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The molecular complexes formed between sodium and 1,2-dimethoxyethane (DME), Na(DME)¢@d Ra

were generated in a flow reactor and studied with photoionization mass spectroscopy. The photoionization
threshold energies of these complexes, which are dependent on the complex conformations, were obtained
from the analysis of the photoionization efficiency spectra. Ab initio molecular orbital calculations were
performed on the possible conformers of these complexes and their corresponding ionic states. With the
help of theoretical calculations, the photoionization threshold for the cyclic conformers of Na(DME) was
determined to be 3.8& 0.02 eV. For the NADME) complex, the photoionization threshold of the cyclic
conformers was determined to be 448).02 eV. The conformation-dependent bond dissociation energies
and the photoionization threshold energies could be rationalized and classified in terms of the-sodium
Lewis base bonding and the intramolecular 1,5;CHelectrostatic interaction of 1,2-dimethoxyethane.

Introduction plexes form the basis for further understanding more compli-
cated systems such as the alkali metal atoms/crown ether or
poly(ethylene oxide) complexes.

In this article, the photoionization efficiency spectra and the
results of molecular orbital calculations on the molecular
ecomplexes Na(DME) and NéDME) are reported. Since the
single photon ionization process connects the neutral and ionic
tates of the complexes, the structures and energies of the
orresponding conformations of N@WME) and Na*(DME)
were also studied by the molecular orbital methods. The
conformation-dependent ionization potentials and bond dis-

There have been quite a few experimental and theoretical
studies on the molecular complexes formed between the alkali
metal atoms and Lewis base molecule®¥. Most of the Lewis
base molecules studied were simple molecules, such as th
ammonia and water molecules. It was only very recently that
the complexes between potassium and multifunctional or
multidentate Lewis base molecules such as ethylenediamine anci
1,2-ethanediol were reporté@l!®> These complexes manifest
very rich conformation structures due to the interplay between
the intramolecular hy(_JIrogen bonding Of_ the LeW'S_ base mol- sociation energies of these neutral and ionic complexes are
ecules and the alkali metal atom/Lewis lone-pair electrons emphasized in thi t

. ) phasized in this report.

bonding. For these complexes, these two bonding forces happen
to hgve similar strengths. _In the present study, we extend OUr £y perimental Section
previous work to the 1,2-dimethoxyethane (DME) molecules,
a completely different system from the above diamine and diol ~ The details of the experimental arrangement, which is
molecules that possesses its own unique conformational interacbasically composed of a photoionization mass spectrometer and
tion energies and chemical properties. a flow reactor, have been reported in previous publicafi®#s!®

1,2-Dimethoxyethane, besides being an important solvent, is Only a brief account of the relevant experimental conditions
the smallest structure subunit of poly(ethylene oxide) and cyclic for the present molecular complexes is given here. The sodium
crown ethers. Intensive theoretical and experimental efforts Vapor was first generated by heating it in an oven to about 312
have been made on the conformational studies of this ‘C @nd then introduced into the flow reactor by an argon gas
moleculel®-27 Although DME lacks the strong intramolecular ~ flow at about 0.60 Torr pressure. The temperature of the sodium
hydrogen bonding that exists in 1,2-ethanediol and ethylenedi- flow tube was kept at 240C. The DME vapor was directly
amine, according to previous repo€4-27 there are weak 1,5  introduced into the flow reactor through a liquid sample cell in
CH/O electrostatic attractive interactions in action to stabilize & 40°C water bath. During the experiments, the pressure of
some DME conformations. Energy differences among the DME was m{:untalned approximately at 30 mTorr and the flow
molecular conformers tend to be smaller than those with regular €actor was fixed at 48C. The total pressure of the flow reactor
intramolecular hydrogen bonding. was kept at around 2.4 Torr by an argon buffer flow.

Up to now, there have been no reports on the properties of
the complexes formed between the alkali metal atoms and the
ether-related compounds such as DME. Although the alkali  All the molecular orbital calculations were carried out by the
metal bonding strength with the ether functional group is Gaussian 94 packad&. The molecular geometries and the
expected to be close to or slightly weaker than that of the corresponding harmonic vibrational frequencies were calculated
hydroxyl group, the conformational properties and also the at the MP2(fu)/6-31G* level. All the reported energies were
chemical stabilities of these ether compounds with respect to obtained at the level of MP2(fu)/6-33G(d,p)//MP2(fu)/6-
the alkali metal are different from those of the amines and 31G* with a normal energy convergence o&110-8 au. The

Ab Initio Molecular Orbital Calculations

alcohols!®!> The present study on the sodittBME com- ionization potentials were also calculated by the density
functional method at the B3PW91/6-3tG(d,p)//MP2(fu)/6-
® Abstract published irdvance ACS Abstractdanuary 15, 1997. 31G* level.
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TABLE 1: Conformational Energies (kcal/mol) of DME with Respect to the tTt Conformer?

tGt tGd gGg gTt tGg gGg gGg gTd gTg
HF 1.33 2.01 4.66 2.07 3.62 4.27 4.43 4.11 4.31
MP2 0.28 0.39 1.40 1.55 1.74 2.05 2.45 3.16 3.26
ZPEC 0.04 —0.08 —0.48 —-0.04 -0.13 -0.11 -0.16 —-0.04 —0.06

2 Calculation level: MP2(fu)/6-31G(d,p)//MP2(fu)/6-31G*. Energies for tTt: HE —307.067 4798 a.u.; MP2 —308.187 3044 al? Zero-
point energy correction with respect to the zero-point energy of 91.38 kcal/mol of the tTt conformer.

The conformational notations of DME are in accord with
those of Radom et & The symbols T (trans), G (gauche),
and G (antigauche) indicate that the dihedral angle of OCCO
is around 180, 60°, and —60°, respectively. The lower case
symbols t, g, and ‘gdenote the corresponding conformations
of the COCC fragment. Since the sodium atom may also
assume an eclipse position with respect to the adjacent molecular
fragment, additional conformation symbofs e, and eare used
for the sodium atom if its dihedral angle NaOCC is withit0°
range of 0, +12(°, and—120C, respectively. A full notation
for a stable conformer of Na(DME) or Né€DME) would be
read as gtGt or Na“(e)-dgTt, in which the first conformation
symbol indicates the position of the sodium atom or ion,
respectively, and the second one is the position of the sodium-
attached methoxy group. This convention is also applied to
the location of the oxygen-attached sodium atom of the disodium
complexes. The vertical and adiabatic ionization potentials of
the neutral complexes and the sudden and adiabatic bond
dissociation energies of both the neutral and ionic complexes
were calculated following the general procedure of previous
publications'015

Results and Discussion

1. Structures and Bonding of Na(DME), N&(DME), Na*-
(DME), and Naz*(DME). There are 10 stable conformers for
the free 1,2-dimethoxyethane molecule in the gas phase, the
same number that its alcohol counterpart, 1,2-ethanedioP’has.
Their relative C(_)nformatlonal energies arranged in the Ord?r of Figure 1. Schematic diagram of three representative conformers for
the MP2 energies are shown in Table 1. Because a dominantyapmE): g-tGt, g-gGt, and &tTt.
intramolecular interaction force is lacking, the energy differences
among the 10 conformers are smaller than those of 1,2- changes for the DME molecule in the complex formation
ethanediof® With these smaller energy differences, the bonding process are the following: (1) the lengthening of all the@
of the sodium atom or ion to the methoxy groups becomes the bond lengths after the complex formation and (2) the changes
dominant force in the complexes. Along this line, the structures of the dihedral angles of the backbone atoms to facilitate better
of these sodium/DME complexes are discussed in the following. spatial overlap of Na with the lone pair electrons of oxygen

1.1. Na(DME). Owing to the steric effect of the bulky and to reduce steric repulsion between the methoxy groups. In
methoxy group and the lack of dominant intramolecular the former case, for instance, the average bond length of CO in
interactions, the number of stable Na(DME) conformers is tGt is 1.415 A, while the corresponding length is 1.426 A in
smaller than that of the Na(1,2-ethanediol) complex. Seven g'-tGt. For the latter case, for instance, the O1C1C202 dihedral
stable conformers of Na(DME) are located by the molecular angle of the §tGt conformer changes from 71n the free
orbital methods. They could be classified into three different conformer state to 6lin the complex state. Accompanied by
bonding categories: (a) a cyclic form in which sodium bonds this shrinking of the dihedral angle is the increase of the
with both methoxy groups; (b) a straight-chain form with DME C301C1C2 and C402C2C1 dihedral angles to minimize steric
in the gauche conformation in which the molecular structure is repulsion between the methoxy groups. For th¢Gg con-
further stabilized by the electrostatic attraction between the two former, the C402C2C1 dihedral angle changes frofmi6zhe
methoxy groups-for instance, between O2 and the methyl group free conformer state to 8in the complex while the 01C1C202
of C3 in conformer g-g5t shown in Figure +-and is denoted and the C301C1C2 dihedral angles do not change appreciably.
as the 1,5 CHO intramolecular cyclic form in accordance with In the conformations with the 1,5 GHD intramolecular cyclic
the convention of the literature; (c) a straight-chain form with structure, only g-@5t and e-§Gg conformers were found even
DME in the trans conformation that is simply named as straight- though there are actually more choices of the Lewis electron
chain conformers in the present report. There is only one lone-pairs that could be used as bonding sites for sodium than
sodium complexation bond formed in the last two categories. those of the above cyclic form. In these conformers, Na
Representative conformers for each of these three structuralsimultaneously bonds with the two electron lone pairs of O1 of
categories-g'-tGt, g-gGt, and &-tTt—are shown in Figure 1.  the first methoxy group. This forms a more stable sodium bond.

Overall, three stable cyclic conformerst®t, g-tGg and & If Na is bonded to O2 of the second methoxy group, the 1,5
gGg were located. The sodium atom for all the cyclic CHs/O electrostatic attraction would weaken and the internal
conformers is in the 'gorientation. The major geometric  cyclic structure become unstable. Only those conformers with

& Tt
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Nay(e”)-(tTt)

Figure 2. Schematic diagram of three representative conformers for
Na(DME): Na(g')-tGt, Nax(g)-g Gt and Na(e?)-tTt.

Na bonded to O1 are formed for this class of conformation.
Finally, three straight-chain conformers gFg €*-tTt, and ¢-
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Figure 3. Photoionization mass spectrum of Na(DME) and(BME)

at 255 nm laser radiation.

the cyclic conformers induces about twice the bond lengthening
of that of the monodentate conformer.

1.3. Na(DME) and Na*(DME). Only five stable Na(DME)
conformers were located. Two of them are the cyclic conform-
ers: Na(g)-tGt and Nd(g')-tGg. The other three are all in
straight-chain form: N&(e)-gTt, Na“(e”)-tTt, and N& (e9)-tTg'.

No stable ionic conformers with intramolecular 1,5 0l

interaction were found. The strong iedipole interaction

forces all the members of this group to take a cyclic conformer
in the ionic state. For these conformers, the NaO1 bond length
is shortened by an average of 0.177 A compared to those of
the corresponding neutral complex. On the other hand, all the
C—0 lengths increase compared to those of the neutral complex.

For Na*(DME), an exhaustive search for all the possible
stable conformers was not attempted. Only those related to the
photoionization study were calculated and reported here.
Compared to the corresponding neutral conformers, the NalO
bond lengths of Ng(g')-tGt and Na*(g')-tGg are shorter by
0.10 and 0.095 A, respectively. Owing to the stronger cationic

tTg were obtained. For these monodentate conformers, thebonding, this is an expected consequence. In general, e Na
Na—O bond lengths are all shorter than those with bidentate bond length in the complexes is longer than that of the free

bonding by about 0.07 A. Their remaining primary geometries
are all quite close to each other.

1.2. Na(DME). Being similar to the monosodium complex,
the stable conformers of M®ME) also could be classified into
three conformational categories: (1) cyclic conformers in which
Na; bonds with both methoxy groups; (2) straight-chain form
with DME in gauche conformation in which Ndonds with
only one methoxy group of DME, which has an intramolecular
cyclic structure via 1,5 CKO electrostatic attraction; (3)
straight-chain form with DME in the trans conformation. For
all the possible DME conformers, the two sodium atoms could
act as a unit in forming a sodium bond or they bond to the two
methoxy groups independently. It was found that the former

Nazt molecule, which in turn is much longer than that of the
neutral sodium molecule. For instance, theyNbond length
of Na™(g')-tGt is longer than those of the free Naby 0.13

A, and for the Nat(g)-tGg complex, it is longer by 0.06 A.
Note that at the present calculation level, theNBaond length

is 0.50 A longer than the Naond length.

The geometric parameters and the harmonic vibrational
frequencies of the above neutral and ionic complexes are
tabulated in the Supporting Information.

2. Photoionization Mass Spectra and Photoionization
Efficiency Spectra of Na(DME) and N&(DME). Figure 3
shows the photoionization mass spectrum of Na(DME) and
Nax(DME) at 255 nm radiation. Turning off either the 1,2-

cases are always more stable, and therefore, they are consideredimethoxyethane vapor or the sodium vapor caused the signals
in this report. Figure 2 shows three representative conformersof the sodium complexes to disappear. Together with the atomic
of Nay(DME) for each of the three conformational categories: mass unit of the signals, this suggests that the expected sodium

Nag(g)-tGt, Na(g)-gGt, and Na(e?)-tTt. Three stable con-

complexes were generated and photoionized by the laser

formers were located for the first group and two for the second radiation. The signal of N@DME) is stronger than that of
group. For the straight-chain conformers, only the representativeNa(DME) under the present experimental conditions.

conformer Na(e°)-tTt was considered here.

Figure 4 shows the photoionization efficiency spectrum of

In general, the geometric parameters of the disodium complex Na(DME) and its corresponding Watanabe plot. The spectrum
are similar to those of the corresponding monosodium systemsclearly reveals a step-function-like rising in the longer wave-

except for the NaO bond distance. Owing to a stronger
interaction strength, the Ne&O bond distances of the disodium

length region and a slow decrease of the signal beyond 35 400
cm™L. A possible dissociation of the photoionized XBME)

complex are shorter than those of the monosodium complex by complexes into the monosodium complex as the photon energy

about 0.04 A for the cyclic form. The NeNa bond length in
the complex is longer than the free Naond length by 0.09 A.

For the other conformational groups, the corresponding length-

ening is only 0.04 A. Apparently, the bidentate interaction of

reaches this wavelength range may account for this decrease of
the signal. The photoionization threshold of XBME) is
determined to be 4.16 0.02 eV from the crossing point of
two least-squares fitted lines in the Watanabe plot shown in
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Figure 4. Photoionization efficiency spectrum of NBME) (a) and Figure 5. Photoionization efficiency spectrum of Na(DME) (a) and
the corresponding Watanabe plot (b). the corresponding Watanabe plot (b).

Figure 4b. The uncertainty was estimated from the other As shown in Table 2, ionization potentials were calculated
possible different selections of the linear regions in the spectrum at three levels: HF, MP2, and B3APW91. Comparing with the
for the Watanabe plot. The threshold ionization potentials of experimental adiabatic ionization potentials of Na ang §4.39
Na and Na were measured to be 5.134 and 4.875 eV by the eVl and 4.895 e\#2 one finds that the HF method consistently
present experimental setup. Compared with the correspondingunderestimates the ionization energies; the MP2 method yields
reported adiabatic ionization potentials of 5.£3&nd 4.895 a better value for the sodium atoms yet still off by 0.39 eV for
eV 32 respectively, the agreement is good. the sodium molecules; the B3PW91 method agrees with the
Figure 5 shows the photoionization efficiency spectrum and experimental Na ionization potential to 0.13 eV and that of Na
its corresponding Watanabe plot of Na(DME). Two threshold to 0.02 eV. This is in consistence with the recent assessment
steps are distinguishable in the spectrum. The first threshold of the B3PW91 method in the prediction of the ionization
appears around 31 000 cin From the crossing point of the  potentials®® In the following discussion, the B3PW91 ionization
two least-squares lines in the Watanabe plot, the first threshold potentials shall be adapted for the comparison with the
ionization energy is determined to be 3.800.02 eV. After experimental results.
the first threshold point, the ion signal rises slowly until it As shown in Table 2, there are always some minor deviations
reaches the second threshold at around 35 00C-.cBy use between the vertical ionization potentials and the adiabatic
of the same procedure, the second threshold energy is deterionization potentials with respect to its own conformation state.
mined to be 4.33: 0.02 eV. As the photon energy reaches It ranges from around 0.11 eV for the cyclic conformers of the
35 400 cn1?, the signal starts another slow rise to the higher- mono- and disodium complexes to around 0.05 eV for the
energy region. This photon energy range is consistent with that straight-chain conformers of the monosodium complexes. The
for the decrease of the above photoionization signal ofE). Na, molecule also has a large 0.09 eV difference for these two
The observation further supports the possible dissociation of ionization potentials. As expected, the cyclic conformers, whose
the photoionized cationic disodium complex into the monoso- sodium ions are fully bonded with the bidentate DME after being
dium species in this photon region. photoionized, undergo more significant geometric changes than
3. Comparison between Theoretical and Experimental monodentate conformers. These are expected, since the biden-
Results. The theoretical vertical and adiabatic ionization tate interactions are always much stronger than those of the
potentials are listed in Table 2. Two types of adiabatic Corresponding monodentate state.
ionization potentials are calculated: one is the adiabatic For both the mono- and disodium complexes, the theoretical
ionization potential with respect to the most stable ionic state vertical ionization potentials of the conformers could be grouped
conformer Na-tGt and another is the potential with respect to into two energy clusters: (1) for Na(DME), the average
its initial conformation state. The difference between the ionization potential of the cyclic conformers is 3.83 eV, and
vertical and the second type of adiabatic ionization potentials that of the remaining conformers is 4.37 eV; (2) for{EVE),
is an indicator of the geometric variations between the neutral the average ionization potential of the cyclic conformersis 4.11
and ionic states. By comparison of the present experimental eV, and that of the remaining conformers is 4.40 eV.
threshold ionization energies with the theoretical vertical The experimental photoionization threshold for,({ZME)
ionization potentials, the photoionization efficiency spectra could is 4.16 eV. Compared with the average theoretical vertical
be assigned as the contributions of the various conformers. ionization potential of the cyclic conformers of 4.11 eV, the
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TABLE 2: Theoretical and Experimental lonization Potentials (eV) of Na(DME) and Na(DME)?2

vertical adiabatic

form® HF MP2 B3PW91 HF MP2Z B3PW9OE HFd Mp2d B3PWOF exptl
Na— Na" 494 5.00 5.27 5.139
Na2— Na* 4.10 4.61 4.97 3.98 451 4.88 4.895
g-tGt— Na*—DME? cy 3.43 3.60 3.83 3.33 3.49 3.72 3.33 3.49 3.72 3.80
g-tGg— Na'—DME cy 3.42 3.59 3.82 3.24 3.42 3.66 3.31 3.49 3.72
g'-gGg— Na'—DME cy 3.43 3.60 3.84 3.11 3.31 355 h h h
g-gGt— Na"'—DME in 3.93 4.07 4.32 3.18 3.33 361 h h h
e-gGg— Nat—DME in 3.95 4.08 4.33 3.07 3.25 3.52 h h h
g-gTt— Nat—DME st 3.98 411 4.37 3.15 3.26 3.56 3.94 4.06 4.32
e’—tTt — Na"—DME st 4.00 413 4.39 3.17 3.28 3.58 3.94 4.07 4.32
g-tTg — Na"—DME st 4.02 4.15 4.40 3.07 3.19 3.49 3.93 4.06 4.31
Nax(g')-tGt— Naa"—DME cy 3.21 3.81 411 3.08 3.70 4.01 3.08 3.70 4.01 4.16
Nax(g')-tGg— Na,*—DME cy 3.22 3.82 412 2.99 3.62 3.94 3.06 3.69 4.00
Nax(g')-gGg— Nay'—DME cy 3.20 3.80 4.10 2.86 3.50 383 h h h
Nax(g)-g Gt— Nas"—DME in 3.52 4.08 4.40 2.86 3.45 383 h h h
Nax(g)-gGg— Nay'—DME in 3.52 4.08 4.40 2.74 3.36 374 h h h
Nay(e”)-tTt — Naz*—DME st 3.57 4.14 4.46 2.85 3.40 3.80 3.45 4.03 4.37

a Calculation levels: MP2(fu)/6-314G(d,p)// MP2(fu)/6-31G* and B3PW91/6-3315(d,p)// MP2(fu)/6-31G*? Complex conformations: cy,
cyclic; in, 1,5 CH/O intramolecular interaction; st, straight chaimdiabatic ionization potential with respect to the most stable conformé&fdya
tGt. 4 Adiabatic ionization potential with respect to its own conformation staReference 31 Adiabatic ionization potential by ref 32.DME:
1,2-dimethoxyethané.Parent neutral conformation is not locally stable in ionic form.

agreement is good. The ionization spectrum of the disodium is the dissociation energy with the molecular fragments retaining
complex starts to decrease as the photon energy increases oveheir original geometries in the parent molecule. The adiabatic
35400 cml. The signature of the second ionization energy bond dissociation energy is the dissociation energy with the
cluster, which is supposed to be due to the remaining conformersmolecular fragments relaxing to their final energy minimum
and is predicted to be around 4.40 eV, is not observed in the states. The former quantity is served as a measure of the
present experiment. interaction strength between sodium and DME. The latter
The first experimental threshold for Na(DME) appears at 3.80 quantity is the thermal stability of the conformer at 0 K. Tables
+ 0.02 eV. The theoretical vertical ionization potential for the 3 and 4 list the bond dissociation energies calculated at the MP2-
cyclic conformation group is 3.83 eV. The agreement is (full)/6-311+G(d,p)//MP2(full)/6-31G* level for Na(DME) and
excellent. The second experimental threshold, which is assignedNa(DME), and their corresponding ionic complexes, respec-
as the second step-function-like feature in the photoionization tively.
efficiency spectrum, appears at 4.33 eV. Theoretically, the As mentioned earlier, there are two major interaction forces
average vertical ionization energy of the second ionization in the sodium complexes: the sodium bonding and the 1,5
energy clusterg-gGt, e-dGg, g-gTt, &-tTt, g-tTg'—is 4.37 CHj3/O electrostatic attractive interaction. The sodium bonding
eV. The excellent agreement may suggest that the seconds stronger than the 1,5 GHD attractive interaction and is the
measured ionization threshold is solely due to the contribution dominant factor for the stability of the complexes. Two forms
of the monosodium complex. However, compared to the of the sodium bonding are possible: the bidentate interaction
spectral shape of the first threshold, the long slowly rising slope and the monodentate interaction. For monosodium complex,
before the second threshold suggests that a number of conformthe dg-tGt, g-tGg, and ¢gGg cyclic conformers have the
ers with slightly different ionization threshold potentials are bidentate type sodium bonding interaction and are the most
contributing to this part of the spectrum. It is also known stable complexes. The remaining conformers belong to the
theoretically that the second ionization threshold of the disodium monodentate type sodium bonding interaction. As shown in
complex of 4.40 eV is in the same ionization region as the the first two columns of Table 3, the sudden dissociation
second monosodium complex and that their photogenerated ionicenergies of the cyclic conformers are approximately twice the
state possesses a high enough internal energy to dissociate intwalue of those of the monodentate conformers. Among the
the monosodium ionic fragments as indicated in the disodium monodentate conformers, there is still a minor difference
complex spectrum. The present experimental and theoreticalbetween the straight-chain conformers and the conformers with
data could not rule out either one of the above two pathways in 1,5 CH/O interactions. The sudden dissociation energies of
the second ionization threshold energy region. Nevertheless,the former type are always slightly less than those of the latter
the long tail at the lower ionization energy seems to suggest category. The 1,5 CHO interaction enhances the bonding
the presence of the second energy cluster of the monosodiunstrength of the sodiumDME bond. A similar trend is also
complex, which has a comparatively lower theoretical ionization observed previously in the complexes with intramolecular
threshold energy at 4.32 eV, and the decay of the disodium hydrogen bonding such as potassiui2-ethanediol® The
complex signal as the photon energy goes beyond 4.34 eVabove observations are also true for the disodium complex listed
suggests the possible contribution of the monosodium ions duein the same table.
to the disodium dissociation channel in the higher-energy region. The middle three columns of Table 3 list the adiabatic
It is therefore suggested that the second ionization threshold ofequilibrium dissociation energies and the zero-point energy
the monosodium complex spectrum is the combined signaturecorrections with respect to the most stable conformer tTt. As
of the above two ionization pathways. We shall discuss the expected, the bidentate conformers are more stable than the
details of the energetic considerations in the following subsec- monodentate conformers for both mono- and disodium com-
tion. plexes. Among the conformers of the same bonding category,
4. Bond Dissociation Energies of Na(DME), NgDME), their relative energy stabilities are generally determined by the
Na*(DME), and Na,"(DME). Two types of bond dissociation  relative stabilities of the corresponding DME conformers. For
energies were calculated. The sudden bond dissociation energynstance, in the bidentate bonding categoht@j is more stable
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TABLE 3: Theoretical Dissociation Energies (kcal/mol) of Na(DME) and Na(DME) (MP2(fu)/6-311+G(d,p)//Mp2(fu)/6-31G*)

sudden adiabatic

HF MP2 HF MP22 ZPEC HFe MPZ ZPEC
g-tGt— Na+ DME® 9.02 11.03 6.05 9.63 —0.80 7.38 9.91 —0.84
g-tGg— Na+ DME 8.65 10.80 4.01 7.92 -0.77 7.63 9.65 —0.65
g-9Gg— Na+ DME 7.63 10.02 0.97 5.32 —0.50 5.63 6.72 —-0.43
g-gGt— Na+ DME 5.07 6.58 2.60 5.94 —0.55 4.62 6.33 —-0.47
e-gGg— Na-+ DME 4.79 6.34 0.03 4.02 —0.57 4.30 6.07 —0.46
g-gTt— Na+ DME 4.40 6.04 1.87 4.24 —0.49 3.94 5.78 —0.45
e0-tTt— Na+ DME 2.93 4.85 2.37 4.58 —0.45 2.37 4,58 —0.45
g-tTg' — Na+ DME 2.60 4.55 —-0.03 2.68 —-0.03 2.04 4.23 —0.42
Nay(g')-tGt— Na, + DME 15.10 17.59 12.09 15.96 —-0.92 13.42 16.24 —0.96
Nay(g')-tGg— Na, + DME 14.60 17.35 9.83 14.20 —-0.91 13.46 15.93 -0.78
Nay(g')-gGg— Na + DME 13.54 16.36 6.82 11.44 —0.87 11.48 12.85 —-0.39
Nay(g)-g Gt— Na, + DME 9.38 10.97 6.92 10.25 —0.63 8.93 10.64 —-0.55
Nay(g)-g Gg— Na + DME 9.04 10.62 4.27 8.21 —0.64 8.54 10.26 —-0.53
Nay(e?)-tTt — Na, + DME 7.33 9.49 6.81 9.17 —0.51 6.81 9.17 —0.51

2 Adiabatic equilibrium dissociation energy with respect to the most stable conformer of DME Adito-point energy correction with respect
to the most stable conformer of DME, tFtAdiabatic equilibrium dissociation energy with respect to its own conformation $tZtro-point
energy correction with respect to its own conformation staBME: 1,2-dimethoxyethane.

TABLE 4: Theoretical Dissociation Energies (kcal/mol) of Na&(DME) and Nay;"(DME) (MP2(fu)/6-311+G(d,p)//Mp2(fu)/
6-31G*)

sudden adiabatic

HF MP2 HP MP22 ZPEC HFe MpP2 ZPEC!
Na'(g')-tGt— Na" + DME® 48.42 47.17 43.26 44.25 —-1.29 44.59 44,53 —-1.33
Na'(g')-tGg— Na"+ DME 48.16 47.03 41.65 42.69 —-1.19 45.27 44.42 —-1.07
Na'(e)-g'Tt— Na" + DME 29.29 28.55 25.13 25.86 —-0.70 27.20 27.41 —0.66
Na(e”)-tTt — Na" + DME 26.95 27.04 25.42 25.95 —0.58 25.42 25.95 —0.58
Na'(e”)-tTg' — Na" + DME 26.98 26.93 23.39 24.34 —-0.61 25.47 25.89 —0.56
Na*(¢g')-tGt— Na* + DME 37.78 37.09 32.78 34.67 -1.12 34.11 34.96 —-1.23
Na*(g')-tGg— Na* + DME 35.82 36.08 31.07 33.09 -1.12 34.69 34.82 —-0.99
Na*(¢g)-tTt — Na* + DME 20.22 20.88 19.11 20.13 —0.56 19.11 20.13 —0.56
Nat-tGt— Na+ Nat(DME) 11.45 12.54 11.26 12.34 —0.07 11.26 12.34 —0.07
Na*-tGg— Na+ Na'(DME) 11.40 12.49 9.55 10.76 0.00 11.16 12.32 -0.10

a Adiabatic equilibrium dissociation energy with respect to the most stable conformer of DME, tTt or, in the casgME3, Na"(g')-tGt.
b Zero-point energy correction with respect to the most stable conformer of DME, ABfabatic equilibrium dissociation energy with respect to
its own conformation staté.Zero-point energy correction with respect to its own conformation st&E: 1,2-dimethoxyethane.

than g-tGg. This follows the same stability trend of the free dipole interaction has been recognized as an important stabiliza-
conformer state of DME, i.e., tGt conformer is more stable than tion factor for this type of bonding.1°

tGg conformer. The same trend is also observed among the Table 4 lists the bond dissociation energies of the ionic
conformers with internal electrostatic attractive interaction and sodium complexes. The major interaction force is the electro-
also among the straight-chain form. Similar to the case of the static interactions between the sodium ion and the polar DME
sudden dissociation energies, there is also extra stability in theMolecule, and therefore, it is expected to be much stronger than
adiabatic bond dissociation energies for the conformers with e sodium bonding of their corresponding neutral systems.

1,5 CHY/O interactions if the energy differences among the free Ihesebcc:mplexcatﬁ also shc:jw rtnl:ch Iaaget:.gontd tenergyf separa-
DME conformers are taken into account. The cooperative Jo"S Petween (he monodentate and bidentale contormers.

stabilization between the sodium bonding and the internal Contrary to their neutral species, the bond dissociation energies

electrostatic attractive interaction is apparently in operation of the disodium complexes are less than those of the corre-
S . PP y In operation. sponding monosodium systems by about 10 kcal/mol. Appar-
Similar trends are also observed in the corresponding disodium

ently, the delocalization of the positive charge over the sodium

complex. molecule weakens the electrostatic interaction of the complexes.
The last three columns of Table 3 list the adiabatic equilib-  The last two rows of Table 4 show that the bond dissociation

rium dissociation energy of the neutral complexes and the zero-energies of the two most stable disodium ionic complexes
point energy corrections with respect to the initial conformer dissociated into one sodium atom and the most stable mono-
state. They are not much different from their corresponding sodium ionic complex are 12.34 and 10.76 kcal/mol, respec-
sudden dissociation energies. This is consistent with the facttively. The average adiabatic ionization potential of the second
that the sodium bonding is still too weak to induce appreciable conformation group of the disodium complexes, which are

geometric changes in the bonding formation or breaking. ~ Shown in the last three rows of Table 2, is 3.79 eV. lts
corresponding average vertical ionization potential is 4.42 eV.

ngrall, for thg ngutral sodium complexes, the bonding Their energy difference of 0.63 eV (14.6 kcal/mol) is already
energies of the disodium complexes are stronger than those Oflarger than the above largest monosodium ion dissociation

the corresponding monosodium systems. Similar results weregnergy of 12.3 kcal/mol even before counting in the internal
also reported for the potassiurethanediamine systemfs.  thermal energy. Energetically, the second conformation group
These are attributed to the larger electric polarizabilities of the of the disodium complexes would decompose into monosodium
diatomic sodium or potassium molecules than those of the jons after the photoionization process as discussed in the
corresponding atomic species. The electric dipole-induced previous subsection.
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Experimentally, the enthalpy of dissociation for NBME) contribute to the discrepancy. First, in the enthalpy measure-
has been measured to be 47.2 kcal/mol over a temperature rangments, the enthalpy contributions of the higher-energy conform-
660—700 K3435 One may approximate the measured bond ers of free DME under the relatively high-temperature experi-
dissociation enthalpy as being entirely due to the bond dis- mental condition may also be significant, a factor neglected in
sociation of the most stable conformer of NBME) into Na" the above calculation. Second, there are contributions of the
and the most stable conformer of DME. With the theoretical second and third higher-energy cyclic conformers in the present
harmonic vibrational frequencies for these states, the thermalphotoionization experiments. These conformers have higher
energy correction for the bond dissociation process is calculatedvertical-to-adiabatic ionization energy differences than that of
to be —0.40 kcal/mol at 680 K. The experimental bond the most stable cyclic conformer, and therefore, a higher-energy
dissociation energfp, of Nat(DME) becomes 46.8 kcal/mol.  correction would be needed in the above bond dissociation
The theoretical bond dissociation energies of the sodium energy calculation. Third, in the enthalpy measurements, the
complexes in any conformation could be obtained by adding evidence of the decomposition of some DME at the experimental
the zero-point energy corrections to the corresponding equilib- temperatures might also lead to a higher measured value for
rium bond dissociation energies listed in Tables 3 and 4. For the dissociation enthalpy of NéDME).3®> As a final note, for
the most stable conformer N@Gt), the theoretical bond the disodium complexes, there were no other related reports
dissociation energy is 43.0 kcal/mol. The experimental bond available in the literature.
dissociation energy is 3.8 kcal/mol higher than the theoretical
value. Conclusions

Taking the expenmental bond dlss.omatllon_ energy to be o conformation-dependent photoionization potentials and
accurate, one may estimate the bond dissociation energy of theoond dissociation energies of the molecular complexes

corresponding neutral conformer by the following relation: Na(DME), Na(DME), Na*(DME), and Na"(DME)—were

studied by the photoionization and molecular orbital methods.
Do(Na(DME)) = The following conclusions could be drawn from the present
IP(Na(DME))+ Dy(Na"(DME)) — IP(Na) ~ Studies. _ _

(1) With the help of the molecular orbital calculations, the
photoionization efficiency spectra of Na(DME) and XRME)
could be attributed to the contributions of various conformation
groups. The threshold ionization energies of the most stable
conformation groups were assigned and determined.

(2) The conformation-dependent bonding strengths for both
the neutral and ionic sodium complexes were calculated by the
molecular orbital methods and classified according to the
number of the sodium bonds and also the 1,5%/CHelectrostatic
interaction. The related experimental results, which include the
dissociation enthalpy of Nd|DME) and the threshold ionization
potentials of Na(DME), were assessed.

in which the experimental ionization potential of Na is 5.139
eV, the experimental bond dissociation energy of (IME)

is 46.8 kcal/mol, and the experimental adiabatic ionization
potential is approximated by the present experimental threshold
potential of 3.80 eV. One reaches an experimental bond
dissociation energy of 15.9 kcal/mol for Na(DME). Since the
experimental ionization threshold potential may overestimate
the adiabatic ionization potential by 0.11 ethe energy
difference between the theoretical vertical and adiabatic ioniza-
tion potentials for the most stable neutral conformletGf—the
above experimental bond dissociation may overestimate the
bond dissociation by 2.5 kcal/mol. Taking this factor into
account, one obtains a final 13.4 kcal/mol for the experimental
bond energy of the neutral conformertGt. Compared with

the corresponding theoretical value of 8.8 kcal/mol, the agree-

ment is not satisfactory. It is_known that the local electric dipo_le Supporting Information Available: Tables of the geometric
strength of the ether group is comparable to that of the amino parameters and harmonic vibrational frequencies of all the stable

group but Weaker than that of the hydroxyl group if One conformers of Na(DME), N&DME), Na(DME), and
compares the dipole moments of dimethyl ether, methylamine, Na"(DME) discussed in this report (15 pages). Ordering
and methanol and that the electric polarizability of the potassium ,¢ormation is given on any current masthead page.

atom is larger than that of the sodium atom. Based on the

dipole—induced dipole model, it is expected that for a given References and Notes
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