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Density functional theory is used to rationalize magnetic parameters of hydrated electron trapped in alkaline
glasses as observed using electron paramagnetic resonance (EPR) and electron spin echo envelope modulation
(ESEEM) spectroscopies. To this end, model water cluster anions (n ) 4-8 andn ) 20, 24) that localize the
electron internally are examined. It is shown that hyperfine coupling tensors of H/D nuclei in the water
molecules are defined mainly by the cavity size and the coordination number of the electron; the water molecules
in the second solvation shell play a relatively minor role. An idealized model of the hydrated electron (that
is usually attributed to L. Kevan) in which six hydroxyl groups arranged in an octahedral pattern point toward
the common center is shown to provide the closest match to the experimental parameters, such as isotropic
and anisotropic hyperfine coupling constants for the protons (estimated from ESEEM), the second moment
of the EPR spectra, and the radius of gyration. The salient feature is the significant transfer (10-20%) of
spin density into the frontal O 2p orbitals of water molecules. Spin bond polarization involving these oxygen
orbitals accounts for small, negative hyperfine coupling constants for protons in hydroxyl groups that form
the electron-trapping cavity. In Part 2, these results are generalized for more realistic geometries of core
anions obtained using a dynamic one-electron mixed quantum/classical molecular dynamics model.

1. Introduction

This paper continues a series of publications1-4 on the
“bottom up” approach to the structure of excess electron in polar
solvents. In this two-part series, we consider the most important
species of this kind: the hydrated electron, ehyd

-.5 We revisit
the magnetic properties of the electron trapped in alkaline ice
and compare ab initio and density functional theory (DFT)
calculations of such properties for model internally trapping
(H2O)n- (n ) 4-24) clusters and hyperfine coupling (hfcc)
tensors for magnetic nuclei that were determined experimentally
in the 1970s and the 1980s (Section 2 and Appendix A).
Although this comparison upholds several commonly assumed
features for the cavity model of ehyd

- , it also suggests that one-
electron theories of the hydrated electron might be incomplete.
The salient feature that is missing from these theories is the
significant transfer (10-20%) of the spin density into the frontier
O 2p orbitals of water molecules forming the solvation cavity.
There have been recent suggestions6,7 that this transfer might
account for the observed 200 cm-1 downshift of the O-H
stretch mode and∼30 cm-1 downshift H-O-H bend modes
in the resonance Raman spectra of ehyd

- in liquid water (as well
as a similar red shift in gas-phase water anion clusters).8 The
examination given in this paper and Part 2 of this study9 suggest
that the magnetic resonance properties of ehyd

- cannot be
understood in any other way.

Traditionally, solvated electrons were treated using one-
electron models in which the excess electron is considered
separately from the valence electrons in the solvent (which is
described classically). In these models, the electron interacts
with the solvent molecules by means of an ad hoc empirical,
classical potential.5 Since the 1980s, the hydrated electron has
become the test bed for state-of-the-art path integral10 and mixed

quantum/classical molecular dynamics (MQC MD)11-14 calcula-
tions in which the solvent motion is treated dynamically at the
classical level, whereas a single particle, the excess electron, is
treated quantum mechanically in the adiabatic11,14 or nonadia-
batic11,12 approximations. The MQC MD approach allows one
to treat the electron relaxation, diffusion, pump-probe dynam-
ics, and excitation spectrum straightforwardly, with relatively
few further assumptions. This approach proved to be both
insightful and productive, and it greatly refined the theoretical
picture of electron solvation. However, despite these many
successes, the one-electron models, regardless of their technical
sophistication, suffer from two closely related problems:

One of these problems is that of justification. It does not
follow from any higher-level theory or a general principle that
the one-electron models in which the solvent is described
classically and a single electron is described quantum mechani-
cally is the adequate picture of ehyd

-. The reasoning goes the
other way around. The one-electron model ispostulatedand
then the consequences of this assumption are tested against the
experiment. Good agreement with the experiment is then taken
as the justification for the assumptions and simplifications
introduced in the model. The pitfall of this approach is that more
than one theory is capable of accounting for a given group of
experimental observations, especially when empirical e--H2O
pseudopotentials are allowed. The majority of theoretical studies
of ehyd

- have focused on a single property: the absorption
spectrum in the visible. Despite great differences in the approach
and the degree of detail, all of the 250+ theoretical papers on
ehyd

- claim good understanding of this spectrum and its salient
features. A possible conclusion is that this absorption spectrum
might not be too revealing about the details of electron solvation
once the model satisfies a few rather general criteria. (In this
regard, the ability of MCQ MD calculations11-14 to address the
basic features of pump-probe experiments on ehyd

- is more
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important than the explanation of the static spectrum). What is
more troubling is that similar one-electron models have been
used15 (with the same degree of fidelity) to account for the
absorption spectra of the solvated electron in liquid ammonia
and aliphatic amines, for which there is a strong case, supported
by both theoretical considerations1,16,17 and nuclear magnetic
(NMR)18,19 and electron paramagnetic resonance (EPR) spec-
troscopies (reviewed in ref 1), that the one-electron picture is
incorrect, as most of the spin density is contained in the frontier
N 2p orbitals of the solvent molecules in the first and the second
solvation shells.1,18In other words, the one-electron models, even
when these are demonstrably incorrect in their basic assump-
tions, still account quite well for the optical properties of the
excess electron. Such observations bring to the fore the question
of how justifiable such one-electron models are in general.1-4

One way to justify and support these models would be
calculating the less frequently addressed properties of ehyd

-.
Therein lies the second pitfall of the one-electron models, since
by their very nature these are not conducive to such tests. In
particular, the two experimental methods that give the most
direct and detailed structural information on the ground state
of the solvated/trapped electronsmagnetic resonance data for
trapped electrons in alkaline ices (Section 2) and resonance
Raman spectroscopy of hydrated electrons in liquid water6s
are the least tractable from the standpoint of these theories,
because the solvent molecules can no longer be considered
classically. Other properties of ehyd

- that do not lend themselves
easily to such calculations are its vacuum UV band at 190 nm20

and the proton-transfer reactions.5 The 190 nm band supposedly
involves O 2p orbitals in the water molecules forming the
cavity,20 whereas the latter requires full quantum mechanical
treatment of water molecules. A limited set of experimental
results is revisited repeatedly, whereas other equally important
properties of ehyd

- remain seldom addressed.
Over the past decade, this situation has changed, largely due

to the advances in anion cluster chemistry. The need for
understanding the properties of gas phase (H2O)n- anions21 has
fomented interest in modeling such species using ab initio and
DFT methods that go beyond the one-electron approximation.22-24

Such calculations were originally carried out for relatively small
clusters (n ) 6-10) that trap the electron at their surface,
yielding dipole-bound anions. The internally trapped electrons
can also be modeled using such small clusters,24 but their
structure does not correspond to any known species observed
experimentally in the gas phase. Recently, the increased
computational power allowed to examine several larger clusters
(n ) 20 and 24) that demonstrate internal solvation by four
dangling HO groups22,23 (while most of the remaining OH
groups are involved in the H-bond formation). Other promising
developments were the recent Car-Parrinello25 and hybrid26

multielectron MD modeling of the ehyd
- in liquid water based

on the use of pseudopotentials for valence electrons in water
molecules.

Most of these studies focused on the energetics of the water
anion clusters. Yet the approach also allows one to estimate
the magnetic parameters for the1H and17O nuclei in the water
molecules and compare these estimates with EPR parameters
for trapped electron in alkaline ice. Such is the program
implemented in this paper. The results of EPR, electron spin
echo envelope modulation (ESEEM),1H electron nuclear double
resonance (ENDOR) and electron-electron double resonance
(ELDOR) spectroscopy of trapped electrons in alkaline ice are
critically reviewed in Appendix A in the Supporting Information,
and the main conclusions are summarized in Section 2. For the

benefit of the reader, the basics of EPR and ESEEM spec-
troscopies pertaining to the observations of the trapped electron
are discussed in Appendix B in the Supporting Information.

The magnetic resonance studies of water ices27-47 culminated
in the well-known octahedral model of ehyd

- (Figure 1e) that is
associated with the name of L. Kevan,27 although it was first
suggested by Natori and Watanabe28 and Natori.29 In this model,
the cavity is formed by six non-hydrogen-bonded (NHB)
hydroxyl groups pointing toward the common center. In fact,
neither Kevan’s EPR, ENDOR, and ESEEM studies27,30-34 nor
the follow-up ESEEM studies pursued by Bowman’s and
Tsvetkov’s groups35-37 lend direct support to this model.
Surprisingly, the first solid evidence that this model does
capture, albeit approximately, themagneticproperties of the
ehyd

- is provided by this study. To reduce the length of the paper,
the Sections, Tables, and Figures with the designator “S” (e.g.,
Figure 1S) are placed in the Supporting Information.

2. Magnetic Resonance Studies

We refer the reader to Appendices A and B in the Supporting
Information for the detailed review of magnetic resonance of
trapped electrons and the basics of the techniques involved,
respectively. Very briefly, the goal of the EPR45 and ESEEM37

studies is to provide hyperfine coupling (hfcc) tensors for
magnetic1H (or 2H) nuclei in the OH groups lining the solvation
cavity. These tensors can be used to map the singly occupied
molecular orbital (SOMO) and determine (within certain ap-
proximations) the geometry of the solvation cavity. The hyper-
fine coupling tensorA with principal values of (Axx, Ayy, Azz)
can be represented as (a + Bxx, a + Byy, a + Bzz), wherea is
the isotropic hyperfine coupling constant (originating through
the Fermi contact interaction) andB is the traceless tensor of
anisotropic hyperfine interaction that originates through electron-
nuclear magnetic dipole coupling. Typically, such tensors are
nearly axial, so thatBxx ≈ Byy ≈ T⊥ and Bzz ≈ -2T⊥. For a
point like an electron interacting with a nucleus at a distancer,
T⊥ ) γeγn/hr3, whereγe and γn are the corresponding gyro-

Figure 1. Isodensity maps for singly occupied molecular orbit (SOMO)
of (a) b-type and (b) d-type D2d symmetrical tetrahedral water anions
and planarC4h symmetrical (c) b-type and (d) H-bonded square water
anions, (e)Ci symmetrical octahedral and (f)D4 symmetrical cube-
shaped b-type water anions ((0.03a0

-3 surfaces are shown; light shade
is for positive, dark shade is for negative). In (e), the negative part is
shared between the O 2p orbitals of six or eight water molecules forming
the cavity. B3LYP/6-311++G** model for X-Ha distance of 2.1 Å
(optimized geometry).
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magnetic ratios, andh is the Plank constant. For a proton,Bzz
H

≈ 57.6/r3,37 where the distance is given in Å and the hfcc’s are
in Gauss (1 G) 10-4 T). All of the EPR and ESEEM data for
trapped electrons were interpreted using this point dipole
approximation, although it is not obvious that the latter holds
for a cavity occupied by a spatially extended electron wave-
function.46 The rXH distances (where H denotes the nearest
proton andX is the centroid of the electron density in the cavity)
were estimated from the experimentally determinedT⊥ using
this approximation. Only in retrospect was it realized46 that this
approximation might result in incorrect values forrXH when the
latter is in the range of 2.1-2.4 Å (i.e., in the range suggested
by the ESEEM data).37 The situation is further complicated when
there is nonzero spin density on O atoms, because the protons
would also interact with the unpaired electron in the O 2p
orbitals. This interaction decreases both the dipolar contribution
and the isotropic constant, and it can reverse the sign ofaH, via
“spin bond polarization,”48 which is spin polarization of the
protons through the framework ofσ bonds involving unpaired
electron density in p orbitals of the heteroatom.1,16,17,45

Because EPR spectra of the trapped electron in alkaline ices
are structureless,42-44 these spectra provide the estimate of the
“total” magnetic coupling that is given by the second moment
M2 of the resonance line; the proton contribution to the latter is
∼23 G2 in the alkaline ices (eq B5 in Appendix B). Assuming
that the protons are magnetically equivalent and the coordination
numbern is known, these estimates can be refined using “flip-
flop satellites;”33 for n ) 5, this analysis gives|a| ) 2 ( 3 G
and 2T⊥ ) 8.3 ( 1 G (which corresponds torXH ≈ 1.98 Å).
Neither EPR nor ESEEM provide the direct estimate of the mean
coordination number,n; rather, these spectroscopies provide the
constraints on the dipole coupling of the electron. Originally,
ESEEM data were interpreted as supportive of Kevan’s model
with six equivalent protons andaH ≈ +2.1 G (for rXH ≈ 2.1
Å).27 The positive isotropic hfcc for the protons was consistent
with one-electron models. However, subsequent ESEEM stud-
ies36,37 indicated that, in fact,aH ≈ -0.92 G (for rXH ≈ 2.01
Å). The negatively valued constants originate through spin bond
polarization involving unpaired electrons in the O 2p orbitals.
Negatively valued isotropic hfcc constants were also observed
using NMR and dynamic nuclear polarization for protons in
ammoniated electron.1,18,19These results signifythe breakdown
of the one-electron approach. The same is also suggested by
the anomalously small absolute value of the hfcc constant. In
the absence of spin bond polarization, large positively valued
estimates foraH (∼3-5 G) were suggested by semicontinuum
models.28,49Since the initial experiments seemed to yield such
large, positive hfcc constants, these experiments were considered
to be supportive of such one-electron models. The subsequent
ESEEM experiments,36,37however, yielded hfcc estimates that
are clearly incompatible with these one-electron models. By
contrast, the early tight-binding ab initio calculations for water
anions16,17,50yieldednegatiVe proton constants.

The original estimate of six (equivalent) protons27 was later
revised to two protons at 2 Å and 7-8 protons at 3.5 Å,36,37

although the latter estimate appears to be incompatible with the
constraints imposed by the observed EPR line width. Yet another
constraint is imposed by the second moment of the EPR line in
17O substituted ices, which is∼134 G2 for 37% at17O.34 Schlick
et al.34 estimated from this parameter that the total transfer of
the spin density into the O 2p orbitals is∼10-16%.

Far from being able to provide direct structural information,
the magnetic resonance data themselves need to be understood
and interpreted.

3. Computational Details

In this study, gas-phase water cluster anions were analyzed
mainly using density functional theory models with the B3LYP
functional (Becke’s exchange functional51 and the correlation
functional of Lee, Yang, and Parr)52 from Gaussian 98.53 B-LYP
functionals are most frequently used to estimate isotropic hfcc
in radicals and radical ions, for which it typically yields accurate
and reliable results.54,55 As a complementary approach, self-
consistent field Hartree-Fock (HF) and second-order Møller-
Plesset (MP2) perturbation theory56 calculations were used. The
latter two methods gave very similar estimates formagnetic
parameters, so in most cases, only HF results are discussed
below. Although the anisotropic hfcc’s calculated using these
DFT and ab initio methods were comparable, the isotropic hfcc’s
differed substantially: the HF and MP2 generally yield smaller
absolute isotropic hfcc’s (aO) for 17O nuclei and larger isotropic
hfcc (aH) for the innermost1H nuclei, as compared to DFT
methods (such as B-LYP and LSDA). This difference can be
traced to the fact that the DFT models better account for the
spin polarization effects55 (which accounts for their preferred
use for the calculations of EPR parameters).54,55

Unless specified otherwise, the basis set was a 6-31G split-
valence, double-ú Gaussian basis set augmented with diffuse
and polarized (d, p) functions (6-311++G**). Very similar
results were obtained using two other basis sets, augmented
Dunning’s correlation consistent double basis set (aug-cc-
pVDZ)57 and Barone’s triple-ú basis set58 with diffuse functions
and an improved s-part that was introduced specifically for the
hfcc calculations (EPR-III). Reduction of the basis set to
6-31+G** or smaller sets gave rather different results from those
obtained using these basis sets (see, for example, Tables 1S
and 4S). That was not the case in ammonia clusters examined
in our previous study.1 This is because in water anion clusters,
the spin density inside the cavity is substantially greater than
in the ammonia clusters, and more diffuse sets are required to
obtained reliable estimates. This is an important point, because
the early ab initio studies16,17 of water tetramer anions related
to EPR used tight 3-21G and 4-31G basis sets. We also used
basis sets (6-31+G** sets complemented by diffuse functions
for hydrogen and oxygen atoms) that were developed by
Bradforth and Jungwirth59 and Herbert and Head-Gordon23 for
ab initio modeling of water anion clusters. The hfcc tensors
obtained using these basis sets were very similar to those
obtained using the standard 6-311++G** set.

In most of these calculations, a ghost atom (i.e., a floating-
center set of diffuse functions) was added with parameters used
in refs 23 and 59. For the 6-311++G** set and other large
basis sets, the introduction of this ghost atom had little effect
on the calculated hfcc tensors.

Three types of the model clusters were examined: (i) small,
highly symmetrical (H2O)n- clusters (n ) 4, 6, and 8) in which
water molecules were arranged in such a way that the hydroxyl
group of each molecule pointed toward the common center,X
(b-type clusters), or with the water dipoles pointing to the same
center (d-type clusters); (ii) fourn ) 20 and 24 clusters that
internally trap electrons (the cluster geometries were obtained
from Khan22 and Herbert and Head-Gordon;23 the geometries
of these clusters are given in Appendix D in the Supporting
Information); and (iii) embedded clusters generated from 1000
snapshots of the ehyd

- obtained in a 100 ps long MQC MD
trajectory (Part 2).

In addition to the hfcc tensors, second momentsM2
H andM2

O

were calculated for1H and 17O nuclei, respectively, using eq
B7 (the contributions from isotropic and anisotropic parts of
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the hfcc tensor were calculated separately). We also used these
hfcc parameters and the directional cosines for hfcc tensors to
directly simulate EPR spectra for randomly oriented fixed-
geometry clusters (assuming a sphericalg-tensor). For small,
highly symmetrical clusters, the simulated EPR spectra exhibited
some structure, but the spectra simulated forn ) 20 andn )
24 anion clusters (for both1H2

16O and 1H2
17O) are nearly

Gaussian and show no spectrally resolved resonance lines, such
as the experimental spectra obtained in alkaline glasses. Typical
examples of such spectra are shown in Figure B1a in the
Supporting Information.

SOMO density maps indicate that the electron wavefunction
inside the cavity and in the frontier orbitals of O atoms have
opposite signs (Figure 1), suggesting a way to distinguish these
two contributions. Typically, the diffuse, positive part of SOMO
occupies 80-90% of the geometrical cavity at a density of
+(0.03-0.05)a0

-3 and less than 10% at a density of+(0.07-
0.1)a0

-3 (wherea0 ≈ 0.53 Å is the atomic unit of length). In
large clusters,∼50-60% of the total SOMO density is contained
inside the sphere centered atX corresponding to the closest of
the NHB hydrogens (that is subsequently denoted as Ha); at
least 75% of the total density is contained within the 3 Å sphere.
The highest (negative) density is found in the frontal O 2p
orbitals of oxygen atoms in the first solvation shell. These
general observations do not depend on which computational
method (DFT, HF, or MP2) is used to calculate the SOMO.

Throughout the next section, no attention is paid to the
energetics of the electron solvation, as clearly the effects of
interaction of such model clusters with the solvent in liquid
water would greatly exceed any correction from advanced
treatment of correlation or polarization effects. We are mainly
interested in the structural aspects and the salient features of
the ground state SOMO.Our goal is to find which minimal
multielectron model produces the features that are compatible
with diVerse experimental obserVations for the ehyd

-.
The radius of gyration,rg, for the electron given below is

defined asrg ) 〈r2 - 〈r〉2〉. We used SOMO for this averaging.
In the one-electron model, the gyration radius can be roughly
estimated from the optical spectrum moment analysis for the s
f p absorption band, as described by Bartels;60 the typical
estimate is 2.5 Å. The total spin density,φ2p

O , in the O 2p
orbitals of water was defined (consistently with the typical way
in which such a parameter would be experimentally determined
in EPR spectroscopy) as the sum of|Bzz

O/Bzz
O(at.)| taken over all

oxygen-17 nuclei. For the same cluster geometry, the estimates
for this parameter obtained using different methods were
comparable (see Figures 2a and 4a in Section 4.1).

4. Results and Discussion

4.1. Small, Symmetrical Anions (n ) 4, 6, and 8).Small
water anion clusters observed experimentally in the gas phase
either do not attach the electron or yield surface-bound
electrons.21 The resulting species are of great theoretical interest
but provide limited insight into the structure of the trapped
electron in liquids and glasses. Previous ab initio and DFT
studies16,17,22-24 suggest that internal solvation is possible when
several (at least four) NHB hydrogens form a “solvation cavity.”
By contrast, H-bonded protons play almost no role in the
electron solvation. The simplest anion cluster that has the desired
properties is a tetrahedral (D2d symmetrical) b-type cluster
shown in Figure 1a (the Natori model of “solvated elec-
tron”).16,17,28This cluster (for the optimized geometry) has the
lowest energy in the B3LYP/6-31+G** model; however, for
larger basis sets (6-311++G** and aug-cc-VDZ), a C4h

symmetrical planar ring (Figure 1d) has the lowest energy (the
relative energies for these two clusters and theD2d symmetrical
d-type cluster (Figure 1b) andC4h b-type planar cluster (Figure
1c) are given in Table 1S). The energy switchover upon
extension of the basis set follows the change from external to
internal solvation. Despite considerable variation of the structure,
all of these b- and d-type tetramer anions exhibitaO ≈ -(18-
24) G andaH that is negative and small (for NHB hydroxyl
groups). ForD2d symmetrical b-type clusters (Figure 1a), the
comparison of hfcc parameters obtained using various methods
is given in Table 2S. All of these methods yield a ground state
that exhibits a diffuse positive density at the center (observe
that the wavefunction is aspherical) complemented by negative
density in the frontal lobes of the O 2p orbitals (Figure 1a).
Depending on the method and the basis set, therXH distance
(between the wavefunction centroid at X and the closest proton,
Ha) varies between 1.45 Å (LSDA/aug-cc-pVDZ) and 3.2 Å
(HF/aug-cc-pVDZ); for a given basis set, this distance is always
longer for the HF method than for the B3LYP and MP2 methods
(which yield similar optimized geometries). Since the size of
the cluster largely defines the overlap of the SOMO wavefunc-
tion with the nuclei, comparing the hfcc parameters obtained
for different optimized structures is not instructive. To facilitate
such a comparison, we have calculated several parameters for
D2d symmetrical clusters as a function of the X-Ha distance,
rXH, optimizing all other degrees of freedom. The results are
shown in Figures 2-6.

As the cavity size increases from 1.8 to 3.2 Å, the total spin
density,φ2p

O , in the O 2p orbitals decreases from 0.11 to 0.04
(Figure 2a), and the Mulliken spin density on oxygen atoms
decreases from-0.2 to -0.1 (B3LYP/6-311++G** model;
Figure 2b). The atomic spin density on theHa protons is
negative, which immediately suggests thataH < 0. The isotropic
hfcc’saO on oxygen-17 and the protons decrease exponentially
with rXH, from -25 to-14 G and-0.8 to-0.2 G, respectively

Figure 2. (a) Total populationφ2p
O of oxygen 2p orbitals (filled

circles, to the left) as a function ofrXH, the X-Ha distance (B3LYP/
6-311++G** calculation for theD2d symmetrical b-type water anion
shown in Figure 1a). For comparison, the same parameters calculated
using HF/6-311++G** method are shown in the same panel (open
circles). (b) Mulliken population analysis: atomic charge (filled
symbols, top) and spin (open symbols, bottom) densities for Ha (circles),
Hb (triangles), and O (squares).
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(Figure 3a). Observe thataH is small and negative for all cavity
sizes. The isotropic and anisotropic hfcc’s forHa andHb protons
plotted vs the distancerXH to these nuclei follow the same
general dependence (Figure 3). Only forrXH > 3 Å does the
constantBzz

H approach the estimate given by the point-dipole
approximation (solid line in Figure 3b); at shorter distances the
anisotropic hfcc is significantly lower than this point-dipole
estimate. The estimates forBzz

H (as is the case for all other
water anions) obtained using B3LYP and HF methods are very
close (Figure 1S in the Supporting Information). ForrXH ≈ 2
Å, Bzz

H ≈ 4 G instead of 7.2 G in the point dipole approxima-
tion (panels b in Figures 3 and 1S). To obtain the experimental
estimate of≈7 G, theX-Ha distance should be<1.5 Å, which
is unrealistic. The experimentalaH (-0.93 G)36,37 can be
matched only forrXH < 1.6 Å (Figure 3a). Thus, the tetrahedral
arrangement seems to be excluded by our results. This is also
suggested by Figure 2S that shows the plot of the contribution
to the second moment from the protons,M2

H. For rXH ≈ 1.8-2
Å, this parameter is only 10-15 G2, which is significantly
smaller than the experimental 21-23 G2.32,22,36This is due to
the smallness of the anisotropic contribution (Figure 3a); the
isotropic contribution to the EPR line width is negligible.

In the HF model with the same basis set, the isotropic hfcc
on the protons is several times more negative than in the B3LYP
model (for Ha changing from-5.2 G to-1.4 G when theX-Ha

distance changes from 1.8 to 3.2 Å). Such estimates are clearly

incompatible with the experimental ones. For isotropic hfcc
constants on oxygen-17, the HF methods always yieldaO’s that
are 20-100% less negative than B3LYP, resulting in smaller
estimates forM2

O (which is dominated by these isotropic
hfcc’s). Either way, the latter parameter is a few thousands of
G2, which is significantly greater than 360 G2 given by Schlick
et al.34 (see Section 2). All of these considerations suggest that
tetrahedral sites for ehyd

- are rejected by EPR and ESEEM
results. The same reasoning excludes d-type tetrahedral clusters
of the type shown in Figure 1b (Figure 3S in the Supporting
Information summarizes various calculated parameters). Our
conclusion is in full accord with MQC MD10-14 and other26

simulations indicating that the coordination number of the
electron is close to 6. We have examined such clusters for two
reasons. First, all large anion clusters known to trap the electron
internally from previous ab initio and DFT studies have
tetrahedral core anions. As shown below, having more water
molecules around this core anion cluster does not qualitatively
change the analysis given above. Second, it is clearly seen that
the number of nearby water molecules has to be relatively large,
so the analysis of Astashkin et al.36 suggesting just two water
molecules in the first solvation shell cannot be correct.

We turn to the octahedral complexes shown in Figure 1e
(Kevan’s model). Such complexes are expected to resemble most
closely the “real” hydrated electron in liquid water. There are
important differences between the results for octa- and tetra-
hedral complexes. These differences are traceable to the greater
sphericity of the electron wavefunction and more extensive spin
sharing in the larger anions (as seen from Figure 4a). First, the
Bzz

H more closely follow the point-dipole model (Figure 5b);
thus, it is possible to match the experimental estimate of this

Figure 3. (a) Isotropic hfcc’s for17O (filled squares; to the top) and
1H (bottom) nuclei (the Ha [filled circles] and Hb [open triangles] nuclei
are shown together) vsX-O andX-Ha,b distances, respectively. Solid
lines are exponential fits (B3LYP/6-311++G** calculation for b-type
tetrahedral water anion). (b) The same as (a) for thezz principal
component of anisotropic hfcc tensor. The solid line is the estimate
obtained in the point-dipole approximation, eq (B9).

Figure 4. (a) Total populationφ2p
O of oxygen 2p orbitals (filled

circles, to the left) and radius of gyration,rg (open squares, to the right),
as a function ofrXH and theX-Ha distance (B3LYP/6-311++G**
model for the octahedral water anion shown in Figure 1e). For
comparison,φ2p

O calculated using the HF/6-311++G** method are
shown in the same panel (open circles). (b) Mulliken population
analysis: atomic charge (filled symbols, top) and spin (open symbols,
bottom) densities for Ha (circles), Hb (triangles), and O (squares) atoms.
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parameter for anX-Ha distance of 1.8-2 Å. Matching of the
experimentalaH 36 is possible forrXH ≈ 2-2.1 Å (Figure 5a),
and matching of the experimentalM2

H givesrXH ≈ 2 Å (Figure

6). As shown in Appendix C and Figure 4S, downshifts of
H-O-H bending and O-H stretching modes in such clusters
approach the experimentally observed magnitude for the same
rXH. Thus, all three EPR parameters for the protons and the
vibrational downshifts can be simultaneously matched for the
same cavity geometry. This matching is possible only in the
DFT models: as was the case with the tetrahedral clusters, HF
and MP2 methods grossly overestimateaH, yielding for realistic
cavity sizes (rXH < 2.5 Å) negative hfcc’s of several Gauss,
values that are excluded by ESEEM spectroscopy.36,37Further-
more, largeaH would increaseM2

H to 50-80 G2, which is
inconsistent with EPR results. The estimate forM2

O is ∼5000
G2 (Figure 6,∼3000 G2 in the HF model), which suggests a
line width, ∆Bpp, of ∼140 G (for fully oxygen-17-substituted
ehyd

- ). The energy minimum is atrXH ≈ 2.1 Å in the B3LYP
model (see the SOMO maps in Figure 1e) and∼3 Å in the HF
model.

Figure 4a shows the cavity size dependence for the total
populationφ2p

O of O 2p orbitals and the gyration radius,rg. As
rXH increases from 1.8 to 3.2 Å, the spin density transferred to
oxygen atoms decreases from 0.20 to 0.05, and the gyration
radius rg increases from 2.4 to 3.6 Å (B3LYP/6-311++G**
model). Once more, the experimentalrg ≈ 2.5 Å60 is matched
for rXH ≈ 1.9-2.0 Å (Figure 4a). Figure 4b shows the cavity
size dependence for atomic spin and charge densities obtained
by Mulliken population analysis. As the cavity increases, the
charge on Ha and O in the hydroxyl groups gradually approaches
its value for individual water molecules (in the same model),
+0.25 and-0.5 e. At rXH ≈ 2 Å, the corresponding atomic
charges are-0.05 and-0.31e, and the atomic spin densities
are+0.27 and-0.17, respectively (the spin density is always
negative for Ha protons).

Finally, we briefly consider the results obtained for two cube-
shapedn ) 8 water anions: aD4 symmetrical b-type anion
shown in Figure 1f and the correspondingC4h symmetrical
d-type anion (see Figure 5S for the summary of EPR param-
eters). Since the former anion has a high degree of sphericity,
the point approximation does not break down, even forX-Ha

distances as short as 2 Å. The degree of spin transfer to O 2p
orbitals is greater than in the octahedral and tetrahedral anions
( φ2p

O ≈ 0.3 for rXH ≈ 1.8 Å). The isotropic constantsaH are not
too different from those for octahedral anions; since the
coordination number is greater, the second moment is too
large: M2

H ≈ 48 G2 (vs experimental 21-23 G2)32,33,36for rXH

≈ 2 Å. Even for the d-type anion (in which the electron is
solvated by both OH groups of the water molecule), the isotropic
hfcc’s on the protons are small and negative (∼-1 G for rXH ≈
2-2.5 G). When17O constants estimated for these anions are
plotted againstrXO, the hfcc’s for both types of clusters follow
each other, suggesting thataO is mainly a function of theX-O
distance rather than molecule orientation. From the standpoint
of EPR parameters, the major difference between the b- and
d-orientation appears to be in the anisotropic constants for the
inner protons: while for the b-type anion, the point approxima-
tion is accurate, for the d-type anion (and this refers to all anion
clusters that we examined),Bzz

H is significantly smaller than the
estimate obtained in the point dipole approximation (Figure 5S).
Consequently, the estimates for this parameter become unreal-
istically small, and d-orientation of water molecules is not
supported by our simulations.

All of these results provide strong support for Kevan’s
octahedral model27-29 with the preferential orientation of H-O
groups toward the center of the solvation cavity. This model,
despite its being a gross idealization of ehyd

- , appears to capture

Figure 5. (a) Isotropic hfcc’s for17O (filled squares; to the top) and
1H (bottom) nuclei (the Ha [filled circles] and Hb [open triangles] nuclei
are shown together) vsX-O andX-Ha,b distances, respectively. Solid
lines are exponential fits (B3LYP/6-311++G** calculation for the
octahedral water anion). (b) The same as (a) forzzprincipal component
of anisotropic hfcc tensor,Bzz

H. The solid line is the estimate obtained
in point-dipole approximation (eq B9).

Figure 6. Second moments of EPR spectra for the octahedral water
anion (B3LYP/6-311++G** model) vs the cavity size (theX-Ha

distance). (a) The contribution from the17O nuclei (filled squares, top)
and (b) the proton contribution (filled circles, bottom); in the latter,
the (small) contribution from isotropic hfcc is shown by empty circles.
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several important features that are observed for the hydrated
electron. However, using this model forquantitatiVesimulation
of ESEEM spectra (rather than the extracted “mean” hfcc’s)
gives poor results. The structure of ehyd

- is neither regular nor
octahedral; there is considerable variation in the coordination
number, orientation of water molecules, etc. Many such
conformations should be averaged to obtain the distributions
of observable parameters. That is done in Part 2 of this study.9

4.2. Large Anions (n ) 20 andn ) 24).An n ) 20 cluster
(w20n2 anion found by Khan)22 and threen ) 24 clusters (t24n1
cluster found by Khan22 and 4668B and 51262B anions found by
Herbert and Head-Gordon)23 were examined using B3LYP and
HF methods (Figure 7). The electron in these clusters is bound
internally by four NHB hydroxyl groups: for the 4668B anion,
these OH groups are arranged in a rectangle; for the other three
clusters, the arrangement is tetrahedral. The mean distance〈rXH〉
to the nearest hydroxyl protons is 1.78, 1.87, 2.21, and 2.16 Å,
respectively (Table 3S). Remarkably, for these large cluster
anions, even relatively tight binding basis sets (such as
6-31+G**) give estimates foraVerage 17O and 1H hfcc
constants that are comparable to the averages obtained using
more diffuse basis sets (Table 4S). Isotropic hfcc’s for protons
are small (|aH| < 1 G): either slightly negative or slightly
positive (Table 3S). That relates only to DFT calculations (Table
3S); with the HF method, as was the case for smaller water
anions, one obtains a large negativeaH of -(5-8) G (Table
4S). Consequently, the estimates forM2

H are >100 G2 for
Khan’s22 clusters (5 times greater than the experimental
estimates). On the other hand, the estimates forM2

H obtained
using B3LYP method for 4668B and 51262B anions are<10 G2,
which is unrealistically small. This is due to the large cavity
size (as compared to Khan’s clusters) and small coordination
number. Only for w20n2 and t24n1 anions (for which〈rXH〉 <
1.85 Å) isBzz

H for the nearest protons close to the experimental
value; for larger clusters (rXH > 2.16 Å),Bzz

H < 4 G. For other
than the nearest four protons, the isotropic hfcc’s are very small
( |aH| < 0.05 G for B3LYP method;aH < 0.2 G for the HF
method; see Tables 3S and 4S), that is, the excess electron is
localized in the first solvation shell. The isotropic hfcc’s for
oxygen-17 nuclei suggest the same: for17O nuclei in the first
solvation shell, the meanaO ranges from-24.5 to -17.2 G

(decreasing in absolute value for larger cavities), whereas for
the second solvation shell, these constants range from-3 to
-4 G. The total population of O 2p orbitals, despite this partial
spin transfer to the second shell oxygen atoms, is quite small
(as was the case for tetrahedral cavities examined in Section
4.1), ∼0.1-0.14. Atomic spin densities for these oxygens are
also small ((1- 5) × 10-3 vs-0.05 for NHB hydroxyl groups.).
Thus, the degree of electron density penetration beyond the first
solvation shell is too small to have a significant effect on the
second momentM2

O from oxygen-17, that is similar to those
for isolated tetrahedral clusters with the samerXH (compare
Table 3S and Figure 2S).

The comparison of EPR parameters for these large cluster
anions with smaller tetrahedral anions obtained by retaining only
the four water molecules forming the “solvation cavity” suggests
that the effect of the second solvation shell on these EPR
parameters is quite small. The second solvation shell is important
for maintaining the fortuitous orientation of water molecules
and obtaining the correct energetics; the EPR parameters, by
contrast, depend mainly on the interaction of the excess electron
density withthe nuclei in the first solVation shell.This relatively
tight localization of the SOMO justifies the use of the embedded
cluster approach suggested in Part 2 of this series.9

5. Conclusion

This study aims to explain EPR/ESEEM parameters observed
for trapped electrons in low-temperature alkaline ices. General
considerations and experimental data (Section 2 and Appendix
A) suggest that such an explanation cannot be sought using
familiar one-electron models of electron solvation. Hence, ab
initio and DFT methods were used to calculate hyperfine
coupling tensors for water anion clusters that internally localize
the electron via interaction with 4-8 NHB hydroxyl groups.
Both small (n ) 4-8) and large (n ) 20, 24) model cluster
anions were examined. For small clusters, the effects of
coordination number and cavity size were studied. The com-
parison of small tetrahedral clusters with larger clusters identified
by Khan22 and Herbert and Head-Gordon,23 in which the electron
is 4-coordinated, suggests that the electron wave function is
localized mainly over this first solvation shell, and thus, these
small clusters are representative of the ones in the bulk water
(this line of reasoning is continued and extended in Part 2).
Examination of these small clusters suggests that 10-20% of
the spin density is transferred into the frontal O 2p orbitals of
the hydroxyl groups forming the cavity. This transfer has several
consequences for the hfcc parameters. First, as a result of spin
bond polarization, it makes isotropic hfcc’s on the protons small
and negative, in agreement with the ESEEM data of Astashkin
et al.36 Second, for clusters with low coordination number, it
introduces significant lowering of anisotropic hfcc’s, as com-
pared to point-dipole approximation, as was anticipated by
Golden and Tuttle.46 Because the cavity sizes were determined
using the latter approximation,27,33,36,37our results indicate the
limited import of such estimates. Third, there is a very significant
spin density on oxygen, suggesting that EPR results of Schlick
et al.34 for 17O substituted glasses (used to justify the one-
electron models) were compromised, as was also suggested by
subsequent studies by the same authors.61

Although the one-electron point-dipole octahedral (Kevan’s)
model27-29 might be overly simplistic, it turns out that such
b-oriented octahedral arrangement of water molecules does
capture several experimentally observed features of ehyd

- ;
ironically, that occursonly in the multielectron model of the
core anion. The isotropic and anisotropic hfcc tensor parameters

Figure 7. As Figure 1, for the internally trapping large water anions
(EPR parameters, for optimized geometry given in Appendix D, are
given in Tables 3S and 4S). The density levels are(0.03a0

-3 (light is
for positive, dark is for negative): (a) w20n2, (b) t24n1 (c) 4668B and
(d) 51262B anions. The cross indicates the position of a “ghost” atom
inside the cavity.
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determined from ESEEM spectra,36,37 the second moments of
the EPR spectra,32,33,36the downshifts of the H-O-H bend and
H-O stretch modes (see Appendix C),6,7 the gyration radius of
the electron,60sall these parameters can be quantitatively
accounted for in such an octahedral model forrXH ≈ 2-2.2 Å.
The DFT model thus provides rationalization for all of the
experimental observables involving theground statewave
function of ehyd

- .
Since MQC MD calculations11-14 indicate that the coordina-

tion number of the hydrated electron is∼6, our results suggest
that the octahedral model is correct “on average.” Although ehyd

-

does not have a regular solvation shell, like the idealized cluster
anions examined in Section 4, this average does not look too
dissimilar to the octahedral model, if one looks at mean
parameters. This is demonstrated in Part 2 of this study.9

Although the magnetic parameters for different trapping sites
show considerable variation, the mean values are similar to the
ones obtained in simple cluster models provided that the mean
cavity size is the same. This is, again, due to the highly localized
nature of the ground state electron wavefunction.

In many ways, the picture of the excess electron in water
that emerges from the DFT model is similar to the familiar one-
electron picture of this species: a large fraction of the excess
electron density (∼50-60% of the SOMO) is contained inside
the cavity, NHB hydroxyl groups stabilize the electron, there
is little spin density in the hydroxyl protons, and the electron
wavefunction in the cavity has s-character. Yet it also departs
from this picture. A substantial fraction (10-20%) of the spin
density is in the oxygen atoms of these NHB groups, so ehyd

-

can be viewed as a multimer radical anion.1,2,18That fraction is
smaller for ehyd

- than for the ammoniated electron,1 in which
most of the spin density is in the N 2p orbitals: the hydrated
electron is, perhaps, the closest one can get to the one-electron
picture; hence, the remarkable success of the latter in rational-
izing the experimental observations.
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