHO is attached to different binding sites of a
known water cluster structure is considered. The preferred
results based on molecular force field and semiempirical
searches have also been considered and further optimized
with high-level quantum chemical calculations. As listed in
Tables S38-S40, a total of 20, 58 and 35 isomers within a 10
kJ/mol relative energy window have been found for the n=4,
5 and 6 clusters, respectively. The most stable isomers of
the PhCHO-(H20)4-6 clusters are shown in Figure 3 (and Fig-
ures S7, S10, S13, and S16). For each cluster, the calcula-
tions give two nearly isoenergetic isomers, which differ only
in the clockwise or anticlockwise orientations of the endo-
cyclichydrogen bonds of the water cluster. The two isomers
have essentially the same rotational constants and dipole
moment components since they only differ in the sense of
rotation of the hydrogen-bond network. The calculated ro-
tational constants for both isomers are similar to the exper-
imental values (Figure S16); thus, we cannot unambigu-
ously identify which isomer is experimentally observed.
Here we only give an inconclusive structural preference de-
pending on the predicted relative energy. The conformation
with an anticlockwise cyclic hydrogen bonded water

arrangement is slightly lower in energy than the clockwise
cyclic one for the n = 4 and 6 clusters, while the clockwise
cyclic conformer is 0.1 k] /mol lower than the other for the
n = 5 cluster. For each cluster, the other low-lying con-
former would also be present in the supersonic expansion,
but as the transition intensities of the identified species are
already weak, it is plausible to expect that it would be diffi-
cult to identify them (see Figure S18).
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Figure 2. The optimized hydrogen bonding parameters re
(black) at the B3LYP-D4/def2-TZVP level of theory, com-
pared with the experimental values rs (red) of the PhCHO-
(H20)13 clusters. All distances are in A. (a) PhCHO-H20_(I),
(b) PhCHO-H:0_(1I), (c) PhCHO-(H20)2_(I), (d) PhCHO-
(H20)2_(1I1), and (e) PhCHO-(H20)s, with a side view shown
on the right side. The NCI plots (reduced density gradient)
mapping the location and strength of noncovalent interac-
tions are also shown. The gradient isosurfaces (s = 0.5 a.u.)
are colored on a blue-green-red scale according to values of
the electron density multiplied by the sign of the second
Hessian eigenvalue (sign(Az)p), ranging from -0.03 to 0.02
a.u. Blue indicates strong attractive interaction, green indi-
cates weak attractive interaction, and red indicates strong
repulsive interaction.

The bonding layout of these larger clusters undergoes a
drastic change compared to those of the smaller clusters.
The water molecules do not bind sideways to the PhCHO
molecule as previously seen, but they are located on top of
the molecular plane of the phenyl ring. As shown in Figure
3, the arrangement of the water molecules in the n=4 cluster
is quite similar to that of the pure water tetramer.®3 The four
water molecules form a cyclic hydrogen-bonded structure
in which each water molecule contributes one OH moiety to
form a hydrogen-bonded water tetramer ring. The
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remaining hydrogen atoms point out of the plane defined by
the water ring in an up-down-up-down orientation leaving
two free hydrogen atoms. One down-orientated hydrogen
atom is bound to the oxygen atom of the carbonyl group
forming an OH:--O hydrogen bond, while the other down-
orientated hydrogen atom points to the phenyl ring and
forms an OH---m interaction. Therefore, both the hydrophilic
(CHO) and hydrophobic (phenyl ring) sites of PhnCHO are

connected with water through a hydrogen bonding network.

As a comparison, the vibrational spectroscopy of phenol-
(H20)n clusters has indicated that only the hydrophilic
group is involved in the water network.64-66 A similar result
has also been reported in the rotational spectroscopic study

M=1

M=2 M=2
2.79 2.76

Journal of the American Chemical Society

of hydrated glycolaldehyde clusters, where only the oxygen
atom and the hydroxyl group of glycolaldehyde form hydro-
gen bonds with water molecules.®”

A similar hydrogen bonding architecture can be found in the
PhCHO-(H20)s cluster. A cyclic water pentamer similar to
the structure of the pure water pentamer lies on top of the
PhCHO plane.?* The orientations of the five free hydrogen
atoms appear as an up-up-down-up-down arrangement. As
in the PhCHO-(H20)4 cluster, the two down-orientated hy-
drogen atoms interact with PhCHO via an OH:++Ocarbonyt bond
and an OH---m bond.

Strong
Attractive
-0.03

sign(M)p 0

0.02
Strong

Repulsive

Cooperative

Anticooperative =1

Figure 3. The oxygen-oxygen distances (A) and the net hydrogen bond cooperativity (M) in the PhCHO-(H20)4.6 and pure
water clusters (H20)4-6. The net cooperativity of a donor-acceptor (D-A) hydrogen bond is determined by calculating the sum
of all cooperative neighboring hydrogen bonds (+1) and anticooperative hydrogen bonds (-1), as shown in the bottom-right
diagram. The NCI plots mapping the location and strength of noncovalent interactions in the PhnCHO-(H20)4-6 clusters are also
shown. The gradient isosurfaces (s = 0.5 a.u.) are colored on a blue-green-red scale according to values of the electron density
multiplied by the sign of the second Hessian eigenvalue (sign(Az)p), ranging from -0.03 to 0.02 a.u. Blue indicates strong at-
tractive interaction, green indicates weak attractive interaction, and red indicates strong repulsive interaction.

The water hexamer is the smallest sized water cluster to ex-
hibit a three-dimensional hydrogen bonding network, exist-
ing as several competing structures, including cage, prism,
book, bag, and cyclic forms.35 36.64.68-70 Cristébal Pérez and
co-workers established the population ratio for the three
lowest energy isomers cage, prism, and book to be 1 : 1 :
0.25 in a supersonic beam with neon and helium as carrier
gas, while only the cage isomer was observed using argon
as carrier gas.?> Similar to the pure water hexamer, several
isomers similar in energy were found by theoretical calcu-
lations for PhCHO-(H20)¢ (Figure S13 and Table S40). All of
the calculations suggest that the book-incorporated struc-
ture is energetically preferred. The rotational constants of
the book-incorporated structure are in good agreement
with the experimental results (see Table 2 and Figure S16).
No isomers involving cage and prism structures of the
(H20)s moiety were assigned, even though the previous mi-
crowave spectroscopic study has shown that the cage and
prism isomers are more stable than the book isomer for the

pure water hexamer.35 The calculated rotational constants
of these low-lying isomers do not fit the experimental val-
ues. The result indicates that the relative stability of the wa-
ter hexamer isomers is altered by coordination with a pla-
nar aromatic molecule, but the transition from cyclic to
three-dimensional structures of water clusters still occurs
at n = 6 in the PhCHO-(H20)x clusters. This observation is
similar to the results of an infrared spectroscopic study of
benzene-(Hz0)s, in which the single observed isomer of
benzene-(H20)s incorporates an inverted book structure ra-
ther than the cage or prism.?s

The free PhCHO molecule is planar due to the m-m conjuga-
tion. Upon coordination by the water clusters, the PhCHO
molecule becomes nonplanar. The variation of the dihedral
angle between the phenyl ring and the aldehyde group as a
function of the number of water molecules is shown in Fig-
ure 4. The PhCHO molecule differs only slightly from the
planar structure upon coordination with up to five water
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molecules. The dihedral angle drastically increases when
the hydrated cluster grows to PhCHO-(H20)s, which shows
the solvation effect of 3D structured water hexamer.
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Figure 4. The variation of dihedral angle of Ph-CHO (in de-
grees) as a function of the number of water molecules in the
PhCHO-(H20)x clusters. The red dashed line represents the
conformer_(I) of PhCHO-(H20):-2 and clockwise confor-
mations of PhCHO-(H20)4-, while the blue line is the con-
former_(II) and anticlockwise conformations. The black
trace is the average for each cluster.

The binding energies between benzaldehyde and water
clusters in the PhCHO-(H20)n(n=1-6) clusters calculated at
the B3LYP-D4 /def2-TZVP level after ZPVE and BSSE correc-
tions are listed in Table S41. The binding energy increases
from n=1 to n=2 and 3 due to increased binding sites be-
tween PhCHO and water. However, the binding energy de-
creases from n=3 to n=4. The binding energy increases with
increasing cluster size from n=4 to 6. The number of binding
sites between PhCHO and water (OH-+-Ocarbony1 and OH---1)
no longer increases in the larger clusters. The increase in
binding energy is largely due to increased dispersion inter-
action as shown in Table S42.

The PhCHO-water interactions strengthen the hydrogen
bonding networks of the water clusters in the larger
PhCHO-(H20)n (n=4-6) clusters, and this results in the
slightly distorted cyclic and book structures of water clus-
ters. These structural manifestations can be explained by
net cooperativity effects.38 3° Net cooperativity effects are
defined as parameter M, which accounts for the potential
two-body and three-body hydrogen bonds of the donor (D)-
acceptor (A) pairs. The values of M can range from -2 to 4,
with larger numbers indicating a stronger hydrogen bond
and a shorter donor-acceptor distance. Net cooperativity
effects are governed by the local environment of a water
molecule. This environment changes as the potential for the
water molecule to form hydrogen bonds increases or de-
creases. The results from this analysis are reported in Fig-
ure 3 and S19, where we compare the net cooperativity val-
ues for each hydrogen bond in the PhCHO-(H20)s.6 with
those in the bare water cluster. We observe that upon com-
plexation, the M values, and therefore the strength of the hy-
drogen bond, is increased as two new bonds are established.

This is nicely captured by our cooperativity analysis as the
larger M values correspond to the shortest O-:-O distances.
In particular, the formation of an OH---m bond is likely re-
sponsible for the transition from an in-plane cluster growth
for PhCHO-(H20)13 to an above-plane arrangement ob-
served in the larger clusters. These interactions offer an ad-
ditional anchoring site that shapes the structure of the clus-
ter while keeping the main OH::*Ocarbonyt bond. They are il-
lustrated in Figure 3 as a green, delocalized isosurface that
involves the phenyl ring. As shown, although these interac-
tions lower the M value of one bond, it simultaneously in-
creases the strength of the immediately adjacent hydrogen
bond. Overall, the energetic balance is favorable thanks to
the new interaction and cooperative effects are apparent
with a clear shortening of the hydrogen bond with respect
to those in the bare water cluster. For clusters ranging from
one to three water molecules, this interaction is not possible
without largely impacting the dominant OH-++Ocarbonyt hydro-
gen bond due to geometrical restrictions. This sets a transi-
tion point to above-plane cluster growth, when the dimen-
sion of the hydrogen bond network is large enough to favor-
ably reach the ring m cloud while unaffecting the
OH:++Ocarbony1 interaction. These results highlight how the
molecular shape can drastically change as the size of the
cluster grows as new interactions are established.

CONCLUSIONS

The rotational spectra of the PhCHO-(H20)x clusters gener-
ated in a supersonic expansion molecular beam are meas-
ured in the 2-8 GHz spectral range using broadband
chirped-pulse Fourier transform microwave spectrometers.
The rotational spectra of the n=1-6 clusters are assigned,
and the structures of the topology of the clusters has been
unambiguously determined, which are also predicted to be
the most stable structures by quantum chemical calcula-
tions. The results clearly show the transformations of the
hydrated coordination network from chain-like to cyclic
and then to 3D arrangement with the sequential addition of
water molecules. For the n = 1-3 clusters, the structures of
heavy atom frameworks determined via isotopically substi-
tuted spectra indicate that the water molecules are con-
nected sideways around the hydrophilic CHO moiety of ben-
zaldehyde through a strong CO---HO hydrogen bond and
weak CH---OH hydrogen bond(s). For the n = 4 and 5 clus-
ters, the spectra are consistent with the structures in which
the cyclic water clusters are coordinated on the surface of
the benzaldehyde molecular plane. The spectrum of the n =
6 cluster has been assigned to a cluster incorporating an in-
verted book isomer of water hexamer that resembles a sin-
gle water layer mantling the surface of benzaldehyde.
PhCHO is the simplest aromatic aldehyde that involves both
hydrophilic (CHO) and hydrophobic (phenyl ring) func-
tional groups which can mimic molecules of biological sig-
nificance. The PhCHO-(H20)1-¢ clusters may serve as simple
model system in understanding the solute-water interac-
tions of biologically relevant molecules in aqueous environ-
ment.
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Experimental spectroscopic parameters of the isotopologues of
PhCHO-(H20)n, n=0-6;

Equilibrium coordinates (re) calculated at the B3LYP-D4/def2-
TZVP level of theory and substitution coordinates (rs) from
Kraitchman's equations for single isotopic substitution;

re (at the B3LYP-D4/def2-TZVP level of theory), rs, rm(3), and ro
structural parameters;

Experimental transition frequencies (v/MHz) together with the
corresponding observed - calculated differences (Av/kHz) for
each species;

Relative energies (in k] /mol), rotational constants (in MHz), di-
pole moment components (in Debye) of the stable conformers
of each clusters searched using the CREST/GFN-xTB software

and then optimized at the B3LYP-D4/def2-TZVP level of theory.

These materials are available free of charge via the Internet at
http://pubs.acs.org.
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