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The geometries, energetics, and vertical detachment energies ¢NWRR),, (n = 0—6) were examined by ab
initio molecular orbital methods in connection with their photoelectron spectra. One of the Na atoms is
selectively solvated in the most stable structures for eacfhe solvated Na is spontaneously ionized and
the formation of a solvated electron occurs with increasingiving rise to the Na—Na"(NH3)(e")-type

state. The ground and two lowest-lying excited states derived from'®ye, 1133+, and 21, states of Na
respectively, are of ion-pair character though tPE,1-type state has an intermediate nature slowly changing
to the radical-pair state with increasimg On the other hand, the higher states stemming from tBg"1

1334", and 211, states of Nashow a developing radical-pair natureramcreases. The size dependences of

the photoelectron spectra such as the near parallel shifts of the first and second bands, as well as the rapid red

shifts of the higher bands, are studied on the basis of the electronic change of the neutrals by solvation.

1. Introduction detachment light?50 The spectra fon = 0—6 are shown in
Figure la. The first band at 0.55 eV for Nas red-shifted to
~0.4 eV atn = 1 and is gradually shifted back asncreases.
The positions of the second band are almost unchanged for
= 0—3 but are gradually shifted to the higher EBE for larger

In contrast, the third and higher bands are rapidly red-shifted
with increasingh and are superimposed on the second band for

Microscopic solvation of metals is one of the fundamental
research subjects in many areas of physics and chemistry.
Clusters consisting of a single alkali atom or alkali-earth
monocation and a finite number of polar solvent molecules are
considered as models for microscopically investigating the
charge transfer from a metal to a solvent, forming the solvated
metal cation and solvated electron, and thus have been the targets — ) )
of intensive studied? The size dependence of their electronic /e previously studied M(NHz), and M"(H20), (M = Na
levels has been examined by spectroscopic measurements sucid Li) clusters and their nezjgrals withup to four by ab initio
as photoionization-mass specird photoelectron spectra? and molecular orbital methodS:“* NH; molecules are bound to
absorption spectr-26 Several theoretical and simulation N& from the N side, and the spatial expansion of Na 3s
studies have been reported regarding the ionization of alkali €/€Ctrons occurs by the addition of solvent molecules in both
atoms in solvent clusters and liquid solve®ts® In addition, '_the anionic and_ neutral states_. The growing diffuse one-center
many quantum chemical calculations have been conducted to!®N-Pair nature in the neutrals is responsible for the remarkable

gain insight regarding the size and geometry dependences of?aoWing of 3P—3%S separations, namely, the red shifts of
the electronic state of the clust@fs48 the bands in the spectra. We have also carried out preliminary

On the other hand, only a few studies on solvated metal calculations for Ngt (NH3), and have suggested the assignment

aggregates have been reported so far, though they are indis-Of the photoelegtron bgnds fnrs_ 349 Howe_ver,_the electronic
pensable for the microscopic understanding of metalvent change of sodium dimer during solvation is not yet well
interaction at the metal surface. Their spectra are expected tounderstood.

differ from those of the solvated single metal atom or ion, and  In this study, we have extended the researcmte= 6
an interesting change is found between ~[éHs).8 and calculating the geometries, total binding energies, ar_1d v_ert|cal
Nay~(NH3),*®50in their photoelectron spectra (PES). For the detachment energies of NgNH3),. The e_Iectrc_)n dlstr_lbunon
former clusters, the first intense band corresponding toige 3  Of the Na~(NHj), anions has been examined in detail, and the

(Na)—3'S(Na) transition observed at 0.55 eV for Nas nature of the ground and low-lying excited states of the neutral
slightly shifted to the lower electron binding energy (EBE) at clusters has been investigated to unveil what electronic states
n = 1 but remains at almost the same EBE for langet 12, are reflected in the observed spectra.

while the second weak band for théP§Na)-3!S(Na) transi-

tion is rapidly red-shifted from 2.65 eV &= 0 to ~1.2 eV 2. Methods

for n = 4-12. Similar band shifts are observed for th#3 )
(Na)—32S(Na)-type transition in the absorption spectra of the ~ Molecular structures of Na(NHs), (n = 0—6) were opti-
neutral Na(NH),.25 On the other hand, the PES of NéNH3), mized at the second-order MghePlesset perturbation (MP2)

have been examined for= 0—8 using the 3.50-eV (355-nm)  |eVvel with the 6-33+G(d,p) basis set with the usual frozen
core approximation using Gaussian®&iarmonic frequencies

*To whom correspondence should be addressed. FeR1-42-677- were calculated to characterize the nature of stationary points.
1352. E-mail: hashimoto-kenro@c.metro-u.ac.jp. If an optimized structure had one or more imaginary frequencies,
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Figure 1. (a) Photoelectron spectra of Né&NHs), (n = 0—6) by the and 6, orbitals on Na For the anions, the CASSCF wave
detachment energy of 3.50 eV (355 nm). Peak positions are indicatedfunction was optimized for the ground state. For the neutrals,
by color bars. (b) Calculated vertical detachment energies Qf(Nbi3)n five |Ow_|y|ng states were averaged with equa' We|ght for the
at the most stable structures for eack 0-6. singlet, while four low-lying states were averaged for the triplet.
The natural orbitals (NOs) obtained by the CASSCF were used
as one-particle functions in the MRSDCI calculations from the
CASSCEF references. All single and double excitations from the
active orbitals on Naas well as high-lying occupied orbitals
mainly corresponding to lone pair orbitals in Hirholecules
were included in the MRSDCI.

further optimization following the imaginary normal modes was
carried out until the true local minimum was reached.

Total binding energies were calculated by the following
formula:

—AE(n) = E(Na, (NH3),) — E(Na, ) — nE(NH;) (1)
3. Optimized Structures and Energetics
The zero-point (ZP) vibrational energies were evaluated
using the scaled harmonic frequencies. The scale factor (0.932) The most stable structures of NéNH3), (n < 6) and their
was determined from the average ratio of the experimental total binding energies are shown in Figure 2, while those of
fundament&? and calculated harmonic frequencies for an the less stable isomers are in the Supporting Information
isolated NH molecule. The basis set superposition error (Figure 1S). We describe the total binding energy with both

(BSSE) was assessed by the counterpoise (CP) méttiite ZP and CP AEzpcicpq) corrections below, unless mentioned
relaxation energy terfA was taken into account in the CP  otherwise.
correction. In the lowest-energy structures for< 2, one of the Na atoms

The vertical detachment energies (VDES) of the transitions has as many NaN bonds as possibl&Ezpc+cpc Values were
from the anionic state to the ground and low-lying excited states 5.8 and 12.8 kcal/mol fota and2a, respectively. The isomers
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TABLE 1: Vertical Detachment Energies (eV) Corresponding to Transitions from Anionic State to Neutral Ground and

Low-Lying Excited States of Na(NH3), (n = 0—6) by the MRSDCI Method
n=0 Oa n=1 la n=2 2a n=3 3a 3b 3c
expt state calcd expt state  calcd expt state  calcd expt state calcd state calcd state calcd
0.55 By, 054 0.41 1A, 0.25 0.47 1A 0.30 0.51 1A 0.33 ITA 0.34 ITA 0.56
1.38 By,t 122 1.36 A, 121 1.39 3A 1.25 1.39 2A 123 PFA 126 PA 1.20
1311, 2.14 1.86 3E 1.63 B 1.52 2A 1.42 BE 1.45 2A 1.52
2°B 1.57 3A 1.44 FA 1.60
2.32 Y 2.14 211 2A1 1.92 1.90 2A 1.76 1.71 2A 1.58 2A 1.57 2A 1.44
Byy* 2.57 2.40 oA 2.16 2.17 2A 1.89 2.07 4A 1.75 Z2A 1.71 £A 1.81
11, 2.97 tE 245 B 2.17 3A 193 IE 194 3A 1.86
2B 2.19 4A 1.93 4A 1.86
2'y4T 288 3A; 253 3A 2.35 5A 225 3A 224 5A 2.19
n=4 4a 4b n=>5 5a 5b n==6 6a 6b
expt state calcd state calcd expt state calcd state calcd expt state calcd state calcd
0.48 EA’ 0.43 EA 0.56 0.52 A 0.40 A 0.32 0.50 1A 0.33 A 0.30
1.48 BAY 1.31 BA 1.23 1.53 A’ 1.30 BA 1.06 1.54 3A 1.28 BA’ 1.24
23A" 1.41 B 1.49 BA" 1.38 BE 1.07 2A 1.31 BA" 1.30
A" 1.42 ZB 1.52 2A 1.43 3A 1.39 ZA 1.35
1.65 2A' 1.51 2A 1.39 2A 1.51 2A 1.17 2A 1.55 2A’ 1.48
2.07 3A 1.77 2A 1.73 1.90 3A 1.73 ZA 1.39 1.89 4A 1.68 IA 1.61
A 1.83 B 1.78 2.01 A’ 1.82 IE 1.47 2.00 A 1.75 A" 1.75
A" 1.83 2B 1.78 EA" 1.82 4A 1.79 JA 1.76
4N 2.13 3A 2.10 4A' 2.11 3A 1.64 5A 2.06 ZA 2.00

for n = 1 where the NHmolecule is bound from the H side to
Na,~ were higher tharia by 3.7 kcal/mol. The Na—(H3N)2-
Na- and (HN)Na,~(NHs)-type isomers were less stable than
2a by ~1 and 4.6 kcal/mol, respectively. The electronic
distribution of the clusters will be described in detail later. The
other isomers with fewer NaN bonds were more unstable, and
AEzpctcpcof the Na—(HsN)Na(NHg)-type complex was only
1.4 kcal/mol.

On the basis of the relative energies of A% 2 isomers,
the structures where one of the Na atoms has at leastX)
Na—N bonds were optimized fan > 3. It was found that the
first shell of the single Na in Na(NH3), completes ah = 4,
being similar to the neutral Na(N§#h.8 3a—c were almost
isoenergetic, havingEzpcicpc 19.2-19.0 kcal/mol. The Na
Na bonds are slightly elongated from that of free;Nan 3a
andb, while it is longer than 5.4 A irBc. The other Na—
(HsN)sNa-type isomer was less stable thzen—c by ~1 kcal/
mol. The structures in which the single Na has at most two
Na—N bonds were high-energy isomers. Fo= 4, the Na—
(HsN)sNa(NHs)- and Na —(HsN)2Na(NHs),-type clustersda
and4b, were the most stable, and th&Ezpccpcvalues were
27.5 and 26.9 kcal/mol, respectively. The other NéH3N)s-
Na(NHs)-type cluster and the isomers having Na@#type
partial structures were less stable tharby more than 2 kcal/
mol.

Forn =5 and 6, not only the clusters with the second shells
but also the complexes between Na@H; and NaNH3; were
the low-energy isomers, in addition to the NgH3N)Na -type
structures. The most stable structure o= 5 is 5a, in which
the fifth NHz molecule in the second shell of Na(Mlis bound
to the bare Na. Its AEzpcicpcwas 30.6 kcal/mol. The (3N)-
Na~—(H3N)sNa(NHs)-type structure was less stable tHzaby
0.6 kcal/mol. Two isomers were found where Na@yHwvith
all solvents in the first shell was bound to Néaut they were
higher tharba by 1.6-2.0 kcal/mol. Similarly, in the low-energy
complexes fon = 6, the Na(NH)s(NH3)1-, Na(NHs)4(NHz)2-,
and Na(NH)e-type partial structures are bound to N#éough
only the most stable structuréa andb are shown in Figure 2.
In addition, the complex consisting of Na(NJsland NaNH3
was stable. ThAEzpcicpcOf those four structures ranged from
34.6 to 33.7 kcal/mol.

4. Vertical Detachment Energies and Analysis of
Photoelectron Spectra

4.1. Summary of Experimental SpectraThe peak positions
of the observed PES bands are indicated by color bars in Figure
la to show their size dependence clearly. Three bands are
observed at 0.55, 1.38, and 2.32 eV for,Nawhich is almost
the same as the spectrum reported by Bowen's gfbdjhe
first broad band is shifted te0.4 eV fromn=0ton =1 and
is gradually shifted back t6-0.5 eV atn = 6—8 with increasing
n. The second broad band is located at 1.36, 1.39, and 1.39 eV
for n = 1-3, respectively, and is slowly blue-shifted by further
solvation to~1.6 eV atn = 84950 There is a shoulder band
at 1.86 eV and two strong bands at 2.11 and 2.40 e\hfer
1, while two distinct bands are found at 1.90 and 2.17 eV for
n= 2 and at 1.71 and 2.07 eV for = 3. Those bands are
rapidly red-shifted narrowing the separation msncreases
and are almost superimposed on the second broad bamd for
> 4. Shoulder peaks are observed at 1.65 and 2.07 e for
4, at 1.90 and 2.01 eV far = 5, and at 1.89 and 2.00 eV for
n = 6.

4.2. Free Na . The calculated vertical detachment energies
(VDEs) for the low-energy structures of N&NHSs), (n = 0—6)
are listed in Table 1 together with the EBEs of the observed
bands!?50 while those for the high-energy isomers are in the
Supporting Information (Table 1S). The present VDEs for the
bare Na~ agree almost perfectly with those by the CI calcula-
tions reported by Bonac-KoutecKy et al®263 The observed
bands were assigned to the transitions from the anionic state to
the ground and low-lying excited states of the neutréig1,
133, %, 2°11,%, and 23,7 states. The last two states were
accidentally degenerate at the anionic geometry. The VDE for
the transition to the ®=4* was 0.54 eV in excellent agreement
with the EBE for the first band, while those to th&}" and
the higher degenerate states were 1.22 and 2.14 eV, respectively,
which deviated from the corresponding EBEs by at most 0.2
eV. The transitions to the®X,", 2'54*, and 111, states were
predicted at 2.572.97 eV by the calculations, though no clear
bands are observed in the energy region above 2.5 eV. The
disagreement may be due to the low electron collection
efficiency in the energy range near the detachment energy.
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4.3. Na (NH3)1-3. Then = 1 and 2 spectra have been n = 4 clusters tend to have the N&H3N),Na form with long
assigned by examining the VDEs of many isomers by the Na—Na separation. However, it is natural to expect that the most
MRSDCI method at the CASSCF-optimized geometries and stable structures should contribute to the observed spectra for
have been attributed tba and?2a, respectively*® The spectrum n = 4—6. In addition, it is likely that the transitions in the close-
for n = 3 has been ascribed to the structure in which a single energy isomers such &, 5b, and6b overlap. Although we
Na has three NaN bonds on the basis of the relative energies cannot definitely assign the broad spectra for these sizes, the
of 3b, 3e, and3glike forms optimized at the restricted open- VDESs for the transitions to the ground and low-lying excited
shell Hartree-Fock level#® The present VDEs coincided with  states inda—6a match the EBEs of the peak positions as seen

the corresponding literature values withi).1 eV forn = 0—2. in Figure 1. The VDEs to thelE ™-type state were 0.430.33
3b was also one of the most stable structuresnfer 3 by the eV in 4a—6a, which were reasonably near the EBEs of the first
present MP2 calculations. bands at~0.5 eV forn = 4—6, while those for the 3&,"-type

The VDESs for the most stable structures for eack 0—6 transitions were 1.311.28 eV, being close to the EBEs of the
are illustrated in Figure 1b. Though the calculations tend to un- S€cond bandsy1.5 eV. The $5,*-type states were above the
derestimate the absolute EBEs of the observed bands by at mospeutral ground state by0.9 eV in all of these = 4—6 clusters,
~0.3 eV, their shifts againstare reproduced remarkably well. in agreement with the roughly constant separation between the

. . first and second bands.
The first bands at0.4 eV for bothn = 1 and 2 were ascribed .
to the transition to the Eg*-type state inla and 2a, The VDEs to the q[,-type states were-1.4 eV in4a—6a,

respectively. The VDEs for this transition decreased frors Na which Were as large as thoseda—b. Th's transition probably
to 1a but increased slightly fronia to 2a in agreement with overlaps W'.th the secondEand and is unresolved |Tt|;ne4
the band shifts. The bands derived from the low-energy spectra as in the case D.f_ 3. The VDEs to the I, “type
complexes such a@a—c are expected to overlap in the= 3 state were 1.531.55 eV in4a—6a, which were near those in

— 1S +_ +_ iti i
spectrum. Because of the close VDEs and broadness of the?’al b. The £2,*- and F34"-type transitions inda seem

observed bands, it is difficult to definitely distinguish their 2ccountable for the shouilder peaks at 1.65 and 2.07 eN#or

i : 4, though the I[1,-type transition may overlap thé3,*-type
transitions in the spectrum. Nevertheless, the VDEs for the one. The 1 +-tvoe band is considered to be unresolvedrfor
1>, -type transition in3a—c increased slightly from that in ) v "tyP

2a, in accordance with the observation. The second bands al =5 and 6. The shoulders at 1.90 eV for= 5 and at 1.89 eV
: = I i i +_
~1.4 eV forn = 1—3 were assigned to thé3l,"-type transition forn =6 are in a higher EBE region than théx-type band

. - . . . for n = 4. Thus, the T4*-type transition irba and6a, whose

n 13, 2a, and3a—c. Their VDEs were~1.2 eV being consistent VDEs were 1.73 and 1.68 eV, respectively, is the more probable
with the observed near constancy of the peak positions for candidate for those shoulders than tHg 1-type transition. The
0—3. The shoulder at 1.86 eV for = 1 was ascribed to the P )

o other shoulders at 2.01 eV for= 5 and at 2.00 eV fon = 6
13[1,-type transition inla. The decrease of the VDE from Na -
10 1a(0.51 eV) coincided well with the band shift0.46 eV) probably stem from further high states such 84 ttype states

! in 5a and6a
fromn = 0ton= 1. The VDEs for the transitions to thél1,- -
type states in2a, 1°B, and 2B were 152 and 157 eV, Takasu et al. have recorded the PESsifer 0—3 and those

- . for 3—5 using the low detachment energi3 he assignment
respectively, dec_:reasmg further from tha_tni by ~0.1 ev. of the PES by the better resolution is discussed in the Supporting
The corresponding bands are not sufficiently resolved to be

identified in the spectra fon = 2, but it is most likely that Information (Appendix 1).
they are superimposed on the strorfgt-type band at-1.4
eV. The VDEs to the AT -type state irBa—b were 1.42-1.45
eV, while that to the I=,*-type state iBcwas 1.44 eV. They 5.1. Anionic State.The natural orbitals (NOs) of the Cl wave
were further lowered from the VDE for théIl,-type transition ~ functions were calculated for NNaNHs),. The occupation
in 2a, indicative of the coalescence of corresponding bands on Numbers of the NOs derived from theand 4, orbitals of

5. Electronic States

the intense 1.39-eV band in tlle= 3 spectrum. The &,*- Na&,~ were~1.8 and~1.0, respectively, for alh. Those NOs
type transition inla, 2a and 3a—b is considered to be are designated doubly occupied molecular orbital (DOMO) and
responsible for the 2.11-, 1.90-, and 1.71-eV bands ferl—3. singly occupied molecular orbital (SOMO), respectively, as

The VDEs for this transition decreased in a stepwise fashion Shown below. The integrated electron densities of DOMO and
by ~0.2 eV from Na~ to 3a—b, agreeing with the observed SOMO, pi(2), as a function ofz were evaluated using the
band shifts fom = 0—3. The BI1,-type transition ir8c, whose following formula, wheren* is the occupation numbers of
VDE was as large as those for th&{+-type transition irBa— each NO.

b, probably overlaps on the 1.71-eV band ffior 3. The VDESs o tos

to the £, and LI1,-type states irla were 2.16 and 2.45 p,(2) = fim fiw n°°p,4(x, y, Z)dxdy

eV, respectively. Taking into account the underestimation of D

the EBEs by the calculations, the transition to tiEgt-type (i=DOMO or SOMO) (2)

state is the more plausible candidate than that to thie-Itype The z-axis was set to a line passing through two Na atoms with
state for the 2.40-eV band for= 1. By a similar argument,  the midpoint of Na-Na at the origin. The free Na atom is in
the 2.17-eV band fon = 2 was assigned to the’3;"-type the negative direction. The results are shown in Figure 3. The
transition in2a, while the 2.07-eV band far = 3 was assigned Na atoms in Na are located a#1.836 A, while those ifla
to the same transition iBa—c. The decrease of the VDEs for  gre at+1.714 A. In the larger clusters, they are-at.767 A
this transition was 0.27 eV frorha to 2a and was 0.080.18 (Za) to +£2.778 A Ga) The peak positions ObDOMO(Z) are
eV from 2ato 3a—c, in agreement with the observed lowering  shifted gradually from the origin to the negatizeside asn
of the EBEs, 0.23 eV fromm = 1ton = 2, and 0.10 eV from increases and are finally located near the free Nanfor4—6.
n=2ton = 3, respectively. On the other hand, the left peaks pfomo(2) are suddenly
4.4. Na (NH3)s—6. There is no discernible change except lowered fromn = 0 ton = 1 and become almost invisible in
the spectral shifts between= 3 and 4 in the PES, though the the negativez region forn > 1, while the peaks in the positive
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Figure 3. The integrated electron densities of DOMO and SOMO for
the most stable structures of N@\Hs), (n = 0—6) as a function of Sl

evaluated by eq 2. e :

(DOMO) (SOMO) (SOMO) (SOMO)
z side are shifted to the right with increasing@nd are slightly Figure 4. Contour maps of (a) DOMO and SOMO for Nala, 2a,

high in 2a—6a compared to Na. These observations indicate  3a, 4a and6a, and (b) higher SOMOs of°E,*- and FII,-type states

the developing Na—Na(NHs)-type character, which is con- of their neutrals. The spacing of the contours is 0.005 B¥hrThe
sistent with the EBEs of N&NHs), and Na. The EBEs of solvated Na is at the center, and the side length of each rectangle is
Na~(NHa), are a little lower than that of Na® In addition, the 16 A

width of psomo(2) increases with increasingand its peaks are
located outside the outermost hydrogen atoms at 4:358)7
A'in 1a—6a The number of electrons distributed in space on
the right-hand side of the outermost hydrogen was 0.59.&or component in the dytype orbital in Na(NHg),, which is

but had become-0.8 for 2a ) consistent with Figure 4a. The EBE of the first PES band
The contour maps of those NOs in the most stable forms for gecreases by-0.14 eV fromn = 0 to n = 1 as mentioned,

n = 0—4 and 6 are shown in Figure 4. With increasimghe implying that the solvation energy of BigNHj) is smaller than
DOMO becomes localized near the free Na, while the SOMO pat of Na(NHa). In fact, theAE of 1awith only CPC was less

is spatially expanded around the solvated Na in harmony with 51 that of the corresponding neutral by 4.0 kcal/mol (0.17
Figure 3. Both Figures 3 and 4 show the spontaneous ionizationgy/). One can see a shoulder @ouo(2) at around~2 A for

the ionization energies that the 3s(Na) level in NaghHs
raised by the mixing of the lone pair orbitals in ligands. As a
result, the 3s orbital in the bare Na should become the major

of the solvated Na and thus the growing NeNa"(NHs)q(e")- 1a, making the line fom = 1 distinguishable from others in
type state. The diffused excess electron surroundingNids), this z area in Figure 3. The NaN bond in both the anionic

is expected to be ejected by the photodetachment im the? and neutral states should be ionic. However, the excess electron
clusters. distributed in the NaN bond region is considered to play some

5.2. Neutral Ground State.The contour maps of the DOMO  role in reducing the binding energy of the anion compared to
for the neutral ground state were almost the same as those fotthe neutral. The first band is blue-shifted by 0.04 eV frors
the corresponding anions and thus are not shown for brevity. 1 to n = 2, and the EBEs of the bands increase with reduced
The DOMO changes from the-type molecular orbital to the  variations for largen. The AE values with CPC were less than
3s-like atomic orbital on the free Na as the one-side solvation those of the neutrals by 2.1(0.09), 1.4(0.06),6(—0.03),—0.8-
of Na~ proceeds. Taking into account the structure and (—0.04), and 1.5(0.07) kcal/mol(eV), f@a—6a, respectively.
electronic state together, the ground state of(NBiz), with n The deviations ofAEs between the anionic and neutral states
> 4 can be regarded as the NaNa"(NHa), type ion-pair  diminish forn > 2, because the most excess electron is squeezed
complexes at the geometries of the anions, though this stateout of the first shell in the anions and has little effect on the
correlates to the neutral N&&) and Na(3S) (NHs), at the ionic Na"—(NHs), bonds for these sizes.
dissociation limit. 5.3. Bx,t-, 131,-Type State. As is known from the
The Na-Na (NHg), clusters can be approximately viewed photoelectron spectra of NENH3), and the absorption spectra
as a heteronuclear alkali dimer. It is known from the drop of of Na(NHs),, the $P(Na)-32S(Na) separation is reduced by
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(a) 1'Z *-type state (b) 1°%," -type state (c) 171, -type state
4o, type 4o, type 4o, type 5o, type 4o, type 2m, type
n=0

Figure 5. Contour maps of (a)d- and 4.-type NOs for the I=,"-type states and higher SOMOs of (B=§"- and (c) Hl.-type states of
neutrals at the geometries of Nala, 2a, 3a, 4a, and6a, respectively. The spacing of the contours is 0.005 B&hiThe solvated Na is at the
center and the side length of each rectangle is 16 A.

the addition of NH molecules. As a result, the major compo- part is expected to weaken the ionic character of the-Na
nents of low-lying vacant orbitals of NeNa (NHz), are the 3p bonds in the 3=, *-type state compared with the anionic state.
orbitals on the bare Na as well as the 3s and 3p orbitals on NaHence, the incremental solvation energies of this excited state
in the Na(NH), parts. should be less than those of the anionsrfar ~4, which well

An electron is promoted from thexg-type orbital to the &- corresponds with the commencement of the blue shifts of the
and 2r,type orbitals in the T,*- and EIl,-type states, second band at = 4.
respectively. Since thesg-type NOs for these states essentially On the other hand, the 3p(Na) orbital on Naecomes
resemble those in Figure 4a, only the contour maps of the otherincreasingly dominant in thesz-type SOMO forn = 1. The
SOMOs are shown in Figure 4b. The dtype SOMO for the nature of the atomic 3p(N&)Bs(Na)-type transition in both the
135, "-type state is an antibonding orbital of 3s(Na) in,Nahile 133, - and BIl,-type states is considered to be responsible for
it has the nature of a p-like orbital on the bare Na mixed with the observed coalescence of the shoulder on the second band
an s-like orbital in Na(NH), for n = 1. The observed near- atn > 2.
parallel shifts of the first and second bands can be attributed to  5.4. £5,"-, 135", and 1'[1,-Type States.The contour maps
the roughly constant separations between the? @sjl (3s)- of the SOMOs for the I, -, 13%;"-, and EI1-type states are
(3p)t states in Na perturbed by the presence of N&IH3),. In illustrated in Figure 5. The SOMOs for thé3],"-type state
the SOMOs fom > 4, the atomic 3p orbital is weakly mixed are distributed in both Na and Na(NJH sides and are of
in comparison with the small sizes, but in turn the diffuse s-like covalent nature rather than ionic. The lower SOMO is the in-
character grows in the Na(NJ4 side, which is a sign of the  phase mixture of the 3p(Na) and the diffuse 3s(Na) orbital in
weak electron transfer from Nato Na"(NHs),, namely, the Na(NHsg)n, while the higher one is the in-phase combination of
beginning of the radical-pair nature in NEH3)n-~4 complexes the 3s(Na) and the diffuse 3p(Na) for= 1 and 2. These
with long Na—Na separations. The lowe&-type state in the SOMOs become the bonding and antibonding orbitals of the
n = ~4 clusters can be regarded as an intermediate state whos&s(Na) and the diffuse 3s(Na), respectively,rice ~3, clearly
major configuration is slowly changing from the (88p)! of indicating the radical-pair character. Two unpaired electrons
Na~ with Na*(NH3), to the combination of the (3spf each separate from each other as Na and Naf)NHecome distant.
Na, which is natural because this state correlates to #8e 3  As a result, the singlettriplet splitting between thelE,-type
(Na)—32S(Na) asymptote. The electron transfer to the NaN\H  state and its triplet counterparf3,*-type state diminishes,
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which is considered responsible for the near degeneracy of the Supporting Information Available: Assignment of PES by
133,"- and 23,"-type states for these sizes. low detachment energies (Appendix 1); optimized geometries
In both the 254"~ and EI1,-type states, the lower SOMO  and total binding energies of high-energy isomers (Figure 1S);
changes from thed}-like molecular orbital to the atomic 3s-  Vvertical detachment energies of high-energy isomers (Table 1S).
(Na) orbital with increasing.. The other SOMO in the former The information is available free of charge via the Internet at
state in Nais a glike orbital, and the 3p (Na) orbital of Na-  http://pub.acs.org.
(NHs), with increased diffuseness becomes a major contributor
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