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Abstract

Photodissociation spectroscopy of the Mg+–pyridine complex in the spectral range of 240–440 nm is presented in the paper.
Mass spectrometry of the complex exhibits the persistent product Mg+ from non-reactive quenching throughout the whole
wavelength range. A minor charge transfer (CT) product C5H5N+ is also observed when the laser wavelength is shorter than
249 nm. The action spectrum of the complex was recorded as a function of laser wavelength. Three pronounced bands with
a symmetrical feature were observed in the action spectrum. The optimized geometry of Mg+–pyridine is characterized by
the linkage of Mg+ to the N atom of the molecule possessing a C2v symmetry with Mg on the C2 axis of the complex. The
calculated vertical absorption spectrum of the complex using the optimized structure of its ground state agrees qualitatively
with the observed action spectrum. The relative yield of the CT product shows a threshold feature and rises with the shortening
of the laser wavelength. The action spectrum of the CT product has a nearly similar feature to that of the total ion in the
wavelength range of 240–250 nm. Based on the experimental results, the predissociative CT reaction mechanism is invoked
to account for the yield of the photoinduced CT product C5H5N+.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Mg+–pyridine complex; Photodissociation spectroscopy; Charge transfer

1. Introduction

Photodissociation of metal cation–molecular ‘pre-
cursor’ complexes often gives valuable information
about the complex structures and the intermolecular
interactions[1–7]. It has also been proven to be an
effective way to probe bond strengths of ion species
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[8,9]. Many experimental[1–7,10–17]and theoreti-
cal [18–22] studies of metal cation–molecular com-
plexes involved singly charged alkaline earth metal
cations because they have an open-shell ‘radical’ struc-
ture with their intense atomic resonances (2P← 2S)
easily accessed by visible and ultraviolet light. Our
group has reported a number of intra-complex reac-
tions, such as C–F[23–26], C–O[26], C–N [27–29],
and N–H[28,29] bond excitations and charge trans-
fer (CT), by the use of a photon and an appropriate
metal cation–molecule complex. These reactions not
only reveal the interactions of the metal cation and the
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molecules, which are very important in a wide range of
biological, cosmochemical, environmental, chemical,
and physical processes, but also open a window for
the isolation, characterization, and investigation of the
chemical reactivity of some interesting radical cations
[25].

Pyridine is one of the most abundant and best known
of aromatic heterocyclics. Compounds containing the
pyridine ring are widely distributed in nature, prin-
cipally as enzymes and alkaloids. Pyridine enzymes
have been found in the tissues of all plants and ani-
mals examined thus far, and are derived from either
nicotinic acid or Vitamin B6 [30]. Pyridine is also the
building block of many pharmaceuticals with a wide
range of functionalities that include anti-tubercular
compounds, antiviral and antitumor agents, central
nervous system stimulants, diagnostic agents, anal-
gesics, anti-inflammatory agents, and antihistamines
[31,32]. On the other hand, metal cations are involved
in all biological processes that nucleic acids participate
in. The effects of binding a metal cation to a nucleic
acid vary from stabilization of the three-dimensional
structure to transfer failure and even cell death. Pyri-
dine is often chosen as a simple model of non-covalent
interaction with metal cations for a wide variety of
nitrogen-containing heterocyclics of biological impor-
tance, and of particular interest, the nucleic acid bases.

Much attention has been paid to the interactions
and photoinduced reactions of M+–pyridine. Rodgers
et al. [33,34] have studied the periodic trends in the
binding of M+–pyridine (M = Mg, Al, Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, and Zn; Li, Na, and K) based
on threshold collision-induced dissociation and den-
sity functional theory. Photoinduced CT reactions of
M+–pyridine (M= Cu, Ag, and Au) have also been
studied recently[35], and the upper limits of the bind-
ing energies of the M+–pyridine complexes have been
obtained from the threshold of the photodissociative
CT fragments. In this paper, we report on the photodis-
sociation of the Mg+–pyridine complex. The present
study consists of mass selective photodissociation in
a broad wavelength region of 240–440 nm and ab ini-
tio calculation of the relevant parent structure and its
transition energies. The photodissociative CT reaction

channel, as well as the non-reactive channel has been
identified. The possible CT reaction mechanism is
discussed.

2. Experiments and calculations

2.1. Experiments

The experimental setup has been described previ-
ously [23,24]. Briefly, a pulsed valve was utilized to
generate clusters of pyridine by supersonic expansion
of helium seeded with the pyridine vapor through a
0.5 mm diameter orifice. The backing pressure of he-
lium was∼10 psi. The second harmonic (532 nm) of
a Nd:YAG laser (∼40 mJ/pulse) was weakly focused
on a∼1 mm diameter spot of a magnesium disk. The
laser-generated species, including the metal cations,
traversed the supersonic jet stream perpendicularly.
The intersection point was 2 cm from the magnesium
disk and 1.5 cm from the nozzle exit. The nascent
clusters and complexes traveled 14 cm down to the
extraction region of the reflectron time-of-flight mass
spectrometer (RTOFMS). The cation–molecule com-
plexes were accelerated vertically by a high voltage
pulse in a two-stage extractor. All the cluster cations
were reflected by the reflectron and finally detected
by a dual-plate micro-channel plate detector (MCP).
For photodissociation experiments, a two-plate mass
gate equipped with a high-voltage pulse-generator
was used to select the desired cluster cations. The
mass-selected cluster cations were irradiated with a
collimated beam of a dye laser pumped by an excimer
laser at the turn-around region of the reflectron. Fun-
damental outputs of the dyes including P-terphenyl,
DMQ, BBQ, Stilbene 1, Coumarin 460 and second
harmonic outputs of DCM, Kiton Red, Coumarin 540
A, Coumarin 503, and Coumarin 480 were used to
cover the spectral region between 240 and 440 nm
with reasonable wavelength overlaps. The photolysis
laser fluence was kept low (<1 mJ/cm2) to avoid mul-
tiphoton processes. The parent and nascent daughter
cations were re-accelerated by the reflectron electric
fields and detected by the MCP detector.



W. Guo et al. / International Journal of Mass Spectrometry 226 (2003) 291–304 293

2.2. Calculations

The ground-state geometry of the Mg+–pyridine
complex was fully optimized at the B3LYP/6-31+G∗∗

level by using the GAUSSIAN 98 package. Two start-
ing structures of the Mg+–pyridine complex were
attempted in our calculation: one was with Mg+

bonded to the nitrogen atom at the side of the pyridine
ring, and the other was with Mg+ positioned above
the pyridine ring. The binding energy of the complex
was calculated from the difference between the total
energy of the complex in its optimized ground-state
geometry,E (Mg+–pyridine), and the total energies of
Mg+ and pyridine as separated entities,E (Mg+) + E
(pyridine). In order to obtain the reaction energy of
the CT, the products were also fully optimized at the
same level. On the basis of the computational result
for the ground state, vertical excitation energies to the
low-lying excited states of the cation–molecule com-
plex were calculated using a less extended configura-
tion interaction (CI) referred to as the CI-single (CIS)
approach.

3. Results and discussion

3.1. Photodissociation spectra of Mg+–pyridine

After being produced, the Mg+–NC5H5 complex
was mass-selected and subjected to photodissociation
at the turning point of the reflectron region. The pho-
todissociation difference mass spectra of the complex
at 360 nm (a) and 247 nm (b) are shown inFig. 1
and are obtained by subtracting collected data taken
with and without the photodissociation laser on. Thus,
the negatively oriented peaks indicate the disappear-
ance of the parent complex, and the positively oriented
peaks correspond to the appearance of daughter ions.
The photodissociation wavelengths fall respectively
into the typical red-shifted and blue-shifted spectral
bands with respect to the atomic transition of Mg+

(32P← 32S). These bands correspond to the promo-
tion of the 3s valence electron of Mg+ to the 3px,y

and 3pz orbitals, respectively. Judging from the pho-

Fig. 1. Photodissociation difference mass spectra of Mg+–pyridine
at (a) 360 nm and (b) 247 nm.

todissociation mass spectra inFig. 1, Mg+ from the
photodissociation of Mg+–pyridine seems to persist
in the entire spectral region we studied (240–440 nm),
whereas C5H5N+ is only yielded in the higher energy
spectral region. It is believed that the positive charge
is localized on the Mg atom in the ground state of the
complex because Mg has a lower ionization potential
(7.65 eV)[36] than pyridine (9.26 eV)[37,38]. There-
fore, the photodissociative reaction induced two chan-
nel products: a non-reactive channel product Mg+ and
a CT reactive channel product C5H5N+ as shown in
Fig. 1.

Fig. 2 shows the action spectrum of Mg+–pyridine
in the wavelength range of 240–440 nm, in which the
total photofragment intensity is used. The dotted line
at 280 nm represents the position of the 32P← 32S
atomic transition of Mg+ [36]. The experimental
action spectrum of the complex consists of three
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Fig. 2. Action spectrum of Mg+–pyridine. The vertical axis represents the total photofragment ion yield. The dotted line indicates the
atomic transition of Mg+ (2P← 2S), and the solid lines show the calculated excitation energies and the oscillator strengths.

continuous structureless bands with an almost sym-
metrical feature. One of which (peak:∼248 nm) is
situated in the blue-shifted spectral region with re-
spect to the 32P ← 32S atomic transition of Mg+,
and the other two (peaks:∼347 and∼374 nm) are
positioned in the red-shifted spectral region. The
starting positions of these bands can be determined to
be∼265,∼356, and∼380 nm, respectively, by tak-
ing the obvious rises of their longer wavelength sides
as the starting positions. As will be discussed in the
following sections, the observed bands in the action
spectrum are from the splittings of the 32P ← 32S
Mg+ atomic transition. The reason for that is that
the alignments of the three 3p orbitals in the excited
states of Mg+ with respect to the pyridine ligand are
different, which causes the red-shifts (for 32Px- and
32Py-type states) and blue-shift (for 32Pz-type state)
from the atomic transition in the spectrum. The sym-
metrical feature of the bands suggests that the three
(3P-type) excited states all have a structure change
with respect to the ground (3S-type) state.

Fig. 3 gives the relative yield of C5H5N+

(I (C5H5N+)/I (Mg+)) as a function of laser wave-
length. The CT product C5H5N+ is only observed
when the laser wavelength is within the range

of 240–249 nm. The relative yield of C5H5N+ is
monotonously increased from∼0.02 to∼0.1 with the
shortening of laser wavelength, which indicates that
the CT channel is in competition with the non-reactive
product channel near the threshold region. The re-
action threshold seems to be set at∼249 nm. While
the shortening of laser wavelength makes the relative
yield of C5H5N+ increase, the CT product cannot be
observed when the laser wavelength is shorter than
240 nm. This may be due to the low excitation effi-
ciency of the state in the spectral range as shown in
Fig. 2 and the low laser efficiency of the dye.

3.2. Ab initio calculations

Theoretical ground-state structures for the pyri-
dine molecule, pyridine cation, and Mg+–pyridine
complex were calculated as described before. The
calculated structures of theirs are listed inTable 1.
Also listed is that of pyridine optimized at the
MP2(full)/6-31G∗ level [34] for comparison. It is
obvious that the optimized structure of pyridine at
the B3LYP/6-31+G∗∗ level is in good agreement
with that at the MP2(full)/6-31G∗ level. The energies
of alkali metal ion (Li+, Na+, and K+) binding to
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Fig. 3. Relative yield of pyridine ion (I (C5H5N+)/(I (Mg+)) as a function of laser wavelength.

Table 1
B3LYP/6-31+G∗∗ geometry optimized structures of neutral, ionized, and magnesium metalated pyridines

Parametersa Species

Pyridineb Pyridine cation Mg+–pyridine

Bond length (Å)
1–2 1.341 (1.344) 1.314 1.354
2–3 1.397 (1.394) 1.407 1.390
3–4 1.396 (1.393) 1.397 1.397
4–5 1.396 (1.393) 1.397 1.397
5–6 1.397 (1.394) 1.407 1.390
6–1 1.341 (1.344) 1.314 1.354
1-Mg 2.133
2-H 1.088 (1.088) 1.087 1.088
3-H 1.086 (1.086) 1.086 1.084
4-H 1.086 (1.087) 1.086 1.086
5-H 1.086 (1.086) 1.086 1.084
6-H 1.088 (1.088) 1.087 1.088

Bond angle (◦)
123 123.6 (123.8) 114.3 122.4
234 118.5 (118.7) 118.9 118.8
345 118.5 (118.4) 121.0 119.1
456 118.5 (118.7) 118.9 118.8
561 123.6 (123.8) 114.3 122.4
612 117.2 (116.8) 132.5 118.5
Mg12 120.7
H23 120.4 (120.5) 125.3 120.7
H34 121.3 (121.2) 122.8 121.4
H45 120.6 (120.8) 119.5 120.5
H56 120.2 (120.2) 118.3 119.8
H61 115.8 (115.7) 120.4 116.9

a The number denotes C or N atom, where 1 is N atom.
b The parameters for the MP2(full)/6-31G∗ geometry optimized structure[34] are given in parentheses.
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azine (pyridine, pyridazine, pyrimidine, pyrazine, and
1,3,5-triazine) calculated at the MP2(full)/6-31+G(2d,
2p) level using MP2(full)/6-31G∗ optimized geome-
tries agree well with the GIBMS experimental re-
sults [34]. Furthermore, the agreement between the
binding energy of Mg+–pyridine calculated at the
B3LYP/6-31+G∗∗ level (200.7 kJ/mol or 2.08 eV) and
that determined experimentally (200.0 (6.4) kJ/mol)
[33] is very satisfactory. All these facts validate our
theoretical approach to the electronic and geometric
structure of the complex.

While two different starting structures were tried
in the optimization, only the one with Mg+ bound
to the N atom of the molecule possessing a C2v

symmetry with Mg on the C2 axis of the complex
(shown inFig. 4 andTable 1) could be optimized at
the B3LYP/6-31+G∗∗ level. For the complex with
Mg+ bound to the� cloud of pyridine, no local min-
imum could be found. The situation is in contrast to
Au+–pyridine [35c], where one isomeric structure
possessing a C1 symmetry with the Au atom resided
over the C1–C2 bond and slightly shifted outside the
perimeter of the aromatic ring is also optimized. This
may be due to the relativistic effects in the gold atom
resulting in increased covalent interaction between
the gold metal and the ligand[35c]. However, the
calculated structure is remarkably consistent with
those complexes consisting of pyridine and most
metal cations, such as Li+, Na+, K+, Cu+, Ag+,

Fig. 4. Optimized ground-state structure of the Mg+–pyridine
complex at the B3LYP/6-31+G∗∗ level.

Al+, Sc+, and Fe+, etc. [33–35] and that of the
Mg+–pyridine complex optimized at a lower level of
theory (B3LYP/6-31G(d, p))[33]. Unfortunately, this
level of theory is insufficient to obtain the accurate
energetics for the system, since the agreement be-
tween the binding energy of the complex calculated
at the B3LYP/6-31G(d, p) level and that determined
experimentally (GIBMS) is poor[33].

Pyridine, an azabenzene, can be treated either as a
�-type ligand (similar to benzene) or as a�-donor-type
ligand because of the lone pair electrons on the ni-
trogen atom (similar to amine). The calculated result
that Mg+ prefers to be bound to the nitrogen atom
rather than the� cloud of the aromatic ring of pyri-
dine indicates that the interaction of Mg+ with the
lone pair electrons on N is indeed stronger than that
with the � cloud. This can be appreciated from the
binding energies of Mg+–benzene (∼35.5 kcal/mol)
[24] and Mg+–amine (∼44 kcal/mol)[28,29]. For the
Mg+–amine complex[28,29], in addition to electro-
static interaction, covalent interaction plays an impor-
tant part in the binding between Mg+ and amine due
to the �-donor of the N atom in amine. Since the
Mg+–NC5H5 complex takes the structure as shown in
Fig. 4, the covalent interaction should also be an im-
portant aspect for the complex binding.

In contrast to the Mg+–amine complex, where only
the � donation interaction from the N lone pair elec-
trons is involved in the covalent interaction[28,29],
there are two types of covalent interactions participat-
ing in the Mg+–N bond of Mg+–NC5H5, e.g., a� do-
nation interaction from the pyridine 11A1 orbital (es-
sentially the N lone pair) to the spz hybridized orbital
of Mg+ and a� donation interaction from the 2B1 �

bonding orbital (essentially the delocalized� orbital
on the aromatic ring) to the 3px orbital of Mg+ (see
Fig. 4). Therefore, it is expected that Mg+–NC5H5

should have a stronger bond. The result is consis-
tent with the binding energy calculated theoretically
(2.08 eV or 48 kcal/mol) or determined experimentally
(2.07 eV or 200.0 (6.4) kJ/mol)[33], which is larger
than those of all the Mg+–amine complexes studied
by our group[28,29]. Correspondingly, the calculated
bond length (2.133 Å) of Mg+–NC5H5 is shorter than
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those of all the Mg+–amine complexes calculated at
the same level[28,29]. The electron donations re-
duce the calculated total atomic charge on Mg+ in the
Mg+–pyridine complex to 0.663. On the other hand,
the large dipole moment (2.22 D)[35a] and polariz-
ability (9.51 Å3) [39] of pyridine may also enhance the
electrostatic interaction between Mg+ and the ligand.

3.3. Assignments of the action spectrum

The vertical excitation energies and the correspond-
ing oscillator strengths of the complex are calculated at
the CIS/6-31+G∗∗ level using the optimized geometry
of its ground state obtained before. It must be pointed
out that CIS is comparable to Hartree–Fock theory
for ground-state systems in that it is qualitatively ac-
curate if not always highly quantitatively predictive,
since the CIS is described as an adequate zeroth-order
treatment for many of the excited states of molecules
[40]. A number of studies have shown the reliability
of the CIS method for this type of complex or at least
this calculation can satisfy our need to have a cor-
rect estimate on the general trends of the properties in
question[3,24,28].

The calculated absorption spectrum is depicted in
Fig. 2 as vertical solid lines. Except for the three
transitions (3P-type) depicted in the figure, there are
still three additional excited states (their vertical ex-
citation energies are 334.0 nm or 3.71 eV, 295.9 nm
or 4.20 eV, and 256.0 nm or 4.84 eV, respectively) lo-
cated in the experimental spectral region. However,
these other states have approximately zero oscillator
strengths and thus are not shown.Fig. 2clearly shows
that the calculated spectrum is in agreement with the
experimental spectrum in some respects, which sug-
gests that only the three 3P-type states may be excited
by the laser photon throughout the whole wavelength
range.

In order to comprehend the spectrum of the com-
plex,Fig. 5shows the calculated vertical transitions of
the complex and possible correlative separated asymp-
totes. Also shown are the schematic interaction dia-
grams of the 3Px,y,z states of the complex. As shown in
Fig. 5, in addition to the 3S (2A1) and 3Px (2B2), 3Py

(2B1), 3Pz (2A1) states of the complex, represented as
solid lines, correlated with the Mg+ (3S)+C5H5N (X̃)

and Mg+ (3P)+C5H5N (X̃), asymptotes, respectively,
the three states, shown as dashed lines, may be a CT
state (2A1) corresponding to Mg+ (3S)+C5H5N+ (X̃)

and two solvated molecular states possibly correlated
to Mg+ (3S)+C5H5N (Ã) (287 nm, n→ �∗ transition
in pyridine[38]) and Mg+ (3S)+C5H5N (C̃) (200 nm,
�→ �∗ transition in pyridine[38]) asymptotes. The
latter three states cannot be directly populated with
the laser photon due to near zero calculated oscilla-
tor strengths. As will be discussed below, the fact that
the CT state has a larger structure change with respect
to the ground state may be one of the reasons that it
has a close to zero oscillator strength. The solvated
molecular transition moments and the CT transition
moment are relatively small. This not only simplifies
the assignments of the photodissociation action spec-
trum shown inFig. 2, but also helps us to understand
the CT reaction mechanism.

The action spectrum shown inFig. 2 can be ex-
plained using the coordinate designation inFig. 4and
schematic interaction diagrams inFig. 5. In the excited
states of 32Px (2B2 in C2v) and 32Py (2B1 in C2v) of
Mg+–pyridine, the two 3px,y orbitals of Mg+ are per-
pendicular to the Mg+–N bond, the electron density
along the Mg+–N bond is decreased, which reduces
the electron repulsion. As a result, the static electric
interaction between the metal cation and the lone pair
electrons of the N atom is increased, and the binding
energies of the excited states are both larger than that
of the ground state. Therefore, the excitations of the
32Px,y-type states of the complex must be red-shifted
from the Mg+ atomic transition. The 3px orbital of
Mg+ is perpendicular to the pyridine ring plane, and
parallels with the delocalized� orbital on the aro-
matic ring. As a result, the� bond interaction may be
arisen upon the excitation of the 3Px-type state, which
further lowers the energy of the state, giving rise to
the largest red-shift as we observed. We, therefore, as-
cribe the two peaks at 374 and 347 nm in the action
spectrum of Mg+–NC5H5 to the vertical excitations
of 32Px (12B2) and 32Py (12B1), respectively (the cal-
culated values are 377.5 and 363.2 nm, respectively).
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Fig. 5. Calculated energy levels of the Mg+–pyridine complex and the possible asymptotes corresponding to Mg+ (or Mg) and pyridine
molecule (or cation). Also shown are the schematic interaction diagrams for the 3Px,y,z states of the complex. The energies of the asymptotes
are evaluated using the thermodynamic data taken from[33,36–38].

Although a good agreement between the excitation en-
ergy calculated theoretically and that determined ex-
perimentally exists in the 32Px (12B2) state, a larger
difference between the two respects is appeared in the
32Py (12B1) state. The situation may be due to the
qualitative accurateness of the CIS method as men-
tioned before[40]. However, to some extent the agree-
ment between the theory and the experiment is good.

Since the 3Px,y-type states both have stronger
Mg+–pyridine bindings than the ground state, the
Mg+–N bond lengths of theirs should be shorter than
that of the ground state. Thus, vertical transitions may
excite the complex to the attraction parts of the 3Px,y

potential energy surfaces. This is consistent with the
symmetrical feature of the bands relevant to the states
shown inFig. 2. The vertical excitations of the 3Px,y-
type states are expected to be positioned at the peaks
(374 and 347 nm) of both the red-shifted bands in the

action spectrum due to the Frank–Condon integra-
tions. The adiabatic transitions of the states may be
situated close to the starting positions of the bands
(380 nm or 3.26 eV and 356 nm or 3.48 eV for 3Px-
and 3Py-type states, respectively). Taking the later
two values as references, the binding energies of the
3Px (12B2) and 3Py (12B1) states can be evaluated
to be 3.24 and 3.02 eV, respectively, by using simple
energy cycle, where both the ground-state binding
energy (2.07 eV) of Mg+–pyridine and 32P ← 32S
Mg+ atomic transition (4.43 eV or 280 nm) which are
needed in the evaluation were also determined experi-
mentally[33,36]. Although the adiabatic transition of
the lowest excited state (3Px) of the complex is located
at ∼380 nm, the action spectrum shows a long tail
till ∼440 nm (seeFig. 2). As a possible explanation,
the complexes from our pick-up source may have an
internal energy of a fraction of an electron volt[28].
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In the blue-shifted spectral region with respect to
the 32P← 32S atomic transition of Mg+, the excita-
tion is of a 32Pz-type, corresponding to a2A1 excited
state. In this state, the occupied 3pz orbital is aligned
along the Mg+–N bond axis (seeFig. 5), hence in-
creases the direct repulsion between the 3pz electron
and the nitrogen lone pair electrons, which raises the
energy of this excited state. Correspondingly, the bind-
ing energy of the excited state is smaller than that of
the ground state, and the absorption of the 32Pz-type
state of the complex must be blue-shifted from the
Mg+ atomic transition. Thus, we ascribe the peak at
248 nm in the action spectrum of Mg+–NC5H5 to the
vertical transition of the2A1 state (the calculated value
is 241.9 nm). The fact that 3Pz-type state has a weaker
Mg+–pyridine binding than the ground state makes
the Mg+–N bond lengths of the excited state longer.
The complex can be excited to the repulsion part of
the 3Pz potential energy surface by the laser photon,
and the symmetrical band feature as shown inFig. 2is
expected. Using the same way as for the 32Px,y-type
states, the binding energy of the 32Pz-type state can
be estimated to be 1.82 eV by using the starting posi-
tion (265 nm or 4.68 eV) as the adiabatic transition of
the state.

3.4. Dynamics of the photoinduced reactions

3.4.1. Non-reactive evaporation
As shown inFig. 1, a main photodissociation chan-

nel leading to the formation of Mg+ by non-reactive
evaporation is open after the Mg+–NC5H5 complex
absorbs one photon in the whole spectral region.
As discussed before, the Mg+–NC5H5 complex is
first pumped to a 3P-type state, suggesting that there
are possibly two pathways for the producing of the
non-reactive channel photofragment Mg+, e.g., direct
dissociation and pre-dissociation. In the first case,
the reaction occurs along the excited state potential
energy surface of the complex, which has been found
in the case of the photodissociation spectroscopy of
MgD2

+ in the 22A1 repulsive state[17]. The reason
for the situation is that Mg+H2 is weakly bound in
the 12A1 ground state in C2v geometry withDe =

0.095 eV. However, for a strongly bound complex in
the ground state such as Mg+–NC5H5 (De = 2.07 eV
from experiment[33] or 2.08 eV from calculation),
this situation is always energy deficient. The mini-
mum energy required for the direct dissociation can
be calculated by simply adding the binding energy of
the ground state of the complex and the excitation en-
ergy of the Mg+ 3P← 3S atomic transition (280 nm
or 4.43 eV [36]). The evaluation gives the thresh-
old energy for the direct dissociation to be∼6.5 eV
for Mg+–NC5H5, which is much higher than even
the highest laser photon energy we used. Therefore,
the non-reactive product Mg+ is probably the result
of pre-dissociation, which involves internal conver-
sion from the original excited state to the ground
state. This type ofE–V quenching mechanism has
been discussed extensively in the scientific literature
[2,12–15,26,28,29].

3.4.2. Charge transfer reaction
It can be seen fromFigs. 1 and 3, the minor CT

product C5H5N+ is observed when the laser wave-
length is shorter than∼249 nm. The laser fluence de-
pendence of this fragment makes us believe that the
formation of the product from the photodissociation of
Mg+–pyridine is a single-photon process. On the other
hand, referring to the thermodynamic data obtained
from the scientific literature (the ionization potentials:
Mg (7.65 eV)[36] and pyridine (9.26 eV)[37,38], the
binding energy: Mg+–pyridine (2.07 eV)[33]), we can
estimate the threshold energy for the reaction to be
3.69 eV or 336 nm (the calculated value is 3.43 eV or
362 nm). This indicates that the energy of a photon is
sufficient to start the reaction in the wavelength region
and the single-photon process is possible.

CT is often found in organometallic and transition-
metal chemistry, and it is well-known in condensed-
phase metal complexes[41–43]. Photodissocative CT
reaction in gas-phase metal cation–molecule complex
systems was first reported by Duncan’s group[8,9].
Photodissociative CT reaction provides a new route
not only for the determination of metal cation–molecu-
lar dissociation energy, but also for the understanding
of CT reaction in condensed-phase metal complexes
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[8,9,35]. So far many photodissociative CT reactions
have been reported in metal cation–molecule com-
plexes [2,8,9,28,29,35]. CT in pyridine and metal
cation systems has attracted widespread attention
[35], since pyridine can be considered as a model in
the study of biological system[30–35].

On the whole, two types of CT reactions may be
involved in the photodissociation of a metal cation–
molecule complex: one is direct photodissociative CT,
and the other is predissociative CT.Fig. 6 (a) and (b)
show the schematic diagrams of the two situations.
As shown inFig. 6a, for the direct photodissociative
CT, the CT state is directly populated by a photon,
followed by the dissociation which takes place on the
CT potential energy surface giving exclusively rise
to a metal atom and a molecule cation. Such a reac-
tion has been observed in some metal cation–molecule
complexes, such as M+–benzene (M= Ag, Cu, etc.)
and Ag+–toluene, where only molecule cations were

Fig. 6. Schematic potential energy diagram showing the photodissociative CT mechanisms of metal cation–molecule complex: (a) direct
photodissociative CT and (b) predissociative CT.

exclusively produced[8,9]. One fascinating aspect of
photoinduced CT reaction is the determination of the
upper limit of the ground-state binding energy of the
metal cation–molecule complex (D0), which can be
estimated by the subtraction of the ionization potential
difference of the molecule and the metal atom from
the measured threshold energy of the CT[8,9,35]:

D0 ≤ hνCV −	IP (1)

To the direct photodissociative CT, the difference be-
tween the upper limit estimated using (1) and the real
value of the binding energy is determined by the po-
sition of the electronic transition with respect to the
asymptote of the CT state (seeFig. 6a), thus a rela-
tively small difference is usually obtained[8,9].

For the predissociative CT reaction (seeFig. 6b),
however, except for the two states (G and CT), another
excited electronic state (E) is also involved. Here the
photon excites the complex to the excited state (E)



W. Guo et al. / International Journal of Mass Spectrometry 226 (2003) 291–304 301

instead of the CT state first, subsequently followed by
an electronic curve crossing to the CT state and dis-
sociating on the CT state yielding a metal atom and a
molecular cation. Many of the CT reactions are clas-
sified as this type[28,29,44]. In this case, the crossing
point of the two states (E and CT inFig. 6b) usually
determines the difference between the upper limit ob-
tained using (1) and the real value of the ground-state
binding energy of the complex. Therefore, sometimes
a large difference can be introduced[2].

As shown inFigs. 2 and 5and discussed before,
for the Mg+–pyridine complex, the stronger 3P← 3S
transitions of the solvated Mg+ chromophore make
the excitations of the solvated pyridine chromophore
(such as�∗ ← nN and �∗ ← � [38]) and that of
the CT state by the photon in the same spectral region
impossible. In order to clarify the viewpoint,Fig. 7
shows the measured action spectrum of the pyridine
cation. Also shown is that of the total ion for compar-
ison. The pyridine cation has a nearly similar spectral
feature to the total ion and especially they have a com-
mon peak (at∼248 nm). The fact indicates that only
one state is excited by the laser photon in the spectral
region. Furthermore, the monotonous increase of the
relative yield of C5H5N+ with the shortening of laser

Fig. 7. Action spectrum of the CT product C5H5N+ from the photodissociation of Mg+–pyridine. Also depicted is that of the total ion
for comparison.

wavelength as shown inFig. 3 also suggests that the
CT and non-reactive product channels are the compet-
ing processes from an initially photo-populated state.
Since Mg+ rather than the pyridine cation is the main
product (seeFigs. 1b and 3), the photon should ex-
cite the 3P-type state rather than the CT state. We thus
think the CT reaction from the photodissociation of
Mg+–pyridine may be ascribed to a predissociative
CT process (asFig. 6b). That is, the complex is ex-
cited to a 3P state by one photon, and then crosses to
the CT state giving rise to a Mg atom and a pyridine
cation in their ground electronic states.

The 3Px,y states of the complex are lower than the
CT state (one of the three dash lines) in the vertical
transition region, whereas the situation of their asymp-
totes is reversed (seeFig. 5). Therefore, it is expected
that the 3Px,y states should cross with the CT state at
some points. However, the crossing probabilities from
the 3Px,y states (B2 and B1 symmetries in C2v, respec-
tively) to the CT state (A1 symmetry in C2v) are ex-
pected to be very small, since the two crossing states
have different symmetries. This is consistent with the
photodissociation difference mass spectrum shown
in Fig. 1a, where no CT product is observed in the
spectral region.
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For the 3Pz-type state, the energy of the state is
higher than that of the CT state either in the region
of the vertical transition or that of their asymptotes
(seeFig. 5), but the probability exists to cross at the
repulsion part of the 3Pz potential energy surface. As
the two states have the same A1 symmetry in the C2v

group, the internal conversion probability from the
photo-excited state 3Pz to the CT state is expected to
be larger than that from the 3Px,y states. On the other
hand, judging from the complex structure shown in
Fig. 4, we also imagine that the electron on the 3pz

orbital (along the Mg–N bond) can exert a large influ-
ence on the lone pair electrons of the nitrogen atom
giving rise to the ionization of the pyridine molecule.
The fact that the angle of the C–N–C is increased
as large as∼13% (612 inTable 1) upon the ioniza-
tion of pyridine suggests the ionized electron is re-
ally from the lone pair of N rather than from the�
orbital of the aromatic ring. Furthermore, the energy
of the crossing point is much higher than that of the
threshold of the CT reaction as given above (336 nm
or 3.69 eV from experimental thermodynamic data or
362 nm or 3.43 eV from the calculation). As a result,
the CT product may be observed in this spectral region,
which is consistent with the experimental results we
obtained (seeFigs. 1b, 3, and 7). Although the photon
energy in the entire 3Pz excited region (240–260 nm
or 5.17–4.77 eV) is much higher than the threshold en-
ergy of the CT reaction, we only observed the CT prod-
uct when the laser wavelength is shorter than 249 nm
or ∼5 eV. Thus, the crossing point of the two states
may be near this position. In other words, if we take
249 nm as the threshold of the CT reaction, the upper
limit of the binding energy of Mg+–pyridine can be
placed on 3.37 eV using (1), which is much higher than
the measured (2.07 eV)[33] or calculated (2.08 eV)
value. A similar crossing has also been observed in
the photodissociation of the complexes of Mg+ with
other N-containing molecules, such as methylamine
[29] and ammonia[44].

The predissociative CT is favored in the 3Pz ex-
cited region, however, as shown inFigs. 1b, 3, and
7, it is still a minor process. The reason is that an-
otherE–V quenching from the 3Pz state to the highly

vibrational excited ground state (3S) giving rise to the
non-reactive product Mg+ competes with the cross-
ing to the CT state. In the CT state, positive charge
is distributed on the molecule, and the metal atom is
larger than the metal cation, which results in a longer
M-ligand bond. The CT state should have a larger
structure change relative to the ground state than the
3Pz state does. Therefore, although both the CT state
and 3Pz state possess the same symmetry (A1) as the
3S state, the larger structure change of the CT state
may decrease the crossing probability from the 3Pz

state to it. TheE–V quenching from the 3Pz state to
the ground electronic state (3S) is expected to be much
stronger than that to the CT state, and the non-reactive
channel product Mg+ is the main product.

It is instructive to compare the photodissociation
spectra of Mg+–pyridine with those of Cu+–pyridine
(or Ag+–pyridine, Au+–pyridine) [35]. In the lat-
ter cases only the CT product pyridine cation was
exclusively observed, which is much different from
the experimental results shown inFig. 1. The rea-
son may be that in the cases of Cu+–pyridine (or
Ag+–pyridine, Au+–pyridine) the photon excited the
solvated pyridine chromophore and the CT state of the
complex[35]. A similar situation can also be found
between Mg+–benzene[9,24] and Ag+–benzene (or
Cu+–benzene)[8,9].

4. Conclusion

Photodissociation spectroscopy of the Mg+–NC5H5

complex has been studied. The non-reactive product
Mg+ is always observed for the complex at all laser
wavelengths we studied, whereas the weak CT reac-
tive channel product C5H5N+ is only yielded in the
higher energy spectral region. The action spectrum
of the complex consists of three pronounced bands
with an almost symmetrical feature. The bands are
positioned in the red-shifted and blue-shifted spectral
region with respect to the Mg+ 32P ← 32S atomic
transition. The optimized geometry of Mg+–NC5H5

is characterized by the linkage of Mg+ to the N atom
of the molecule possessing a C2v symmetry with Mg
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on the C2 axis of the complex. The vertical absorp-
tion spectrum of Mg+–pyridine calculated using the
optimized geometry of its ground state agrees quali-
tatively with the observed action spectrum. The result
indicates that only the transitions of the solvated Mg+

chromophore are involved in the experimental spec-
tral region. The binding energies of the 3Px, 3Py, and
3Pz states are evaluated to be 3.24, 3.02, and 1.82 eV,
respectively, from the photodissociation experiment.
We use the predissociative CT mechanism to discuss
the CT reaction observed in the spectral region of the
3Pz state. It is the photo-populated 3Pz state which
crosses to the CT state giving rise to the CT product.
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