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The Structure of the Hydrated Electron. Part 1. Magnetic Resonance of Internally
Trapping Water Anions: A Density Functional Theory Study
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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 aniorsd(—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 transf20%a)0of

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 quantum/classical molecular dynamics (MQC MD}* 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 adiabdatié or nonadia-

This paper continues a series of publicatiorison the
“bottom up” approach to the structure of excess electron in polar

solvents. In this two-part series, we consider the most important batic112 approximations. The MQC MD approach allows one

species of this kind: the hydrated electrop, e>® We revisit to treat the electron relaxation. diffusion obe dvnanm-
the magnetic properties of the electron trapped in alkaline ice . ’ » PUATH y

and compare ab initio and density functional theory (DFT) ics, and excitation spectrum ;traightforwardly, with relatively
calculations of such properties for model internally trapping fevy further assumptlpns. Th|§ approach'proved to be k,mth
(H0)~ (n = 4—24) clusters and hyperfine coupling (hfcc) |n3|ghtfu| and productive, z.and it greatly reflned.the theoretical
tensors for magnetic nuclei that were determined experimentally Picture of electron solvation. However, despite these many
in the 1970s and the 1980s (Section 2 and Appendix A). successes, the one-electron models, regardless of their technical
Although this comparison upholds several commonly assumed Sophistication, suffer from two closely related problems:
features for the cavity model of@™ , it also suggests that one- One of these problems is that of justification. It does not
electron theories of the hydrated electron might be incomplete. follow from any higher-level theory or a general principle that
The salient feature that is missing from these theories is the the one-electron models in which the solvent is described
significant transfer (1820%) of the spin density into the frontier classically and a single electron is described quantum mechani-
O 2p orbitals of water molecules forming the solvation cavity. cally is the adequate picture of,g". The reasoning goes the
There have been recent suggestidrthat this transfer might other way around. The one-electron modepisstulatedand

account for the observeci 200 chdownshm of the G-H then the consequences of this assumption are tested against the
stretch mode and-30 cm ! downshift H-O—H bend modes . : . .
; T experiment. Good agreement with the experiment is then taken
in the resonance Raman spectragfein liquid water (as well P : o

as the justification for the assumptions and simplifications

as a similar red shift in gas-phase water anion clusfeté)e . . . . .

examination given in this paper and Part 2 of this stisliggest |rk1]troducedr|]n the model. 'kl)'lhe thall of th!s a[?proach Is that moref

that the magnetic resonance properties gfiecannot be  than one theoryis capable of accounting for a given group o
experimental observations, especially when empiricalté,O

understood in any other way. . o . .
Traditionally, solvated electrons were treated using one- pseudopotentials are allowed. The majority of theoretical studies
' have focused on a single property: the absorption

electron models in which the excess electron is consideredOf Ehyd N o . X .
separately from the valence electrons in the solvent (which is SPECtrum in the visible. Despite great differences in the approach
described classically). In these models, the electron interacts2nd the degree of detail, all of the 26@heoretical papers on
with the solvent molecules by means of an ad hoc empirical, &vyd_ claim good understanding of this spectrum and its salient
classical potentidl.Since the 1980s, the hydrated electron has features. A possible conclusion is that this absorption spectrum
become the test bed for state-of-the-art path intémald mixed might not be too revealing about the details of electron solvation
once the model satisfies a few rather general criteria. (In this
*To whom correspondence should be addressed. E-mail: '€gard, the ability of MCQ MD calculatiofs** to address the
shkrob@anl.gov. basic features of pumprobe experiments omg~ 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 OQ Q
used® (with the same degree of fidelity) to account for the ° . $
absorption spectra of the solvated electron in liquid ammonia o ° o
and aliphatic amines, for which there is a strong case, supported
by both theoretical consideratidi$*” and nuclear magnetic (a) (d)
(NMR)!819 and electron paramagnetic resonance (EPR) spec- a L~
troscopies (reviewed in ref 1), that the one-electron picture is '”‘a @ 9
incorrect, as most of the spin density is contained in the frontier . o o
N 2p orbitals of the solvent molecules in the first and the second 5
solvation shelld:'8In other words, the one-electron models, even (b) (e)
when these are demonstrably incorrect in their basic assump- o ;
tions, still account quite well for the optical properties of the Q@ ° L]
excess electron. Such observations bring to the fore the question . '
of how justifiable such one-electron models are in general.

One way to justify and support these models would be Q o p @ )
calculating the less frequently addressed properties,faf.e
Therein lies the second pitfall of the one-electron models, since (c) (f)

by their very nature these are not conducive to such tests. InFigure 1. Isodensity maps for singly occupied molecular orbit (SOMO)

particular, the t_wo experimen_tal meth_ods that give the most () btype and (b) elype Ds symmetrical tetrahedral water anions
dll’eCt and deta'led StI‘UCtUI’aJ InfOI‘matlon on the gl‘Ound state and p|ana|c4h Symmetrical (C) uype and (d) H-bonded square water

of the solvated/trapped electromagnetic resonance data for anions, (e)C; symmetrical octahedral and (B, symmetrical cube-

trapped electrons in alkaline ices (Section 2) and resonanceshaped Hype water anions£0.03a,* surfaces are shown; light shade

Raman spectroscopy of hydrated electrons in liquid eater |shfor g%sltlve, dar:k éhgde ls_ folr n?g_atlve): Irr: (e), the nlegatllvefpart. is
H H shared between the p orbitals of six or eight water molecules forming

are the least tractable from the standpoint of these the_ones, he cavity. B3LYP/6-312-+G* model for X—H, distance of 2.1 A

because the solvent molecules can no longer be considered ..

- - ptimized geometry).
classically. Other properties ofyg™ that do not lend themselves
easily to such calculations are its vacuum UV band at 198'nm  penefit of the reader, the basics of EPR and ESEEM spec-

and the proton-transfer reactioh§he 190 nm band supposedly  troscopies pertaining to the observations of the trapped electron
involves O 2p orbitals in the water molecules forming the are discussed in Appendix B in the Supporting Information.
cavity®® whereas the latter requires full quantum mechanical  The magnetic resonance studies of watercésculminated
treatment of water molecules. A limited set of experimental jn the well-known octahedral model ofyg™ (Figure 1e) that is
results is revisited repeatedly, whereas other equally importantassociated with the name of L. Kev&halthough it was first
properties of g4~ remain seldom addressed. suggested by Natori and Watan&band Nator#® In this model,
Over the past decade, this situation has changed, largely dughe cavity is formed by six non-hydrogen-bonded (NHB)
to the advances in anion cluster chemistry. The need for hydroxyl groups pointing toward the common center. In fact,
understanding the properties of gas phas@(k~ aniong! has neither Kevan's EPR, ENDOR, and ESEEM stuéié83* nor
fomented interest in modeling such species using ab initio and the follow-up ESEEM studies pursued by Bowman’s and
DFT methods that go beyond the one-electron approxim#tiéh. Tsvetkov's group® 37 lend direct support to this model.
Such calculations were originally carried out for relatively small Surprisingly, the first solid evidence that this model does
clusters @ = 6—10) that trap the electron at their surface, capture, albeit approximately, theagneticproperties of the
yielding dipole-bound anions. The internally trapped electrons end~ is provided by this study. To reduce the length of the paper,
can also be modeled using such small clustedsyt their the Sections, Tables, and Figures with the designator “S” (e.g.,
structure does not correspond to any known species observedrigure 1S) are placed in the Supporting Information.
experimentally in the gas phase. Recently, the increased
computational power allowed to examine several larger clusters2. Magnetic Resonance Studies

(n = 20 and 24) that demonstrate internal solvation by four  \ye refer the reader to Appendices A and B in the Supporting
dangling HO group%-* (while most of the remaining OH  |nformation for the detailed review of magnetic resonance of
groups are involved in the H-bond formation). Other promising rapped electrons and the basics of the techniques involved,
developments were the recent E&arrinelld> and hybrid® respectively. Very briefly, the goal of the EEfand ESEEM?
multielectron MD modeling of thewgy™ in liquid water based  stydies is to provide hyperfine coupling (hfcc) tensors for
on the use of pseudopotentials for valence electrons in watermagnetictH (or 2H) nuclei in the OH groups lining the solvation
molecules. cavity. These tensors can be used to map the singly occupied
Most of these studies focused on the energetics of the watermolecular orbital (SOMO) and determine (within certain ap-
anion clusters. Yet the approach also allows one to estimateproximations) the geometry of the solvation cavity. The hyper-
the magnetic parameters for the and'’O nuclei in the water  fine coupling tenso” with principal values of A, Ay, Az)
molecules and compare these estimates with EPR parametersan be represented as ¢ B, a + Byy, a + B,), wherea is
for trapped electron in alkaline ice. Such is the program the isotropic hyperfine coupling constant (originating through
implemented in this paper. The results of EPR, electron spin the Fermi contact interaction) arglis the traceless tensor of
echo envelope modulation (ESEENB] electron nuclear double  anisotropic hyperfine interaction that originates through eleetron
resonance (ENDOR) and electron-electron double resonancenuclear magnetic dipole coupling. Typically, such tensors are
(ELDOR) spectroscopy of trapped electrons in alkaline ice are nearly axial, so thaByx ~ By, ~ Tp andB,; ~ —2Tq. For a
critically reviewed in Appendix A in the Supporting Information, point like an electron interacting with a nucleus at a distance
and the main conclusions are summarized in Section 2. For theTy = yey/hré, wherey. and y, are the corresponding gyro-
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magnetic ratios, anH is the Plank constant. For a protd 3. Computational Details
~ 57.64337 where the distance is given in A and the hfcc’s are
in Gauss (1 G= 107 T). All of the EPR and ESEEM data for

trapped electrons were interpreted using this point dipole . ! . -
L o . functional (Becke’s exchange functioPahnd the correlation
approximation, although it is not obvious that the latter holds functional of Lee, Yang, and Paf?rom Gaussian 982 B-LYP

for a cavity occupied by a spatially extended electron wave- functionals are most frequently used to estimate isotropic hfcc
function® The ryy distances (where H denotes the nearest . q y P

proton andX iis the centroid of the electron density in the cavity) in radicals and radical ions, for which it typically yields accurate

. ! ; ; and reliable result3*%® As a complementary approach, self-
were estimated from the experimentally determiffedusing . .
; L f . . ; consistent field HartreeFock (HF) and second-order Mgller-
this approximation. Only in retrospect was it reali¥&that this

o : o Plesset (MP2) perturbation the8fgalculations were used. The
approximation might result in Incorrect values fgx when the latter two methods gave very similar estimates fieagnetic
latter is in the range of 2:42.4 A (i.e., in the range suggested

a oA . parameters, so in most cases, only HF results are discussed
by the_ESEEM data). The situation Is further complicated when below. Although the anisotropic hfcc’s calculated using these
there is nonzero spin density on O atoms, because the proton

would also interact with the unpaired electron in the O 2 DFT and ab initio methods were comparable, the isotropic hfcc’s

- L : P . 2 2P ittered substantially: the HF and MP2 generally yield smaller
orbitals. This interaction decreases both the dipolar contribution absolute isotropic hfcc's@) for 170 nuclei and larger isotropic
ano_l the isotropic constant, an_d It can reverse t_he .S'W’Oi'a hfcc (@") for the innermost!H nuclei, as compared to DFT
“spin bond polarization?® which is spin polarization of the '

: - . methods (such as B-LYP and LSDA). This difference can be
Eggrgitggﬁg ?zepfr;r;gf rokf ?:120;;2:2;%\%1%,4%%61”“ traced to the fact that the DFT models better account for the

) ~ spin polarization effect (which accounts for their preferred
Because EPR spectra of the trapped electron in alkaline icesyse for the calculations of EPR parametéfsp

are structureles®; *4 these spectra provide the estimate of the | j;jess specified otherwise, the basis set was a 6-31G split-
“total” magnetic coupling that is given by the second moment 5ience; doublé- Gaussian basis set augmented with diffuse
M of the resonance line; the proton contribution to the latter is 54 polarized (d, p) functions (6-3+#G**). Very similar

~23 G in the alkaline ices (eq B5 in Appendix B). Assuming  reqyits were obtained using two other basis sets, augmented
that the protons are magnetically equivalent and the coordlnatlonDunning:S correlation consistent double basis set (aug-cc-
numbem is known, these estimates can be refined using “flip- pVDZ)5” and Barone’s triple: basis sé with diffuse functions

flop satellites;* for n = 5, this analysis givefa| =2+ 3 G and an improved-gart that was introduced specifically for the
and ZI = 8.3+ 1 G (which corresponds tog ~ 1.98 A). hfcc calculations (EPR-III). Reduction of the basis set to
Neither EPR nor ESEEM provide the direct estimate of the mean g_314+-G** or smaller sets gave rather different results from those
coordination numben; rather, these spectroscopies provide the gptained using these basis sets (see, for example, Tables 1S
constraints on the dipole coupling of the electron. Originally, ang 4S). That was not the case in ammonia clusters examined
ESEEM data were interpreted as supportive of Kevan's model i our previous study.This is because in water anion clusters,
with six equivalent protons ana’ ~ +2.1 G (forrxs ~ 2.1 the spin density inside the cavity is substantially greater than
A).2” The positive isotropic hfcc for the protons was consistent i the ammonia clusters, and more diffuse sets are required to
with one-electron models. However, subsequent ESEEM stud-gptained reliable estimates. This is an important point, because
ies’®37indicated that, in facta” ~ —0.92 G (forry, ~ 2.01 the early ab initio studié&” of water tetramer anions related
A). The negatively valued constants originate through spin bond 1o EPR used tight 3-21G and 4-31G basis sets. We also used
polarization involving unpaired electrons in the O 2p orbitals. pzsis sets (6-32G** sets complemented by diffuse functions
Negatively valued isotropic hfcc constants were also observed gy hydrogen and oxygen atoms) that were developed by
using NMR and dynamic nuclear polarization for protons in  Bradforth and Jungwirfl and Herbert and Head-Gordrior
ammoniated electroh®**These results signifthe breakdown  ap initio modeling of water anion clusters. The hfcc tensors
of the one-electron approacfrhe same is also suggested by obtained using these basis sets were very similar to those
the anomalously small absolute value of the hfcc constant. In gptained using the standard 6-31:3G** set.

the absence of spin bond polarization, large positively valued  |n most of these calculations, a ghost atom (i.e., a floating-
estimates foa" (~3-5 G) were suggested by semicontinuum  center set of diffuse functions) was added with parameters used
models?®4° Since the initial experiments seemed to yield such i refs 23 and 59. For the 6-3+H-G** set and other large

large, positive hfcc constants, these experiments were consideregyzsjs sets, the introduction of this ghost atom had little effect
to be supportive of such one-electron models. The subsequengp, the calculated hfcc tensors.

ESEEM experiment®;* however, yielded hfcc estimates that e types of the model clusters were examined: (i) small,
are clearly incompatible with these one-electron models. By highly symmetrical (HO),~ clusters = 4, 6, and 8) in which
contrast, the t_aarly tight-bi_nding ab initio calculations for water \yater molecules were arranged in such a way that the hydroxy!
aniond®*"*0yielded negatve proton constants. group of each molecule pointed toward the common cedter,
The original estimate of six (equivalent) protéhwas later (b-type clusters), or with the water dipoles pointing to the same
revised to two protonste2 A and 7-8 protons at 3.5 &837 center (d-type clusters); (i) foun = 20 and 24 clusters that
although the latter estimate appears to be incompatible with theinternally trap electrons (the cluster geometries were obtained
constraints imposed by the observed EPR line width. Yet anotherfrom Khar#2 and Herbert and Head-Gordéhthe geometries
constraint is imposed by the second moment of the EPR line in of these clusters are given in Appendix D in the Supporting

In this study, gas-phase water cluster anions were analyzed
mainly using density functional theory models with the B3LYP

170 substituted ices, which is134 G for 37% at!’0.3* Schlick Information); and (iii) embedded clusters generated from 1000
et al3 estimated from this parameter that the total transfer of snapshots of theng~ obtained in a 100 ps long MQC MD
the spin density into the O 2p orbitalss10—16%. trajectory (Part 2).

Far from being able to provide direct structural information, In addition to the hfcc tensors, second momevifsand M3

the magnetic resonance data themselves need to be understoodere calculated fotH and1’O nuclei, respectively, using eq
and interpreted. B7 (the contributions from isotropic and anisotropic parts of
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the hfcc tensor were calculated separately). We also used these g L
hfcc parameters and the directional cosines for hfcc tensors to 0.10 - o ° -
directly simulate EPR spectra for randomly oriented fixed- Al - ~ @ -
geometry clusters (assuming a spherigdaénsor). For small, & 0.05- 0,994 ool
highly symmetrical clusters, the simulated EPR spectra exhibited ! (a) < o (L
some structure, but the spectra simulatedrfer 20 andn = 0.00 E
24 anion clusters (for botBH,1%0 and H,’O) are nearly o I S
Gaussian and show no spectrally resolved resonance lines, such 2 0.5 -
as the experimental spectra obtained in alkaline glasses. Typical 2 il AR
examples of such spectra are shown in Figure Bla in the B 00d--468646888358L
Supporting Information. S I _ |
SOMO density maps indicate that the electron wavefunction E 0.5 2 e ' i
inside the cavity and in the frontier orbitals of O atoms have o i il (b) i
opposite signs (Figure 1), suggesting a way to distinguish these 2 0 2 B
two contributions. Typically, the diffuse, positive part of SOMO 2 o024 ¢ : : : 00000
occupies 86-:90% of the geometrical cavity at a density of z i AAdaaar
+(0.03-0.05),~3 and less than 10% at a density-6f0.07— £ L TR R . s ‘ak
0.1)ag3 (whereap ~ 0.53 A is the atomic unit of length). In ® 021 mumunm
large clusters;-50—60% of the total SOMO density is contained 1'5_'_ 2'0 i 2'5 ) 3'0 ' 3'5
inside the sphere centeredXatorresponding to the closest of i i i 1 1
the NHB hydrogens (that is subsequently denoted gs & g A

0 L . .
least 75% of the total density is contained withie ®A sphere. Figure 2. (a) Total population¢(2)p of oxygen 2p orbitals (filled

Th?T highest (negative) de.nsity is .found in 'Fhe frontal O 2p circles, to the left) as a function ofy, the X—H, distance (B3LYP/
orbitals of oxygen atoms in the first solvation shell. These .311++G** calculation for theD,q symmetrical btype water anion
general observations do not depend on which computational shown in Figure 1a). For comparison, the same parameters calculated

method (DFT, HF, or MP2) is used to calculate the SOMO. using HF/6-31%+G** method are shown in the same panel (open
Throughout the next section, no attention is paid to the circles). (b) MuIIlke_n population analysis: atomic char_ge (filled

energetics of the electron solvation, as clearly the effects of SYMP0IS. top) and spin (open symbols, bottom) densities i¢ciktles),

. - . _ 0~ 7 Hp (triangles), and O (squares).

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 Symmetrical planar ring (Figure 1d) has the lowest energy (the

interested in the structural aspects and the salient features of€lative energies for these two clusters andagsymmetrical
the ground state SOM@Dur goal is to find which minimal ~ d-type cluster (Figure 1b) and, b-type planar cluster (Figure

multielectron model produces the features that are compatible 1¢) are given in Table 1S). The energy switchover upon
with diverse experimental obseations for the g,q". extension of the basis set follows the change from external to

The radius of gyrationrg, for the electron given below is internal solvation. Despite considerable variation of the structure,

defined agy = 12 — [MA30 We used SOMO for this averaging. all of these Eand d-type tetramer anions exhibft ~ —(18—
In the one-electron model, the gyration radius can be roughly 24) G anda™ that is negative and small (for NHB hydroxyl

estimated from the optical spectrum moment analysis for the s groups).. ForDzq symmetrical Btype qlusters. (Figurg 1a), the
— p absorption band, as described by Barflthe typical comparison of hfcc parameters obtained using various methods

estimate is 2.5 A. The total spin densitzygp, in the O 2p is given in Table 2S. All of these methods yield a ground state

orbitals of water was defined (consistently with the typical way :Ea: tiXh\I/\t/m\? ? glfI;Jsr]ei posmt:/eridelr)lsnymatl trrf ﬁ;endtebr (gbse:i\(/e
in which such a parameter would be experimentally determined arthe wavetunction s aspherical) complementec by hegative

. o density in the frontal lobes of the O 2p orbitals (Figure 1a).
e o et ZPENNG on he melhod and he basisSeihestance
for this parametér obtained using different m’ethods were (betwegn the wavefunction centroid at X and the closest proton,
comparable (see Figures 2a and 4a in Section 4.1) Ha) varies between 1.45 A (LSDA/aug-cc'-pV.DZ) anql 3.2 A
T (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
4.1. Small, Symmetrical Anions (i = 4, 6, and 8).Small the cluster largely defines the overlap of the SOMO wavefunc-
water anion clusters observed experimentally in the gas phasetion with the nuclei, comparing the hfcc parameters obtained
either do not attach the electron or yield surface-bound for different optimized structures is not instructive. To facilitate
electrong! The resulting species are of great theoretical interest such a comparison, we have calculated several parameters for
but provide limited insight into the structure of the trapped D2g Symmetrical clusters as a function of the-K, distance,
electron in liquids and glasses. Previous ab initio and DFT rxu, optimizing all other degrees of freedom. The results are
studied617.22-24 syggest that internal solvation is possible when shown in Figures 26.
several (at least four) NHB hydrogens form a “solvation cavity.”  As the cavity size increases from 1.8 to 3.2 A, the total spin
By contrast, H-bonded protons play almost no role in the density,¢>§’p, in the O 2p orbitals decreases from 0.11 to 0.04
electron solvation. The simplest anion cluster that has the desired(Figure 2a), and the Mulliken spin density on oxygen atoms
properties is a tetrahedraD$y symmetrical) b-type cluster  decreases from-0.2 to —0.1 (B3LYP/6-31#+G** model;
shown in Figure la (the Natori model of “solvated elec- Figure 2b). The atomic spin density on ti& protons is
tron”).16.17.28This cluster (for the optimized geometry) has the negative, which immediately suggests that< 0. The isotropic
lowest energy in the B3LYP/6-31G** model; however, for hfcc’s a® on oxygen-17 and the protons decrease exponentially
larger basis sets (6-3%HG** and aug-cc-VDZ), aCgu with rxy, from —25to—14 G and—0.8 to—0.2 G, respectively

4. Results and Discussion
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Figure 3. (a) Isotropic hfcc's forr’O (filled squares; to the top) and
1H (bottom) nuclei (the Hifilled circles] and H, [open triangles] nuclei
are shown together) vs—O andX—H, distances, respectively. Solid
lines are exponential fits (B3LYP/6-33+H-G** calculation for btype
tetrahedral water anion). (b) The same as (a) for zherincipal
component of anisotropic hfcc tensor. The solid line is the estimate
obtained in the point-dipole approximation, eq (B9).

(Figure 3a). Observe that' is small and negative for all cavity
sizes. The isotropic and anisotropic hfcc’s FyandHy, protons
plotted vs the distancexy to these nuclei follow the same
general dependence (Figure 3). Only fgr, > 3 A does the
constantBZHZ 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 @, (as is the case for all other
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Figure 4. (a) Total populationngp of oxygen 2p orbitals (filled
circles, to the left) and radius of gyratian,(open squares, to the right),
as a function ofrxy and theX—H, distance (B3LYP/6-311+G**
model for the octahedral water anion shown in Figure 1e). For
comparison,d:?p calculated using the HF/6-3¥tG** 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 k{circles), H, (triangles), and O (squares) atoms.

incompatible with the experimental ones. For isotropic hfcc
constants on oxygen-17, the HF methods always yi€lsl that

are 26-100% less negative than B3LYP, resulting in smaller
estimates fong (which is dominated by these isotropic
hfcc’s). Either way, the latter parameter is a few thousands of
G2, which is significantly greater than 36(*@iven by Schlick

et al3* (see Section 2). All of these considerations suggest that
tetrahedral sites forng~ are rejected by EPR and ESEEM
results. The same reasoning excludegpe 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 MB~14 and othet®
simulations indicating that the coordination number of the

water anions) obtained using B3LYP and HF methods are very electron is close to 6. We have examined such clusters for two

close (Figure 1S in the Supporting Information). Fai ~ 2
A, B;‘Z% 4 G instead of 7.2 G in the point dipole approxima-

reasons. First, all large anion clusters known to trap the electron
internally from previous ab initio and DFT studies have

tion (panels b in Figures 3 and 1S). To obtain the experimental tetrahedral core anions. As shown below, having more water

estimate ok7 G, theX—H, distance should be1.5 A, which
is unrealistic. The experimenta" (—0.93 GJ%37 can be
matched only forxy < 1.6 A (Figure 3a). Thus, the tetrahedral

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,

arrangement seems to be excluded by our results. This is alsaso the analysis of Astashkin et®&lsuggesting just two water
suggested by Figure 2S that shows the plot of the contribution molecules in the first solvation shell cannot be correct.

to the second moment from the protomg. Forryy ~ 1.8-2
A, this parameter is only 1015 @, which is significantly
smaller than the experimental 223 (G2.322236Thjs is due to

We turn to the octahedral complexes shown in Figure le
(Kevan’s model). Such complexes are expected to resemble most
closely the “real” hydrated electron in liquid water. There are

the smallness of the anisotropic contribution (Figure 3a); the important differences between the results for eetad tetra-

isotropic contribution to the EPR line width is negligible.
In the HF model with the same basis set, the isotropic hfcc

hedral complexes. These differences are traceable to the greater
sphericity of the electron wavefunction and more extensive spin

on the protons is several times more negative than in the B3LYP sharing in the larger anions (as seen from Figure 4a). First, the

model (for H, changing from—5.2 G to—1.4 G when theX—H,

BZHZ more closely follow the point-dipole model (Figure 5b);

distance changes from 1.8 to 3.2 A). Such estimates are clearlythus, it is possible to match the experimental estimate of this
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Figure 5. (a) Isotropic hfcc's forr’O (filled squares; to the top) and
1H (bottom) nuclei (the Hifilled circles] and H, [open triangles] nuclei
are shown together) vs—O andX—H, distances, respectively. Solid
lines are exponential fits (B3LYP/6-33H-G** calculation for the
octahedral water anion). (b) The same as (ayfprincipal component
of anisotropic hfcc tensoB}, The solid line is the estimate obtained
in point-dipole approximation (eq B9).
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Figure 6. Second moments of EPR spectra for the octahedral water
anion (B3LYP/6-31%+G** model) vs the cavity size (theX—Ha
distance). (a) The contribution from th& 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.

parameter for aiX—H, distance of 1.82 A. Matching of the
experimentabH 36 is possible foryy ~ 2—2.1 A (Figure 5a),
and matching of the experimeml\iitﬂf;< givesrxy ~ 2 A (Figure

Shkrob

6). As shown in Appendix C and Figure 4S, downshifts of
H—O—H bending and G -H stretching modes in such clusters
approach the experimentally observed magnitude for the same
rxq. 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 overestimaleyielding for realistic
cavity sizes (xy < 2.5 A) negative hfcc’s of several Gauss,
values that are excluded by ESEEM spectrosc§gyFurther-
more, largea” would increaseM} to 50-80 G, which is
inconsistent with EPR results. The estimate ¥ is ~5000

G? (Figure 6,~3000 @ in the HF model), which suggests a
line width, AByy, of ~140 G (for fully oxygen-17-substituted
éwyd ). The energy minimum is aky ~ 2.1 A'in the B3LYP
model (see the SOMO maps in Figure 1e) arRlA in the HF
model.

Figure 4a shows the cavity size dependence for the total
populationqsg’p of O 2p orbitals and the gyration radiug, As
rx4 increases from 1.8 to 3.2 A, the spin density transferred to
oxygen atoms decreases from 0.20 to 0.05, and the gyration
radiusrg increases from 2.4 to 3.6 A (B3LYP/6-333G**
model). Once more, the experimentgk 2.5 A% is matched
for ryy ~ 1.9-2.0 A (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 Hand O in the hydroxyl groups gradually approaches
its value for individual water molecules (in the same model),
+0.25 and—0.5 e. At ryy &~ 2 A, the corresponding atomic
charges are-0.05 and—0.31€, and the atomic spin densities
are+0.27 and—0.17, respectively (the spin density is always
negative for H protons).

Finally, we briefly consider the results obtained for two cube-
shapedn = 8 water anions: &, symmetrical btype anion
shown in Figure 1f and the correspondi@, 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, evenX{eiH,
distances as short as 2 A. The degree of spin transfer to O 2p
orbitals is greater than in the octahedral and tetrahedral anions
(¢g’p ~ 0.3 forrxy ~ 1.8 A). The isotropic constan#' are not
too different from those for octahedral anions; since the
coordination number is greater, the second moment is too
large: M ~ 48 G (vs experimental 2423 G?)323336for ryy,
~ 2 A. Even for the etype 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 forryy ~
2—2.5 G). When'’O constants estimated for these anions are
plotted againstxo, the hfcc’s for both types of clusters follow
each other, suggesting thaft is mainly a function of the&x—O
distance rather than molecule orientation. From the standpoint
of EPR parameters, the major difference between thaniol
d-orientation appears to be in the anisotropic constants for the
inner protons: while for the-bype anion, the point approxima-
tion is accurate, for the-type anion (and this refers to all anion
clusters that we examine(B;'zis significantly smaller than the
estimate obtained in the point dipole approximation (Figure 5S).
Consequently, the estimates for this parameter become unreal-
istically small, and ebrientation of water molecules is not
supported by our simulations.

All of these results provide strong support for Kevan's
octahedral modél~2° with the preferential orientation of HO
groups toward the center of the solvation cavity. This model,
despite its being a gross idealization gfs , appears to capture
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6.8 (decreasing in absolute value for larger cavities), whereas for
(a) w20n2- (c)4 6 B- the second solvation shell, these constants range f@&nio
Tl -~ - —4 G. The total population of O 2p orbitals, despite this partial
- il h T o spin transfer to the second shell oxygen atoms, is quite small
\ e “? 4 ’ i (as was the case for tetrahedral cavities examined in Section
g - T e 4.1), ~0.1-0.14. Atomic spin densities for these oxygens are
L o - also small ((1- 5) x 1072 vs —0.05 for NHB hydroxyl groups.).
Thus, the degree of electron density penetration beyond the first
) - i solvation shell is too small to have a significant effect on the
gl [ty - A o second momenMS from oxygen-17, that is similar to those
1 Y > ¥ for isolated tetrahedral clusters with the samg (compare
o Tom i ¥ > Table 3S and Figure 2S).
.} o) v [ The comparison of EPR parameters for these large cluster
< i ,’ o > anions with smaller tetrahedral anions obtained by retaining only
- \ the four water molecules forming the “solvation cavity” suggests
12 2 that the effect of the second solvation shell on these EPR
(b) t24n1- (d)5 6 B- parameters is quite small. The second solvation shell is important

Figure 7. As Figure 1, for the internally trapping large water anions for maintaining the fortuitous orientation of water molecules

(EPR parameters, for optimized geometry given in Appendix D, are and obtaining the correct energetics; the EPR parameters, by

given in Tables 3S and 4S). The density levels-a6:03a, ° (light is contrast, depend mainly on the interaction of the excess electron

for positive, dark is for negafive): (a) w20n2, (b) 24n1 (8% and density withthe nuclei in the first seltion shell This relatively

(d) 5'%6°B anions. The cross indicates the position of a “ghost” atom . L o

inside the cavity. tight localization of the SOMO justifies the use of the embedded
cluster approach suggested in Part 2 of this séries.

several important features that are observed for the hydrated
electron. However, using this model fguantitative simulation

of ESEEM spectra (rather than the extracted “mean” hfcc’s)  Thjs study aims to explain EPR/IESEEM parameters observed
gives poor results. The structure af€ is neither regular nor  for trapped electrons in low-temperature alkaline ices. General
octahedral; .there.is considerable variation in the coordination ~gnsiderations and experimental data (Section 2 and Appendix
number, orientation of water molecules, etc. Many such Ay suggest that such an explanation cannot be sought using
conformations should be averaged to obtain the distributions familiar one-electron models of electron solvation. Hence, ab
of observable pgrameters. That is done in Part 2 of this $tudy. initio and DFT methods were used to calculate hyperfine
4.2. Large Anions (1 = 20 andn = 24). An n = 20 cluster  coupling tensors for water anion clusters that internally localize
(w20n2 anion found by Khaffand threer = 24 clusters (24n1  the electron via interaction with-48 NHB hydroxyl groups.
cluster found by Kha#? and 46°B and 526°B anions found by Both small f = 4—8) and large if = 20, 24) model cluster
Herbert and Head-Gordotfwere examined using B3LYP and  anjons were examined. For small clusters, the effects of
HF methods (Figure 7). The electron in these clusters is bound coordination number and cavity size were studied. The com-
internally by four NHB hydroxyl groups: for the®@B anion, parison of small tetrahedral clusters with larger clusters identified
these OH groups are arranged in a rectangle; for the other threeyy Khar?2 and Herbert and Head-Gord8tin which the electron
clusters, the arrangement is tetrahedral. The mean distBate s 4-coordinated, suggests that the electron wave function is
to the nearest hydroxyl protons is 1.78, 1.87, 2.21, and 2.16 A, |ocalized mainly over this first solvation shell, and thus, these
respectively (Table 3S). Remarkably, for these large cluster small clusters are representative of the ones in the bulk water
anions, even relatively tight binding basis sets (such as (this line of reasoning is continued and extended in Part 2).
6-31+G**) give estimates foraverage 'O and *H hfcc  Examination of these small clusters suggests that2l¥% of
constants that are comparable to the averages obtained usinghe spin density is transferred into the frontal O 2p orbitals of
more diffuse basis sets (Table 4S). Isotropic hfcc’s for protons the hydroxyl groups forming the cavity. This transfer has several
are small (@] < 1 G): either slightly negative or slightly  consequences for the hfcc parameters. First, as a result of spin
positive (Table 3S). That relates only to DFT calculations (Table pong polarization, it makes isotropic hfcc’s on the protons small
3S); with the HF method, as was the case for smaller water and negative, in agreement with the ESEEM data of Astashkin
anions, one obtains a large negatafeof —(5-8) G (Table ¢t 436 Second, for clusters with low coordination number, it
4S). Consequently, the estimates fd are >100 G for introduces significant lowering of anisotropic hfcc's, as com-
Khan's’? clusters (5 times greater than the experimental pared to point-dipole approximation, as was anticipated by
estimates). On the other hand, the estimatesMgrobtained Golden and Tuttlé® Because the cavity sizes were determined
using B3LYP method for %B and 326°B anions are<10 &, using the latter approximatici;3336.37our results indicate the
which is unrealistically small. This is due to the large cavity limited import of such estimates. Third, there is a very significant
size (as compared to Khan's clusters) and small coordination spin density on oxygen, suggesting that EPR results of Schlick
number. Only for w20n2 and t24n1 anions (for whigk< et al3* for 17O substituted glasses (used to justify the one-
1.85A) is B;'Zfor the nearest protons close to the experimental electron models) were compromised, as was also suggested by
value; for larger clusters g > 2.16 A),BY, < 4 G. For other ~ subsequent studies by the same authbrs.
than the nearest four protons, the isotropic hfcc’s are very small ~ Although the one-electron point-dipole octahedral (Kevan’s)
(']a] < 0.05 G for B3LYP methoda" < 0.2 G for the HF modef’~2° might be overly simplistic, it turns out that such
method; see Tables 3S and 4S), that is, the excess electron i®-oriented octahedral arrangement of water molecules does
localized in the first solvation shell. The isotropic hfcc’'s for capture several experimentally observed featuresnpf €
oxygen-17 nuclei suggest the same: ¥éD nuclei in the first ironically, that occuronly in the multielectron model of the
solvation shell, the meaa® ranges from—24.5 to—17.2 G core anion. The isotropic and anisotropic hfcc tensor parameters

5. Conclusion
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determined from ESEEM spect#3” the second moments of
the EPR spectr&;333the downshifts of the HO—H bend and
H—O stretch modes (see Appendix €)the gyration radius of
the electrorf%—all these parameters can be quantitatively
accounted for in such an octahedral modelrfgr ~ 2—2.2 A.
The DFT model thus provides rationalization for all of the
experimental observables involving tliround statewave
function of @yq4~ .

Since MQC MD calculatiorid—14 indicate that the coordina-
tion number of the hydrated electron+s5, our results suggest
that the octahedral model is correct “on average.” Althougit e

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.
Although the magnetic parameters for different trapping sites

show considerable variation, the mean values are similar to the
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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 hascharacter. Yet it also departs
from this picture. A substantial fraction (3@20%) of the spin
density is in the oxygen atoms of these NHB groups, 50 e
can be viewed as a multimer radical anfeii-8 That fraction is
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most of the spin density is in the N 2p orbitals: the hydrated
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electron is, perhaps, the closest one can get to the one-electroffhys-1999 110 6268. Weber, J. M.; Kim, J.; Woronowicz, E. A.; Weddle,

picture; hence, the remarkable success of the latter in rational-

izing the experimental observations.
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