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The structure of the ferrocene-water ((Cp)2Fe:H2O) complex has
been characterized by combining state of the art rotational
spectroscopy and computational chemistry. Two structures
have been retrieved experimentally where water interacts with
two distinguished binding sites, the exo Cp π cloud and the
planetary-like planar orbit around iron. The spectra of both
conformers exhibit significant averaging effects due to the
nearly free rotational dynamics of water. This is in good

agreement with the exploration of the potential energy surface
of (Cp)2Fe:H2O. For water interacting with the exo Cp π cloud,
we found three axial conformers giving rise to twenty minima
with small internal rotation barriers. Theoretical calculations
reveal two minima for the observed equatorial complex. Water
interacts with ferrocene quite strongly, exhibiting binding
energies above �11 kJ/mol in all binding sites and contributing
to small deformations in the structure of bare ferrocene.

The discovery and subsequent elucidation of the structure of
ferrocene (Fe(η5-C5H5)2, (Cp)2Fe) resulted from the work of
several research groups between 1951 and 1952.[1–4] Ferrocene
has had a profound impact on organometallic chemistry,
driving advancements in various fields, including catalysis,
materials science, and medicinal chemistry.[5–8] Its versatile
properties make it a valuable compound for both academic and
industrial applications. The symmetry of ferrocene corresponds
to the D5h point group; consequently, it has no electric dipole
moment, rendering it invisible to microwave spectroscopy. In
contrast, several ferrocene derivatives have been successfully
studied using this technique.[9–13] An alternative approach to
making ferrocene detectable via rotational spectroscopy, which
has not yet been explored, involves forming a complex with a
molecule like water that possesses a permanent electric dipole
moment. This can be achieved through supersonic jet expan-
sion and subsequent analysis using microwave spectroscopy
techniques.

Experimentally documented neutral complexes of unsubsti-
tuted ferrocene with small molecules are rare, and most of the
available information is computational. Greenwald and collabo-
rators investigated computationally (Cp)2Fe:CO complexes,[14]

followed by studies on ferrocene complexes with N2, O2, H2 and

CH4 at low temperature through IR spectroscopies.[15,16] Vrček
and Bühl extensively studied ferrocene-containing alcohols
through theoretical methods to explore the Fe · · ·OH intra-
molecular interactions.[17] As part of this research, they also
calculated equatorial ferrocene complexes with water, HF and
CF3OH, determining an interaction of �5.02 kJmol�1 for the
ferrocene-water complex. Ault has reported the ferrocene-HCl
complex using DFT calculations and IR spectroscopy, character-
izing hydrogen-bonded axial and equatorial complexes.[18] The
investigation of binding sites on ferrocene has been of
particular interest due to its protonation abilities,[19] and high
proton affinity (863.6 kJmol�1),[20] leading to studies of its
complexes with H+ or Li+,[21–24] as well as simulations of the
molecular dynamics of FeCp2H

+.[25] Additionally, studies of the
ferrocene dimer in the solid state revealed an isomer in which a
hydrogen atom from one ferrocene unit points directly to the
iron center of the neighboring ferrocene.[26,27] The role of
hydrogen bonding in interactions with various transition metals
has also been explored, highlighting the significance of study-
ing such unusual interactions.[28–31]

In this context, the motivation for studying the ferrocene-
water complex arises from several key considerations. First,
such a complex provides a means of rendering ferrocene
detectable in the gas phase through rotational spectroscopy,
thereby overcoming the challenge posed by its lack of a
permanent electric dipole moment. Second, water, as a proton
donor, offers an opportunity to further explore the proton
affinity of ferrocene, enhancing our understanding of its
fundamental acid-base interactions. Finally, investigating the
dynamics of water within the complex highlights the impor-
tance of moving beyond a purely static structural perspective
when studying weakly bound complexes. This approach
provides deeper insight into the nature of hydrogen bonding
and intermolecular interactions in ferrocene-based systems,
contributing to the broader understanding of organometallic
solvation phenomena.
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Fourier-transform microwave (FTMW) spectroscopy, com-
bined with supersonic jet expansions, enables the formation
and stabilization of molecular complexes at low temperatures,
allowing precise characterization of molecular geometries and
intermolecular interactions. This technique offers high resolu-
tion and sensitivity, facilitating the detection of weakly bound
species (see Experimental Details at the SI file). Quantum
mechanical calculations complement these experiments by
predicting stable structures, interaction energies, and spectro-
scopic signatures (see Computational Details at the SI file).[32,33]

These insights aid in interpreting rotational spectra, optimizing
experimental conditions, and distinguishing isomers. Moreover,
quantum mechanical approaches enable the exploration of the
dynamical behaviour of the complex, offering a deeper under-
standing of its intermolecular interactions.

The topology of the molecular electrostatic potential (MEP)
of ferrocene (Figure 1) shows negative regions of � 81 kJmol� 1

and � 32 kJmol� 1 associated to the Cp rings and to five
coplanar points equidistant to iron located in the middle of the
sandwich. All the positive regions lie along the CH groups. This
topology clearly indicates that potential hydrogen bonds from
water are likely to form at either axial or equatorial binding
sites.

Five conformers of the complex (Cp)2Fe:H2O are obtained
after a CREST[34] screening and posterior B3LYP� D3(BJ) and
CCSD optimizations. Analysis of the complexes using the
quantum theory of atoms in molecules (QTAIM)[35] leads to the
molecular graphs (see Figure 2a) showing the bond paths (BP)
and bond critical points (BCP) indicative of the existence of a
bond or interaction. In complexes A(Cs)/B(Cs)/C(C1) (axial forms)
water is hydrogen bonded to the outer face of one of the
cyclopentadienyl rings. The bond paths reveal that the interact-
ing OH group is directed towards a carbon atom in A and
towards the center of a C� C bond in B, while C represents an
intermediate configuration.

However, although the remaining H from water is more
distant, the reduced density gradient shown in the 3D-NCI
plots[36,37] (Figure 2b) indicates the existence of a surface over
the ring. This is attributed to a continuous weakly interacting
region with the π cloud where the second hydrogen partic-
ipates as well.

Figure 1. Side (left) and Top (right) views of the CCSD/def2-TZVP molecular
electrostatic potential (MEP) of ferrocene on the 0.001 au electron density
isosurface. Blue and red colors indicate regions with positive (> +40 kJ/mol)
and negative (< � 40 kJ/mol) values. Maxima and minima are indicated with
black and light blue spheres.

Figure 2. (a) First column: molecular graph of the five conformations
obtained at CCSD/def2-TZVP computational level. Bond critical points are
indicated with small green spheres. (b) Second column: 3D-NCI plots
showing attractive weak NCIs in real space (green isosurfaces) and steric
clashes from the rings (red color), RDG 0.4 a.u. See also 2D-plots in the SI file
(Figure S7) for more info.
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The potential energy surface (PES) has been investigated by
a relaxed DFT scan along the coordinates of water’s internal
rotation, τ, and flipping motion, ϕ (Figure 3b). The internal
rotation coordinate τ describes the dihedral angle between the
water plane and one of the σv planes of ferrocene. Figure 3a
shows the potential energy function V(τ) obtained from a
relaxed scan along this coordinate revealing a total of 20
minima and 20 maxima with differences in energy of about
2 cm� 1 (0.024 kJmol1). There are 5 equivalent minima located at
36°, 108°, 180°, 252°, and 324° corresponding to forms A, 5
equivalent minima at 0°, 72°, 144°, 216°, 288°, and 360°,
corresponding to form B (the most stable form according to
DFT calculations), and the remaining 10 equivalent minima,
situated at intermediate positions between forms A and B,
correspond to forms C. The interconversion between forms A,
B, or C may also be done through the coordinate, ϕ, describing
the water flipping motion. Figure 3c shows the potential energy
function V(ϕ) connecting A and B forms, which is an

asymmetric double minimum with a central barrier of 29 cm� 1

at ϕ=0° and minima at ϕ~25°. An estimation of the ground
vibrational state for this motion from a reduced mass μϕ=

1.85 uÅ2, calculated from the theoretical structure, shows it lies
just above the barrier. Figure 3d shows the bidimensional PES
profile along τ and ϕ coordinates describing a Mexican hat-like
potential, with an almost isoenergetic path for water rotation.
This results in a dynamic view of the intermolecular interactions
as the rotation of water involves the rotation of the BPs and
BCPs shown in Figure 2 for A/B/C forms around the cyclo-
pentadienyl ring. In the complexes D and E (equatorial forms),
the water molecule is located between the two cyclopentadien-
yl rings with one OH group pointing towards the iron atom.
BCPs are indicative of the existence of a bond or interaction so
their absence indicates that such an interaction does not exist.
In fact, no BCP is observed between Fe and H but a
simultaneous interaction of the OH hydrogen with the
interstitial electron density between the water molecule and

Figure 3. The results of the B3LYP-D3(BJ)/6-311+ +G(2d, p) exploration for the potential energy surface of (Cp)2Fe:H2O for the axial complex in which water is
linked to ferrocene on top of the cyclopentadienyl ring are summarized in this figure (see text). The results of a two-dimensional scan are also shown where
the radial (ϕ) and angular (τ) coordinates have been transformed for convenience to the Cartesian coordinates x and y (second row on the right) and
represented towards energy.
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the rings, as evidenced by the curved isosurfaces within the
weakly interacting region. The potential energy function for the
rotation of water around the bonded O� H axis, interconverting
D and E through a barrier lower than 20 cm � 1 (0.24 kJmol� 1), is
shown in Figure S1. The motion of water in the planetary-like
orbit around iron gives a five-fold periodic potential function
with barriers V5�6.0 kJmol� 1. The barriers between the A/B/C
forms and D/E forms are so small that ground vibrational states
are expected to lie above the barriers (Figures 3 and Figure S1).
The binding energy of the five conformers is very similar at the
three computational levels considered. At CCSD(T)//CCSD level
with BSSE correction, it ranges between � 12.2 kJmol� 1 and
� 11.3 kJmol� 1 (Table S1). The transition state configuration
between the axial and equatorial forms calculated at
B3LYP� D3(BJ)/Def2TZVP and MP2/Def2TZVP predicted to be at
8.2 kJmol� 1 and 10.1 kJmol� 1, respectively, relative to the most
stable axial forms is shown in Figure S2.

The rotational spectrum of the complex (Figure 4) is
dominated by a series of evenly spaced doublet lines (Δν~
1061.3 MHz) attributable to the successive J+1 !J transitions
of a symmetric top. The rotational constant, B�Δν/2

�531 MHz, is close to the calculated constants for the axial
(Cp)2Fe:H2O forms (see Figure 4, Tables S2–S4). The observation
of this complex as a symmetric top, although seemingly
inconsistent with the symmetries of the calculated conformers,
aligns with the predicted near-free rotation of water around the
ferrocene C5 symmetry axis (see Figure 3). This motion averages
the B and C rotational constants into a single effective B value.

Free rotation effects have been observed in complexes of
water interacting with the π cloud of aromatic rings[38–40] or
symmetric tops.[41] We have assigned the members of the
doublets to the m=0 and m=1 free rotor quantum states
(Figures 4 and Figure S3). In addition, K splittings caused by the
centrifugal distortion constant DJK (see Figure S3) are observed.
Based on this assignment the spectrum was analysed according
to:[42]

nJ;K;m ¼ 2 Jþ 1ð Þ B � DJKK
2 � DJmm2ð Þ � 4DJ Jþ 1ð Þ3 (1)

from which the rotational parameters given in Table 1 were
obtained. Alternatively, independent symmetric top semirigid
rotor fits were done for each free rotation state (Table S5).

The equatorial forms of the (Cp)2Fe:H2O complex (Figure 2
and Tables S2–S4) are oblate asymmetric tops with a dominant
μa electric dipole moment component. Figure 4b shows the
assignment of the spectrum of one of such conformers and the
results of its analysis using the Watson[43] S-reduced Hamiltonian
in the Ir representation are collected in Table 1.

The 54/57/58Fe and 13C isotopologues of (Cp)2Fe:H2O were
observed in natural abundance. Isotopic substitution in the
water subunit was investigated by using enriched D2O and
H2

18O samples. For the axial form (Figure S3) only two 13C
asymmetric rotor spectra were found with a ~5% relative
intensity showing the equivalence of the carbon atoms for each
Cp moiety. The m doublets observed for all species collapse
into a single signal in the deuterated isotopologues, confirming
that the origin of these doublets is associated with the internal
rotation of water. For the equatorial form (Figure S4) three 13C
spectra with 2% (Ca), 4% (Cb) and 4% (Cc) relative intensities
were observed. The rotational parameters for all observed
species are given in Tables S5 and S6 and the observed
frequencies in Tables S16–S45.

The structures of the complexes (Figure 5) were initially
determined using the Kraitchman substitution method (rs),

[44,45]

which directly provides the absolute coordinates of the
substituted atoms. The sign of these coordinates can be taken
from r0 or re structures. The effective ground state, r0, structure
was obtained from a least-squares fit of all the available
rotational parameters to determine the bond distances and
angles.[46] A summary of the rs, r0, and re results for both the
axial and equatorial forms of (Cp)2Fe:H2O is presented in
Figure 5. Detailed results are given in Tables S7–S15.

For the axial complex (Figure 5a), only the a coordinates
could be determined. Exceptionally the B and C rotational
constants of 13C species allow a partial ferrocene r0 structure
determination using a centrosymmetric model. For the equato-
rial complex, there are two possible conformers, with the plane
of water parallel or perpendicular to the aromatic ring planes

Figure 4. Rotational spectrum of a mixture of ferrocene and water in Ne
recorded with a CP-FTMW spectrometer in the 2–8 GHz frequency region. a)
The assignment of a symmetric rotor identified as the axial (Cp)2Fe:H2O
complex is shown. b) The assignment of an asymmetric top identified as the
equatorial (Cp)2Fe:H2O complex is shown.
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(see Figure 2). If we compare the rs coordinates with the CCSD
ones, there is only reasonable agreement for the parallel
configuration. This arises (see Figure S6) because the rotation of
water induces a rotation of the inertial axes system around c
axis. Furthermore, the rs data indicate a distorted water
structure, with the oxygen atom and the bonded hydrogen
atom positioned near the a-inertial axis, while the non-bonded
hydrogen atom adopts a perpendicular arrangement (Fig-
ure 5b). The r0-fitting of the rotational constants gives the worst
results for a perpendicular arrangement of water and slightly
better for a parallel arrangement, but none of these arrange-
ments is consistent with the equivalences observed upon 13C
carbon substitutions, two equivalent Ca, four equivalent Cb, and
four Cc atoms (see Figure 5b). A good result consistent with
these equivalencies is obtained when considering that only the
a coordinates of water atoms are determinable. The corre-
sponding rs and r0 structures are compared in Figure 5b.
Globally, the experimental data show a good consistency with
the ab initio results and ferrocene electron diffraction
structure.[47] Both theoretical and experimental data reflect the
small distortion of the ferrocene structure due to the presence
of water. In the axial form the distance between the ring
centroid and the Fe nucleus is shorter for the interacting ring
(Figure 5a). In the equatorial form the ring planes are not
parallel, so the distance between equivalent carbon atoms is
larger on the side in which ferrocene interacts with water
(Figure 5b).

To characterize the nature of the interactions, we have
analyzed the Laplacian of the electronic density (r21), the
electron density shift (EDS) and the DFT-SAPT energy decom-
position analysis. The intermolecular BCPs shown in the
molecular graphs (Figure 2) present small values of 1 (0.008–
0.009 au), and positive values of r21, typical of weak hydrogen

Table 1. Rotational parameters obtained from the fit of the rotational spectra of the axial and equatorial conformations of the complex (Cp)2Fe :H2O. The
rotational constants are compared to the CCSD/def2-TZVP predicted values for the A and D conformers. The centrifugal distortion constants are compared
to those calculated at B3LYP-D3(BJ)/def2-TZVP calculations.

Axial Equatorial

Param.[a] Exp. CCSD (A) Exp. CCSD(D)

A/MHz – 2196.8 1074.89428(70) 1076.7

B/MHz 580.65661(53)[b] 585.1 1059.30857(49) 1060.2

C/MHz – 584.4 704.91214(28) 704.8

k � 1.0 � 0.9992 0.9157 0.9111

DJm/kHz 2.45258(37)

DJ /kHz 0.0605(70) 0.046 [0.][c] 0.21

DJK/kHz 2.842(25) 0.57 3.170(60) � 0.19

DK /kHz � 0.57 � 3.20(10) 0.033

d1 /kHz � 0.00011 � 0.0997(48) 0.049

d2 /kHz 0.00011 � 0.1471(37) 0.032

N 38 29

σ /kHz 10.2 2.9

[a] A, B and C are rotational constants; K= (2B-A-C)/(A-C) is the Ray’s asymmetry parameter. DJm, DJ, DJK, DK, d1, and d2 are centrifugal distortion constants (see
text for details); N is the number of lines fitted; σ is the standard deviation of the fit. [b] Standard error in parenthesis in units of the last digit. [c] Fixed to
zero.

Figure 5. A summary of the rs and r0 structures of the (Cp)2Fe:H2O complex
and the comparison with the CCSD re theoretical structure for (a) the axial
form, and (b) the equatorial form. For the equatorial form (b) the figure gives
the rs positions for the carbon and water atoms as spheres. The water r0 a
coordinates are presented as dots.
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bonds. Charge transfer in hydrogen-bound systems is usually
associated with an electric dipole moment enhancement. In this
case, only for axial forms an increment of the total electric
dipole moment of 0.66 D is observed, while in D/E no electric
dipole moment enhancement is found (see Table S4). The
calculation of the EDS (Figure 6) allows the visualization of the
regions in space where charge has been lost or gained. The
charge concentration region above the ring in forms A/B/C
would be moving around as long as water rotates. It is also
interesting to notice a charge concentration in a region
intermediate between the O� H and the iron atom in E. These
results agree with previous reports that have pointed out the
possibility that metal atoms could act as HB acceptors.[28–31]

Finally, the DFT-SAPT energy terms are gathered in Table 2.
Note that the total DFT-SAPT energies are almost identical to
the BSSE corrected CCSD(T) binding energies (Table S1), in line
with the small deformation of the interacting molecules and
the nice agreement between DFT and CCSD(T) methods. The
absolute values for D/E are larger than for A/B/C for the
different energy contributions: electrostatics, exchange, induc-
tion, and dispersion. Especially, the repulsive exchange term in
D and E is 8 kJ/mol larger than in A/B/C, probably due to the
proximity of the water molecule to the two cyclopentadienyl
molecules. The electrostatic term is the dominant attractive
component, contributing between 46% and 49%, followed by
the dispersion term, which accounts for 37% to 39% of the
total attractive interactions. The induction and δ(HF) terms have

small attractive contributions (8 and 5%, respectively). The
significance of exchange interactions in D/E results in a slightly
more favorable global energy interaction in A/B/C.

Analysis of the (Cp)2Fe:H2O complex by state-of-the-art
rotational spectroscopy and computational chemistry methods
allows us to conclude that this complex appears in the form of
two almost isoenergetic species, where water interacts axially
with the exo Cp π cloud or equatorially pointing to the iron
atom. The quantum mechanical effects of water rotational
dynamics prevent the experimental location of water hydrogen
atoms. Both arrangements lead to binding energies above
� 11 kJ/mol, which are notably strong for a neutral complex of
this nature. In both cases, experimental and theoretical data
reveal minor deformations in the ferrocene structure caused by
its interaction with water.

This study is significant as ferrocene lacks a permanent
dipole, making its gas-phase detection challenging. Complex-
ation with water enables structural characterization and
provides insights into ferrocene’s proton affinity. Interestingly,
QTAIM analysis suggests that in equatorial conformers, the
interaction involves electron density between Hand Cp rings
rather than direct O� H· · · Fe bonding.

Furthermore, the analysis of water’s dynamics underscores
the importance of moving beyond a static structural perspec-
tive when studying weakly bound complexes. Understanding
these dynamical effects provides a more complete picture of
hydrogen bonding and intermolecular interactions in ferrocene
systems, contributing to broader research on organometallic
solvation, solubility, and reactivity. Insights into electron density
redistribution further highlight the relevance of such studies for
fundamental chemistry and potential applications in catalysis
and materials science.

Supporting Information Summary

Complete experimental and theoretical details as well as
additional figures and tables (43 pages, PDF). The authors have
cited additional references within the Supporting Information
(Ref. [48–65]).
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Figure 6. Electron density shifts of structures B (left) and E (right) calculated
at CCSD/def2-TZVP level. Yellow and blue colors represent regions with gain
and loss of charge (�0.001 au), respectively.

Table 2. Energy decomposition analysis carried out with DFT-SAPT show-
ing the different contributions to the interaction energy in kJ mol� 1: Eel

electrostatics, Eex exchange, Eind induction, Edis dispersion, δ(HF) Hartree-
Fock correction.

Conf Eel Eex Eind Edis δ(HF) ESAPT

A � 15.1 18.4 � 2.7 � 11.6 � 1.5 � 12.6

B � 15.1 18.5 � 2.8 � 11.6 � 1.6 � 12.6

C � 15.1 18.5 � 2.8 � 11.6 � 1.6 � 12.6

D � 18.3 27.2 � 3.5 � 14.7 � -2.0 � 11.4

E � 17.5 26.8 � 3.6 � 14.9 � 2.1 � 11.2
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