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bstract

This review focuses on the spectroscopy and chemical dynamics of bimolecular complexes of group II metal ions with formaldehyde using mass
esolved photodissociation spectroscopy techniques. Photodissociation spectroscopy of isolated metal ion-molecule complexes gives quantitative
nformation about the structure and bonding of the complex, and valuable insight into the electronic nonadiabatic interactions that determine the
eaction pathways and energy partitioning. The experimental techniques of photodissociation spectroscopy are briefly reviewed. Results from

everal experiments are then discussed including the photodissociation of Mg+-, Ca+-, and Zn+-based complexes with formaldehyde. Despite the
imilarities in valence electronic structure for these metal ions, the spectroscopy and quenching dynamics show remarkable differences. We also
ompare results with the photodissociation spectroscopy of Mg+-acetaldehyde where additional chemical reaction channels are accessible.
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. Introduction

The coupling of supersonic molecular beam sources and
ime-of-flight mass spectrometry with laser spectroscopic tech-
iques allows experimenters to investigate bonding interactions
nd chemical dynamics in a variety of weakly bound molecular
lusters through photodissociation spectroscopy [1–9]. The pho-
odissociation of a weakly bound bimolecular complex serves
o mimic a bimolecular “half-collision” process, offering an
ffective experimental approach to the study of excited state
olecular dynamics [9]. In many cases the structure of the pre-

ursor complex can be determined through a combination of
b initio calculations and bound state spectroscopy. Follow-
ng laser excitation the subsequent excited state half-collision
egins with a well-characterized geometry, electronic orbital
lignment, energy, and angular momentum. The photofragment
ction spectra yield information about the structure and lifetime
f the complex, and the dynamical effects that determine the
nergy partitioning and microscopic branching in multichannel
eactions. Such experiments give insight into the nuclear motion
ynamics, stereochemical effects, and the electronic nonadia-
atic interactions that couple the Born–Oppenheimer potential
nergy surfaces [9].

The primary aim of our work has been to investigate C–H,
–C, and C–O bond activation processes by light metal atoms

n reactions with small organic molecules, such as alkane and
lkene hydrocarbons and organic derivatives including aldehy-
es and carboxylic acids [9–22]. This review focuses on the
hotodissociation spectroscopy of weakly bound bimolecular
omplexes of group II metal ions with formaldehyde [17–21].
ingly charged group IIa and IIb metal ion based complexes
re ideally suited for such experiments because they support
trong metal-centered transitions that are easily accessed in
he visible and near UV. In addition, owing to their open
hell “radical” structure, nonadiabatic interactions will be espe-
ially important and chemical-quenching pathways will often
e open.

The activation of C–H, C–C, and C–O bonds of carbonyls
y metal atoms and ions are among the most important pro-
esses in chemistry [23–25]. Simple organic carbonyls are vital
lements in chemical synthesis and many reactions in syn-
hetic organic chemistry or enzyme-catalyzed transformations
ely on metal, metal salt, or metal containing compounds as
atalysts. The photodissociation spectroscopy of isolated metal
on-carbonyl clusters can give insight into the bonding inter-
ctions and dynamical effects that lie at the core of such
rocesses. The main focus here will be on one of the simplest
arbonyls, formaldehyde. The chemistry of formaldehyde is of
nterest, both for fundamental scientific reasons and because
f its importance in chemical synthesis and many naturally
ccurring processes in combustion, atmospheric chemistry, and
strochemistry [23–27].

Gas phase radical reactions with formaldehyde are generally

hought to proceed through one of two competing mechanisms,
irect H-atom abstraction or an addition reaction involving
ttack on the CO �-bond, followed by C–H bond insertion and
ecomposition, e.g.,

2

t
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+ CH2O → [XHCHO] → XH + CHO (1)

+ CH2O → [H2COX] → [HXCHO] → XH + CHO

(2)

xperimental and theoretical studies of the O(3P) + CH2O and
H + CH2O reactions have concluded that the H-atom abstrac-

ion mechanism dominates, at least at low energies [28–30].
or H + CH2O reactions, experiments suggest that abstraction
nd addition-elimination pathways may be competitive [31].
n transition metal reactions with formaldehyde, however, it is
ften found that reaction proceeds through a multistep insertion
rocess [32,33], e.g.,

+ CH2O → H2COM → HMCHO

→ H2MCO → MH2+CO (3a)

r

+ CH2O → H2COM → HMCHO

→ H2MCO → H2+MCO (3b)

tudies of the chemical interactions of group II metal ions with
H2O are particularly interesting because, as with H-atoms,
ultiple reaction pathways might be open.
While the primary focus will be on metal ion-formaldehyde

omplexes, selected results from the photodissociation spec-
roscopy of metal-ion acetaldehyde clusters will also be briefly
iscussed. Acetaldehyde offers an interesting comparison since
he chemistry allows for studying the competition between C–H
nd C–C bond breaking processes in the isolated complex.
eactions of acetaldehyde with transition metals and transition
etal ions have been studied experimentally using crossed beam

xperimental methods and in theoretical calculations [34–36].
hile the C–H and C–C bonds are of similar strength, steric

ffects might be expected to favor C–H bond activation because
f repulsion from the H-atoms in the methyl group. Indeed, one
f the intriguing results from studies of neutral transition metal
hemistry involving small alkane hydrocarbons is that the ther-
al chemistry is often dominated by initial C–H (rather than
–C) bond activation, even though the alkane C–C bonds may
e weaker than the C–H bonds [37]. The reasons for this pref-
rence in neutral transition metal reactions are not completely
nderstood [38]. Steric hindrance effects may play an impor-
ant role. Theory also suggests that the directional nature of the
p3-hybridized orbitals on alkane carbon atoms may be impor-
ant, making it difficult to reorient the orbital into the required
ransition state geometry, thereby raising the activation barrier
or C–C bond insertion [39]. In acetaldehyde the sp2-bonding
f the carbonyl carbon, could allow for easier reorientation of
he orbitals and more effective activation of the C–C bond than
n alkane hydrocarbons.
. Experimental methods

The experimental apparatus for our photodissociation spec-
roscopy work is typical [9,40], consisting of a Smalley-type
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aser vaporization cluster source [41] coupled to an angular
eflectron time-of-flight mass spectrometer (RTOFMS) (R.M.
ordan Co.). Cluster ions from the source are mass-selected
nd probed with a tunable UV–vis pulsed laser system in the
urning point region of the reflectron. The daughter ions are

ass analyzed in the second leg of the RTOFMS and detected
ith a multichannel plate detector in a standard tandem time-
f-flight arrangement. Tandem mass-spectrometry affords the
bility to uniquely mass identify and select the parent complex
rom the molecular beam source, which is critical when there is
imited spectral structure in the photodissociation spectrum, as
ill often be the case in systems that are rapidly quenched. Sig-
als are collected with a gated integrator, digital storage scope,
r multichannel scaler, depending on the signal level.

Metal ion based clusters are generated by laser ablation of
metal rod using the second harmonic of a pulsed Nd:YAG

aser (Spectra Physics, DCR 11). The sample rod is fixed to the
ace of a pulsed supersonic valve (R.M. Jordan Co., PSV) and
ositioned directly in the free jet expansion from the PSV nozzle.
he sample rod is connected to a drive mechanism allowing

or rotation and translation of the rod to keep the metal sample
urface fresh. The ablation laser pulse is timed to overlap the gas
ulse from the PSV, and adjusted to optimize formation of the
esired cluster. The ablation laser pulse intensity is kept low to
inimize overheating of the laser produced plasma and optimize

he formation of weakly bound bimolecular complexes with low
nternal temperatures. Too large a laser fluence results in warmer
lusters, greater fragmentation and more “prereaction” in the
ource region.

The PSV is typically operated at a backing pressure of
40 psi, seeded with a 1–10% mix of sample in a carrier gas. For

he formaldehyde clusters, solid paraformaldehyde is heated to
roduce the vapor, which is then combined with Ar carrier gas in
mixing cylinder [17]. Ion-molecule clusters form in the super-

onic expansion of the metal vapor plasma with a seeded carrier
as flow. The gas expansion passes through a conical skim-
er into the differentially pumped extraction chamber. Cluster

ons are pulse extracted at right angles and accelerated into
he third differentially pumped chamber, the flight tube of the
TOFMS. The extraction and acceleration voltages are adjusted

or Wiley–McLaren focusing [42], and the typical beam energy
s 1.4 keV. The ion packets are transversely focused with a three
lement Einzel lens, and pass through a pulsed mass gate for
reliminary mass selection.

A Nd:YAG pumped OPO (Spectra Physics, PRO-250/MOPO
L) is time delayed to excite the “target” parent ion at the

urning point inside the reflectron. The OPO covers the visi-
le (430–690 nm) and near IR (730–1800 nm) with a bandwidth
f <0.2 cm−1. The near-UV region (215–419 nm) is reached by
onlinear frequency mixing (Spectra Physics, WEX). In this
rrangement signal fluctuations due to timing jitter are mini-
ized since the residence time near the turning point is long.

n addition, accurate branching ratio measurements are easily

ade because the unreacted parent ion and all of the daughter

ons can be detected simultaneously. (This assumes that mass
iscrimination effects are negligible, which is usually a good
pproximation in our apparatus for the small clusters of interest

a
t
a
t
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ere [40].) Following photolysis, the parent and daughter frag-
ent ions are reaccelerated in the reflectron and focused to an

ff-axis microchannel plate detector (MCP). A digital oscillo-
cope is used to monitor the mass spectrum and is interfaced to
laboratory personal computer for further data analysis. When

ignals are large, a series of gated integrators can be used to
easure the integrated signal in the parent and in each daughter

on packet. For small signals, a multichannel scaler can be used
or single ion counting.

The mass-resolved product action spectra are determined by
easuring the integrated daughter ion signal as a function of

hotolysis laser wavelength, normalized by the parent ion signal
nd probe laser intensity. Signal-to-noise is limited primarily by
hort term fluctuations and long term drift in the molecular beam
ntensity from the vaporization source. Laser power linearity
ests are used to discriminate against multiphoton dissociation
rocesses. However, in the photoexcitation of long-lived bound
tates of the complex, the resonance transitions are easily satu-
ated and it is not always possible to rule out some contribution
rom multiphoton dissociation processes through higher lying
tates. While such processes can usually be safely ignored in
ssigning the spectra, they can complicate the interpretation of
he subsequent dissociation dynamics.

. Photodissociation spectroscopy of M+-aldehyde
omplexes

.1. Mg+-formaldehyde

.1.1. Electronic structure calculations
Results for Mg+-formaldehyde form a useful basis for

iscussing the spectroscopy of all of the group II metal ion-
ldehydes under consideration. Electronic structure calculations
n the Gaussian 98 platform [43] show Mg+-formaldehyde to
e bound in a C2v Mg+–OCH2 equilibrium geometry [17].
he bonding is predominantly electrostatic and is enhanced

n part by a polarization of charge on the O atom that
eads to a slight weakening of the C–O bond and opening
f the H–C–H angle. Beyond these small changes the alde-
yde moiety remains relatively undistorted from its isolated
quilibrium geometry. For Mg+–OCH2, the M–O bond disso-
iation energy is D′′e (Mg–OCH2) = 1.51 eV, with an Mg+–O
quilibrium bond length of RMg–O = 1.99 Å, in an unrestricted
artree–Fock UHF/6-311++g(2d,2p) level calculation [17].

ncluding correlation effects in a density functional theory
DFT) calculation using Becke’s three parameter hybrid method
ith the Lee, Yang, Parr correlation functional and unrestricted
avefunctions (UB3LPY) shows that the intermolecular bond

trength decreases slightly to D′′e (Mg–OCH2) = 1.43 eV at the
B3LPY/6-311++g(2d,2p) level. Correlation increases the size
f the interacting orbitals and lead to greater steric repulsion.
elected spectroscopic parameters are summarized in Table 1.
search of the ground state potential energy surface also finds
second stable isomer that corresponds to the HMgCHO inser-
ion complex. This structure lies at much higher energy, 2.30 eV
bove the global minimum, but is energetically accessible from
he excited electronic states. The UB3LYP/6-311++g(2d,2p)
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Table 1
Table of selected spectroscopic constants for M+(CH2O) complexes (experi-
mental values in parentheses)

M+(CH2O) Mg Ca Zn

ns�(A′)a C2v (C2v) C2v (C2v) Cs

De (eV) 1.43 (1.21) 1.30 (0.9) 1.49
RMO (Å) 1.99 2.28 2.09
∠(M–O–C) 180 (>165) 180 (>175) 140
ωMO (a′) (cm−1) 372 279 280
ωIP (a′) (cm−1) 75 114 151
ωOP (a′′) (cm−1) 164 158 260

npx� (A′′)b C2v (Cs) C2v Cs

Te (eV) 3.44 (2.91) 2.52 (2.28) 4.14 (4.71)
RMO (Å) 1.87 2.14 1.89
∠(M–O–C) 180 180 155
ωMO (a′) (cm−1) 480 471 (371) 399 (470)
ωIP (a′) (cm−1) 120 179 158
ωOP (a′′) (cm−1) 262 373 (242) 327 (277)

npy� (A′)b Cs (Cs) Cs (Cs) Cs (dissociates)
Te (eV) 3.63 (3.70) 2.95 (2.77) 4.32 (4.83)
RMO (Å) 1.95 2.46 1.95
∠(M–O–C) 144 (139) 149 (147) 138
ωMO (a′) (cm−1) 465 (462) 253 (316) 364
ωIP (a′) (cm−1) 187 (212) 140 (130) 226
ωOP (a′′) (cm−1) 258 206 (172) 393

npz� (A′)b C2v Dissociates Not observed
Te (eV) 5.08 (5.02) 4.63 (4.31)
RMO (Å) 1.94
∠(M–O–C) 180
ωMO (a′) (cm−1) 356 (360)
ωIP (a′) (cm−1) 47 (85)
ωOP (a′′) (cm−1) 186 (234)
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Fig. 1. Schematic diagram showing selected stationary points on the ground state
potential energy surface for Mg+– and Zn+–CH2O, calculated at the UB3LYP/6-
311++g(d,p) level. The global minima are found in O-end-on geometry. Other
stable geometries corresponding to insertion or abstraction reaction intermedi-
ates lie at higher energies but can be accessed through nonadiabatic coupling
from the excited state surfaces. Results suggest that reactive quenching is dom-
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a Ground state (ns) calculations at the UB3LYP/6-311++g(d,p) level.
b Excited state (np) calculations at the UCIS/6-311++g(d,p) level.

ptimized geometries for these stable ground state geometries
re shown schematically in Fig. 1a. No stable Mg–HCHO
bstraction complex was found in the calculations.

The excited state structure for the metal ion-aldehydes is
omplicated by a large number of interacting electronic states.
adiative transitions to low-lying doublet states with both
etal-centered p← s and aldehyde-centered �*← n charac-

er are possible. The metal-based transitions correlating with
g+(3p← 3s) resonance excitation will dominate the absorp-

ion spectrum. Simple electrostatic arguments, supported by ab
nitio calculations, indicate that the Mg+-based 3p� excited
tates will be more attractive than the 3s� ground state since
he electron density along the intermolecular axis is reduced
eading to an increase in the strength of the ion-dipole attrac-
ion. On the other hand, the 3p� state is less strongly bound than
he ground state owing to the increase in �-repulsion along the

g–O bond axis.
Unrestricted configuration interaction with single excitation

UCIS) calculations for the low-lying doublet excited states of
g+(CH2O) find three strong Mg+-based absorption bands that

+
orrelate with the alignment of the excited Mg 3p-orbital in
he complex [17] at the UCIS/6-311++g(2d,2p) level. The two

etal-based 3p� bands [3px�(A′′) and 3py�(A′)← 3s�(A′)]
re significantly red-shifted from the Mg+ 3p← 3s resonance

d
f
b

nated by an insertion process in Mg+-formaldehyde and an abstraction process
n Zn+-formaldehyde.

ine, while the third band, 3pz�(A′)← 3s(A′), is blue-shifted,
onsistent with the simple electrostatic arguments above. (The
nitial plane of the atoms is chosen as the symmetry plane.)
CIS calculations also predict a much weaker transition in the
ear UV that correlates with the predominantly aldehyde-based
*← n transition.

The first excited state in the complex correlates with a pre-
ominantly Mg+(3px�)-based state with the metal px-orbital
ligned perpendicular to the plane of the molecule. The opti-
ized excited state geometry shows a considerable shortening

n the Mg–O bond, consistent with the formation of a partial
g–O �-bond in this excited state [17]. While the transition

s predominantly Mg+-centered, orbital analysis shows that the
adiative transition can be more properly described as excitation
rom the Mg+-based s-orbital into an orbital that has both Mg+

x and CO �* character. Selected excited state spectroscopic
arameters are also given in Table 1.

The second excited state is Mg+(3py�)-based, with the metal
y-orbital lying in the molecular plane but roughly perpendicular
o the Mg–O bond. UCIS/6-311++g(2d,2p) geometry optimiza-
ion for this excited state shows a structural change to a bent Cs
eometry [17]. The atoms remain in the molecular symmetry
lane but the Mg–O–C bond angle decreases dramatically from
inear in the ground state to ∠(Mg–O–C) ∼144◦ in the excited
tate. The bonding is still primarily electrostatic but the complex
ends in order to minimize steric repulsion between the O non-
onding n-orbitals and the in-plane Mg+ py-orbital. The large
hange in the Mg–O–C bond angle indicates that the intermolec-
lar in-plane bending vibration mode will be especially strong
n the absorption spectrum.
The third excited doublet state in each case correlates pre-
ominantly with the formaldehyde-based excited state that arises
rom an �*← n excitation. We find that this formaldehyde-
ased absorption band in the complex is relatively unshifted
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ig. 2. Action spectra leading to Mg+ product in the photodissociation of (a)
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rom its position in the bare molecule. However, this nominally
eak transition gains strength by mixing in metal px-orbital

haracter.
The fourth excited state correlates to the Mg+(3pz�)-based

xcited state with the Mg+ pz-orbital lying along Mg–O inter-
olecular axis. Calculations show a shortening of the Mg–O

ond and stretching of the C–O bond, consistent with the for-
ation of a partial Mg–O �-bond in this state that is not expected

rom simple electrostatic arguments. These predictions are, how-
ver, in good agreement with the main experimental observations
17] (Table 1).

.1.2. Electronic band spectra
The action spectrum for photodissociation to Mg+ product

rom Mg+(CH2O) is shown in Fig. 2a. Simple ligand loss to
g+ is the primary dissociation channel; however, reactive dis-

ociation to MgH+ is also observed at higher energies [17]. The
g+ action spectrum shows four distinct absorption bands that

an be assigned to the Mg+-based 3p–3s transitions and the
ldehyde-based �*← n transition as indicated by the UCIS cal-
ulations, and as given in Fig. 2a. The lowest energy band is
ssigned to excitation of the Mg+-based 3px�(A′′) state, mixed
ith carbonyl �* orbital character. The highly structured band

n the 26,000 cm−1 range is assigned to excitation of the Mg+-
ased 3py�(A′) state. A weak continuum band centered near
2,000 cm−1 is assigned to the predominantly carbonyl based
*← n transition, mixed with Mg+ 3px� orbital character. The
ighest energy band shown in Fig. 2, centered near 40,000 cm−1,
s assigned to the Mg+-based 3pz�(A′)← 3s�(A′) transition.
ransition energies are in reasonably good agreement with the
CIS calculations (Table 1).

.1.3. Rovibronic analysis
The lowest energy band 3px�(A′′)← 3s�(A′) of
g+(CH2O) shows extensive vibrational structure over
n energy range spanning >10,000 cm−1. The band contains

long series of broad vibrational resonance features. This
igh degree of vibrational excitation implies a large geometry

e
s
l
a
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hange on excitation. Spectral analysis shows two overlapping
ibrational progressions based on mode frequencies of ∼640
nd ∼1240 cm−1 [17]. The excitation of multiple quanta in
hese high frequency vibrational modes, coupled with the large
ed shift of the band from the Mg+ 3p← 3s resonance transition
ndicates a strong chemical interaction in this state of the
omplex. As UCIS calculations show, the radiative transition
s of mixed Mg+ px- and formaldehyde �*-orbital character.
ransferring electron density into the �*-antibonding LUMO
f formaldehyde leads to a significant weakening of the C–O
ond and formation of a partial Mg–O �-bond. The �*← n
ransition in isolated formaldehyde stretches the C–O bond and
auses a distortion out-of-plane to a pyramidal geometry; in
he complex this results in very high intramolecular vibrational
xcitation of the formaldehyde ligand [44]. Based on this,
he lower energy mode at ∼640 cm−1 is assigned to the
ut-of-plane CH2 wag in the complex, and the higher energy
ode at ∼1240 cm−1, to the C–O stretch. These values are

n very good agreement with the corresponding vibrational
ode frequencies for isolated formaldehyde in the �* state

683 and 1167 cm−1, respectively) [44]. Note that these
esults are very different from the corresponding ground state
requencies due to the dramatic change in bonding in the
xcited state. (A comment on symmetry is warranted; initial
xcitation is to a state of B2 symmetry in C2v geometry, which
s A′′ with respect to the initial plane of the molecule [17].
fter excitation the complex bends out-of-plane to form a Cs

omplex with the excited state being A′ with respect to the
ew symmetry plane. To avoid confusion the symmetries here
re consistently referred to the original plane of the molecule
n the ground state.) The vibrational resonances in this band
xhibit significant homogeneous linewidths, consistent with an
pper state lifetime of <500 fs (or <7 vibrations of the Mg–O
tretch, the mode that couples to the dissociation coordinate)
17]. Vibrational predissociation to an excited state asymptote
s not energetically possible and dissociation requires coupling
o the ground state surface through internal conversion.

The 3py�(A′)← 3s�(A′) band of Mg+(CH2O) is expanded
n Fig. 3a. There is an obvious short, anharmonic vibrational
rogression built on the band origin, with a fundamental fre-
uency that corresponds to an intermolecular bending mode.
nalysis of the partially resolved rotational substructure assigns

he mode to the in-plane intermolecular bending vibration
17]. The observed rotational structure verifies the UCIS/6-
11++g(2d,2p) predicted change in geometry to a bent complex
ith ∠(Mg–O–C) = 139± 3◦ in the excited state. Additional
rogressions corresponding to combination modes with the
ntermolecular stretch are also easily identified. The vibrational

ode frequencies for both the in-plane bend and intermolec-
lar stretch modes are in excellent agreement with the UCIS
odel predictions. Birge–Sponer analysis of the short stretch

rogression in Mg+-formaldehyde yields an excited state dis-
ociation energy D′′e (Mg–OCH2) = 2.05 eV, and through an

nergy cycle, an estimate for the bond energy in the ground
tate of D′′e (Mg–OCH2) = 1.21± 0.2 eV, which is somewhat
ower than the UB3LYP/6-311++g(2d,2p) value of 1.45 eV. This
greement is reasonable given the experimental error and uncer-
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Fig. 3. Expanded views of the vibronic structure in the Mg+-based
3py�(A′)← 3s�(A′) (a) and 3pz�(A′)← 3s�(A′) (b) bands of Mg+(CH2O).
The major features associated with the intermolecular Mg–O stretch (sMO) and
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g–O–C in-plane bend (bip), and intramolecular C–O stretch (sCO) modes are
hown.

ainty in the Birge–Sponer extrapolation. It is interesting that the
ending vibrational progression in Mg+-formaldehyde shows an
brupt terminus at an energy∼900 cm−1 above the origin. This
nergy limit must correspond to a barrier to internal motion or
somerization, possibly a barrier corresponding to the transition
tate to the insertion complex [17].

An expanded view of the highest energy Mg+-based
pz�(A′)← 3s�(A′) band of Mg+(CH2O) is shown in Fig. 3b.
here are short, low frequency vibrational mode progressions

hat correspond to combinations of intermolecular bending and
tretching motions. Ab initio calculations show that electronic
xcitation in this band leads to a decrease in the Mg–O bond
ength as a partial Mg–O �-bond forms, so that the Mg–O
tretch mode should be active, consistent with the experimental
pectrum. The experimental mode frequencies are in excellent
greement with the UCIS calculations for this state [17]. At
uch higher energy a vibrational resonance is observed that can

e assigned to the intramolecular carbonyl C–O stretch mode,
hich is expected since the formation of a partial Mg–O bond
ill cause the C–O bond to weaken and stretch. There is no

vidence for any other aldehyde intramolecular rocking or wag-
ing motions that might be expected if the complex were to
ignificantly distort away the planar geometry.

.1.4. Quenching dynamics

These “half-collision” spectroscopic results suggest the

ynamical pathways for the quenching of Mg+*(3p) in low
nergy, orbitally aligned O-end-on collisions with simple car-
onyls. Such a process represents a useful model for developing

o
3
r
t
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complete understanding of nonadiabatic processes in the
hemistry of open shell systems. In Mg+ 3px�(A′′) approach
ymmetry the Mg+ px-orbital is aligned perpendicular to the
olecular symmetry plane and can effectively overlap the alde-

yde �*-LUMO, allowing for efficient transfer of electron
ensity into the carbonyl antibonding orbital that weakens and
tretches the C–O bond. In Mg+-formaldehyde the orbitals
ave comparable energies and the interaction is strong. Elec-
ron density can also be transferred from the oxygen lone pair
onbonding orbital into the empty Mg+ s-shell. Quenching
ccurs primarily by vibronic coupling (E–E, V energy trans-
er) and results in Mg+(3s) and vibrationally hot aldehyde
roducts.

For Mg+*(3p) approach in 3py�(A′) symmetry the quench-
ng will be less efficient and probably occur primarily through
eak coupling to the lower (A′′) energy surface, followed by
–E, V energy transfer quenching as described above. However,

his physical quenching process may also compete with reactive
uenching through C–H bond activation as noted below.

In Mg+ 3pz� (2A′) approach symmetry the Mg+ pz-orbital
s aligned parallel to the Mg–O intermolecular axis and the
eometry facilitates formation of a partial Mg–O bond, with
corresponding weakening of the C–O bond. The interme-

iate complex is likely to be long-lived and quench through
–V energy transfer, or through a competing reaction channel

nvolving a direct attack on the aldehydic C–H bond in Mg+-
ormaldehyde.

In Mg+(CH2O) reaction to MgH+ + CHO products is
bserved with a branching that increases rapidly with increas-
ng photolysis energy above the energetic threshold of

30,000 cm−1, approaching a reactive quantum yield of ∼1/3
n the Mg+ 3pz�(A′)← 3s�(A′) band [17]. The experimental
nd theoretical results suggest that the primary reaction mech-
nism in Mg+(CH2O) is through C–H bond insertion. Based
n results from Mg+-acetaldehyde (below) where aldehydic
–C bond breaking is clearly observed [19], it is reasonable

o assume that an insertive reaction pathway is open for acti-
ation of the aldehydic C–H bond in both Mg+-formaldehyde
nd Mg+-acetaldehyde as well. In addition, electronic structure
alculations for Mg+(CH2O) find an energetically accessible
eactive intermediate that corresponds to the insertion complex
MgCHO, supporting this pathway. Reaction can occur in A′

ymmetry through a bond-stretch insertion mechanism that has
reviously been invoked to explain C–H bond activation in sim-
le alkanes [10,12]. The in-plane Mg+ p-orbital can overlap the
noccupied C–H �*-antibonding orbital and the resulting trans-
er of electron density leads to a weakening and stretching of
he C–H bond, which facilitates bond breaking through a side-
n insertive attack geometry. The reaction need not go through
o the fully inserted HMgCHO intermediate but may proceed
hrough a distorted triangular transition state [10]. Coupling of
he 3py�(A′) and 3pz�(A′) states through the intermolecular
ending vibration can allow reaction from both excited states

f A′ symmetry, though the energetics favor the higher lying
pz�(A′) state. The proposed aldehydic C–H bond insertion
eaction pathway is supported by electronic structure calcula-
ions on Mg+(CH3CHO) [45]. Those calculations also suggest
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hat methyl C–H bond activation should be possible, but that
hannel was not observed in Mg+(CH3CHO) photodissociation.

Some contribution from an abstractive MgHCHO reaction
athway cannot be entirely ruled out; results for the analogous
n+-formaldehyde complex discussed below suggest that an
bstraction reaction, facilitated by charge transfer, might play
ome role in the chemistry [21]. However, the relatively high
nergy of the charge transfer surfaces in Mg+-formaldehyde,
nd the absence of any obvious charge transfer products in the
issociation suggest this pathway to be less likely. In addition,
o stable abstractive geometry Mg+–HCHO was found in the
alculations.

.2. Mg+-acetaldehyde

It is interesting to compare results for Mg+-formaldehyde and
g+-acetaldehyde. Ab initio calculations for Mg+–OCHCH3

nds a Cs-ground state equilibrium geometry with a
lightly bent Mg–O–C bond, ∠(Mg–O–C) = 172◦, an Mg+–O
quilibrium bond distance, RMg–O = 1.97 Å, and a slightly
igher bond energy at the UHF/6-311++g(2d,2p) level,
′′
e (Mg–OCHCH3) = 1.87 eV [18]. This calculated bond

nergy is similar to that found in Mg+-acetone [46]. The
xcited state structure for Mg+-acetaldehyde in a UCIS/6-
11++g(2d,2p) calculation is quite analogous to that found for
g+-formaldehyde. Given the likeness in structure and bonding,

t is not surprising that the electronic band spectra for Mg+-
ormaldehyde and Mg+-acetaldehyde should be similar as seen
n Fig. 2. The band positions and structures for the three higher
nergy bands are closely comparable, as expected, and the spec-
roscopic assignment and analysis is similar. However the lowest
nergy 3px�(A′)← 3s�(A′) band appears quite different; it is
uch weaker and more limited in range in Mg+-acetaldehyde,

ndeed barely discernable on the scale of Fig. 2, and shows no
vidence for vibrational structure.

The molecular orbital interactions in Mg+-acetaldehyde
hould be analogous, and lead to a vibrationally hot com-
lex following 3px�(A′′)← 3s�(A′) excitation. However in
g+(CH3CHO) the vibrational mode density is much higher,

nd the Mg–O bond strength is larger. As a result the weaker sig-
al in Mg+-acetaldehyde can easily be rationalized: the available
nergy deposited into the Mg–O intermolecular stretch mode
hat couples to the dissociation coordinate is simply too low to
esult in efficient dissociation of the complex for photon energies
∼26,000 cm−1.

In Mg+-acetaldehyde several weak reactive quenching chan-
els are also observed at the highest energies probed [18,19]:

g+(OCHCH3)+hν→ MgH+ +CH3CO (4)

g+(OCHCH3)+hν→ MgCH3
+ +HCO (5)

g+(OCHCH3)+hν→ MgCHO+ +CH3 (6)
Channels (5) and (6) correspond to breaking the C–C bond.
ldehydic H–D isotope substitution experiments verify that

eaction (4) corresponds to attack on the aldehyde C–H bond
ather than one of the methyl C–H bonds. The relative branch-

3
R
1
s
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ng into the product channels that correspond to C–C versus C–H
ond cleavage are roughly estimated as∼1:1 for h-aldehyde and
2:1 for d-aldehyde. While these estimates are somewhat uncer-

ain owing to mass overlap effects, it is clear that the probabilities
or C–H and C–C bond cleavage are roughly comparable. It is
lso interesting that no branching to MgO+ or MgCO+ prod-
cts, which might arise from more complicated rearrangement
eactions is observed, even though these product channels are
ower in energy. This suggests a direct single step insertive reac-
ion mechanism from the excited state surface of A′ symmetry
s suggested earlier for Mg+(CH2O). The essential elements of
he C–H bond activation mechanism have been verified by ab
nitio electronic structure calculations [45]. C–C bond breaking
as also observed in photodissociation of the closely related

arbonyl complex Mg+(CH3COOH), following excitation in
he Mg+-based 4pz�(A′)← 4s�(A′) band, suggesting a similar
lignment preference for this reaction pathway [22].

The observation of comparable yields for reaction products
esulting from C–H and C–C bond cleavage is interesting. In
cetaldehyde, the aldehydic C–C and C–H bonds are of compa-
able strength and, in end-on Mg+–OCHCH3 geometry, appear
imilarly susceptible to attack by the metal ion. Steric effects do
ot seem to significantly hinder C–C bond activation. Because
f the lesser overlap between the sp3-hybridized orbital on
he methyl carbon and the sp2-orbital on the carbonyl car-
on, molecular orbital reorientation appears less constrained in
cetaldehyde than in alkane hydrocarbons.

.3. Ca+-formaldehyde

The influence of metal ion electronic structure and ener-
etics on the bonding interactions and chemical dynamics
an be studied by comparing results for Mg+(3s), Ca+(4s),
nd Zn+(3d104s)-formaldehyde complexes. Despite the similar
lectronic valence character, these metal ions often show dra-
atically different interactions with small hydrocarbons and

rganic derivatives [10–21]. Generally, Ca+ is found to be
ess reactive and more weakly interacting in both ground and
xcited states than either Mg+ or Zn+. For example, in M+(CH4)
lusters, excited Mg+(3p) and Zn+(3d104p) react efficiently
hrough a nonadiabatic C–H bond insertion reaction, leading
redominantly to MCH3

+ product [10,12]. In contrast, Ca+(4p)
s long-lived and weakly interacting, quenching inefficiently
hrough energy transfer (probably to the lower Ca+(3d) state)
11]. These differences are due to a combination of energetic
ffects (including relative orbital and ionization energies), size
ffects (Ca+ is significantly larger than either Mg+ or Zn+), and
he presence of low-lying 3d-based molecular excited states in
a+ that open additional nonreactive quenching pathways.

Ca+(CH2O) shows a C2v ground state equilibrium geome-
ry similar to Mg+(CH2O), though with a somewhat weaker
nd longer bond reflecting the larger size of the ground state
-orbital for Ca+ [20]. Geometry optimization at the UB3LYP/6-

11++g(2d,2p) level shows an intermolecular bond with
(Ca–O) = 2.28 Å, and a dissociation energy of D′′e (Ca–O) =
.30 eV. No other stable geometries were found on the ground
tate surface for the weakly bound Ca+(CH2O) complex.
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Since both 3d and 4p excited states are important it is neces-
ary to use a relatively large basis set to give an accurate picture
f the excited state structure. UCIS/6-311++(3df,3pd) calcula-
ions on Ca+-formaldehyde find at least nine excited states in the
isible and near-UV, resulting from both metal centered Ca+(3d
nd 4p← 4s) and formaldehyde-based �*← n excitations [20].
olecular orbital analysis shows appreciable 3d–4p orbital mix-

ng in the Ca+-based transitions. While the degree of mixing
s probably not quantitatively correct at the UCIS level due to
orrelation errors, the qualitative effect of the 3d–4p orbital mix-
ng is to significantly enhance the oscillator strengths for the
d← 4s based molecular bands. The detailed spectroscopy has
een described previously. Here we present results only for the
tates that correlate with the Ca+ 4p levels for comparison to the

g+- and Zn+-based complexes.
Interactions in the excited Ca+-based 4p states of Ca+(CH2O)

re similar to Mg+(CH2O). Geometry optimization for 4px�(A′)
nds a stronger Ca–O bond and a weaker C–O bond in com-
arison to the ground state, though the chemical interactions
re significantly weaker than in the corresponding state of
g+(CH2O). The dominant vibrational modes observed in this

and are assigned to the C–O and Ca–O stretches (Fig. 4a). As
ith Mg+(CH2O), the change in bonding results from coupling
etween the Ca 4px and formaldehyde �*-orbitals in this state,
hich weakens the C–O bond and allows formation of a partial
a–O �-bond. The molecular orbital interaction is much weaker

n Ca+(H2CO) owing to the larger and more diffuse nature of the
a 4p-orbitals, which lessens the orbital overlap, and to a larger
nergy gap between the metal px- and formaldehyde �*-orbital
nergies.

Ab initio calculations and detailed spectroscopic analy-

is of the observed rovibronic structure in the Ca+(CH2O)
py�(A′)← 4s�(A′) band show that the upper state is bent
ith a Ca–O–C bond angle ∠(Ca–O–C) = 147± 2◦ [20]. As

ig. 4. Photodissociation action spectra for (a) Ca+(CH2O) and (b)
n+(CH2O) with band assignments are shown. In Zn+(CH2O) the Zn+-based
pz�(A′)← 4s�(A′) band is at much higher energies and is not observed.
ibrational features associated with the intermolecular M–O stretch (sMO) and
n–O–C out-of-plane bend (bop), and intramolecular C–O stretch (sCO) modes
re shown. The vertical arrow in (a) marks the position of the Ca+(4p← 4s)
tomic resonance line. The Zn+(4p← 4s) resonance line at 49,063 cm−1 is not
hown.
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n Mg+(CH2O) the change in geometry limits steric repulsion
etween the in-plane Ca+ py-orbital and the O-lone pair electrons
f the n-orbital of CH2O. Again, the observed spectroscopic con-
tants are in very good agreement with ab initio predictions for
his state.

The Ca+-based 4pz�(A′)← 4s�(A′) band is significantly
lue shifted from the Ca+ 4p← 4s atomic resonance, and
ppears as a continuum band with no vibrational resonance struc-
ure. An ab initio scan of the corresponding potential energy
urface shows that the upper state is unbound, purely repulsive
n the Ca–O coordinate. This is in contrast to Mg+-formaldehyde
here the analogous state is bound and shows partial Mg–O
-bonding character.

Ca+ is the only dissociation product observed from Ca+-
ormaldehyde. Dissociation is possible through nonadiabatic
oupling to the lower lying Ca+ 3d-based excited states of the
omplex. The much weaker chemical interactions observed in
a+-formaldehyde are consistent with findings from other metal

on hydrocarbon complexes.

.4. Zn+-formaldehyde

.4.1. Electronic structure calculations
Photodissociation spectroscopy of Zn+(CH2O) shows results

hat are remarkably different from those for the analogous Mg+-
nd Ca+-based formaldehyde complexes. The differences are a
esult of the relatively high Zn ionization energy, which allow
harge transfer (CT) interactions to play a dominant role in the
hemical dynamics of this system. For comparison the ionization
nergies for Mg, Ca, and Zn are 7.64, 6.11, and 9.39 eV, respec-
ively. Optimization calculations at the UHF/6-311++g(d,p) and

P2/6-311++g(d,p) (Moeller-Plesset 2nd order perturbation
heory) levels find a ground state equilibrium for Zn+(H2CO)
ith Zn bonded end-on to the O atom in a C2v-association

omplex similar to previous results for the analogous Mg+-
nd Ca+-formaldehyde systems [21]. However, DFT calcula-
ions at the UB3LYP/6-311++g(d,p) level finds the most stable
round state complex to be bound in planar Cs symmetry with
Zn–O–C bond angle of ∠(ZnOC) = 140◦ (Fig. 1b). The calcu-

ated Zn–O equilibrium bond length is R(Zn–O) = 2.09 Å, with
he formaldehyde ligand distorted only slightly from its isolated
eometry. The calculated Zn–OCH2 bond dissociation energy
t the UB3LYP/6-311++g(d,p) level is D′′e (Zn–O) = 1.49 eV.
hese results differ qualitatively from the previous findings

or Mg+- and Ca+-formaldehyde. The binding in Zn+(H2CO)
ppears to be similar to Cu+(CH2O) [47], with substantial CT
haracter.

DFT calculations at the UB3LYP/6-311++g(d,p) level find
wo additional stable geometries on the ground state surface,
hich can be characterized as abstraction and insertion com-
lexes as shown in Fig. 1b. The abstraction complex lies
0.97 eV above the global minimum and has Zn+ weakly

onded to the H-atom in a Zn+-HCHO Cs geometry [21]. No

nalogous stable abstraction complex is found for Mg+- or Ca+-
ormaldehyde. A scan of the potential surface in the C–H bond
oordinate shows there is no barrier for H-atom abstraction
o ZnH+ + CHO products above the reaction endoergicity. The
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totic energy as discussed. Fig. 6a shows the cut as a function of
the Zn–C internuclear coordinate, while Fig. 6b shows a cut as
the O–C–Zn angle increases from the global equilibrium value
∠(O–C–Zn)∼ 25◦ toward the Zn+–HCHO abstraction interme-
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ZnCHO insertion complex in Fig. 1b lies 1.48 eV above the
lobal minimum structure [21]. A similar, though more weakly
onded insertion complex was also found in Mg+-formaldehyde
Fig. 1a).

Excited state calculations at the UCIS/6-311++g(d,p) level
or Zn+-formaldehyde find 3 strong Zn+-based 4p← 4s tran-
itions and a weak formaldehyde-based �*← n transition in
he near UV, with character very similar to that found for
he analogous transitions in Mg+-formaldehyde [21]. However,
ecause of the low ionization energy difference between Zn
IE = 9.394 eV) and CH2O (IE = 10.88 eV), the charge transfer
CT) state in Zn+-formaldehyde lies at very low energy and plays
major role in the spectroscopy and dynamics of this complex.
he importance of the CT state is apparent from the observed
roduct branching. Photodissociation of Zn+(CH2O) in the near
V shows evidence for four major quenching channels (listed

n order from lowest to highest energy) [21]:

n+(CH2O)+hν→ Zn+ +CH2O (7)

n+(CH2O)+hν→ ZnH+ +HCO (8)

n+(CH2O)+hν→ Zn + CH2O+ (9)

n+(CH2O)+hν→ ZnH + HCO+ (10)

he photodissociation product ion mass spectrum for
n+(CH2O) is shown in Fig. 5. The observed product branch-

ng is opposite to the energy ordering of these channels, so
hat HCO+ is the most abundant and Zn+ the smallest prod-
ct. This is very different from the earlier results in Mg+- and
a+-formaldehyde where nonreactive dissociation to the metal

on was the dominant quenching pathway.
A consideration of the potential energy surfaces can help

larify the discussion of the spectroscopy and dynamics of

n+(CH2O). Unfortunately, while the UCIS method can give
ery reliable results for the metal ion-based s–p transitions,
CIS results are often significantly in error for states with

ppreciable CT character. The asymptotic energy correc-

ig. 5. Photofragment ion mass spectrum from the photodissociation of
n+(CH2O) at λ = 255 nm. Note the predominance of the charge transfer prod-
cts. The peak labeled by * is an impurity from the source and is not a
hotodissociation product.
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ions are large for the CT state; the calculated Zn + CH2O+

symptote lies at 4.80 eV, which is 3.31 eV above the value
btained from the experimental difference in ionization ener-
ies, [IE(CH2O)− IE(Zn)] = 1.49 eV. This presents a problem
or the analysis since the CT state obviously plays a pivotal role
n the dissociation dynamics. However, experience has shown
hat UCIS level results can give valuable qualitative insight
nto the spectroscopy and dissociation dynamics if the calcu-
ated CT potential energy curves are simply shifted down to
he correct asymptotic energy [15,21]. While this is obviously a
rude approximation, more sophisticated time dependent DFT
TD-DFT) calculations of the CT state support the general con-
lusions drawn from this approach [21].

Fig. 6 shows two cuts through the ground and low-lying
xcited state potential energy surfaces for Zn+(CH2O) calculated
t the UCIS level. The charge transfer state, shown as the dashed
ine labeled 2A′, has been shifted down to the correct asymp-
ig. 6. Cuts through the low-lying doublet potential energy surfaces of
n+(CH2O), calculated at the UCIS/6-311++g(d,p) level: (a) cut as a function
f Zn–C internuclear distance (with all other parameters held fixed at the global
quilibrium values); (b) cut as a function of the O–C–Zn angle (with all other
arameters held fixed at the global equilibrium values). The dashed curve labeled
A′ corresponds to the charge transfer state that has been shifted down in energy
y 3.31 eV from the UCIS result to match the correct asymptotic energy for
harge transfer dissociation. The solid points in (b) correspond to TD-DFT/6-
11++g(d,p) calculation results for the two lowest energy surfaces, the ground
squares) and charge transfer (triangles) surfaces. Arrows suggest competing
issociation pathways.
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iate geometry with ∠(O–C–Zn)∼ 120◦. The solid points in
ig. 6b show the two lowest states, 3s�(1A′) and the CT state
A′, recalculated at the TD-DFT/6-311++g(d,p) level. Differ-
nces with the shifted UCIS states are apparent, but qualitatively
he results are in good agreement.

.4.2. Electronic band spectra
The Zn+(CH2O) photodissociation products all show simi-

ar action spectra as given in Fig. 4b. The spectra contain two
verlapping absorption bands, a structured band superimposed
n an underlying continuum. The underlying continuum band
s assigned to a A′ state in Cs symmetry, with an admixture of
n+(4py�) and CT character. As expected from the potential
nergy surfaces, this state dissociates rapidly with the dominant
ranching to CT based products. This result, however, is very
ifferent from the behavior seen in the Mg+- and Ca+-based
ldehyde complexes described above, where the analogous py
tate was relatively long-lived, and exhibited rovibrational struc-
ure consistent with a weakly interacting bent excited state. The
ibrationally structured band in Zn+-formaldehyde is assigned
o the Zn+-based 4px� (2A′′) state, which is only weakly coupled
o the CT surface.

.4.3. Vibronic analysis
The 4px� (2A′′)← 4s�(2A′) band shows at least two vibra-

ional progressions built on the obvious origin near 38,000 cm−1.
he vibrational resonances show significant homogeneous
roadening; the origin peak has a full-width at half-maximum
FWHM) ∼45 cm−1, consistent with an upper state lifetime of
∼800 fs. There is an obvious long progression with a spacing
f 277 cm−1, assigned to the intermolecular out-of-plane wag-
ing motion, and an additional short progression assigned to a
ombination mode with one quantum of the Zn–O intermolecu-
ar stretch mode [21]. The vibrational assignment in 4px� (2A′′)
ndicates a distortion out-of-plane that is consistent with pre-
ious observations in both Mg+- and Ca+-formaldehyde and is
xpected through mixing with the CH2O(�*) state (also A′′).

.4.4. Quenching dynamics
The experimental branching results can be understood with

eference to the potential energy surface diagram in Fig. 6.
hotoexcitation from the Zn+–OCH2 ground state equilibrium

s to the overlapping Zn+-based excited states 4px�(A′′) and
px�(A′). Dissociation occurs primarily through coupling to
he CT surface. Coupling from A′′ to A′ is indirect and can
ccur through a combination of rotational and vibronic interac-
ion involving the out-of-plane wagging motion. The distribution
f final product states is then determined by the dissociative
ranching on the CT surface (2A′), independent of the initially
xcited state.

On the 2A′ CT surface the complex can dissociate directly,
reaking the Zn–CH2O bond and leading adiabatically to
n + CH2O+ products (Fig. 6a). This is accompanied by sig-

ificant kinetic energy release leading to an observable flight
ime broadening in the CH2O+ daughter (Fig. 5). Alternatively,
he complex can bend in-plane on the 2A′ CT surface toward
he Zn–HCHO abstraction geometry, followed by an adiabatic

a
i
t
c
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eaction to ZnH + CHO+ products with no barrier (Fig. 6b). The
xperimental results show this to be the primary dissociation
athway. The local forces and torques on the CT surface in the
oupling region then determine the branching between major
roduct channels, CHO+ and CH2O+. The minor product chan-
els, ZnH+ and Zn+ result primarily from nonadiabatic coupling
ack to the ground state surface in the bent complex, although
ome contribution from an insertion reaction in analogy with

g+(CH2O) may also be possible.
In the half-collision picture, quenching of Zn*+(4p) in a

ow energy collision with CH2O proceeds primarily through
ong range CT, resulting in a competitive branching between
soft” CT quenching to Zn + CH2O+ products, and “hard” reac-
ive quenching by H-atom abstraction to ZnH + HCO+ products.
onadiabatic quenching to the ground state surface through

nternal conversion is less efficient.
Photodissociation spectroscopy of Zn+-formaldehyde com-

lexes shows markedly different behavior from our previous
bservations in the Mg+- and Ca+-aldehyde clusters. These
ifferences result primarily from the accessible low energy
T surface in the Zn+-formaldehyde case that opens a direct
diabatic pathway to dissociation and reaction. In Mg+- and
a+-aldehyde complexes the CT states are too high in energy to
lay any significant role in the chemical dynamics.

. Summary

This review has focused on the spectroscopy and chemi-
al dynamics of selected complexes of group II metal ions
ith simple aldehydes using mass resolved photodissociation

pectroscopy techniques. The photodissociation spectroscopy
f isolated metal ion-molecule complexes, coupled with results
rom electronic structure calculations of the low-lying potential
nergy surfaces, can help elucidate the underlying intermolecu-
ar interactions and chemical dynamics, and provide a rigorous
est of the theoretical methods. The photochemical product
ction spectra yield information about the structure and lifetime
f the complex, and the dynamical effects that determine the
nergy partitioning and microscopic branching in multichannel
eactions. Such experiments give insight into the nuclear motion
ynamics, stereochemical effects, and the electronic nonadia-
atic interactions that couple the Born–Oppenheimer potential
nergy surfaces.

The metal ion-aldehyde complexes are generally bound in
nd-on M+–OCRH geometry. The complexes show absorption
ands in the visible and near UV that correlate with M+-based,
ldehyde-based, and CT-based radiative transitions. The spec-
roscopic character of the absorption bands, and the subsequent
issociation dynamics show wide variation depending on metal
on orbital alignment, size, and energetics. In Mg+- and Ca+-
ormaldehyde the metal ion-based px-orbital effectively couples
ith the carbonyl-based �*-antibonding orbital of the aldehyde.
xcitation to this state results in fast nonreactive E–V quenching

nd a vibrationally hot aldehyde product. In contrast excitation
n the M+-based py-bands of Mg+- and Ca+-formaldehyde lead
o low frequency intermolecular bending vibrational motions
onsistent with a change in geometry from a linear M–O–C
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C2v) ground state to a bent (Cs) excited state. Bending mini-
izes the overlap between the M+ py-orbital and the O-based

-orbital of the carbonyl. Chemical interactions are relatively
eaker in Ca+-formaldehyde as a result of the larger more dif-

use nature of the Ca+ orbitals and larger energy gap between
nteracting orbitals. In the Mg+-aldehydes reactive quenching is
bserved, and the evidence suggests that reaction occurs primar-
ly through an aldehydic C–H and (in acetaldehyde) C–C bond
nsertion mechanism in A′ symmetry.

Photodissociation spectroscopy of Zn+-formaldehyde
emonstrates remarkably different behavior. These differences
esult primarily from the relatively high ionization energy of
n that leads to a low energy CT surfaces in Zn+-formaldehyde

hat opens new pathways for dissociation and reaction. In
n+(CH2O) CT facilitated reactive quenching dominates the
issociation.
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