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Microhydration of the adamantane cation:
intracluster proton transfer to solvent
in [Ad(H2O)n=1–5]+ for n Z 3†

Martin Andreas Robert George and Otto Dopfer *

Radical cations of diamondoids are important intermediates in their functionalization reactions in polar

solvents. To explore the role of the solvent at the molecular level, we characterize herein microhydrated

radical cation clusters of the parent molecule of the diamondoid family, adamantane (C10H16, Ad), by

infrared photodissociation (IRPD) spectroscopy of mass-selected [Ad(H2O)n=1–5]+ clusters. IRPD spec-

tra of the cation ground electronic state recorded in the CH/OH stretch and fingerprint ranges reveal

the first steps of this fundamental H-substitution reaction at the molecular level. Analysis of

size-dependent frequency shifts with dispersion-corrected density functional theory calculations

(B3LYP-D3/cc-pVTZ) provides detailed information about the acidity of the proton of Ad+ as a

function of the degree of hydration, the structure of the hydration shell, and the strengths of the

CH� � �O and OH� � �O hydrogen bonds (H-bonds) of the hydration network. For n = 1, H2O strongly

activates the acidic C–H bond of Ad+ by acting as a proton acceptor in a strong CH� � �O ionic H-bond

with cation-dipole configuration. For n = 2, the proton is almost equally shared between the

adamantyl radical (C10H15, Ady) and the (H2O)2 dimer in a strong C� � �H� � �O ionic H-bond. For n Z 3,

the proton is completely transferred to the H-bonded hydration network. The threshold for this size-

dependent intracluster proton transfer to solvent is consistent with the proton affinities of Ady and

(H2O)n and confirmed by collision-induced dissociation experiments. Comparison with other related

microhydrated cations reveals that the acidity of the CH proton of Ad+ is in the range of strongly

acidic phenol+ but lower than for cationic linear alkanes such as pentane+. Significantly, the presented

IRPD spectra of microhydrated Ad+ provide the first spectroscopic molecular-level insight of the

chemical reactivity and reaction mechanism of the important class of transient diamondoid radical

cations in aqueous solution.

1. Introduction

Adamantane (C10H16, Ad) is the parent molecule of the diamond-
oid family, which is a fundamental class of sp3-hybridized
hydrocarbon molecules with diamond-like properties.1–4 These
H-passivated nanodiamonds are rigid and strain-free cycloalkanes
with well-defined structures that are thermodynamically and
chemically highly stable and perfectly size-selectable.1–3 Due
to their unique and largely variable properties, diamondoids
and their derivatives are promising building blocks for new
nanomaterials with tailored mechanical, electronic, optical,
and chemical properties, with numerous applications in mate-
rials and polymer sciences, molecular electronics, biomedical

sciences, and chemical synthesis.5–14 Furthermore, their high
stability suggests their occurrence in interstellar environments,
which makes them highly relevant for astrochemistry.15–20

For most applications, however, bare diamondoids must be
functionalized to obtain the desired derivatives,4 such as the
amino-derivatives amantadine (C10H17N) or memantine
(C12H21N), two drugs frequently used in various pharmaceutical
applications.9,21–26 In such functionalization reactions occur-
ring in polar solvents, radical cations of diamondoids play
an important role as reactive intermediates.8,27,28 Quantum
chemical calculations predict that solvation with polar ligands
such as water or acetonitrile leads to significant activation and
eventually rupture of the most acidic C–H bond of these radical
cations, which corresponds to the initial step of H-substitution
in these functionalization reactions (e.g., single electron trans-
fer oxidation).8,27,28 Understanding the reaction mechanism
at the molecular level requires detailed knowledge of the
interaction between the diamondoid radical cation and the
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surrounding solvent molecules. To this end, we analyse herein
infrared photodissociation (IRPD) spectra of size-selected
[Ad(H2O)n]+ clusters with n = 1–5 generated in a molecular beam
using quantum chemical dispersion-corrected density functional
theory (DFT) calculations at the B3LYP-D3/cc-pVTZ level, with the
major goal of characterizing the interaction between Ad+ and
water molecules and thus the first step of this prototypical
functionalization reaction mechanism. This dual experimental
and computational approach has proven successful in our labora-
tory in the study of a large variety of microhydrated cations and
provides direct access to the interaction potential between the
cation and solvent molecules.29–39

From the numerous studies performed on Ad and its cation,
such as quantum chemical calculations,8,27,40–42 IR and Raman
spectroscopy,43–46 photoelectron and fragmentation spectro-
scopy,42,47–51 and IR and electronic photodissociation
spectroscopy,40,52 it is known that neutral Ad has a highly
symmetric structure with Td symmetry and a fully occupied
triply degenerate (7t2)6 HOMO. This geometry becomes Jahn–
Teller distorted upon ionization, leading to a 2A1 cation ground
electronic state with (12e)4(12a1)1 configuration and C3v sym-
metry. The removal of the bonding t2 electron strongly stretches
one of the C–H bonds along the C3 axis, which has experimen-
tally been quantified in IRPD spectra of Ad+(He)n and Ad+(N2)
clusters based on its unusually low C–H stretch frequency at
2600 cm�1.40 In our previous IRPD study of monohydrated
Ad+,30 we demonstrated further hydration-induced activation of
this acidic C–H bond by forming a strong CH� � �O ionic H-bond
in Ad+(H2O). Despite this strong bonding, the H2O ligand
undergoes essentially free internal rotation due to the weak
angular anisotropy of this intermolecular bond. Based on this
previous study, we gradually increase herein the number of
H2O ligands to investigate successive microhydration of Ad+

and to determine the critical cluster size nc for intracluster
proton transfer (ICPT) of the acidic proton of Ad+ to the (H2O)n

solvent cluster. As the calculated proton affinity of the ada-
mantyl radical (Ady, C10H15, PA = 868 kJ mol�1)30 is in the range
of the proton affinities of small (H2O)n clusters (PA = 691, 808,
862, 900, 904, and 908 kJ mol�1 for n = 1–6),53–57 we expect ICPT
to occur at the cluster size of nc E 3, i.e. within the size range
considered herein (n r 5). This critical size range is also in line
with previous computational predictions.27 However, the critical
size depends not only on the relative proton affinities but also on
the solvation energies, the structures of the molecular ion and the
(H2O)n network within the cluster, the local charge distributions,
and the way of generating the clusters. Comparing the ICPT with
that observed for other microhydrated cations such as alkanes or
polycyclic aromatic hydrocarbons (PAHs) provides a measure for
the acidity and reactivity of the C–H bond in Ad+. Furthermore,
our analysis of the IRPD spectra of [Ad(H2O)n=1–5]+ provides
information on the strength of the OH� � �O H-bonds and the
structure of the microhydration network. Significantly, these
results represent the first experimental (and in particular spectro-
scopic) characterization of the first step of the fundamental
H-substitution functionalization reaction mechanism at the
molecular level for any diamondoid cation.

2. Experimental and
computational techniques

The IRPD spectra of mass-selected [Ad(H2O)n]+ clusters (n = 1–5)
shown in Fig. 1 are recorded in a tandem quadrupole mass
spectrometer coupled to an electron ionization (EI) cluster ion
source described elsewhere.31,58 Briefly, cold cluster ions are
produced in a pulsed supersonic plasma expansion by electron
or chemical ionization of Ad and subsequent clustering reac-
tions. The expansion gas is generated by passing a carrier gas
(8 bar) through a reservoir containing solid Ad (Sigma-Aldrich,
499%, heated to 130 1C). Distilled H2O is added into the gas
line just before the sample reservoir to produce [Ad(H2O)n]+

clusters. The [Ad(H2O)n]+ parent clusters of interest are mass-
selected by the first quadrupole and irradiated in the adjacent
octupole by an IR laser pulse generated by an optical para-
metric oscillator pumped by a nanosecond Q-switched Nd:YAG
laser. The IR radiation (nIR) is characterized by 10 Hz repetition
rate, o1 cm�1 bandwidth, and pulse energies of 2–5 and
0.1–0.5 mJ in the XH stretch (XH = OH/CH, 2500–3900 cm�1)
and fingerprint ranges (800–2200 cm�1), respectively. Calibra-
tion of the IR laser frequency to better than 1 cm�1 is achieved
by a wavemeter. Resonant vibrational excitation upon single
photon absorption leads to evaporation of a single H2O ligand.
The resulting fragments ions are selected by the second

Fig. 1 IRPD spectra of [Ad(H2O)n=1–5]+ in the 2500–3900 cm�1 range
recorded in the H2O loss channel compared to IRPD spectrum of
Ad+(He)2.40 The position, widths, and assignments of the transitions
observed (A–H) are listed in Table 1.
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quadrupole and monitored as a function of nIR by a Daly ion
detector to derive the IRPD spectra of [Ad(H2O)n]+. To compen-
sate for metastable decay, the ion source is triggered at twice
the laser frequency and signals from alternate triggers are
subtracted. All IRPD spectra are normalized for frequency-
dependent variations in the photon flux. Collision-induced
dissociation (CID) experiments are performed to confirm the
chemical composition of the mass-selected [Ad(H2O)n]+ clusters
(Fig. S1 and S2, ESI†).

Quantum chemical calculations are performed at the
dispersion-corrected B3LYP-D3/cc-pVTZ level (without Becke–
Johnson damping) to determine the energetic, structural, electro-
nic, and vibrational properties of Ad, Ad+, and its [Ad(H2O)n]+

clusters. As shown for Ad+(H2O) and related clusters such as
amantadine+(H2O)n and amantadineH+(H2O)n, this computa-
tional level reproduces the experimental IR spectra and binding
energies with satisfactory accuracy and represents an efficient
compromise between accuracy and calculation time.29,30,59

All structures shown in this work are confirmed as minima by
harmonic frequency analysis. Relative energies (Ee) and binding
energies (De) are corrected for harmonic zero-point vibrational
energies to derive E0 and D0 values, respectively. Harmonic
vibrational frequencies are scaled by a factor of 0.963 to optimize
the agreement between calculated and measured OH stretch
frequencies of H2O (3657 and 3756 cm�1).60 Computed IR stick
spectra are convoluted with Gaussian line profiles (fwhm =
10 cm�1) to facilitate convenient comparison with the measured
IRPD spectra. Natural bond orbital (NBO) analysis is employed
to evaluate the charge distribution and charge transfer in
[Ad(H2O)n]+ as well as the second-order perturbation energies
(E(2)) of donor–acceptor orbital interactions involved in the
H-bonds.61,62 Cartesian coordinates, isomer-specific assignments
to experimental values (Tables S1–S4, ESI†), energies (Tables
S5–S9, ESI†), NBO charge distributions (Fig. S3–S6, ESI†) and
calculated equilibrium structures with all binding parameters
(Fig. S7–S11, ESI†) of all relevant structures are provided in

the ESI.† Due to the large number of possible isomers, not all
of them will be discussed in detail here. For completeness, their
IR spectra may be found in the ESI† (Fig. S12–S19).

3. Experimental results

IRPD spectra of [Ad(H2O)n=1–5]+ recorded in the CH/OH stretch
range are compared in Fig. 1 to the previously analyzed
spectrum of Ad+(He)2,40 which closely resembles that of
bare Ad+. The positions, widths, and suggested vibrational
assignments are listed in Table 1. The spectral range investi-
gated (2500–3900 cm�1) covers aliphatic CH stretch modes
(A–C, nCHn

, 2500–3000 cm�1) and both free (D, E, F, nf/a/s
OH ,

3600–3800 cm�1) and bound OH stretch modes (G, H, L,
nb

OH/nb-ring
OH , 2700–3500 cm�1) of the (protonated) H2O ligands.

Compared to the Ad+(He)2 spectrum, the intense nt
CH transition

characteristic of the acidic C–H bond of bare Ad+ located on its
C3 axis is absent in the spectra of [Ad(H2O)n=1–5]+, indicating
that in all observed microhydrated clusters this acidic C–H
bond is hydrated. Similarly, the Ad+(He)2 bands between 3100
and 3200 cm�1 marked by asterisks in Fig. 1 and previously
attributed to overtone or combinations bands,40 disappear in
the [Ad(H2O)n=1–5]+ spectra, because of the significant impact of
hydration on the Ad+ cage. The remaining CH stretch bands A
(2868/2883 cm�1), B (2941/2954 cm�1), and C (2981 cm�1) of
Ad+(He)2 are present in the n = 1 spectrum with similar
frequencies (2875, 2942, 2976 cm�1), while only bands A and
B are observed in the n 4 1 spectra, with slight redshifts to
B2860 and B2935 cm�1, respectively. This observation
indicates a change in the Ad+ cage structure for n Z 2, possibly
a first indication of approaching the structure of neutral Ady
due to incident ICPT. The symmetric and antisymmetric free
OH stretch bands D and E of the H2O ligands appear at 3625
(n = 1) to 3642 cm�1 (n = 5) and 3717 (n = 1) to 3727 cm�1 (n = 5),
respectively. Compared to bare H2O (ns/a

OH = 3657/3756 cm�1),63

Table 1 Positions (in cm�1), widths (fwhm in parenthesis) and vibrational assignments of the transitions observed in the IRPD spectra of [Ad(H2O)n]+ and
Ad+(He)2 recorded in the XH stretch and fingerprint ranges (Fig. 1 and 10)

Peak Modea Ad+(He)2
b [Ad(H2O)]+c [Ad(H2O)2]+ [Ad(H2O)3]+ [Ad(H2O)4]+ [Ad(H2O)5]+

I bCH2
1461 (25)

J bOH2
1633 (18)

K nCH� � �O/nOH� � �C Z2200 r1100 Z1500
nt

CH 2600
G nb

OH 2600–3400 2600–3400 2600–3400 2600–3400
G1 2695 (17)
G2 2751 (36)
A nCHn

2868 A1 2875 (23) 2863 (19) 2858 (14) 2861 (14) 2857 (15)
2883 A2

B nCHn
2941 B1 2942 (20) 2937 (30) 2934 (19) 2927 (33) 2926 (23)
2954 B2

C nCHn
2981 2976 (13)

H nb
OH 3220 (68) 3323 (58)

L nb-ring
OH 3430–3480 3415 (15)

D ns
OH/nf

OH 3625 (13) 3626 (23) 3628 (20) 3639 (14) 3642 (12)
F nf

OH 3692 (14) 3690 (14)
E na

OH 3703–3759d 3721 (18) 3718 (24) 3726 (16) 3727 (22)

a Stretching (n), bending (b). b Ref. 36. c Ref. 26. d Band origin at 3717 cm�1.
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these bands are redshifted by 32 and 39 cm�1 for Ad+(H2O),
respectively, indicative of a strongly bound cation-dipole
structure.30 As a special feature, the n = 1 spectrum shows
rotationally resolved substructure for band E (na

OH), with narrow
and nearly equidistant Q branches at 3703, 3731, and
3759 cm�1. These arise from nearly free internal rotation of
the H2O ligand, as discussed in detail in our recent report.30 For
n 4 3 additional well-resolved bands (F) are observed in the
free OH stretch range at B3700 cm�1, which can be attributed
to free and uncoupled nf

OH modes of H2O ligands in a H-bonded
solvent network. Interestingly, a broad background signal (G)
between 2600 and 3400 cm�1 appears in the n = 2 spectrum,
which is not present in the n = 1 spectrum and assigned to a
strongly redshifted nb

OH mode of a proton donor in a OH� � �O
H-bond of a (H2O)2 attached to Ad+. In this scenario, the nb

OH

frequency is drastically reduced compared to that of bare
(H2O)2 at 3601 cm�1,64,65 indicative of an unusually strong
OH� � �O H-bond. Such a strong H-bond is difficult to rationalize
only by large cooperativity of a neutral H-bonded (H2O)2 dimer,
suggesting that partial charge is transferred to the H2O ligands
due to the onset of ICPT within the cluster. This assignment
also explains the large width of the transition, which is typical
for proton-donor stretch modes.66–71 In addition, transition D
in the n = 2 spectrum is more intense and broader (23 cm�1)
than in the other spectra, which may be an indication of a nf

OH

mode overlapping with the ns
OH transition, which is then the

corresponding counterpart of the broad nb
OH mode. For n 4 2,

this background signal G becomes more and more intense,
supporting the assignment to nb

OH mode(s) by comparison to
IRPD spectra of related microhydrated clusters with proton-
transferred structures.66,69,70 Due to the large width of these
transitions, a determination of a clear maximum is not possible
for n = 2, 4, and 5, while in the n = 3 spectrum two maxima G1

and G2 can be identified at 2695 and 2751 cm�1, respectively,
which are probably due to nb

OH transitions with a larger redshift
(below the free C–H stretch range) and simultaneous increase
in IR intensity. In the n = 4 spectrum, the peak of band G can be
located around B2900 cm�1 due to the strong increase in
signal between bands A and B. On the other hand, for n = 5
the maximum of this peak may be around B3100 cm�1,
indicating a blueshift of the nb

OH mode(s) from n = 3 to n = 5.
From n 4 3 onwards, a broad transition H at 3220 cm�1

becomes evident, which clearly can be assigned to a nb
OH mode

typical for a H-bonded network with medium-strength OH� � �O
H-bonds. Between 3430 and 3480 cm�1, a weak unresolved
signal L is present in the range of nb-ring

OH modes of cyclic
H-bonded water network structures. For n = 5, band H is
narrower and blueshifted by 103 cm�1 to 3323 cm�1 (compared
to n = 4) while band L is more distinct, intense, and slightly
redshifted to 3415 cm�1. Finally, all IRPD spectra reveal a band
at 3800 cm�1, which cannot be assigned to any fundamental.
In addition to IRPD spectra in the XH stretch range, IRPD
spectra of [Ad(H2O)n=1–3]+ are measured in the fingerprint
range. They are discussed separately in Section 5 due to their
less informative value arising from reduced signal-to-noise
ratio and spectral resolution.

The CID mass spectra of size-selected [Ad(H2O)n=1,2,6]+ clus-
ters show only the loss of H2O ligands in the higher mass range
(m/z 4 120), so that mass contamination can be excluded
(Fig. S1, ESI†). However, the CID spectrum of [Ad(H2O)3]+ shows
the additional loss of the Ady radical, producing the H7O3

+ ion
with m/z 55 as a minor channel. Significantly, essentially no Ady
loss is detected in the CID spectrum of n = 2 (Fig. S2, ESI†),
providing a further indication for the threshold for ICPT at a
critical size of nc = 3.

4. Computational results and
assignments

To determine possible structures giving rise to the measured
IRPD spectra of [Ad(H2O)nr5]+, we consider the results of the
quantum chemical calculations.

4.1. Ad(+) and H2O monomers

The structures calculated for Ad, Ad+, and H2O shown in
Fig. 2 agree well with available computational and experi-
mental data.8,27,40–42,53,60,63,72 Neutral Ad (1A1, Td) has a highly

Fig. 2 Calculated equilibrium structures (in Å and degrees) of H2O, Ad,
Ad+, Ady, and [Ad(H2O)(Ia)]+ in their ground electronic state (B3LYP-D3/
cc-pVTZ).
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symmetric tetrahedral cage structure with C–C and C–H bond
lengths of 1.538 and 1.093/4 Å, respectively. Ionization of Ad
into the electronic ground state of its cation results from the
removal of a bonding electron from the t2 orbital, leading to
Jahn–Teller distortion in the resulting 2A1 state with C3v sym-
metry. In line with the a1 HOMO (Fig. S20, ESI†), the main
structural effects of ionization are an elongation of the three
C–C bonds parallel to the C3 axis by 72 mÅ (the other C–C
bonds shrink by 27 and 16 mÅ) and a drastic elongation of the
C–H bond lying on the C3 axis by 30 mÅ (from 1.093 to 1.123 Å).
Significantly, this apical C–H bond of Ad+ becomes very acidic
and carries the largest positive partial charge of all protons
(354 me, Fig. S3, ESI†), making it an attractive binding site for
the H2O ligands. As a result, its computed stretch frequency
(nt

CH) shifts down from 2916 to 2606 cm�1, in good agreement
with experiment (2600 cm�1, Fig. 1).40

4.2. [Ad(H2O)]+

Similar to Ad+, Ad+(H2O) has already been studied by IRPD and
is therefore only briefly discussed here for completeness.30 The
IRPD spectrum is compared with the calculated IR spectra of
the lowest-energy isomer [Ad(H2O)(Ia)]+ and H2O in Fig. 3, and
with the [Ad(H2O)(I–III)]+ isomers in Fig. S12 (ESI†). The
corresponding structures are shown in Fig. 2 and Fig. S7, S8
(ESI†), and the vibrational assignments and relative energies
are listed in Tables S1 and S5 (ESI†).

Briefly, the Jahn–Teller distorted Ad+ cation offers three
attractive binding sites for H2O (top, bottom, side), but experi-
mentally only the global minimum [Ad(H2O)(I)]+ represented by
the averaged structure of two nearly isoenergetic minima
[Ad(H2O)(Ia/Ib)]+ with E0 = 0 and 0.26 kJ mol�1 (and a potential
barrier of only 0.4 kJ mol�1 between them) is observed.30 Here,
H2O binds with one of its lone pairs to the single acidic CH
group of Ad+ in a strong, short, and nearly linear CH� � �O ionic
H-bond (1.70 Å, fCHO = 170.21), with favourable cation-dipole
orientation and a calculated binding energy of D0 = 45 kJ mol�1.
As a result of the strong CH� � �O H-bond, the corresponding
intense nt

CH frequency is largely reduced from that of Ad+

(2600 cm�1) and shifts out of the range considered in Fig. 1
and 3 down to B2000 cm�1 (Section 5). The remaining CH
stretch bands A–C (2875, 2942, 2976 cm�1) show only minor
shifts upon monohydration. The new transitions D and E at
3625 and 3717 cm�1 arise from the na/s

OH modes of H2O slightly
redshifted from those of bare H2O (by 32/39 cm�1), as is typical
for cation-H2O clusters.29,35–37,73,74 Interestingly, the na

OH band
(E) of Ad+(H2O) shows rotational fine structure with three
narrow Q branches separated by 28 cm�1, indicating nearly
free internal H2O rotation with an effective internal rotation
constant of Aeff = 14 cm�1.30 The flat Ad+� � �H2O potential near
the global minimum causes fluxional bonding with low angular
anisotropy. Significantly, monohydration leads to a further
elongation of the acidic C–H bond (to 1.174 Å), which has been
already activated by ionization of Ad (1.093 - 1.123 Å), result-
ing in a strong redshift of nt

CH down to 2033 cm�1. Due to the
disparity in the ionization energies of Ad and H2O (9.25 vs.
12.6 eV),60 charge transfer from Ad+ to H2O is limited and

amounts to 124 me. Moreover, due to the substantially higher
proton affinity of Ady as compared to that of H2O (PA = 868 vs.
691 kJ mol�1),30,53 monohydration is also not sufficient to
induce proton transfer from Ad+ to H2O. Finally, the higher-
energy isomers [Ad(H2O)(II,III)]+ (E0 = 3.5 and 6.3 kJ mol�1) with
bonding of H2O to the bottom and side of the Ad+ cage are not
observed because their intense and hardly shifted nt

CH bands
near 2600 cm�1 are not detected.30

4.3. [Ad(H2O)2]+

Seven isomers are found for [Ad(H2O)2]+ (Fig. S13 and Table S6,
ESI†). In the following, only the four lowest-energy isomers
[Ad(H2O)2(I–IV)]+ are discussed in more detail (Fig. 4, 5 and
Fig. S9, ESI†), because the less favorable isomers (E0 4
25 kJ mol�1) are not required for explaining the IRPD spectrum.
For brevity, the structures and IR spectra of isomers II–IV are
discussed only briefly herein and further details are provided in
the ESI.†

The [Ad(H2O)2(I)]+ global minimum (E0 = 0) is formed by
adding a second H2O ligand to the first H2O ligand of
[Ad(H2O)(I)]+, resulting in a drastic further elongation of the
apical C–H bond of Ad+ (by 129 mÅ to 1.303 Å). This trend can

Fig. 3 IRPD spectrum of [Ad(H2O)]+ compared to linear IR absorption
spectra of [Ad(H2O)(Ia)]+ and H2O calculated at the B3LYP-D3/cc-pVTZ
level. The positions of the transitions observed in the IRPD spectrum of
[Ad(H2O)]+ and their vibrational assignment are listed in Table S1 (ESI†).

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
5/

8/
10

  0
1:

09
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01514a


13598 |  Phys. Chem. Chem. Phys., 2023, 25, 13593–13610 This journal is © the Owner Societies 2023

be rationalized by the increased proton affinity of (H2O)2

compared to that of H2O (PA = 808 vs. 691 kJ mol�1),53,54 and
the strong cooperative effect of forming a H-bonded hydration
network. In the strong and nearly linear C� � �H� � �O ionic H-
bond (174.81), the central proton is roughly midway between C
and O (rCH = 1.303 Å, rOH = 1.336 Å). According to these bond
distances, the proton is equally shared between Ady and (H2O)2.
The dissociation energies for loss of (H2O)2 and Ady are
calculated as D0 = 86.3 and 123.4 kJ mol�1, consistent with
the corresponding PA values. The NBO analysis suggests almost
complete proton transfer from Ad+ to (H2O)2, because of the
corresponding s-type bonding orbital between the proton and
O (Fig. S21, ESI†) with occupancy of 0.94. Moreover, the donor–
acceptor interaction energy between the lone pair of C and the
antibonding s* orbital of the O–H donor bond is very high
(E(2) = 220.54 kJ mol�1), which explains the massive redshift of
the former nt

CH mode of Ad+ down to 818 cm�1. Depending on
whether the proton is assigned to the Ady cage or (H2O)2, this
shared proton stretch (denoted nC� � �H� � �O) may be considered
either as a strongly redshifted nCH� � �O mode of Ad+ (DnCH =
1788 cm�1) or, as suggested by the NBO analysis, an even more
strongly redshifted nOH� � �C mode of H5O2

+ (DnOH = 2772 cm�1).
These frequency shifts correspond to elongations of the C–H

and O–H donor bonds of DrCH = 180 mÅ and DrOH = 368 mÅ
(compared to H3O+, the values are DnOH = 2616 cm�1 and
DrOH = 356 mÅ). The charge transfer to the water ligands is
increased to 274 me for (H2O)2 or 697 me for H5O2

+ (Fig. S4,
ESI†). The OH� � �O H-bond in [Ad(H2O)2(I)]+ is much stronger
and shorter than in bare (H2O)2 (rOH� � �O = 1.620 vs. 1.946 Å,
E(2) = 58.9 vs. 16.9 kJ mol�1), because of the strong cooperativity of
the three-body polarization forces caused by the nearby positive
charge. The O–H donor bond is stretched by 37 mÅ to 1.003 Å
and the remaining free O–H bond is slightly elongated to
0.967 Å compared to [Ad(H2O)(Ia)]+. As a result, the corres-
ponding nb

OH mode is redshifted down to 2976 cm�1, consistent
with an increase in IR intensity (factor B8), while the other nOH

modes are slightly blueshifted to nf
OH = 3650, ns

OH = 3645, and
na

OH = 3732 cm�1. The additional H2O ligand causes the C–C
bonds, stretched parallel to the C3 axis by the Jahn–Teller
distortion and shortened again by monohydration, to contract
further by up to 21 mÅ to 1.579 and 1.581 Å, while the other C–C
and C–H bonds are hardly affected by the addition of (H2O)2 to
Ad+ (DrCC o 6 mÅ, DrCH o 2 mÅ).

Fig. 4 Calculated equilibrium structures (in Å and degrees) of (H2O)2,
(H5O2)+, and [Ad(H2O)2(I–IV)]+ in their ground electronic state (B3LYP-D3/
cc-pVTZ). All bond lengths are shown in Fig. S9 (ESI†).

Fig. 5 IRPD spectrum of [Ad(H2O)2]+ compared to linear IR absorption
spectra of [Ad(H2O)2(I–IV)]+ calculated at the B3LYP-D3/cc-pVTZ level.
Note the different IR intensity scales for the computed IR spectra. The
positions of the transition observed in the IRPD spectrum of [Ad(H2O)2]+

and their vibrational assignment are listed in Table S2 (ESI†). Differences in
relative energy (E0) are given in kJ mol�1.
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There is a large energy gap of E0 = 20.7 kJ mol�1 between the
global minimum I of n = 2 and the next stable isomers II–IV.
In isomer II, one H2O is bound to the acidic C–H donor of Ad+

(CH� � �O) and the second H2O is attached to the adjacent CH2

groups via weak CH� � �O contacts. The two ligands are linked
together by a very weak OH� � �O H-bond (E(2) = 8.6 kJ mol�1) and
the CH� � �O H-bond of the first H2O to the acidic C–H group is
much weaker and less linear (2.035 Å, 158.51) than in isomer I,
resulting in a smaller redshift of nt

CH to 2416 cm�1 and an only
slightly redshifted nb

OH mode at 3594 cm�1.
In isomer III (E0 = 20.7 kJ mol�1), a H-bonded (H2O)2 dimer

is attached to a CH2 group at the bottom of Ad+ via a single
CH� � �O ionic H-bond (D0(H4O2) = 65.7 kJ mol�1, rCH� � �O =
1.673 Å, fCHO = 170.01, Dq = 179 me, E(2) = 101.4 kJ mol�1),
resulting in a massively redshifted nb

CH mode at 1984 cm�1. The
OH� � �O H-bond of (H2O)2 is weaker, longer, and less linear
compared to isomer I (rOH� � �O = 1.726, fOHO = 170.51, E(2) =
36.6 kJ mol�1), resulting in nb

OH = 3246 cm�1 and nf
OH =

3673 cm�1.
In isomer IV (E0 = 23.7 kJ mol�1, D0(2H2O) = 82.4 kJ mol�1),

one H2O is bound to the acidic C–H bond of Ad+ like in
[Ad(H2O)(I)]+, while the other H2O is attached to the three
CH2 groups at the bottom of Ad+ via weak CH� � �O contacts
(2.377, 2.471, 2.524 Å, 139.61, 141.01, 144.01), much like in
[Ad(H2O)(III)]+. This leads to minor redshifts of the associated
nCH2

modes to 2874, 2892, and 2907 cm�1. The CH� � �O H-bond
is weaker compared to [Ad(H2O)(Ia)]+ due to the additional
H2O at the bottom of Ad+ (rCH� � �O = 1.703 vs. 1.779 Å, fCHO =
170.21 vs. 169.21) leading to a smaller redshift of nt

CH (2033 vs.
2188 cm�1).

Comparison of the measured IRPD spectrum of [Ad(H2O)2]+

with the IR spectra computed for [Ad(H2O)2(I–IV)]+ in Fig. 5
demonstrates good agreement for the global minimum
[Ad(H2O)2(I)]+, with respect to the observed narrow bands A,
B, D, and E (Table S2, ESI†). Bands A (2863 cm�1) and B
(2937 cm�1) are assigned to nCHn

modes of isomer I and the
ns

OH (3645 cm�1) and na
OH (3732 cm�1) modes agree well with

bands D (3626 cm�1) and E (3721 cm�1), respectively. The nf
OH

mode (3650 cm�1) is also attributed to band D (3626 cm�1),
which agrees well with its increase in width and intensity.
Moreover, the IR spectrum of isomer I explains the disappear-
ance of band C observed for n = 1 and n = 0. In contrast to the
other isomers II–IV, in isomer I the C–H bonds of the CH2

groups at the top of Ad+ elongate to 1.090 Å and approach those
of Ady (rCH = 1.093 Å). The associated nCH2

modes thus are
redshifted similar to those of Ady (Fig. S22, ESI†) and can be
assigned to peak B, which also explains the slight increase in
intensity and width of this band. The intense redshifted nb

OH

mode of isomer I at 2976 cm�1 is attributed to the broad
background G, although no exact evaluation of its experimental
frequency is possible due to the lack of a clear band maximum.

Despite its high energy difference of 20.7 kJ mol�1 to the
global minimum, minor contributions of [Ad(H2O)2(II)]+ cannot
be ruled out completely. For example, the convoluted peaks
of its nCHn

modes (2861 and 2958 cm�1) agree with bands A
(2863 cm�1) and B (2937 cm�1), and its only slightly redshifted

nb
OH mode (3594 cm�1) of the very weak OH� � �O H-bond and
nf

OH (3724 cm�1) may contribute to bands D and E, respectively.
On the other hand, the weaker convoluted peaks of the nCHn

modes at 2994 and 3021 cm�1 are not clearly discernible in
the IRPD spectrum, but may contribute to the slight increase in
signal at B3000 cm�1. As isomer II cannot account for the
(integrated) background G, the population of isomer II is
concluded to be small. A larger population of isomer III is also
unlikely. Although the intense nb

OH mode (3246 cm�1) may
contribute to the background G and the blueshifted nt

CH mode
(2786 cm�1) may be assigned to the slightly elevated signal at
B2750 cm�1, one would expect that with a significant popula-
tion of III both the only slightly redshifted nb

OH mode and nt
CH

would be detectable as more intense peaks. Isomer IV cannot
be fully excluded either, because its nCHn

modes (2874 and
2955 cm�1) are compatible with bands A (2863 cm�1) and B
(2937 cm�1), and its nOH modes (3625, 3651, 3722, and
3739 cm�1) agree with bands D (3626 cm�1) and E (3721 cm�1).
The additional nCHn

mode of IV at 2907 cm�1 may be absorbed
in band A and the convoluted peak of the nCHn

modes at
3000 cm�1 may produce the weak signal at B3000 cm�1

(similar to the potential assignment of II). In conclusion,
the by far most stable isomer I can explain all bands in the
observed IRPD spectrum of the n = 2 cluster and thus is the
favored assignment. Moreover, there is no clear indication for
the presence of the energetically higher isomers II–IV, although
minor contributions cannot be completely ruled out.

4.4. [Ad(H2O)3]+

From the 13 computed isomers of [Ad(H2O)3]+ (Fig. 6 and
Fig. S14, Table S7, ESI†), we consider only the five most stable
isomers below E0 o 20 kJ mol�1 (Fig. 6, 7 and Fig. S10, ESI†).
Moreover, isomers II–IV are discussed only briefly and more
details are given in the ESI.† Isomers I–IV are all formed by H2O
attachment to the existing (H2O)2 chain of [Ad(H2O)2(I)]+, while
isomer V is derived from adding H2O to the solvent chain of
[Ad(H2O)2(III)]+. All low-energy n = 3 isomers exhibit ICPT from
Ad+ to (H2O)3, consistent with the PA of Ady (868 kJ mol�1) and
the increasing PA of (H2O)n clusters (808, 862, 900 kJ mol�1 for
n = 2–4).53–57

In the [Ad(H2O)3(I)]+ global minimum, the three protons
of the hydronium ion (H3O+) are fully solvated by two H2O
molecules and the Ady radical, leading to an Eigen-type
configuration. The linear OH� � �C H-bond (fCHO = 1801) is
characterized by a bond length of 1.626 Å, D0(H7O3

+) =
93.5 kJ mol�1, and E(2) = 43.7 kJ mol�1 for the donor–acceptor
orbital interaction between the lone pair of C and the anti-
bonding s* orbital of the O–H donor bond. ICPT increases the
partial charge on the solvent molecules (H7O3

+) to 875 me,
leaving only a minor partial charge of 125 me on Ady (Fig. S5,
ESI†). The bond length between the proton and O contracts
drastically by 268 mÅ to 1.068 Å compared to [Ad(H2O)2(I)]+.
However, this newly formed chemical O–H bond is still much
longer than in bare H3O+ or H7O3

+ (rOH = 0.980 or 0.967 Å) due
to its OH� � �C H-bond to Ady. As a result, nOH� � �C (nb

OH =
1953 cm�1) is strongly redshifted compared to nf

OH of bare
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H7O3
+/H3O+ (3656/3434 cm�1). On the other hand, there is a

large blueshift of 1135 cm�1 compared to the former nC� � �H� � �O
mode of [Ad(H2O)2(I)]+ at 818 cm�1. The OH� � �O H-bonds are
stronger, shorter, and more linear than in [Ad(H2O)2(I)]+

(rOH� � �O = 1.578 vs. 1.620 Å, fOHO = 172.71/172.11 vs. 171.31,
E(2) = 70.0/68.8 vs. 58.9 kJ mol�1), but longer, weaker, and less
linear than in bare H7O3

+ (rOH� � �O = 1.447/1.454 Å, fOHO =
175.01/175.21). The O–H proton donor bonds are slightly more
stretched to 1.008/1.007 Å compared to [Ad(H2O)2(I)]+), result-
ing in a redshift (96/45 cm�1) of the corresponding coupled nb

OH

modes (2880 and 2931 cm�1). The terminal H2O ligands have
bond angles of 107.01 and bond lengths of 0.963/0.962 Å,
resulting in two ns

OH and two na
OH modes at 3654/6 and

3743/5 cm�1, respectively. ICPT further contracts the C–C
bonds parallel to the C3 axis (initially stretched by the Jahn–
Teller distortion) by up to 12 mÅ to 1.568/9 Å compared to
[Ad(H2O)2(I)]+, and they increasingly approach the bond lengths
of neutral Ad (rCC = 1.538 Å) and Ady (rCC = 1.560 Å). The C–C
bonds at the top of Ad+ are slightly shortened (by up to 3 mÅ)
and the C–C bonds at the bottom of Ad+ are slightly elongated
(by up to 5 mÅ). Moreover, the C–H bonds at the top of Ad+ are
slightly elongated (by up to 2 mÅ), while the remaining C–H
bonds are hardly affected by ICPT (DrCH o 1 mÅ).

In the n = 3 isomers II–IV (E0 = 10.8, 11.2, 12.0 kJ mol�1), the
additional H2O is attached to the terminal H2O of [Ad(H2O)2(I)]+

and they differ only in the orientation of the formed (H2O)3

chain bound to Ad+. Nevertheless, ICPT occurs in all three
isomers and the H3O+ core ion is twofold solvated by Ady and a
(H2O)2 dimer. Unlike in isomer I, nOH� � �C and nb

OH of H3O+ are
coupled in II–IV, resulting in an antisymmetric, (nb

OH/nOH� � �C)a =
1735, 1697, and 1683 cm�1, and a symmetric normal mode,
(nb

OH/nOH� � �C)s = 2021, 1982, and 2075 cm�1, for each isomer.
The O� � �HO H-bonds in the (H2O)2 unit are weaker, leading to
nb

OH at 3205, 3142, and 3222 cm�1 for II–IV, respectively.
Isomer V (E0 = 15.5 kJ mol�1) is formed by adding H2O to

[Ad(H2O)2(III)]+ so that a (H2O)3 trimer binds with the central
H2O molecule to a CH2 group of Ad+. This in turn causes ICPT
leading to a fully solvated H3O+ core ion with one Ady and two
H2O ligands. In contrast to isomer I with a 1-Ady ligand, isomer
V has a 2-Ady ligand, which is a less stable configuration
with an almost linear OH� � �C H-bond (1.734 Å, 175.41) and
D0(H7O3

+) = 78.5 kJ mol�1. The O–H bond of H3O+ is much
shorter than in isomer I (rOH = 1.037 vs. 1.068 Å), resulting in a
less redshifted intensive nb

OH mode at 2366 cm�1. The OH� � �O
H-bonds are substantially stronger, shorter, and more linear
than in I (rOH� � �O = 1.550/5 vs. 1.578 Å, fOHO = 173.91/176.11 vs.
172.11/172.71, E(2) = 79.7/78.8 vs. 70.0/68.8 kJ mol�1) leading to
larger redshifts of the corresponding coupled nb

OH modes down
to 2744 and 2838 cm�1.

The IRPD spectrum of [Ad(H2O)3]+ is compared in Fig. 7 to
the IR spectra calculated for isomers I–V and the vibrational
assignments are listed in Table S3 (ESI†). The IR spectrum

Fig. 6 Calculated equilibrium structures (in Å and degrees) of H3O+, H7O3
+ and [Ad(H2O)3(I–V)]+ in their ground electronic state (B3LYP-D3/cc-pVTZ).

All bond lengths are shown in Fig. S10 (ESI†).
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computed for the global minimum [Ad(H2O)3(I)]+ agrees well
with the observed bands A, B, D, and E, and also explains the
absence of band F in the n = 3 spectrum, since no nf

OH mode
exists for this isomer. The most intense nCHn

modes of isomer I
at 2916 and 2942 cm�1 can be assigned to bands A (2858 cm�1)
and B (2934 cm�1). The free OH stretch modes ns

OH

(3654/6 cm�1) and na
OH (3743/5 cm�1) fit to bands D (3628 cm�1)

and E (3718 cm�1). The rather intense nb
OH modes predicted at

2880 and 2931 cm�1 are attributed to the rather broad bands G1

and G2, with deviations of 185 and 180 cm�1, respectively.
These somewhat larger deviations are ascribed to the greater
anharmonicity of these proton donor stretch modes, which are
not well compensated for by scaled harmonic frequencies.
Indeed, the spacing between G1 and G2 and between the
assigned nb

OH modes are quite similar (56 vs. 51 cm�1), strongly
supporting the suggested assignment. While isomer I is cap-
able to fully explain all bands observed in the measured IRPD
spectrum and thus our favoured assignment, some minor
populations of the higher-energy isomers with E0 4
10 kJ mol�1 cannot fully be excluded. For example, the charac-
teristic intense nb

OH modes of isomers II–IV in the spectral range

3100–3000 cm�1 may contribute to some extent to the broad
background G. However, the associated nf

OH modes are not
clearly resolved as band F in the IRPD spectrum (unlike, for
example, in the n = 4 spectrum), indicating that their popula-
tion is at most minor. At first glance, the IR spectrum of V
agrees well with the IRPD spectrum, being quite similar to that
isomer I. However, the computations typically strongly under-
estimate the redshift of the proton donor stretch modes,
making the apparent agreement of the predicted nb

OH modes
with bands G1 and G2 artificial. Moreover, unlike for isomer I,
the spacing between the two nb

OH modes is substantially larger
than the gap between the experimental bands (94 vs. 56 cm�1).
In conclusion, our analysis suggests that isomer I is by far the
predominant carrier of the measured IRPD spectrum.

4.5. [Ad(H2O)4]+

20 low-energy isomers are computed for [Ad(H2O)4]+ (Fig. 8 and
Fig. S15, S16, Table S8, ESI†). An important aspect of the larger
and more flexible clusters with n Z 4 is that entropic effects
play a more crucial role in their relative energies than for the
more rigid smaller clusters with n r 3. To this end, we also
discuss free energies (at room temperature) that favour isomers
with flexible hydration structures (e.g., single ligands) over rigid
structures (e.g., cyclic rings or longer solvent chains interacting
with the Ady cage). For example, while the energetic order for
the four [Ad(H2O)4]+ isomers in Fig. 8 is I–IV, with E0 = 0, 0.2,
4.9, and 11.0 kJ mol�1, their free energies vary as G0 = 0, �6.5,
�0.2, and 7.5 kJ mol�1, meaning that II becomes more stable
than I at elevated temperature. This temperature effect can
become an issue because cooling in the supersonic plasma
expansion may be incomplete (the effective temperature is
difficult to estimate) and kinetic trapping can occur. In the
following, only isomers I–IV are discussed, because their free
energy differences are less than 15 kJ mol�1. Their structures
are shown in Fig. 8 and Fig. S11 (ESI†), and their computed IR
spectra are compared with the IRPD spectrum in Fig. 9.

Isomer I of n = 4 (E0 = 0, G0 = 0) with Cs symmetry is formed
from [Ad(H2O)3(I)]+ by adding H2O to the terminal H2O ligands,
resulting in a cyclic H+(H2O)4 structure, in which Ady is
attached to the H3O+ ion. The hydration network has two
equivalent stronger OH� � �O ionic H-bonds (1.556 Å, 167.91,
E(2) = 80.8 kJ mol�1) of two H2O ligands (single-donor single-
acceptor) to H3O+ and two equivalent and significantly weaker
neutral OH� � �O H-bonds (1.927 Å, 158.41, E(2) = 16.9 kJ mol�1)
to the terminal H2O (double acceptor) closing the hydration
ring. Due to formation of the cyclic ring, the proton-donor O–H
bonds are elongated by 9/10 mÅ to 1.018/0.973 Å compared
to [Ad(H2O)3(I)]+. The H3O+ ion of the ring is connected
via a strong OH� � �C ionic H-bond (1.666 Å, 173.91, E(2) =
36.7 kJ mol�1) to the tertiary C radical center of Ady. This
OH� � �C bond is longer, weaker, and less linear than for
[Ad(H2O)3(I)]+ (1.626 Å, 180.01, E(2) = 43.7 kJ mol�1). As a result,
the O–H donor bond contracts by 14 mÅ to 1.054 Å. Because
ICPT has already occurred at n = 3, the charge transfer increases
only slightly by 20 me to 895 me and the influence of the fourth
H2O molecule on the structure of the Ady cage is negligible

Fig. 7 IRPD spectrum of [Ad(H2O)3]+ compared to linear IR absorption
spectra of [Ad(H2O)3(I–V)]+ calculated at the B3LYP-D3/cc-pVTZ level.
Note the different IR intensity scales for the computed IR spectra. The
positions of the transition observed in the IRPD spectrum of [Ad(H2O)3]+

and their vibrational assignment are listed in Table S3 (ESI†). Differences in
relative energy (E0) are given in kJ mol�1.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
5/

8/
10

  0
1:

09
:5

8.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01514a


13602 |  Phys. Chem. Chem. Phys., 2023, 25, 13593–13610 This journal is © the Owner Societies 2023

(DrCC o 1 mÅ, DrCH o 1 mÅ). The IR spectrum predicted for
[Ad(H2O)4(I)]+ is characterized by two intense and moderately
redshifted nb-ring

OH modes at 3484/3509 cm�1, three intense and
strongly redshifted nb

OH modes of the H3O+ ion at 2118/2688/
2829 cm�1, and two weaker and almost unshifted nf-ring

OH modes
at 3711/3714 cm�1, as well as na

OH and ns
OH modes of the

terminal H2O at 3631/3713 cm�1.
The second most stable isomer II on the potential energy

surface (E0/G0 = 0.2/�6.5 kJ mol�1) becomes the global mini-
mum on the free energy surface due to the higher flexibility of
its chain-like H+(H2O)4 unit compared to the rigid cyclic ring of
isomer I. Isomer II can also be formed by adding H2O to
[Ad(H2O)3(I)]+ but in this case the additional ligand binds to
one of the terminal H2O molecules. The resulting chain has one
strong OH� � �O H-bond (1.469 Å, 177.61, E(2) = 117.4 kJ mol�1),
one slightly weaker OH� � �O H-bond (1.594 Å, 174.11, E(2) =
66.5 kJ mol�1), and one weak OH� � �O H-bond (1.736 Å,
172.61, E(2) = 35.7 kJ mol�1). The H+(H2O)4 chain binds again
via H3O+ to the Ady radical by an even weaker OH� � �C H-bond
(1.693 Å, 174.71, E(2) = 31.6 kJ mol�1). As a result, the proton
donor O–H bond of H3O+ contracts more (1.043 Å). The charge
transfer increases only slightly by 31 me to 906 me (Fig. S6,
ESI†), again resulting in only minor changes in the Ady cage
(DrCC o 2 mÅ, DrCH o 2 mÅ). The IR spectrum of
[Ad(H2O)4(II)]+ is characterized by three intense and strongly
redshifted nb

OH modes of H3O+ (2223/2447/2940 cm�1), one less
intense and moderately redshifted nb

OH mode at 3305 cm�1,

one weaker and almost unshifted nf
OH mode at 3708 cm�1, and

two na
OH and ns

OH modes of the terminal H2O molecules at
3648/3651 and 3736/3740 cm�1, respectively.

Isomer III (E0/G0 = 4.9/0.2 kJ mol�1) is formed by adding H2O
to the central ligand of [Ad(H2O)3(IV)]+, causing the excess
proton to migrate by one unit, leading to a true Eigen-type
H+(H2O)4 structure with Ady binding in the second shell of
H3O+. Ady breaks the symmetry of the Eigen ion and, due to
cooperativity, the OH� � �O ionic H-bond of H3O+ to H2O with
Ady is strongest (1.406 Å, 177.01, E(2) = 153.0 kJ mol�1), while
the other two are somewhat weaker (1.584/1.617 Å, 177.31/
174.61, E(2) = 69.9/60.3 kJ mol�1). The Eigen ion is bound
to Ady via a weak OH� � �C H-bond (1.841 Å, 168.21, E(2) =
16.2 kJ mol�1) and the proton donor O–H bond contracts by
85 mÅ to 1.004 Å. As a result, the IR spectrum predicted for III
exhibits intense redshifted nb

OH modes at 2055, 2915, and
3034 cm�1 and nOH� � �C at 2883 cm�1. Due to ICPT, nearly all
positive charge is again located on H+(H2O)4 (q = 948 me)
(Fig. S6, ESI†).

In isomer IV (E0/G0 = 11.0/7.5 kJ mol�1), a H+(H2O)4 chain is
attached to a former CH2 group via an OH� � �C H-bond of Ady
to the H3O+ ion. It may be formed by adding H2O to
[Ad(H2O)3(V)]+. The three OH� � �O bonds of the solvent chain
are strong (1.436 Å, 176.31, E(2) = 132.1 kJ mol�1), slightly
weaker (1.584 Å, 173.71, E(2) = 69.2 kJ mol�1), and weak
(1.695 Å, 176.91, E(2) = 41.5 kJ mol�1), resulting in nb

OH modes
at 2228, 2915, and 3248 cm�1, repectively. Addition of H2O

Fig. 8 Calculated equilibrium structures (in Å and degrees) of [Ad(H2O)4(I–IV)]+ in their ground electronic state (B3LYP-D3/cc-pVTZ). All bond lengths
are shown in Fig. S11 (ESI†).
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weakens the OH� � �C H-bond to Ady (1.786 vs. 1.734 Å, 174.01 vs.
175.41, E(2) = 16.7 vs. 21.8 kJ mol�1) and the O–H proton donor
bond is shorter than in [Ad(H2O)3(V)]+ (1.021 vs. 1.037 Å),
resulting in a less redshifted nb

OH mode at 2620 cm�1. The
charge on H+(H2O)4 is increased to 915 me (Fig. S6, ESI†).

The IR spectra calculated for I–IV are compared to the
experimental IRPD spectrum of n = 4 in Fig. 9 and the vibra-
tional assignments are listed in Table S4 (ESI†). The IRPD
bands A, B, D, and E assigned to free nCHn

and ns/a
OH modes are

less structure-sensitive and compatible with all four computed
isomers. The more isomer-selective bands are H, L, and F. The
presence of I with a cyclic solvent ring is uniquely indicated by
the weak band L (nb-ring

OH at 3484/3509 cm�1). Isomer I can also
explain the high relative intensity of band F at 3692 cm�1.
Its intense nb

OH modes predicted at 2688 and 2829 cm�1 are not
observed in the considered spectral range, probably because
the calculations underestimate their redshifts. Significantly,
isomer I cannot account for band H at 3220 cm�1 and the
triple feature of the free OH stretch bands (D–F). On the other
hand, isomer II, which is most stable on the free energy surface,

can readily explain H by its nb
OH mode at 3305 cm�1 and all

other bands (apart from L), with summed, mean, and maxi-
mum deviations of 31, 21, and 85 cm�1 (without G). Its intense
nb

OH mode at 2940 cm�1 is assigned to the broad background G
and may be responsible for the increased signal between bands
A and B when compared to the IRPD spectra of the other cluster
sizes. While all experimental bands can fully be explained by
isomers I and II, the minor presence of the higher-energy
isomers III and IV cannot be ruled out. Assuming that only
isomers I and II are detected, their population ratio may
roughly be estimated as 1 : 10 from the ratio of the integrated
intensities of bands H and L and the corresponding computed
IR oscillator strengths.

4.6. [Ad(H2O)5]+

20 low-energy isomers are calculated for [Ad(H2O)5]+ (Fig. S17–
S19 and Table S9, ESI†). However, the number of possible
isomers is probably even higher due to the flexible H+(H2O)5

structures. The most stable isomers I–XIII with E0 o
18 kJ mol�1 have exclusively structures with an H+(H2O)5 core
ion to which Ady is attached at the surface. There is a large
energy gap of 420 kJ mol�1 between isomer XIII and XIV–XX
(E0 4 38 kJ mol�1), in which individual H2O molecules are
separately attached to the Ady cage via weak dipole forces.
For these energetic reasons and from the analysis of the IRPD
spectra for n r 4, we conclude that only isomers with a
H+(H2O)5 core ion solvated by Ady cage are produced in the
ion beam. The assignment of the IRPD bands is analogous to
that of the n = 1–4 spectra, i.e., bands A and B are assigned to
nCHn

modes and bands D, F, and E to na/s/f
OH modes. Band L can

probably be attributed to nb-ring
OH modes, which are redshifted

compared to that of n = 4. The broad signal G can again be
assigned to nb

OH modes of strong ionic OH� � �O H-bonds and
band H to nb

OH modes of weaker OH� � �O H-bonds. Due to the
large number of possible low-energy structures with partly
similar computed IR spectra, isomer-specific assignments are
hardly possible without isomer-specific spectroscopy and there-
fore the [Ad(H2O)5]+ spectrum will not be discussed in detail
further.

5. IRPD spectra in the fingerprint range

Analysis of the IRPD spectra of [Ad(H2O)n=1–5]+ in the CH/OH
stretch range using B3LYP-D3 calculations provides a clear
indication for ICPT between n = 2 and 3, which shall be
confirmed by observation of the relevant and strongly red-
shifted CH� � �O and/or OH� � �C proton donor stretch modes
predicted in the fingerprint range. As shown in Fig. 10, the
nCH� � �O mode of [Ad(H2O)(I)]+ is predicted at 2033 cm�1 due to
the strong ionic CH� � �O H-bond. For [Ad(H2O)2(I)]+, this
nC� � �H� � �O mode shifts even further down to 818 cm�1, because
the proton is roughly equally shared between Ady and (H2O)2.
For [Ad(H2O)3(I)]+, ICPT is complete and the proton donor
stretch mode of the strong OH� � �C ionic H-bond shifts back
to the blue and is predicted at 1953 cm�1. To confirm this trend

Fig. 9 IRPD spectrum of [Ad(H2O)4]+ compared to linear IR absorption
spectra of [Ad(H2O)4(I–IV)]+ calculated at the B3LYP-D3/cc-pVTZ level.
Note the different IR intensity scales for the computed IR spectra. The
positions of the transition observed in the IRPD spectrum of [Ad(H2O)4]+

and their vibrational assignment are listed in Table S4 (ESI†). Differences in
relative energy (E0) are given in kJ mol�1.
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signaling the ICPT between n = 1 and 3 experimentally, IRPD
spectra of [Ad(H2O)n=1–3]+ are measured in the fingerprint range
(800–2200 cm�1, Fig. 10). However, due to the lower photon
energies (Ehn = 9–26 kJ mol�1) and photon flux of the IR laser in
this frequency range compared to the high H2O binding
energies (D0(H2O) = 46, 61, 67 kJ mol�1 for isomer I of n =
1–3), only broad and unresolved IRPD spectra with low signal-
to-noise ratios are obtained under the employed single-photon
absorption conditions. This is particularly true for the broad
proton donor stretch bands (as already observed in the CH/OH
stretch range). To reduce the effective internal temperature
and dissociation energy of the clusters (and thus to improve the
signal-to-noise ratio of the fingerprint spectra), we tried to
produce weakly-bonded [Ad(H2O)n]+-Ar clusters which have
low Ar binding energies (D0(Ar) o 10 kJ mol�1).37,39,68,74

However, the achieved yield of such Ar-tagged clusters has
been too low for IRPD experiments, probably due to efficient
Ar - H2O ligand exchange during cluster generation in the
supersonic plasma expansion. Nevertheless, salient qualitative
information about the ICPT can be extracted from the IRPD
spectra of the untagged clusters in Fig. 10.

The IRPD spectrum of n = 1 exhibits the best signal-to-noise
ratio because its H2O binding energy is lowest and the observed
bands occur in the higher frequency fingerprint range, i.e. at
higher photon energies. Two narrower transitions I and J are
observed at 1461 and 1633 cm�1 and assigned to convoluted
transitions of the bCH2

and bOH2
modes of [Ad(H2O)(Ia/Ib)]+

predicted at 1433/2 and 1558/9 cm�1 (Fig. S23 and Table S1, ESI†),
respectively. Although these bands could also be assigned to

the bCH2
and bOH2

modes of isomers II and III, these are
excluded from the analysis of the IRPD spectrum in the CH/
OH stretch range. In addition, a broad and intense transition K
is observed, whose signal rises at B1800 cm�1 and increases
until the IR laser intensity approaches zero (42200 cm�1).
Unfortunately, approaching this spectral range from the high
frequency side suffers from the same problem, preventing a
determination of the peak maximum which can only be esti-
mated as 2200 r nK r 2600 cm�1. However, band K can clearly
be identified as the nCH� � �O mode of [Ad(H2O)(Ia/Ib)]+ predicted
at 2030 cm�1 due to its large width, which is typical for proton
donor stretch transitions,66–71 and its frequency range, which
cannot contain other intense transitions.

The signal-to-noise ratio of the n = 2 spectrum is smaller
than for the n = 1 spectrum and does not allow a reliable
determination of band maxima. However, two important
qualitative observations can be made. First, the broad and
intense signal in the higher frequency range observed for n = 1
(1800–2200 cm�1) has disappeared. Second, despite the low
photon energy, a new strong signal K (r1000 cm�1) not present
in the n = 1 spectrum appears in the lower frequency range
(900–1200 cm�1) until the laser pulse energy approaches zero.
Both observations confirm the predicted elongation of the
acidic C–H bond of Ad+ upon addition of the second H2O
ligand and the resulting redshift of the nC� � �H� � �O mode of
[Ad(H2O)2(I)]+ predicted at 818 cm�1. The n = 3 spectrum shows
again a different picture, with almost no signal detected in the
lower frequency range (900–1200 cm�1) and increasing signal
toward the higher frequency range starting from B1500 cm�1

Fig. 10 (a) IRPD spectra of [Ad(H2O)n=1–3]+ in the fingerprint range (800–2200 cm�1). Red dotted lines are added to illustrate the signal rise of bands K
and to indicate possible out-of-range signals. The positions of transitions I and J as well as the roughly estimated positions of bands K and their vibrational
assignments are listed in Table 1. (b) Calculated IR spectra of [Ad(H2O)(Ia)]+, [Ad(H2O)2(I)]+, and [Ad(H2O)3(I)]+ in the fingerprint range. The significant
proton stretch modes are marked in red color.
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and then remaining constant from 1700 to 2200 cm�1, indicat-
ing a transition K with nK Z 1700 cm�1. This observation
supports the predicted blueshift of the nOH� � �C mode to
1953 cm�1 of [Ad(H2O)3(I)]+ after completed ICPT to the
(H2O)3 cluster. In conclusion, although the quality of the IRPD
spectra in the fingerprint is limited, they fully reproduce the
predicted band shifts caused by ICPT occurring in the size
range n = 1–3.

6. Further discussion

Analysis of the IRPD spectra of [Ad(H2O)n]+ in the CH/OH
stretch (n = 1–5) and fingerprint ranges (n = 1–3) by B3LYP-D3
calculations provides a consistent picture of the sequential
cluster growth and reactivity of this fundamental diamondoid
radical cation, with clear evidence for hydration-induced ICPT
for n Z 3. All main bands of the IRPD spectra of [Ad(H2O)nr4]+

in the CH/OH stretch range can be assigned to the energetically
most stable isomers (I). For n = 4, the free energies must be
taken into account, which change the energetic order so that
the isomer II becomes more stable at room temperature than
isomer I.

In the n = 1 monohydrate, the H2O ligand activates the acidic
C–H bond of Ad+ by forming a strong CH� � �O ionic H-bond
stabilized mostly by cation-dipole forces. Because the calcu-
lated PA of Ady is substantially higher than that of H2O (868 vs.
691 kJ mol�1)60 and the ionization energy of Ad is much lower
than that of H2O (9.25 vs. 12.6 eV),60 there is no proton transfer
and only a minor charge transfer from Ad+ to the ligand (Dq =
124 me). The second H2O ligand prefers binding to the first
H2O ligand via an OH� � �O H-bond by more than 20 kJ mol�1 to
further interior ion solvation of the Ad+ cation by individual
ligands. Apparently, strong cooperative effects arising from
polarization forces of the nearby positive charge strongly sta-
bilize the H-bonded solvent network and lead to the onset of
ICPT to the solvent. Starting from n = 3, ICPT from Ad+ to the
(H2O)n cluster is complete and the microhydration network
expands as a H-bonded H+(H2O)n network to which the Ady
radical is attached at the surface via a weak OH� � �C H-bond.
For n Z 4, the OH� � �C H-bond becomes even weaker due to the
increasing PA of the H-bonded solvent network. The latter
becomes more flexible giving rise to more competing low-
energy H+(H2O)n isomers attached to the Ady cage. Thus, for
n = 4 entropy becomes important and minor populations of
energetically less stable isomers can be identified. Overall, due
to the acidic C–H bond of Ad+ and the hydration-induced ICPT
to solvent, which transfers the positive charge to the water
cluster, isomers with a H-bonded solvent network are preferred
to isomers in which individual H2O ligands solvate Ad+ or Ady
via (induced) dipole forces supported by weak CH� � �O contacts.
The calculated terminal hydration energies for the identified
[Ad(H2O)n]+ clusters increase until ICPT is complete (D0 = 46,
61, 69 kJ mol�1 for n = 1–3) and the H3O+ ion is fully solvated
in an Eigen-type structure. For n = 4, the hydration energy
decreases again (D0 = 58 kJ mol�1), because the added H2O

ligand is not directly bonded to H3O+ but located in the second
hydration shell leading to an OH� � �O H-bond with much less
ionic character.

The hydration energies (46–69 kJ mol�1 for n = 1–4) exceed
by far the energy of the absorbed IR photon (hn{ 48 kJ mol�1

4000 cm�1), indicating that only cluster ions with significant
internal energy can undergo the IRPD process under the
employed conditions of single-photon absorption. This aspect
explains the widths of the transitions and the entropy contribu-
tions required to evaluate the energetic ordering of the isomers
for n Z 4. Furthermore, it accounts for the limited signal to
noise ratio of the fingerprint spectra, because the IR photon
energy is even lower (10 o hn o 26 kJ mol�1), which further
reduces the population of clusters with sufficient internal
energy for the IRPD process. Nonetheless, the fingerprint
spectra are of sufficient quality to fully confirm the size-
dependence of ICPT. In addition to the IRPD spectra, ICPT at
nc = 3 is consistent with CID spectra of [Ad(H2O)3]+ via observa-
tion of H7O3

+ (Fig. S2, ESI†) and the comparison of the PA
of Ady (calculated as 868 kJ mol�1) with the increasing PA
values of (H2O)n clusters (PA = 691, 808, 862, 900, 904, and
908 kJ mol�1 for n = 1–6),53–57 which predict ICPT for n Z 3
(Fig. 11). The size-dependent ICPT is also visible in the electron
spin densities. These increase for the most stable isomers of
n = 1–4 as s = 0.195 o 0.381 o 0.640 o 0.681 on the apical
C atom, which develops gradually into a tertiary radical center
between n = 1 and 3, when Ada+ transforms to Ady upon ICPT.
Overall, the spin density remains mostly on the diamondoid
moiety for all cluster sizes, with s = 0.800, 0.747, 0.863, and
0.886 on Ady for n = 1–4. In this sense, the radical character
remains always on the open-shell Ada+ or Ady part, while the
closed-shell (H2O)n or H+(H2O)n solvent cluster carries only low
spin density. As a result, in the n Z 3 clusters, the spin and
radical center localized on the diamondoid radical is separated

Fig. 11 Proton affinities of (H2O)n clusters as a function of the cluster size
n (PA = 691, 808, 862, 900, 904, 908 kJ mol�1 for n = 1–6),53–57 compared
with the proton affinities of various X radicals: PA = 544, 754, 803, 855,
868, and 981 kJ mol�1 for X = CH3 (methyl, nc = 1), C5H11 (pentyl, nc = 2),78

C10H8 (naphthalene, nc = 2),68 C6H5O (phenoxyl, nc = 3),86 C10H15 (Ady, nc

= 3), and C10H7 (naphthyl, nc c 5).35
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from the positive charge localized on the solvent cluster
(distonic cluster ion).

The detailed evolution of the properties (ncalc
CH/OH, nexp

CH/OH,
rCH/OH, E(2)) of the acidic C–H bond of Ad+ and the O–H bonds
of the solvent cluster of the most stable {Ad(H2O)n=0–4(I)]+

clusters as a function of n is shown in Fig. 12. The following
colour code is used to distinguish between the different
vibrations and their corresponding bonds and energies: na

OH

(orange), ns
OH (green), nf

OH (magenta), nb
OH (blue), nOH� � �C (violet),

nCH� � �O (red). In general, the pattern of calculated and measured
nOH/CH frequencies agree well in terms of incremental changes,
although the absolute values sometimes differ, mainly due to
improper evaluation of the anharmonicity of these modes,
especially for the proton donor stretch vibrations. The nOH

modes show the typical behavior of a growing water solvent
network. While na/s

OH (green, orange) have almost the same
frequencies with a minor blueshift (bands E and D) with
increasing n and also nf

OH (magenta) have a negligible redshift
(bands F), the nb

OH modes (blue) are strongly redshifted due to
the formation of strong OH� � �O H-bonds. However, for n = 2
and 3, H2O ligands bind to a H3O+ ion which is in the process
of being formed by ICPT, resulting in stronger ionic H-bonds
and thus even larger redshifts of nb

OH (bands G(1/2)) than,
for example, in the hydration network of the amantadine+

radical cation which does not exhibit hydration-induced ICPT.29

This trend for n = 2 and 3 also fits the calculated larger O–H bond
lengths (rOH = 1.003 and 1.008 Å) and E(2) energies (58.9 and
70.0/68.8 kJ mol�1). Further water addition (n = 4) leads again to
a weaker OH� � �O H-bond (rOH = 0.983 Å, E(2) = 35.7 kJ mol�1),
resulting in a new and less redshifted nb

OH mode (band H).
However, due to the enhanced cooperative effect of the proto-
nated water network, one nb

OH mode is shifted even further into
the red and outside the observed spectral range (o2600 cm�1),
which agrees with stretching of the corresponding O–H
donor bond to rOH = 1.039 Å and the higher E(2) energy
(117.4 kJ mol�1).

Although the experimental nCH� � �O/OH� � �C frequencies (red,
violet) can only roughly be estimated by IRPD (indicated by
error bars in Fig. 12), their evolution with increasing n agrees
well with the predicted trend. The nt

CH mode, already redshifted
by Jahn–Teller distortion upon ionization (n = 0), is further
redshifted due to enhanced activation by the first H2O ligand
(n = 1), which agrees well with the observed band K. Because the
NBO calculations consider the proton as a single fragment, it is
not possible to obtain an E(2) energy of the CH� � �O H-bond for
n = 1. For n = 2, the proton has almost equal distances to C (red)
and O (violet) due to further stretching of the C–H bond. The
NBO analysis reveals a very high E(2) energy (221 kJ mol�1)
between the lone pair of C and the antibonding s* orbital of the
O–H donor bond, because it already attributes the proton to the

Fig. 12 Various calculated and experimental properties of the O–H bonds and the acidic C–H bond of the most stable [Ad(H2O)n=1–4]+ clusters as a
function of the cluster size n: calculated and experimental CH and OH stretch frequencies (nCH/OH); calculated C–H and O–H bond lengths (rCH/OH);
calculated second-order perturbation energies (E(2)) of donor–acceptor orbital interactions involved in the H-bonds. A colour code is used to distinguish
between the different modes and their corresponding bonds and energies: na

OH (orange); ns
OH (green); nf

OH (magenta); nb
OH (blue); nOH� � �C (violet), nCH� � �O

(red). Experimentally observed peaks associated with nOH modes and nCH modes of the acid C–H bond are labeled (B, D, E, F, G, H, K). The rough
experimentally determined frequencies of band K are indicated by error bars.
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water cluster. The appearance of band K below 1000 cm�1

agrees well with the predicted redshifts of nCH� � �O (red) or
nOH� � �C (violet). For n = 3, all data show that ICPT is complete.
The distance of the proton to C (O) is dramatically increased
(decreased) and the E(2) energy is significantly lower. This trend
is consistent with a blueshift of nOH� � �C compared to n = 2
toward frequencies similar to that for n = 1, as experimentally
confirmed by the increasing signal at 1700 cm�1 (K). At n = 4,
this trend continues as the distance of the proton to C (O)
increases (decreases) further and E(2) also decreases. The
nOH� � �C mode shifts further to the blue and thus approaches
the frequencies of the nb

OH modes.
Although the NBO analysis indicates complete ICPT to the

solvent already at n = 2, the proton assignment to Ady or (H2O)n

is ambiguous for n = 2 because NBO analysis considers only
localized orbitals and ignores delocalization effects. The CID
spectrum of [Ad(H2O)2]+ shows almost no H5O2

+ signal, while
that of [Ad(H2O)3]+ exhibits appreciable H7O3

+ signal which is
roughly equal to the Ad+ signal (Fig. S2, ESI†). These CID
spectra thus argue against complete ICPT already at n = 2 as
suggested by the NBO analysis. This view is also consistent with
the calculated bond dissociation energies for the processes Ad+

+ (H2O)n and Ady + H+(H2O)n, which indicate ICPT between
n = 2 and 3 (Fig. S24, ESI†). Therefore, we consider
[Ad(H2O)2(I)]+ to have a proton-shared structure, in which the
proton is not completely transferred, and determine the critical
cluster size for complete ICPT as nc = 3, consistent with
previous calculations.27 Despite of the decreasing dissociation
energy for the channel Ady + H+(H2O)n (D0 = 221, 123, 93,
69 kJ mol�1 for n = 1–4), the dissociation energy for loss of a
single H2O ligand is always still lower (D0 = 46, 61, 69, 58 kJ mol�1)
and thus the dominant IRPD channel for all considered n.

7. Comparison to related clusters

In the following, we compare the threshold for ICPT (nc = 3)
observed for the microhydrated Ad+ cation (as a prototypical
cycloalkane cation) with that of related linear alkane cations
and aromatic hydrocarbons. A first rough indicator for the
position of the proton in a [X� � �H� � �(H2O)n]+ cluster is the
difference in PA of X and (H2O)n. A second and in some cases
even decisive factor is the difference between the solvation
energies of XH+� � �(H2O)n and X� � � H+(H2O)n.70,75–77 From the
linear alkane cations, we consider C5H12 (pentane) and CH4 as
examples and have computed their microhydrated structures
at the same computational level (B3LYP-D3, Fig. S25, ESI†).
Ionization of CH4 (Td) produces the Jahn–Teller distorted
cation (C2v) and elongates the C–H bond from 1.088 to
1.121 Å (by 33 mÅ). This CH donor group is very acidic, and
addition of a single H2O ligand causes complete ICPT to
produce CH3–H3O+ (i.e., nc = 1) with a rather asymmetric proton
bridge (rOH/CH = 1.057/1.726 Å). This trend is consistent with the
PA values of CH3 and H2O (544 and 691 kJ mol�1). Longer
alkane chains can better stabilize a positive charge. In the case
of C5H12, ionization elongates the C–H bond from 1.094 to

1.125 Å (by 31 mÅ), and addition of a single H2O ligand
produces a proton-shared structure, while complete ICPT
is observed at nc = 2, as determined by previous IRPD
experiments.78 Hence, ICPT in [C5H12(H2O)n]+ is rather similar
to the one observed in [Ad(H2O)n]+ apart from the smaller nc

value. Stretching of the C–H bond upon ionization is similar
(DrCH = 31 vs. 30 mÅ), while further activation by monohydra-
tion is much stronger for C5H12

+ than for Ad+ (DrCH = 224 vs. 51
mÅ), indicating higher CH acidity due to reduced delocalization
of the charge in the smaller hydrocarbon molecule. Delocaliza-
tion of the charge is even less pronounced in CH4

+, leading
to a more acidic C–H bond and smaller critical value for ICPT
(nc = 1). The geometric parameters of the shared proton bridges
in [C5H12(H2O)]+ and [Ad(H2O)2(I)]+ are comparable (rOH/CH =
1.307/1.349 Å vs. 1.336/1.303 Å). Due to the slightly more
stretched C–H bond, the predicted nC� � �H� � �O frequency of
[C5H12(H2O)]+ is even lower than that for [Ad(H2O)2(I)]+

(660 vs. 818 cm�1). While C–H bond activation by ionization
has been reported for a variety of linear alkenes,79 hydration-
induced ICPT has only been investigated yet by spectroscopy for
pentane+.78 In addition, mass spectrometry of bare alkane
clusters observed ICPT (self protonation) upon ionization of
the acidic CH proton to a neighboring alkane.80,81

When comparing Ad+ with aromatic hydrocarbon ions, the
benzene cation (C6H6

+) is less acidic and shows ICPT only at
nc = 4, as proven by IR and electronic spectroscopy.31,56,82–85

The C–H bond acidity becomes significantly smaller when
expanding C6H6

+ to polycyclic aromatic hydrocarbon cations.
For example, in the case of microhydrated cationic naphthalene
([C10H8(H2O)n]+), which has a size roughly comparable to that
of Ad+, no ICPT is observed up to n = 5.35 For protonated
naphthalene (C10H9

+), ICPT upon microhydration occurs at
nc = 2.68 However, here H+(H2O)2 is bound as a Zundel ion to
naphthalene via strong OH� � �p ionic H-bonds, which is differ-
ent from the OH� � �C H-bonds in [Ad(H2O)n]+. The acidity of the
C–H bond of Ad+ is close to that of the O–H bond in cationic
phenol (C6H5OH+),86 which also requires at least three H2O
ligands to drive complete ICPT (nc = 3). The determined critical
cluster sizes nc for hydration-inducted ICPT in the here con-
sidered [XH� � �(H2O)n]+ clusters are consistent with the PA
values of the various X radicals and the (H2O)n clusters
(Fig. 11), indicating that differences in the solvation energies
are not too different and thus not decisive in these cases.

8. Conclusions

The analysis of IRPD spectra of mass-selected [Ad(H2O)n]+

clusters in the XH stretch (n = 1–5) and fingerprint ranges
(n = 1–3) using DFT calculations provides the first spectroscopic
information about this fundamental reaction intermediate in
polar solution. It reveals detailed precise and molecular-level
information about the acidity of the CH proton of Ad+, the
growth of the hydration network, and the hydration-induced
ICPT to the (H2O)n cluster at the critical threshold of nc = 3.
While all main bands observed in the IRPD spectra can readily
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be assigned to the energetically most stable structures for n = 1–3,
several isomers probably contribute to the spectra of the larger
clusters (n = 4–5). Although the isomer assignment is clear up to
n = 4, the large number of possible low-energy isomers for n = 5
prevents a detailed isomer assignment, which requires isomer-
specific laser spectroscopy in future work. Like for linear
alkanes, ionization of Ad weakens the apical C–H bond, which
is further activated by sequential microhydration. For n = 1,
a strong ionic CH� � �O H-bond is formed in an Ad+� � �H2O
cation–dipole complex with nearly free internal H2O
rotation.30 For n 4 1, all further H2O molecules bind to the
initial H2O ligand via OH� � �O H-bonds, forming a H-bonded
hydration network stabilized by strong cooperative effects aris-
ing from polarisation forces of the excess charge. Such a cluster
growth is clearly preferred to interior ion solvation, in which
individual H2O ligands solvate the Ad+ cation. Due to the
increasing PA of the (H2O)n clusters, the acidic CH proton of
Ad+ is progressively shifted toward the solvent cluster. The n = 2
cluster is characterized by a shared C� � �H� � �O proton bond with
nearly equal C–H and O–H bond lengths. For nc = 3, the proton
is completely transferred to the solvent, leading to the for-
mation of a H3O+ ion fully solvated by two H2O ligands and an
Ady radical (similar to the Eigen ion of H+(H2O)4). This implies
that n Z 3 clusters are of the type Ady-H+(H2O)n, in which the
Ady radical is attached to the surface of a H+(H2O)n cluster. The
hydration-size dependent ICPT at the critical cluster size nc = 3
is consistent with the PA values of (H2O)n and Ady, as well as the
calculated bond dissociation energies for the Ad+ + (H2O)n and
Ady + H+(H2O)n dissociation channels. It is also experimen-
tally confirmed by the detection of the H7O3

+ ion in the CID
spectrum of [Ad(H2O)3]+ and the good agreement between
experimental and computed frequencies for the relevant low-
frequency modes describing the proton transfer coordinates
(nCH� � �O/OH� � �C) in the fingerprint range.

In general, ionization of alkanes activates one of the C–H
bonds and increases its reactivity. For linear alkanes, the
reactivity decreases with the length of the alkane chain because
of increasing charge delocalization which stabilizes the alkane+

radical cation. With respect to their reactivity towards water,
CH4

+ exhibits ICPT already at nc = 1 leading to CH3� � �H3O+,
while pentane+ is less reactive and has a shared proton bond at
n = 1 and complete ICPT at nc = 2.78 As the Ad+ cation is still
larger, it is less reactive and thus it requires one more H2O
ligand to produce the shared-proton structure and complete
ICPT at n = 2 and nc = 3, respectively. Overall, the CH acidity of
Ad+ is higher than that of aromatic (polycyclic) hydrocarbon
ions such as benzene+ (nc = 4)56 and naphthalene+ (nc c 5)35

but more similar to the OH acidity of phenol+ (nc = 3).78,86

The ICPT process described herein is the basis for the
functionalization of Ad and other diamondoids in polar sol-
vents via a radical cation mechanism. This work will be
extended in several directions. Currently, IRPD experiments
are performed for microhydrated clusters of diamantane+

(C14H20
+, Dia+) and substituted Ad+ ions to investigate the

dependence of ICPT on the size and functional groups of the
diamondoid cation. In general, a higher nc value is expected for

ICPT of larger diamondoid cations due to reduced CH acidity
and charge delocalization.87 These studies will extend our
previous work on microhydrated (protonated) amantadine
clusters, in which H2O ligands bind to the less acidic NH2

+

(NH3
+) groups via NH� � �O H-bonds without exhibiting

ICPT.29,59 Further directions include variations of the solvent
molecules (e.g., methanol and acetonitrile) and probing the
ICPT by electronic spectroscopy.86,88,89
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