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Abstract

The structure and thermochemistry of the hypervalent FSi(@QMefGe(OMe)~ and FGe(H)(OMe)~ anions have
been investigated by a combination of photodetachment spectroscopy and ab initio calculations. All three of these anic
undergo photodetachment at wavelengths between 266 and 285 nm but not at 355 nm. The data suggest that the obse
photodetachment process for these ions is a one-photon process leading to dissociation of a MeO group for the first two anic
and presumably dissociatiofi@H atom in the last case. Theoretical calculations are consistent with these observations an
predict a fluoride binding energy of 47.5 kcal mbland a methoxide binding energy of 52 kcal mbin FSi(OMe) . The
most stable structure for FSi(OMg)is predicted to be a trigonal bipyramid with the fluorine occupying an axial position. This
is similar to what has been found for the corresponding Ge(QIgl@cies. These results, the gas-phase chemical behavior
of these anions, and the calculated charge distribution are consistent with anions in which a high degree of covalent bond
exists between the electronegative ligand and the central Si or Ge atom. (Int J Mass Spectrom 219 (2002) 485-495)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction sive review[1]. In recent years, a growing number
of these species have been characterized by NMR
Hypervalent silicon species have attracted consid- and X-ray crystallography as they become amenable
erable interest in the last decades because of theirfor structural determination in condensed phd2gs
distinct reactivity and because they are important in- Considerably less is known about the corresponding
termediates in a wide range of nucleophilic reactions. Ge systems even though nucleophilic type reactions
Much of our knowledge about these species is due are also assumed to proceed through hypervalent Ge
to the pioneering work of Corriu and coworkers that intermediates[3]. In the gas phase, several penta-
has been brilliantly described in a very comprehen- coordinated silicon anions have been identified as
products of ion/molecule reactions between simple
* Corresponding author. E-mail: jmrnigra@quim.iq.usp.br nucleophiles and organosilangls-6] and their struc-
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ture and stability have been investigated by ab initio Transform Data System. The general characteristics
calculations[7]. Our group has been concerned for of our spectrometer have been illustrated in recent
some years with the gas-phase ion chemistry of silicon publications from these laboratori¢8,9,12] It op-
alkoxides, Si(ORy, [8-10]and germanium alkoxides, erates with an electromagnet usually set at 1.0 T and
Ge(OR}), [11,12]in order to elucidate the mechanism uses a~15.6cn? cubic cell with center holes on
of nucleophilic reactions that are of paramount im- both transmitter plates to allow for laser light to go
portance in the preparation of important silicfir8] through the cell. The vacuum can holding the ICR
and Ge[14] materials by sol—gel processes. cell is provided with two sapphire windows acting as

Several of the anionic pentacoordinated species an entry and exit port for laser radiation.
obtained in our previous studies are particularly in-  F~ ions were typically generated from NKPen-
teresting because they are directly related to chem- nwalt Ozark Mahoning) by dissociative electron at-
ical problems in condensed phases. For example,tachment at 3.5 eV with a 40 ms electron beam pulse.
Si(OMe)—, the main product of the ion/molecule re- The partial pressure of NFwas maintained in the
action between MeO and Si(OMe)~ [8], has been  vicinity of 2.0 x 108 Torr. Typical trapping voltages
used as a model to establish the importance of pentaco-for these experiments werel.9V. In most cases, a
ordinated intermediates in reactions related to hydroly- radio-frequency field of~7 MHz was applied to one
sis and gel formatiofiL5]. Likewise, the FSi(OMe)~ of the trapping plates during 100 ms to remove trapped
ion previously observed in the gas-phd8¢is con- thermal electrons from the cell. Tetramethoxysilane,
sidered to be the relevant species in the activation of Si(OMe), and germanium methoxide, Ge(OMg)
Si—O bonds catalyzed by H16]. While some struc-  were obtained from Aldrich, and samples were re-
tural information is available for pentacoordinated peatedly distilled under vacuum prior to introduction
Si anions containing fluoringl7-19] little is still in the cell. This procedure was essential to minimize
known regarding the enegetics of these species, and inthe amount of methanol resulting from hydrolysis of
particularly those involving the Si and Ge alkoxides. these compounds.

The present report describes results obtained from lon/molecule reactions between land Ge(OMej),
photodetachment experiments carried out in our or Si(OMe), were studied as befor{8,9,12] by
FT-ICR spectrometer with the objective to establish isolating the ions of interest with a combination of
structural and energetic features of FSi(OMe) radio-frequency pulses to eject all unwanted ions from
FGe(OMe)~ and related Ge anions. Electron pho- the ICR cell. lons were typically isolated 1s after the
todetachment is well established as a technique for ionization pulse to allow for collisional and radiative

determining the electron affinity of aniof20] and relaxation.
can provide valuable information regarding the struc-  Photodetachment experiments were carried out us-
ture of complex iong21]. In a previous pape22], ing a Spectra Physics Nd:YAG laser model GCR-3. In

threshold photodetachment experiments in conjunc- some experiments, the second harmonic of this laser
tion with ab initio calculations[23] were used to at 532 nm was used to pump a Spectra Physics PDL-3
determine the binding energies of complex ions such Dye Laser. The output of the dye laser was doubled
as X (HOR) for X = F, CI, Br, I. In the present case, using an INRAD dye doubler provided with an auto-
ab initio calculations are reported for the FSi(Olyte) tracker and a UV harmonic separator. Since this laser
system to complement our experimental observations. operates best at a 10 Hz repetition rate, the timing se-
quence of the FT experiment was modified according
2. Experimental to a procedure developed in these laboratof=s:
(a) a pulse from the oscillator output of the Nd:YAG
Experiments were carried out in our FT-ICR spec- laser was used to trigger externally the time base
trometer interfaced to an lonSpec Omega Fourier of the Fourier Transform Data System; (b) with the
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flashlamps operating at 10Hz, the Q-switch of the = Photodetachment was also observed up to 285 nm
laser was gated from a pulse originating from the Data by doubling the output of the dye laser with a suitable
System through a pulse generator at the appropriatedye. Unfortunately, it was not possible to go to higher
time as controlled on a two-channel oscilloscope. The wavelengths because our dye laser requires a delay
laser beam was guided to the cell through a set of line that is presently unavailable in our laboratories.
prisms and an iris and no focusing was used for these Unlike some of the recent and very elegant
experiments. The energy of the laser was measuredphotodetachment—photofragment coincidence spec-
with an Ophir Laserstar energy meter prior to the first troscopy experiments where both electron and neutral
90° bending prism, and thus the energy measured is fragments are identified25], the interpretation of
substantially higher than that reaching the center of our experiment requires some speculation regarding
the ICR cell. the nature of the neutral photoproduct(s). The first

The fractional decrease (FD) of the intensity of the alternative is the possibility that photodetachment of
ion undergoing photodetachment was obtained from FSi(OMe),~ could yield the putative neutral radical
the FT-ICR spectra recorded with and without laser [FSi(OMe)] as:

irradiation. FSI(OMe)s~ + hv — [FSI(OMe)4]* + & L
At present, there is considerable doubt as to whether
3. Photodetachment experiments of FSi(OMe);~ such a hypervalent Si radical is a stable species.
Theoretical calculation§26,27] on the related Sig-
The ion/molecule reaction between~— Fand radical are inconclusive as depending on the level of
Si(OMe), has been previously describef#,8]. calculation Sik is predicted either to be unstable or
FSi(OMe)~ (m/z = 171) becomes the most im- to have very low binding energies:(0 kcal mot™1).
portant reaction product with thermalized Fini- Furthermore, no experimental evidence is available

tial experiments using either the second (532nm) for the existence of these species in the gas phase
or third harmonic (366nm) of the Nd:YAG laser Or in condensed phases. Thus, we have assumed that
revealed that no photodissociation or photodetach- the most likely situation in our experiment corre-
ment occurs at these wavelengths. While even crudesponds to a dissociative photodetachment that could
estimates of the energetics of the possible photode-involve a short-lived [FSOMe)4]® species. Two
tachment processes yield threshold values well below main possibilities can be considered for a dissociative
355nm, these experiments were important to estab- photodetachment process:

Ilsh _an _experlmental protoco_l qnd eliminate artifacts (a) Dissociation by Si—F cleavage:

originating from the laser hitting any of the walls

of the cell. A very different situation is observed FSi(OMe)s™ +hv — F+Si(OMe)s + &~ @)

when the ions are irradiated with the fourth harmonic If this is the case, the energetics of the process
of the Nd:YAG laser at 266 nm. At this Wa.VeIength, can be equated in terms of the fluoride disso-
a substantial decrease in intensity is observed in the  cjation energy in FSi(OMae), here defined as
FT-ICR spectrum for the isolated FSi(OMg) ion. D[F~ ---Si(OMe)4], and the electron affinity

Since no photodissociation product was detected, this  (EA) of F

decrease in intensity was interpreted as the result of )

a photodetachment process. No attempt was made to hviaser> D[F™ - - - S(OMe)4] + EA(F)

use CC} as a low energy electron scavenger to yield (p) Dissociation by Si-OMe cleavage:

CI~ ions because of our previous experience with the

ease of spurious appearance of @ns when using FSi(OMe)s™ + hv — MeO+ FSi(OMe)3 + e~
CCly. 3
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If this is the case, and by analogy with reaction vanced that low lying excited states for anions could
(2), the energetics can be equated in terms of the be observed in organometallic complexes as a result

methoxide dissociation energy in FSi(OMg) of charge transfer bands. For a two-photon process,
here defined as D[MeO-. - - FSi(OMe)3], and the the FD of ions due to photodetachment can be repre-
EA of MeO sented in the simplest case by
2
hviaser> DMeO" - - - FSi(OMe)3] + EA(MeO®) FD—1— exp[ —o102/ ’} @
k+ ool

Our earlier ab initio calculationf9] explored the wherel represents the intensity of the incident radia-
FSi(OMe),~ ion only superficially and not at a very  tion, o1 ando; the cross section for the first and sec-
high level of theory. From these early calculations, ond absorptiont the pulse width of the laser@ ns)
it was unclear whether either of the two dissocia- a&nd k the relaxation rate constant for all processes.
tive photodetachment processes indicated above couldThis expression clearly suggests that at low laser in-
occur even at 266 nm. Therefore, it became impor- tensities, there should be a non-linear behavior with
tant to establish whether the observed process was antensity.
one- or two-photon process. Photodetachment by a Fig. 1 shows the FD observed for FSi(OMe) as
two-photon process through a bound excited electronic @ function of relative laser energy. (The actual laser
state has been previously observed for a number of €nergy in the center of the cell is difficult to determine
polycyano compoundi@8], and the proposal was ad- and may be considerably less than that measured at
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Fig. 1. Fractional decrease of the intensity of the FSi(QMapn in the FT-ICR spectrum as a function of the laser energy measured at the
output of the laser. Laser energy in the center of the cell is unknown but it is certainly much lower than that measured by the energy meter.
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From this graph, we find no indication that the ob-

served photodetachment process can be ascribed to a

two-photon process since FD is essentially linear at
the lower laser energies. At very high percentages of
photodetachment, the observed curvature in the graph
is not unusual in this type of experiment and may be
due to the fact that not all the ions detected by FT-ICR
are in the cell within the diameter of the laser beam
in the 8 ns pulse.

From the photodetachment observed at 285nm,
and using the known value of 3.40 €¥29] for the
electron affinity of F, we can rule out process (1)
since that would imply a D[F---Si(OMe)4] less
than 22 kcal mot!. This value is much too low com-
pared with the fluoride affinity of organosilanes that
are typically in the 40kcalmol range or higher
[5,30]. On the other hand, considering the elec-
tron affinity of the MeO radical, namely 1.57eV
[31], the fact that photodetachment is observed up
to 285nm but not at 355nm suggests that process
(2) may be possible provided that 44 kcal mbl<
D[MeO~ - - FSi(OMe)3] < 64 kcalmot?. This is a
reasonable range for methoxide affinities event though
no data are available for organosilanes.

4. Theoretical investigation of the FSi(OMe)4~
anion

The results obtained from the photodetachment ex-
periments prompted us to investigate the energetics of
this ion by high level ab initio calculations. We have
previously described the use of the generator coordi-
nate method (GCMJ]32,33] to develop appropriate
basis sets for Si and Ge speci€12]. Our proce-
dure makes use of an effective core potential, ECP
[34], for the internal electrons while retaining a high
quality criterion for treating the valence electrons of
neutrals and anionic speci¢35]. This methodology
has been shown to yield excellent values for the ther-

Mass Spectrometry 219 (2002) 485-495 489

mochemistry of anionf36] at a considerably reduced
computational cost due to the use of an effective core
potential.

In the present case, the computational procedure
involved the following steps:

(i) obtaining the valence basis sets from the 7s, 5p
and 1d set of functions adapted to the pseudopo-
tential (ECP) of Stevens and coworkégsgl] for
C, O, F and Si, and 4s/1p for H;

(ii) contraction of the basis sets obtained in (i) with
reoptimization of the exponents of the primitive
functions @ 111/31 1/1 functions for C, O, F and
Ge, and 311/1 for H) leading to what we define
as GCM/ECP basis set;

(iif) addition of diffuse functions (s and p type) to

correct the valence region, and additional polar-

ization functions (p for H, and d and f for C, F,

O, and Si), for more refined energy calculations.

This results in a41111/3111/11/11) set for

C,0,FandSi,and a (3111/11) set for H and

is referred to as our (GCM/ECP) basis set.

Molecular geometries were initially optimized with
the basis set outlined in step (i) and vibrational
frequencies calculated at the HF/(GCM/ECP) level.
The zero-point energies (ZPE) obtained from these
frequencies were scaled by 0.8929 in the final en-
ergy calculations. Using the structures obtained at the
HF/(GCM/ECP) level and the calculated force con-
stants, a new geometry optimization was performed at
the MP2/(GCM/ECP) level resulting in a lower com-
putational cost for calculating molecular geometries
at MP2 level. The more refined energy calculations,
namely E(MP2/GCM-/ECP), were then carried out
with the latter geometry.

All calculations were carried out using the Gaussian
94 suite of programg37].

5. Results of theoretical calculations

Calculations on the FSi(OMg) system reveal
two different isomeric species corresponding to trig-
onal bipyramid structures with F either in an axial
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(a) (b)

Fig. 2. Optimized geometries for the most stable isomeric species of FSig@OMdg}h (a) the fluorine in an axial position of a trigonal
bipyramid, and (b) the fluorine occupying an equatorial position in an trigonal bipyramid.

or equatorial position. The optimized structures for also reveal that the axial bond lengths are somewhat
these two isomers are shownhig. 2. Structure (a), longer than the equatorial bond distances but the dif-
axial FSi(OMe)~, with the fluorine occupying the ferences are not large. This is in line with the view
axial position is more stable than structure (b), equat that Si attached to a large number of electronegative
FSi(OMe)~, by 3.2 kcalmot! as shown irTable 1 groups leads to very tight hypervalent Si spe¢izg.

This preference for the axial position for an elec- The calculated energies for the relevant species in-
tronegative fifth ligand is similar to what has been volved in processes (1) and (2), and these two iso-
found in other computational studies of pentacoordi- meric pentaacoordinated species are givenaible 1
nated Si compoundi88]. The calculated geometries As an initial test of our calculated values, the proton

Table 1

Calculated energies at different levels using the basis set developed by the generator coordinate method with geometries optimized at the
MP2 level (a.u.), and zero-point energies (ZPE, kcalmhpfor the neutrals and anionic species relevant to the photodetachment process

of FSi(OMe)~

System E(MP2/ECP/GCM) E(MP2/ECP/GGNI ZPE HF/ECP/GCM E(MP2/ECP/MC®) + ZPE (a.u.)
= —24.114003 —24.186809 —24.186809
MeO~ —23.289877 —23.350523 23.45 —23.317149
FSi(OMe) —98.186367 ~98.393233 86.92 —98.269545
Si(OMe), -97.352128 —97.568769 113.37 —97.407456
FSi(OMe)~ (ax) ~121.575389 ~121.832684 114.41 —121.669888

FSi(OMe)~ (eq) —121.570604 —121.827427 114.29 —121.664805
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Table 2
Comparative values of calculated proton affinities for&hd MeO™ (kcal mot1) using our GCM methodology and other common methods
MP2/GCM+/ECPI/ MP2/6-3H-G(2df,p)// B3LYP/6-31L+G(2df,p)// Experimental
MP2/(GCM/ECP) MP2/6-34-G* B3LYP/6-314+-G*
F 369.3 367.8 369.3 371.3
MeO~ 380.3 381.2 380.9 382
Table 3
Calculated fluoride and methoxide dissociation energies (kcaltjbht 0K for FSi(OMe)~
D[F~ ---Si(OMe)4]~ D[MeO™ - - - FSi(OMe)3]~
Axial FSi(OMe),~ P 475 52.2
Equatorial FSi(OMey)~ © 44.3 49.0

aZero-point energies were adjusted by 0.89 to correct for the calculated vibrational frequencies.
bThis ion is a trigonal bipyramid with the F occupying an axial position.
CThis ion is a trigonal bipyramid with the F occupying an equatorial position.

affinities of F~ and MeO™ were calculated using our  clearly predict that the dissociative photodetachment
methodology and compared to those obtained by an process in FSi(OMe) should proceed according to
all electron MP2/6-33+G(2df,p)//IMP2/6-3%G* and process (3).
by B3LYP/6-34-G(2df,p)//B3LYP/6-3%-G*. The re- Another important consideration in the analysis of
sults shown inrable 2reveal that our method yieldsre-  these hypervalent species is the charge distribution in
liable values of proton affinities when compared with the anion. While the interpretation of atomic charges
experimental values and with other methods. and how to calculate them is a matter of consider-
The calculated F and MeO binding energies ob-  able controversy, we have listedTable 4the atomic
tained from these calculations are listedTable 3 charges calculated for FSi(OMe) using Mulliken’s
for both isomers and refer to OK. It is noticeable population analysis as our simplest model. The values
that the methoxide binding energy in FSi(OMe)is in Table 4suggest that the negative charge is highly
higher than the corresponding fluoride binding energy. delocalized among the oxygens and fluorines and that
From these results, we can estimate that the adia-this ion cannot be simply represented as an adduct.
batic threshold for photodetachment according to pro- This view is strongly supported by the chemical be-
cess (1) should be around 227 nm, and for processhavior of this pentacoordinated complex as discussed
(2) around 323 nm. Thus, the theoretical calculations below.

Table 4

Calculated atomic charges obtained by Mulliken’s population analysis

Atom Mulliken charge ax-FSi(OMag) 2 Mulliken charge eq-FSi(OMg) P
Si 1.19 1.21

F —0.56 —0.52

Equatorial O —0.49 to—-0.52 —-0.51

Axial O —0.51 —0.53

c 0.09-0.13 0.10-0.14

H —0.01 to 0.04 —0.02t0 0

aThis ion is a trigonal bipyramid with the H occupying an axial position.
b This ion is a trigonal bipyramid with the H occupying an equatorial position.
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Fig. 3. (a) FT-ICR spectrum of isolated ion/molecule reaction products of iEe(OMe), in the range of/z = 150-200. (b) Fractional
decrease of ion intensities (betweevy = 150 and 200) obtained after irradiation with the Nd:YAG laser set at 355 nm. For comparison
purposes, ions between/'z = 150 and 200 were not ejected prior to laser irradiation. This graph reveals that only the peaks corresponding
to Ge(OMe}~ (main isotopic species atVz = 167) are affected by the laser. Notice that FGe(H)(Oelbase peak ai/z = 187) is

not changed by the laser irradiation. The isotopic distribution of the latter ion is affected by the contribution due to the minor product
(MeO);GeO™ (main isotopic species atvz = 183).
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6. Photodetachment of Ge-containing anions

The ion/molecule reaction of Fwith Ge(OMe),
has been showfi1] to yield primarily FGe(OMe)~
(the main product), Ge(OMg) and FGe(H)(OMey~,
as well as other minor products.

The photodetachment characteristics of these ions

were also studied following the procedure outlined

above. At 355 nm, photodetachment is observed only

for Ge(OMe}~ as shown inFig. 3. This observa-
tion is consistent with our estimate that the electron
affinity of Ge(OMe}~ is 2.32eV[39]. On the other
hand, and similar to what has been described for
the corresponding FSi(OMg), photodetachment
for FGe(OMe)~, FGe(H)(OMe}~ (most intense
isotopic species ain/z 187) and Ge(OMey) is
observed at 266 nm and up to 285 nm.

By analogy with FSi(OMe)~, the photodetachment
process observed in FGe(OMg)is assumed to be

493

and using similar arguments as those advanced in
Egs. (2) and (3we can conclude from the lack of
photodetachment at 355 nm that either

(@) D[H™ ---FGeOMe)s] > 63 kcal mott since

FGeH)(OMe)3™ + hv (355nm)
— no photodetachment observed

(7)

or
(b) D[MeO™ ---FGeaH)(OMe);] > 44kcalmot?
since

FGeH)(OMe)3™ + hv (355nm
— no photodetachment observed

8)

These conclusions are conservative because it is
unclear whether the actual threshold for photode-
tachment can be determined for these hypervalent
species. Since the neutral surface is assumed to be
of a dissociative character, the adiabatic transition

a dissociative process. Recent theoretical calculations necessary to establish true lower values to the dissoci-

[40] on the related hypervalent GeFadical are incon-
clusive as different DFT methods predict this species
either to be slightly bound or to be a transition state.

ation energies may be difficult because of unfavorable
Franck—Condon factors.
The second alternativeE(l. (8)) is consistent with

Thus, the process above threshold is best described aghe gpservation on the Si system but the first conclu-

follows:

FGeaOMe)4~ + hv (266 nm

— MeO+ FGgOMe)3 + e (6)
In our previous calculation on Ge systei], the
fluoride affinity of the model Ge(OH)substrate was
predicted to be of the order of 60kcalmdl This
value clearly eliminates the possibility of fluorine

sion needs careful consideration. Our calculation on
the HGe(OH)~ model systeni12] estimated the hy-
dride affinity of Ge(OH) (from an equatorial posi-
tion) to be about 60 kcal mot. This is close to the
low limit value established biq. (7)

Our previous calculation on the prototype FGe
(OH)4~ anion [12] reveals strong similarities with
the present calculations on the FSi(Ole) In both
cases, an axial position is preferred for the fluorine

elimination in the photodetachment process at these atom and the negative charge is predicted to be evenly

wavelengths.
On the other hand, the results with the other pen-
tacoordinated adduct, FGe(H)(OMg) are very in-

teresting. Hydrogen is expected to be more stable in

an equatorial position of the trigonal bipyramid as
determined from our calculations on the HGe(@H)
model systenj12] in line with the view that the more
electronegative ligands in a trigonal bipyramid struc-
ture prefer the axial positiofB38]. From the known
value of 0.754 eV for the electron affinity of H41],

distributed between fluorine and the oxygen atoms
following a Mulliken’s population analysis.

7. Conclusions

The experimental data and the theoretical calcu-
lations presented in this paper clearly point out that
hypervalent species like the anion FSi(Olyte)and
FGe(OMe)~ are tightly bound species with high
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degree of covalency. Thus, dissociation energies for

releasing F, MeO~, or even H in the case of
FGe(H)(OMe}~ are very high compared to the usual
adducts observed in gas-phase ion chemistry.

The chemical behavior of these species also points

towards the stability of these species. Experiments
carried out with F and mixtures of Si(OMe) and
Ge(OMe), revealed that FGe(OMg) is unreac-
tive towards Si(OMe), and FSi(OMe)~ ions are
unreactive towards Ge(OMg)Thus, there is no ten-
dency for fluoride or methoxide transfer between
these substrates indicating, that unlike the typical

solvent-switching reactions for gas-phase adducts,

there must be an activation energy involved in releas-
ing a fluoride or methoxide ion from FGe(OMeg), or
FSi(OMe),~. By comparison, both of these ions can
undergo fluoride—methoxide exchange with highly
fluorinated species like BFand SQF; as previously
reported[9,12]. These exchange reactions in which

the Si and Ge centers retain their pentacoordination [

are probably activated by the exchange of highly
electronegative ligands.
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