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Ethyl isocyanate-solvated magnesium cation complexe$s(®IGNGHs), were produced in a laser-ablation
supersonic expansion nozzle source. Photoinduced reactions in the complexe©fMM§,Hs), (n = 1—3)

have been studied as a function of the number of solvent molecules. Photodissociation action spectra of
Mg*(OCNGHs);-3 were recorded in the spectral range of 23@0 nm. Except for minor reactive products
C,Hst and MgrOCN at short wavelengths from the photoreaction of the singly solvated complex
Mg*t(OCNGHs), only evaporation products were observed from photodissociation 6{®GNGHs), (n =

1-3). For all three complexes we studied, the ligands are believed to be in the first solvation shell. The
action spectra of MGIOCNG,Hs);1—3 consist of two or three peaks on the red and blue sides of the3vg

< 3 2S atomic transition. The ground-state geometries of (MLCNGCHs);-3 were fully optimized at the
B3LYP/6-31+G** level by using the GAUSSIAN 98 package. The absorption spectra of the complexes
Mg*t(OCNGHs):-3 were calculated by using the optimized structures of their ground states with the CIS/6-
31+G** method. The theoretical predictions appear to be consistent with the experimental results. An sp
hybridization mechanism was proposed for the complexation of Egd OCNGHSs, which results in the
formation of bigzz bonds between the magnesium cation and the ethyl isocyanate molecule, and further
rationalizes the nearly linear backbone of MgD—C—N—C in the complex Mg(OCNGHs).

1. Introduction of Srt(NHz), (n = 1-6), Sr"(H,0), (n = 1—4), and Sr(D,0),

(n = 1-6)41526 For the photodissociation of §iH,0), and
Srt(D,0)n, both ligand loss products and H/D elimination
products were identified. However, all fragment ions after the
photodissociation of S{NH3), were found to be from the
sequential evaporation. Recently, our group studied the photo-
dissociation of Mg (FCHg), (n = 1—4).18 In complexes with
successive solvation, the observed photodissociation channels
and action spectra vary dramatically with the number of solvent

Photodissociation of clusters has been the focus of many
investigation§18 because clusters represent a “fifth state of
matter” holding promise for “bridging the gap” between the
gas and condensed phd&e?? lon solvation plays an important
role in biological, chemical, and physical processé<lusters
containing metal ions and solvent molecules present an ideal
model system for understanding how the metal ions are solvated
by the solvent moleculés18 Singly charged alkaline earth metal
cations have an open-shell structure and are isoelectronic to thénolecules.
alkali metal atoms. They have substantial oscillator strengths ~Many experimental and theoretical studies have been focused
in the ultraviolet spectral regions, which can be easily accessedon isocyanates due to the interesting NCO functional grot.
by pu]sed laser sources. With the rapid deve|0pment of the The formation and identification of NCO-Containing SpeCies as
techniques in supersonic expansion, time-of-flight mass spec-Well as the NCO migration are of significant value in transition
trometry, and laser spectroscopy, much work has been directednetal catalytic reaction®-39 Very recently, our group studied
on the photodissociation of the alkaline-earth catiowlecule the photodissociation of MJNCCHg), (n = 1—4)2 Because
complexes. Photodissociation studies on'\gd Ca solvated ~ CHsCN possesses a large dipole moment< 3.92 D), the
by H,O were performed by Fuke et #23They found that the electrostatic interaction between the magnesium cation and
photodissociation action spectra of Mgl.0), (n = 1-5) and acetonitrile is apparently enhanced. In T, the lone-pair
Ca"(H,0), (n = 1—6) exhibited the trend of shifting to lower  electrons of the N atom and tleands* orbitals of the N=C
energies with an increasing number of ligands. Duncan’8?4l.  group interact with the three 3p orbitals of Mgresulting in
performed photodissociation studies on Mand Ca solvated ~ some interesting spectroscopic and dynamic features of the
by H,O and DO. They measured many of the vibrational complex. In GHsNCO, the O atom also possesses lone-pair
frequencies for théB, and 2B, excited states (based @@p, electrons just as the N atom does. In addition,tteystem of
symmetry). The experimental data are in good agreement with NCO s substantially different from that ofsKC. One would
the ab initio calculation&*25Farrar’s group studied the systems thus expect different intermolecular interactions between the
magnesium cation and ethyl isocyanate complex. In this paper,
* Address correspondence to these authors. K.-L.H.: e-mail khan@ we continue our previous wotkby investigating the photo-

g;:sr)safscgn4 fax (86) 411-4675584. S.Y.: e-mail chsyang@ust.hk, fax (852) induced reactions in the binary complex M@CNCZHS) and
" The Hong Kong University of Science and Technology. report on our solvation studies of MEOCNGHsg), (n = 1-3).
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supersonic expansion nozzle source. The photodissociation
action spectra of Mg{OCNGHs);—3 were recorded in a broad

wavelength range of 230440 nm. Theoretical calculations were Mg’
performed on the structures of both the parents and the daughters n=1 2 3 4 |5 |6
and used to interpret the observed dissociation channels and
action spectra.

Mg (OCNCH,),

2. Experimental Section

Intensity (a.u.)

The experimental apparatus has been depicted previdusly ‘
and thus only the parts relevant to the present experiments are Me,
given here. A rotating magnesium rod attached to a sample L
holder was mounted 15 mm downstream from the exit of a *——JLJ“LJ““J
pulsed valve (General Valve). Driven by a step motor, the ——————————————T

, ————
sample rod rotated on each laser pulse to expose the fresh 10 20 30 40 50 60 70 80 90 100 110 120
surface during the laser-ablation experiments. The pulse valve Time of Flight (us)

was used to generate ethyl isocyanate clusters by SlJpersoni(\I’—'igure 1. Time-of-flight mass spectrum of the metal catiemolecule

expansion of a gas mixture of ethyl isocyanate vapor seeded ingomplexes Mg(OCNGHs), from the supersonic expansion nozzle
helium carrier gas (with a backing pressure of 40 psi) through source.

a 0.5 mm diameter orifice. The second harmonic (532 nm) of

a pulsed Nd:YAG laser~40 mJ/pulse) was weakly focused  cation-molecule complexes could be stabilized by either a third-
onto the magnesium rod surfaceX mm diameter spot) for  body collision or evaporation of a OCNBs molecule from
generating metal cations. The laser-vaporized species traverse§OCNG,Hs),. As can be seen in Figure 1, the intensity of
the supersonic jet stream 20 mm from the ablation sample target,Mg*(OCNGHs), (n = 1—6) decreases monotonically with
forming a series of solvated metal catioethyl isocyanate  increasing and no magic numbers were observed. The largest
cluster complexes. The clusters thus formed traveled 14 cm cluster we were able to observe was NQCNGCHs)s, although
downstream to the extraction region of the reflection time-of- we optimized fully the formation conditions by appropriately

flight spectrometer (RTOFMS). . setting the delay and length of the gas valve, the amplitude of
The cation-molecule complexes were accelerated vertically the pulsed high voltage, and the voltage of the MCP detector.
by a high-voltage pulse~1000 V in amplitude and 2&s in One of the essentials for producing large clusters is to form

width) in a two-stage extractor. The first plate was applied with hydrogen bonds among molecules. For small polar solvent
the full pulser, e.g.~~1000 V, while the voltage of the second molecules such as#®, NHs;, and CHOH, at the first step for
plate was set at 81% for recording mass spectra and at 97% forthe formation of catiormolecule complexes, they interact
conducting photodissociation experiments. After extraction, the directly with a metal cation, filling the first solvation shell. Then,
cation—molecule complexes were steered by a pair of horizontal second or even more shells can be added through hydrogen
plates and a pair of vertical deflection plates. The voltages on bonds to form larger clusters. For example, in the photo-
these plates were set-#b00 and—50 V, respectively. All the dissociation study on MgH;0),1* Fuke et al. observed >
cluster cations were reflected by the reflectron (VRH650 15 parent clusters. In our previous experimengluster

V and VR2= +1050 V) and finally detected by a dual-plate  Mg*(CH;OH), with n up to 20 could be identified clearly.
microchannel detector (MCP). A two-plate mass gate equipped However, for the relatively big OCNEs molecules, it is
with a high-voltage pulser (normally high 4500 V) was used  difficult to form hydrogen bonds among themselves. Therefore,
to select the Mg(OCNGHs), (n = 1—3) parent clusters. Once  when the first solvation shell is fully filled, it is difficult to
the mass-selected cluster cations, M@CNGHs),, arrived at form the larger cluster Mg{OCNGHs),.

the turn-round region of the reflectron, they were irradiated with — Theoretical calculatiortd showed that the first solvation shell

a collimated beam of a dye laser. The parent and nascentcontains four and eight acetonitrile molecules for (NCCHg),
qlaughter cations were reaccelerated by the reflectron electricyng Na (NCCHs)n, respectively. Now that the coordination
field and detected by the MCP detector. The dye laser for gpheres of L and Na saturate with four and eight acetonitrile
photodissociation was pumped by a XeCl excimer laser (Lambda mplecules, one would expect the number of acetonitrile
Physik LPX 210i/LPD 3002). Fundamental outputs (for the dyes molecules in the first solvation shell to be larger than eight for
including p-Terphenyl, DMQ, BBQ, Stilbene 420) and second Mg*(NCCH), due to Mg possessing a larger ionic radius.

harmonic outputs (for the dyes including Coumarin 480, However, because of the presence of an extra electron in the 3s
Coumarin 503, Coumarin 540A, Kiton Red, and DCM) were ot in Mg, the solvation is different from the situation of

used to cover the spectral region between 230 and 440 nm with| j+ and Na due to their closed shell. Indeed, the photodisso-
reasonable wavelength overlaps. The dissociation laser fluence;jation experiment on MgNCCHs).8 revealed the number of
was kept low (1 mJ/cnf) to ensure one-photon processes and coordination was less than 7 (e.g.= 7). Although there is no
avoid saturation phenomena. theoretical study on the solvation of NME@CNGHs),, by
comparison with the theoretical and experimental study on
Mg+ (NCCHg), above, we think that the maximum number for
3.1. Photodissociation of Mg(OCNC;Hs),. A typical mass ~  the first shell solvent molecules in MgOCNGCHs), is no more
spectrum of magnesium catieethyl isocyanate clusters is than 6.
shown in Figure 1. The metal-bearing mass peaks can be easily Representative photodissociation difference mass spectra of
identified by the isotope distribution of magnesium. The size-selected MY{OCNGHs), (n = 1—-3) at laser wave-
Mg (OCNGHs)n-1 cluster species are obviously the association lengths of 255, 339, and 414 nm are shown in Figure 2.
products from the collisions between M@nd (OCNGHs),, The difference mass spectra are obtained from the subtraction
which were produced by the pulsed supersonic nozzle. Theseof the photodissociation mass spectra with the photolysis laser

3. Results and Discussion
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Figure 2. Photodissociation difference mass spectra (a) at 255 nm for
Mg+ (OCNGHs), (b) at 339 nm for Mg(OCNGHs),, and (c) at 414

nm for Mgt(OCNGHs)s.

on by the mass spectra with the photolysis laser off. The
negative-going peak on the high mass side signifies the depletion
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Figure 3. The branching fraction curves in the spectral range 0f230
410 nm for Mg (OCNGHs) and 236-440 nm for Mg (OCNGHs),-—s.
The inset in part b shows the intensity ratio of Mg Mg*(OCNGCHs)
from photodissociation of M{OCNGHs), as a function of the laser
wavelength.

of the mass-selected parent due to photodissociation, and then the wavelength range 25270 nm. This suggests that the
positive-going peaks indicate the appearance of the corre-reactions occur on the ground-state surface. The branching
sponding daughter ions. The branching fractions of the frag- fraction curves for multisolvated complexes are different from
ments as a function of the laser wavelength are shown in Figurethat of the binary complex, suggesting that the photoinduced

3 for MgT(OCNGHs)1—3. For the singly solvated cluster
MgT(OCNGHs), the dominant photodissociation product is
Mg, which results from nonreactive quenching throughout the
entire wavelength range we studied (23010 nm). The reactive
products GHs™ and Mgr(OCN) are observed only at wave-
lengths shorter tham~270 nm ¢(4.59 eV). From energy
consideration, the reactive channel for producinti€ (3.64
eV) and Mg (OCN) (4.06 eV) from Mg(OCNGHs) is open

in the shorter wavelength regios 270 nm, or>4.59 eV) based

on our calculation. It is seen from Figure 3a that the branching
ratios of Mg" to C;Hs™ and Mg"(OCN) are almost unchanged

reaction patterns of large clusters MO@CNGHs), (n > 1) are

not the same as are occurring in the photodissociation of the
binary complex Mg(OCNGHs). For Mgr(OCNGHs),, as the
wavelength decreases, the branching fraction of hihgreases
from zero at~440 nm to almost 100% at+320 nm (Figure
3b). Plotting the ratio oflygt versus Iugtocngts in the
wavelength range of 320440 nm (insert of Figure 3b), we
obtain a lower appearance potential limit of the daughter cation
Mg* of ~450 nm £2.75 eV), which is to be compared with
our calculated value of 2.78 eV. From the insert of Figure 3b,
we noticed an interesting break near 360 nm. This break relates
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T lengths and magnitudes of the calculated vertical transitions for
(a) % ' Mg*(OCNGHs), (n = 1—3). As seen in Figure 4a, there are
“zP“.JS(MQ) . two pronounced peaks in the photodissociation action spec-
P | - trum of Mgr(OCNGHs). These two peaks are centered-@56
mt and~340 nm, which are at the blue side and red side of the
Mg"™ (3 2P — 3 2S) atomic transition, respectively. For
Mgt (OCNGHs),, besides two dominant peaks centered 240
and ~336 nm, a small bump centered &400 nm is also
identified at the red side of the Mgatomic transition. Only
. two peaks appear in the action spectrum of MYCNGHs)s,
L situated at-354 and~404 nm, respectively. We failed to detect
".h—- any ion signal at the blue side of the M@& 2P — 3 2S atomic
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The splitting of the Mg 3 2P <— 3 2S atomic transition is
ascribed to the interactions between the three p orbitals of the
excited Mg™ and the orbitals derived from the NCO group of
the ethyl isocyanate molecules. Such orbital interactions have
. been observed in previous photodissociation studies of many
% metal ion—molecule complexe%!84! The isocyano group
i O=C=N-is analogus to Fas well as the cyano group=C—,
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Px but the action spectra of MgOCNGHs), (n = 1-3) are dif-
ferent from those of Mg(FCHg), (= 1—3) or Mgr(NCCHg),
(n= 1-3) we reported previousK8 The interpretation of the

action spectra of Mg{OCNGHs), will be discussed in Section
V 3.3. combining with the theoretical calculations.
321 70m 405.6nm 3.2. Ground-State Structures of Mg"(OCNCH5s), (n =
——r—T———r———rrr—rr—— 1-3). The ground-state geometries of the parent complexes
200 220 240 260 280 300 320 340 360 380 400 420 440 460 Mg+*(OCNGHs), (n = 1—3) were fully optimized at the
B3LYP/6-314-G** level by using the GAUSSIAN 98 package.
The B3LYP/6-31-G** frequencies were used to calculated
zero-point vibrational energies. The optimized structures were
characterized by harmonic frequency analysis as local minima
(all frequencies real). Extensive theoretical calculations on some

alkaline earth metal catiorsolvent complexes have been
5 reported on both ground and excited states. For the ground states
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" - of the complexes, the calculated results are relatively accurate.
i - The calculated structures for MgOCNG,Hs), (n = 1—-3) are
f 5T 5 drawn in Figure 5. In Figure 5, the numbers between atoms
] ,f.#" "'qb represent the bond lengths, while those adjacent to atoms stand
Y for the atomic charges. According to our calculations, the dipole
g8 m 381.1nm|[381.9nm moment of the ethyl isocyanate molecule is 3.317 D, which is
almost the same as the previous value of 3.367 D given birFehe

et al?” In addition, from our B3LYP/6-31G** calculations,

| —
200 220 240 260 280 300 320 340 360 380 400 420 440 460

Wavelength (nm) the bond lengths of ©C, C=N, N—C, and C-C in the free
Figure 4. Action spectra of Mg(OCNGHs)n (n = 1-3). The dashed OCNGHs molecule are found to be 1.184, 1.204, 1.451, and
line represents the atomic transition of MP -— 2S) at~280 nm. 1.526 A, respectively, which are in reasonable agreement with

The solid lines show the calculated absorption spectra for

Mg (OCNGsHe)r_s. previous experimental valuesolc = 1.174 A rc—y = 1.218

A, rn-c = 1.448 A, andrc_c = 1.524 A)23 The calculated
to the fact that the binding energies of the two solvent mol- angles of JCCN (110.8) andJOCN (173.3) of the free ethyl
ecules (OCN@Hs) are different. Because the ion vyield of isocyanate molecule are also quite close to the experimental
Mg*(OCNGHs), is very low, its branching fraction is not Vvalues (114.7and 167.8, respectively)?
included in Figure 3c. For the multisolvated complexes  This work follows up on our previous repéttand the
Mg*(OCNGHs), (n = 2), only nonreactive products were structure for Mg(OCNGHs) is given here (Figure 5a) for
detected; two or three ethyl isocyanate molecules prefer comparison with that of M(OCNGHs),-3. The geometry of
evaporating together. This is partly due to the fact that the MgT(OCNGHs) is characterized by bringing OCNBs toward
photon energies deposited in the complexes are sufficient toMg* from the O end, and the resulting complex has an overall
evaporate more than one solvent molecule. Cs symmetry. The OCNgHs molecule in the complex changes
Figure 4 shows the photodissociation action spectra of slightly except for the angle dJC2N3C4 (see Figure 6) and
Mg™(OCNGHs), (n = 1-3) in the wavelength range of 230 the charge distribution on the NCO part compared with the free
440 nm, in which the total fragment ion yields were normalized OCNGHs molecule, which is consistent with the electrostatic
by the parent intensities and the photolysis laser fluence. Thenature of the bond between Mgand OCNGHs. In the free
vertical dashed line at 280 nm represents tAe 3- 3 2S atomic OCNGHs molecule, the N3 and O1 atoms adopt bpbridiza-
transition of Mg". The vertical solid lines indicate the wave- tion, while the C2 atom adopts sp hybridization. The three sp
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() Mg'(OCNC,Hy),
Figure 5. Optimized ground-state geometries for (a) NQCNGHs),
(b) Mg"(OCNGHs),, and (c) Mg(OCNGHs); at the B3LYP/6-
31+G** level. The numbers between atoms represent the bond lengths,
while those adjacent to atoms stand for the atomic charges.

(b) Mg"(OCNC,Hs)

Figure 6. Schematic molecular orbital (MO) pictures for (a) OCNE
and (b) Mg (OCNGHs).

hybridized orbitals of N3 lie in thXZ plane (see the coordinate
designation in Figure 6); one is occupied by the lone-pair
electrons of N3 and the others form twdbonds with C2 and
C4, respectively, rendering the stable bent structul@aN3C4

= 141.0) of OCNGHs. The g orbitals of N3 and C2 form a

o bond lying in theYZ plane, while the porbitals of C2 and
O1 form anothetr bond in theXZ plane. These twar bonds
are perpendicular to each other in the free OGNg¢Inolecule.

J. Phys. Chem. A, Vol. 108, No. 18, 2003951

During the complexation between the magnesium cation and
the ethyl isocyanate molecule, not only Maindergoes sp
hybridization, but also the hybridization methods in NCO group
have changed. In the complex of M@CNGHs), the N3 and

01 atoms also adopt sp hybridization as the C2 atom does due
to the interaction with Mg. The two sp-hybridized oribals of
each atom in the NCO group are used to form ¢hbonds.
The  orbitals of N3, C2, and O1 form a big bond with the

px orbital of Mg" lying in the XZ plane, while the porbitals of

N3, C2, and O1 form another bigbond with the p orbital of
Mg™ lying in the YZ plane. The sp hybridization occurring in
the NCO group and the magnesium cation leads to an almost
linear Mgr—0O1—C2—N3—C4 backbone structure. The forma-
tion of the two bigr bonds in the complex of MOCNGHs)

due to the sp hybridization allows the charge to “move” between
the NCO group and Mg The sp hybridization of Mg results

in a high electron density located on the side oftMgpposite

to OCNGHs, reducing the metalligand repulsion. The cal-
culated minimum energy structure of M@CNGHs), is shown

in Figure 5b, in which the two OCNgEls molecules point from

the O ends to the same side of Mas there is a high electron
density on the other side of MgOnly one stable structure was
found for Mg"(OCNGHs)s (Figure 5c¢); all three OCNgHs
molecules are directly linked to Mgfrom the O ends, and on
the same side to minimize the electron repulsion from the high
electron density on the other side of Mg

On the basis of our calculations (see Figure 5), there are
some noticeable changes in the complexes of (MCNGHs),
(n = 1-3) during the solvation of Mg by the ethyl iso-
cyanate molecule. First of all, a large increment of the' M@
bond distance 40.05 A) is found from Mg(OCNGHs) to
MgT(OCNGHs)z. In MgT(OCNGHs),, the interaction between
the magnesium cation and the ethyl isocyanate molecule is
mainly of electrostatic nature. An sp hybridization in the
complexation of Mg and OCNGHs takes place to reduce the
metak-ligand repulsion, resulting in a high electron density
located on the side of Mgopposite from OCNgHs. When
there is further solvation of Mgby the OCNGHs molecule,
because there is a high electron density on the other side of
Mg, the ethyl isocyanate molecules are all on the same side
of Mg™ to minimize the electron repulsion from the other side
of Mg™. The consequence of this arrangement leads to the
ligand—ligand repulsion becoming larger and larger as the
solvent molecule accumulates. Second, an almost identical
decrease of the©C bond is observed for all the complexes of
Mg*(OCNGHs);-3, e.g., a decrease by 0.006 A from
Mg*(OCNGHs) to Mgt(OCNGHs), and 0.005 A from
Mg+ (OCNGHs), to Mgt(OCNGHs)s. Similarly, a gradual
decrease (0.0650.003 A) of the N-C bond between NCO and
ethyl groups is also observed from ME@CNGCHs) to
Mg (OCNGHs)s. Furthermore, an increment (0.068.003 A)
of the C=N bond in the NCO group is found for the complexes
Mg+ (OCNGHs), from n = 1 to 3. The change of the bond
lengths in the ethyl isocyanate part mentioned above indicates
that the interaction between Magnd the lone-pair electrons of
O in the complexes of MfOCNG,Hs), is transmitted from O
to C, to N, and to N-C bond through conjugation. In other
words, the NCO group acts as an atom as it should be for a
halogen analogue. A similar situation was also observed in our
previous work on MJ(NCCHg), (n 1-4)8 Finally, a
remarkable change of the atomic charges in the complexes
Mg+ (OCNGHs), (n = 1—3) should not be ignored. It is seen
in Figure 5 that with the accumulation of ethyl isocyanate
molecules around the Mgcore, the atomic charge of Mg
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TABLE 1: Calculated Total Energies and Binding Energies, Using B3LYP/6-31+G** for Mg *((ocngHs), (n = 1—3)2

complexes calculated energy (hartree)
OCNGHs —247.243370
Mg (OCNGHs) —447.100912
Mg (OCNGHs), —694.384344
Mg*(OCNGHs)3 —941.655406
Mg*(OCNGHs) — Mg™ + OCNGHs AEca= 1.69 eV (38.9 kcal/mol)
Mg+(OCNGHs); — Mg (OCNGHs) + OCNGHs AEcy= 1.09 eV (25.1 kcal/mol)
Mg (OCNGHs); — Mg*(OCNGHs), + OCNGHs AEcq= 0.75 eV (17.4 kcal/mol)

a All the energies include the zero-point energy corrections.

becomes less and less positive. Forf@@CNGHs)s, the atomic plexes. It is seen in Figure 4 that the spectral features of
charge of magnesium experiences a sign change to negativeMg™(OCNGHs), are derived from the atomic transition of Mg
(—0.0378), while in the NCO group of the complexes of (3 2P — 32S) with significant perturbation by the presence of
MgT(OCNGHs);—3, the charge on the O atom becomes less OCNGHs molecules. The magnitude of the peak splitting
and less negative asincreases. Analyzing the change of the depends on the orientations of the thr@p,y, orbitals of
calculated atomic charges in M@ CNGHs), (n = 1-3), one magnesium cation with respect to the solvent arrangements
notices that the magnesium acts as an electron acceptor anéround Mg
the isocyanate acts as an electron donor through the O end. For the two excited states 2y of MgT(OCNG,Hs) (see
Binding energies of Mg(OCNGHs),, (n = 1—3) for the first the coordination in Figure 5a or Figure 6), the twg Bprbitals
ethyl isocyanate are listed in Table 1. All the energies listed in of Mg™ are perpendicular to the Mg-O bond axis. The
Table 1 include the zero-point energy corrections. The binding presence of the two antibonding orbitals of the NCO group
energy of a given cationmolecule complex was calculated as reduces electron density along the MegO bond, and hence
the difference between the total energy of the complex in its the repulsion, leading to the energies of,3 peing lowered,
optimized ground-state geometB[Mg*T(OCNGHs),], and the which accounts for the large red shift of the relative broad peak
total energies of Mg(OCNGHs),—1 and OCNGHs in the gas in the action spectrum of MJOCNG,Hs). In the excited state
phase E[Mg ™ (OCNGHs),-1] + E[OCNCHs). The successive 3 2P, of Mgt (OCNGHs), the p orbital of Mg™ is oriented along
solvation energies decrease with the increasing cluster sizethe Mg"—O bond axis. The strong repulsive interaction between
although the extent of the decrease becomes smaller and smallethe parallel 3pelectron of Mg and the lone-pair electrons of
For example, the binding energy of M@CNGHs) is 38.9 O lifts the energy of the porbital. So the FP; state is blue-
kcal/mol (1.69 eV), and decreases to 25.1 (1.09 eV) and 17.4 shifted relative to the atomic transition of Md3 2P — 3 2S)
kcal/mol (0.75 eV) for Mg(OCNGHs), and Mg"(OCNGHs)s, as observed. According to our calculations, the™™M@—-C
respectively. The ground-state binding energy of f@QCNGCHs) angle of the ground-state MgOCNGHs) is 178.5, and the
is larger than that of Mg(FCHs) (26.8 kcal/mol or 1.06 eV38 angles of G-C—N and C-N—-C are 179.8 and 179.%,
but is smaller than that of MgNCCHs) (42.4 kcal/mol or 1.84 respectively, which render a nearly linear backbone of Mg
eV) 8 Similar to acetonitrile, which is an aprotic solvent molecule O—C—N—C in Mg"(OCNGHs). Therefore, the 3P, and 3
(u = 3.92 D)8 ethyl isocyanate also possesses a relatively large 2P, states are almost degenerate and are nearly superpositioned
dipole moment = 3.367 D)?7 while the dipole moment of in the action spectrum of M{OCNG,Hs) (Figure 4a). On the

FCH;z is only 1.858 D'8 Therefore, the chargedipole interac- basis of the above consideration, the relative broad red peak
tion between the magnesium cation and the ethyl isocyanate(320-360 nm) in the action spectrum of MEOCNGHs) is
molecule is significantly enhanced in M@CNGHs). More- assigned to the transitions to thérx (2 2A") and 32P, (1 ?A")

over, the orbitals derived from the NCO group also interact with excited states (based @@, symmetry). The sharp blue peak
the p orbitals of Md, resulting in an additional enhancement centered at~256 nm is ascribed to the transition to?B; (3
in binding energy. 2A\") state. The two adjacent excited staté&2and 12A" result
3.3. Action Spectra of Mg"(OCNC;H5),. On the basis of  from the electron promotion from the 3s orbital to the3p
the theoretical calculations for the ground state, vertical excita- orbitals of Mg", while in the excited state 2\', the 3p orbital
tion energies to the lowest excited states of TMYCNCHs), is occupied by an electron excited from the 3s orbital.
(n= 1-3) were calculated by using a less extended Cl referred  The action spectrum of MOCNGHs), (Figure 4b) differs
to as the Cl-single (CIS) approach. The basis set of 6G&%* significantly from that of Mg (OCNG,Hs) (Figure 4a). Three
was also used in this calculation. The calculated absorption well-separated peaks can be identified in the action spectrum.
spectra of Mg(OCNGHs), (n = 1—3) are graphically shown  The small bump centered at400 nm (Figure 4b) is ascribed
by the solid lines in Figure 4 along with the experimental data. to the 32Px state (see the coordination in Figure 5b), in which
For comparison, the atomic transition of M¢3 2P — 3 2S) at the 3p orbital of Mg" interacts with two big antibonding™*
280 nm is also shown by the dashed line in Figure 4. The orbitals of the two NCO groups in MgOCNGHs),. The in-
locations of the solid lines represent the excitation energies andphase interaction with the two empty antibondintyorbitals
the amplitudes indicate the oscillator strengths for the transitions. lowers the energy level of the prbital of the magnesium cation
Although the calculated absorption spectrum of MRCNGHs)3 significantly, resulting in the large red-shift compared with the
does not seem to tally with that of the action spectrum, for atomic transition of Mg (3 2P — 3 2S). The peak centered at
Mg*t(OCNGHs);-», the calculated vertical transitions agree well ~240 nm is the contribution from the state ofR, in which
with the experimental action spectra. The CIS calculation only the 3p orbital of Mg" interacts repulsively with the nonbonding
considers single excitations and does not describe adequatelyelectrons of O atoms of the NCO group in M@CNGHs),.
the states with significant double excitation. Therefore, for the Therefore, the repulsion between the 8fectron of Mg and
excited states, the calculated results can only provide somethe lone-pair electrons of the two O atoms lifts the energy of
reasonable explanations of experimental results. Especially,the 3p orbital of Mg, resulting in the 3P, state blue-shifted
caution should be taken for the calculations on large com- in the action spectrum of MGOCNGHs),. The highest peak
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centered at-336 nm is assigned to the?®y excited state. In structures of the complexes MECNGHs), (n = 2—3) have

the 32Py state, the interaction between the, 3pbital of Mg™ been determined. Vertical excitation energies to the lowest
and the two big antibonding* orbitals of the NCO groups is  excited states of Mg{OCNGHs),—3 were calculated on the basis
not intensive, and the energy of the,3pbital is not lowered of the optimized geometries of their ground states. The
much compared with that of the 3prbital of Mg". So the calculated absorption spectrum of M@CNGHs), calculated
transition to the 3Py state is between the atomic transition of by using the optimized geometries of its ground state accords

Mg™ (3 2P — 3 2S) and the transition to the 2P state. well with the observed action spectrum in terms of both the
The optimized ground-state geometry of MOCNGCGHs)3 positions and amplitudes.

shown in Figure 5c has nearlyGg, symmetry. TheXY plane (4) The change of hybridization path of atomic orbitals took

is parallel to the plane formed by the three O atoms. The place when the magnesium cation complexed with the ethyl

repulsive interactions between the3prbitals of Mg" and the isocyanate molecule. Based on sp hybridization, we advanced

three O atoms are similar, giving rise to two closely spaced a big z-bond system for the complexation betweenMand
states FPx and 32Py. In the MgH(H20), systemg3b Fuke et OCNGHs, which rationalized the nearly linear backbone of
al. observed a very small splitting for M¢{H,0)s compared Mg*—0—C—N—C in the complex of Mg(OCNGHs).

with those for Mg (H,O) and Mg (H20), and gave a reasonable
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