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Aqueous cluster studies have lead to a reassessment of the electronic properties of bulk water, such
as band gap, conduction band edge, and vacuum level. Using results from experimental hydrated
electron cluster studies, the location of the conduction band edge relative to the vacuum level~often
called theV0 value! in water has been determined to be20.12 eV<V0<0.0 eV, which is an order
of magnitude smaller than most experimental values in the literature. WithV0520.12 eV and
making use of the calculated solvation energy of OH in water, the band gap of water is determined
to be 6.9 eV. Again, this is smaller than many literature estimates. In the course of this work, it is
shown that due to water’s ability to reorganize about charge~1! photoemission thresholds of water
or anionic defects in water do not determine the vacuum level, and~2! there is almost no probability
of accessing the bottom of the conduction band of water with a vertical/optical process from water’s
valence band. The results are presented in an energy diagram for bulk water which shows the utility
of exploring the conduction band of water as a function of solvent polarization. ©1997 American
Institute of Physics.@S0021-9606~97!02340-4#
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I. INTRODUCTION

The advent of large size range studies1–5 dealing with
the spectroscopy and energetics of aqueous clusters and
ter ions naturally leads to the examination of how these c
ter properties evolve into their bulk counterparts. Such p
suits require a well-characterized picture of the bu
material. The electronic~amorphous semiconductor! proper-
ties of bulk water, such as the band gap and the locatio
the conduction band edge relative to the vacuum level,
not as well-characterized as one might think, primarily d
to the ability of water to reorganize itself about charge. A
photoionization or photoemission process in water invol
the loss of an electron from the initial state and, con
quently, a difference in charge of the initial and final chem
cal entities. Thus the nascent products of vertical photoi
ization or photoemission processes inevitably find the
selves with a configuration of solvent molecules far fro
equilibrium, even if there is no significant geometry chan
in the solute itself. The solvent reorganization energy~RE! in
photoemission processes is the energy difference betw
the most probable product configuration~the one most like
the initial state! and the final equilibrated arrangement
solvent molecules about the product. The magnitude of
depends on the ion and solvent involved, but is large~1.5–5
eV! in water. As a result, there is little probability for d
rectly observing a vertical transition between the valen

a!Current address: Department of Chemistry, the College of New Jer
P.O. Box 7718, Ewing, NJ 08628-0718.
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band edge and the conduction band edge of water, prima
because the structures associated with the arrangeme
solvent molecules are so different in the equilibrated init
and final states of the photoemission process.

In the present work, an adiabatic value for the band g
of water has been determined by constructing thermoche
cal cycles that use the common OH2 defect state in water
Most of the required quantities are available except fo
revised V0 value ~the adiabatic energy of the conductio
band’s lower edge relative to the vacuum level! and
DEsol(OH) ~the solvation energy of the anionic defect’s co
responding radical!. These two missing quantities are pre
ently determined from cluster studies@V0 from experimental
hydrated electron cluster studies andDEsol(OH) theoreti-
cally#. Additionally, a standard picture of the electron
states of bulk water~a semiconductor picture! has been
modified by explicit consideration of the energies associa
with reorganization of solvating water molecules abo
charge. A bulk picture of water emerges which clearly d
tinguishes between adiabatic and the most-probable ver
processes, as well as the thresholds for vertical proce
which can lie in between. Anionic cluster properties can
extrapolated to this framework with more clarity than w
previously feasible.

A. Basic relations in the photophysics of aqueous
anionic defects

A pictorial definition of the energetic quantities asso
ated with anionic defects in water is given in Fig. 1. In th
diagram the most stable states~lowest energies! are placed at

y,
6023/6023/9/$10.00 © 1997 American Institute of Physics
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6024 Coe et al.: Electronic structure of water
the bottom, and the least stable~highest energies! at the top.
The most stable state~at the bottom! represents an anioni
defect, which would lie energetically somewhere in the ba
gap of water. The solvating water molecules will optima
orient themselves about the charge in a manner which is
different from their alignment in the absence of charge. T
is depicted in Fig. 1 by showing solvent dipoles direct
toward the charge. The multidirectional, hydrogen-bond
capacity of water makes the actual structures involved m
complicated, but the simple electrostatic picture captures
essential physics for the present purposes. If a photon
sufficient energy is absorbed by the anionic defect state,
excess electron can be excited into the conduction band,
to a delocalized state with electron conducting character.
disorder associated with water’s liquid nature~compared to a
crystal! produces energetics similar to a large band g
amorphous semiconductor.6–8 The excited electron will not
delocalize over the entire liquid, but rather over a limit
region which is larger than an individual water molecu
This excited electron state is sometimes described as b
‘‘quasi-free’’ in which the electron is delocalized by com
parison to the electrons bound to water molecules, but lo
ized compared to the conducting electrons of metals. T
process occurs vertically; i.e., the electron is excited o
timescale (,10215 s) much faster than the motion of th
atomic nuclei involved. If near an electrode, the conduct
or quasi-free electron could be detected as an electrical

FIG. 1. Pictorial representation of the energetics of anionic defects in w
distinguishing the vertical (VDÈ) and adiabatic (AEÀ) photoemission
processes. The VDÈprocess corresponds to the most probable transi
energy, i.e., the geometry of the upper state is most like the geometry o
initial state. The AEÀ process corresponds to the minimum or adiaba
energy difference and is not readily accessible with a direct optical/ver
process. The up–down scale corresponds to energy with the most s
~lowest energy! states at the bottom. The arrows designate the directio
chemical equations defining the signs of the corresponding energetic q
tities used throughout this paper. The excess charge in each state is
sented by shading in a manner that depicts the delocalized electron sta
large ~in comparison to the size of solvent molecules! shaded boxes.
J. Chem. Phys., Vol. 107, N
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rent within the bulk material~photoconductivity!. If near a
surface, above the vacuum level, and above the photoe
sion threshold when reorganization energy is important
can be emitted into vacuum~photoemission!. The most prob-
able transition energy for either the photoconductivity
photoemission processes occurs when the geometry of
excited state is most similar to the equilibrium geometry
the anionic defect. At bulk, the most probable transition e
ergy for the photoemission process of a particular anio
defect is herein called VDÈ~vertical detachment energy a
bulk; see Fig. 1! as it has only been determined in water
extrapolating the measured vertical detachment energie
hydrated electron9 and hydrated iodide10,11 clusters to bulk.
The quantity VDÈ is related to the bulk photoemissio
threshold~PET! of the anionic defect, but in water these tw
quantities are significantly different. The PET corresponds
the minimal photon energy at which there is sufficient ge
metric overlap between initial and final states to detect s
nal, whereas VDÈ indicates optimal or most probable ove
lap.

If the electron is removed to vacuum from an anion
defect in a photoemission process, the newly created s
finds itself in a configuration far from its minimum energ
The surrounding solvent molecules respond on different
mescales~both in terms of their electronic polarization whic
is fast and their nuclear positions and molecular orientat
which are much slower than the vertical excitation proce!
to a structure favorable to the resulting neutral radic
should it be stable. The magnitude of energy associated
this process is called the reorganization energy~RE!. It is
typically assigned a positive value, so RE is the reverse
the above-described reorientation process. The comple
relaxed state that eventually results from the photoemiss
process is the vacuum level. The adiabatic reattachment o
electron to the vacuum level structure, regaining the origi
anionic defect, defines the defect’s bulk adiabatic elect
affinity, AEA`, i.e., the aqueous bulk equivalent of the a
ion’s gas phase adiabatic electron affinity.~This should not
be confused with the property called the ‘‘liquid electro
affinity’’ which is not a defect property.! The following en-
ergetic relation for the general defect,A, results

VDE`~A2!5RE1AEA`~A!. ~1!

The defect’s AEÀ can be given~as depicted in Fig. 1! by a
thermochemical cycle,

AEA`~A!5DEsol~A!2DEsol~A2!1AEA@A~g!#, ~2!

where theDEsol’s are the solvation energies of the anion
defectA2 and its corresponding radicalA ~both of which are
typically negative quantities!, and AEA@A(g)# is the gas
phase adiabatic electron affinity ofA ~conventionally posi-
tive if e2 attachment is stabilizing!. The quantity AEÀ can
also be related to the conduction band edge as

AEA`~A!52V02DEdefect~A!, ~3!

where V0 is the energy to take a zero kinetic energy, g
phase electron into the condensed phase to the bottom o
conduction band as a delocalized conducting or quasi-
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6025Coe et al.: Electronic structure of water
electron, andDEdefect(A) is the energy to localize a conduc
ing electron in water onto the neutral radicalA. Both V0 and
DEdefect(A) are typically negative quantities as represen
in Fig. 1. Note that the initial and final states for the tw
processes,DEdefect and RE ~see Fig. 1!, involve the same
geometric differences in solvent structure, so RE is one c
ponent ofDEdefect which additionally includes charge stab
lization upon the solvated radicalA. Therefore, the magni
tude ofDEdefectshould always be greater than RE for defe
that energetically prefer to be negatively charged~electrons
or anions!.

B. The need to consider reorganization energy in
water

Anionic defect states can be readily located beneath
vacuum level by AEÀ using Eq. ~2! and knowledge of
DEsol(A), DEsol(A), and AEA@A(g)#. These quantities,12–14

PETs,15–19and VDEs9–11can be found in Table I for thee2,
I2, Br2, Cl2, and OH2 defects. The radical solvation ene
gies,DEsol(A), are the least well-known of these quantitie
but they are also much smaller than the other terms.
radical solvation energies have been estimated using
level ab initio methods20 ~UHF/3-21G! to determine energy
changes of20.23,20.19,20.03,20.52, and20.48 eV for
the reaction of A1H2O→A~H2O! whereA5Cl, Br, I, OH,
and H2O, respectively. Note that each of these interaction
favorable, so bulk solvation energies can be expected to
stabilizing for the halogen radicals, but weaker than tha
OH and H2O. The fraction of the single water binding ene
gies of Cl, Br, and I relative to that of OH and H2O is used
as a scaling factor with the bulk solvation energies of OH~as
determined in Sec. V! and H2O to estimate the bulk value
for Cl, Br, and I. The average of the result scaled from O
and H2O is shown in Table I. We expect these values to
accurate within about 0.1 eV.

TABLE I. Energetic location of defects beneath vacuum level and de
photoemission thresholds. All units are in eV.

Defect (A)
DEsol

(A2)
DEsol

(A)
AEA

[A(g)] AEA`
f

PET
[A2(aq)] VDE`

e2 21.72a 0.000 0.000 1.72 2.4g 3.32j

I2 22.549b 20.03c 3.063e 5.58 7.19h 8.06k

Br2 22.930b 20.16c 3.363e 6.13 8.05h NA
Cl2 23.278b 20.19c 3.613e 6.70 8.81h NA
OH2 24.970b 20.37d 1.83e 6.43 8.45h NA
H2O 20.456e 10.06i

aThis work.
bReference 13.
cEstimated in Sec. III from pairwise interactions with water, uncertai
'60.1 eV.

dCalculated in Sec. V.
eReference 12.
fEquation~2!.
gNew estimate based on this work’s smallV0 value of water.
hReference 16.
iReference 15.
jReference 9.
kReference 11.
J. Chem. Phys., Vol. 107, N
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In Fig. 2, the experimental PETs of various anionic d
fects including the hydrated electron are drawn from th
defect state locations beneath the vacuum level. Note tha
PET of the hydrated electron has not yet been measure
bulk and is a quantity derived from present considerations
there was nothing unusual about water~or, to be more pre-
cise, if there was sufficient optical access to the vacu
level!, then all of the PETs would access the same energ
the conduction band defining the vacuum level. However,
of the PETs access the conduction band at different poi
well above the vacuum level~which must lie at or below the
lowest PET access point!. Notice that~1! the thresholds are
not determined by the vacuum level, and that~2! the deeper
into the band gap a defect lies, the higher the energetic
cess into the conduction band. These observations sug
that the PETs are primarily governed by the lack of geom
ric overlap between the initial state~where solvent molecules
near the charge align their dipoles to the charge! and the final
state ~which is uncharged and would not prefer dipo
aligned solvent configurations!. Clearly it is very important
to consider reorganization energy~RE!; i.e., RE cannot be
considered to be approximately zero. Whenever RE is imp
tant, it follows that VDÈ(A2) will not be equivalent to the

t

FIG. 2. Photoemission thresholds~PETs! of various anionic defects, includ
ing the hydrated electron, are plotted on a typical band energy diagram
water. The anionic defect states are located relative to the vacuum lev
the quantity AEÀ using Eq.~2! and the data in Table I. All of the PETs
access the conduction band at different energies which are well abov
vacuum level. The deeper into the band gap a defect lies, the highe
energetic access into the conduction band, showing that it is importan
explicitly consider solvent reorientation about charge. Also shown are
vertical detachment energies~VDE` , i.e., most probable transition energy!
for the hydrated electron and iodide defects. Clearly they are not equal to
PETs and extend;1 eV further into the conduction band providing mor
evidence for the need to consider solvent reorganization energy~RE!.
o. 16, 22 October 1997
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6026 Coe et al.: Electronic structure of water
PET@A2(aq)# and aqueous energetic diagrams~such as Fig.
2! require more degrees of freedom to account for RE~in a
manner analogous to a molecular potential energy surfa!.
There are now determinations of VDE`(A2) from negative
ion photoelectron spectroscopic studies9–11 of hydrated elec-
tron and iodide clusters which show that most-probable v
tical access extends about 1.0 eV further into the conduc
band than the PETs~as depicted with dotted lines in Fig. 2!.
These VDÈ values determine REs@by Eqs.~1! and~2!# for
e2(aq) andl 2(aq) of 1.60 and 2.5 eV, respectively. Ther
fore, the PETs provide only minimal estimates of REs wh
are about 1 eV shy of the true RE values. This observat
when considered in the appropriate terms for the photo
ization process, explains why the present determination
V0 is different from many experimental literature values21,22

by about 1 eV.

II. RESULTS

A. Determination of V0

The band gap, which defines the energy difference
tween the valence band edge~top of the valence band! and
the conduction band edge~bottom of the conduction band!,
is defined relative to the vacuum level by the quantityV0

~which is sometimes also called the liquid electron affinit!.
The energy to promote a delocalized, conducting electro
minimal energy into vacuum with zero kinetic energy
2V0 . The top of the band gap~conduction band edge! can-
not yet be placed accurately on the diagram in Fig. 2,
cause its exact location depends on the value ofV0 . Since it
should not be placed above any of the PETs or below
defect, the hydrated electron data provide the tightest c
straints in this regard.

The hydrated electron species also provides a very us
simplification of the schematics in Fig. 1. Since the defe
A2, is an electron, and there is no corresponding radicalA,
to provide a solvent orientation different from that of pu
water, one finds that AEA@e2(g)#5DEsol(A)50 and
AEA`(e2)52DEsol(e

2) for the electron defect. A simpli-
fied schematic of the hydrated electron case is provide
Fig. 3. The Bowen group’s detachment work9 gives
VDE`(e2)53.32 eV, and crossed electron and water clus
beam experiments of Knappet al.23 show that (H2O)11 has a
small but positive adiabatic electron affinity, AEA11

'0.0 eV. The Bowen group’s experiments also show that
VDEs of hydrated electron clusters progress to bulk with
continuum, dielectric spheren21/3 slope of 5.73 eV. It has
been shown11 that there is a constant ratio~0.643! between
the continuum dielectric spheren21/3 slope of cluster solva-
tion enthalpies and the cluster vertical detachment ener
~VDEn’s!. Since in the special case of the hydrated electr
the solvation enthalpy and adiabatic electron affinity are
same, it follows that the cluster AEAn values must also
progress to bulk with the continuum, room temperature,
electric sphere value of;3.83 eV for solvation enthalpy.11

Extrapolation of the AEA11 value of zero to bulk with the
continuum dielectric sphere slope results
AEA`51.726.05 eV. This value is consistent with the a
J. Chem. Phys., Vol. 107, N
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cepted estimate of the electron’s solvation enthalpy24 based
on its absorption spectrum. By Eq.~1!, the solvent reorgani-
zation energy for the electron, RE(e2), is 1.60 eV.

As has already been observed, the initial and final sta
for the two processes,DEdefect and RE ~see Fig. 1 or 3!
involve the same geometric differences in solvent structu
so RE is one component ofDEdefect which additionally in-
cludes charge stabilization~expected to be favorable for de
fects that prefer to be negatively charged!. The RE associated
with the hydrated electron represents a minimum magnit
for DEdefect(e

2), so 2DEdefect>RE. Using this inequality
and Eq. ~3! solved for V0 , one finds thatV052DEdefect

2AEA` > RE 2 AEA` 5 1.60 eV2 1.72 eV5 20.12 eV.
Therefore,V0>20.12 eV. The value ofV0 in a liquid is
governed by two properties: the degree of long-range or
in the liquid25 and its polarizability.26 A liquid with mol-
ecules arranged symmetrically on average will be more
pable of accommodating a low energy, Bloch-like wa
function for the quasi-free electron than one with molecu
arranged in a disorderly fashion. Since liquids with a hi
degree of long-range order have negative values ofV0 ,25

water~with long range structure dictated by hydrogen bon
ing! can be expected to have a negative value ofV0 , shrink-
ing the range of possible values to20.12 eV<V0<0.0 eV.

An important discussion and review on the value ofV0

has been given by Han and Bartels.27 The present determi
nation is consistent with Jortner’s theoretical consid
ations26 20.5,V0,1.0, quite close to Henglein’s28,29calcu-
lations of 20.2 eV, but in disagreement with the accept

FIG. 3. Pictorial representation of the energetics when the anionic defe
the hydrated electron. This particular defect simplifies the picture prese
in Fig. 1 because there is no corresponding radical~A! for the electron to
localize upon. The values for VDÈand AEÀ come from experimental
studies of large hydrated electron clusters@Refs. 9 and 23# and are used to
determine a reorganization energy~RE! of 1.6 eV for aqueous electron
solvation. The value of RE represents a minimum contribution to the va
of DEdefect(e

2) and consequently an upper limit to the magnitude ofV0 , the
liquid electron affinity of water.
o. 16, 22 October 1997
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6027Coe et al.: Electronic structure of water
value for V0 of 21.260.1 eV deduced by Grand, Berna

and Amouyal21 from photoionization measurements on i
dole and other experimental methods.22,30–34 The consider-
ations in Sec. III~about the need to consider reorganizati
energy! apply equally well to photoionization as to phot
emission. The authors of the indole work considered the p
sible difference between the vertical ionization potential a
the measured photoionization threshold@see their Eq. (18)#,
but assumed it could be ignored. This difference~between
the most probable transition energy and the threshold! is now
known to be about 1 eV in the photoemission of the l2(aq)
and e2(aq) defects~from the cluster extrapolated value!
and probably the same in the photoionization of aque
indole; i.e., the effect cannot be ignored.

As the lower limit ofV0 introduced here is an order o
magnitude less negative than the most commonly referen
experimental value of21.2 eV,21 some justification is of-
fered to show that the new, smaller value is reasona
While long-range order may determine whetherV0 is nega-
tive, the magnitude ofV0 depends on the polarizability of th
liquid. Generally, the greater the polarizability, the mo
negativeV0 tends to be. Thus it is instructive to compare t
presently determinedV0 of water to directly measuredV0

values of liquids with high degrees of long-range order a
polarizabilities similar to water. Given the optical polari
ability of water35,36(aM ,optical53.70 cm3 mol21), two liquids
with comparable polarizabilities are cryogenic methan37

(aM ,static56.7 cm3 mol21) and cryogenic argon38 (aM ,static

54.06 cm3 mol21). The appropriate polarizability for com
parison in water is the optical polarizability~rather than
static! because the quasi-free electron state lasts only as
as the water molecules do not reorient~or produce the ap-
propriate fluctuation! to begin formation of the hydrate
electron trap; hence, only the electronic component of
polarizability, and not dipole reorientation, is needed to
scribe the interaction between a quasi-free electron and
ter. The distinction between optical and static polarizabilit
is not an issue with methane or argon because they do
have dipoles which can energetically favor a particular o
entation about charge. Because of the spherical shapes o
CH4 molecules and Ar atoms, these moieties will tend
stack themselves in a symmetric fashion in the liquid pha
guaranteeing a high degree of long-range order. Howe
the measurement ofV0 for liquid methane and argon i
clearly not complicated by solvent reorganization ener
Two published values ofV0 for methane are20.18 eV25 and
20.25 eV.39 A V0 value of 20.21 eV25 has been reported
for argon. As suggested by the polarizabilities, the prese
determined lower limit for water (V0520.12 eV) is a bit
less negative than theV0 values of comparable liquids. Thi
value is much more consistent with theV0 values of compa-
rable liquids than the commonly referenced value22,30–34of
about21.2 eV. The problem ofV0 in water would appear to
be a very important and challenging one, meriting conte
porary theoretical consideration.
J. Chem. Phys., Vol. 107, N
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B. Determination of the solvation energy of the OH
radical

The other big unknown in the determination of the ba
gap of water is the solvation energy of the OH radic
DEsol,n(OH). To determine this quantity semiempiric
MNDO-type calculations with the PM3 parameterization40,41

have been performed using the HyperChem softw
package42 to find the global minimum energies o
OH~H2O!n50 – 15 clusters and ~H2O!n51 – 15 clusters. The
minimum energy water cluster structures were in ex
agreement with the structures and energies published43 in
1993 by Vasilyev. This work captured many of the importa
features that are now emerging about water clusters.44–49

There is a transition from ring structures to more conden
structures atn56 as is seen in bothab initio50 and experi-
mental work51 and a family of particularly stable stacke
cube structures atn58, 12, 16 which have been investigate
at n58 by bothab initio52 and experimental53 methods. The
PM3 atomic binding energies (E) were used to determine
cluster solvation energies for the OH radical and a wa
molecule in water clusters as a function of cluster size,n, as
follows:

X1~H2O!n→X~H2O!n ;DEsol,n

5E@X~H2O!n#2E@~H2O!n#2E@X#. ~4!

The cluster solvation energies are presented in Table II
Fig. 4.

In the small cluster regime there are large oscillatio
~this is not noise! in the solvation energy because the min
mum energy structure is jumping from one family of stru
tures to another with each increasing step in cluster size.
instance, there exists a family of stacked cube structures43 for
(H2O)n58,12,16,... which are particularly stable, so when
single water molecule is solvated by 7, 11, or 15 other wa
molecules, larger magnitudes of solvation energy are
tained. The cluster solvation data for H2O in (H2O)n roughly
follows a continuum relation,54 which is based on the tem

TABLE II. Solvation energies of X5H2O and OH in water clusters,X
1(H2O)n→X(H2O)n . All units are eV.

n H2O
a OH

1 20.152 20.360
2 20.285 20.335
3 20.359 20.299
4 20.238 20.286
5 20.277 20.225
6 20.288 20.146
7 20.497 20.372
8 20.143 0.035
9 20.454 20.324

10 20.175 20.021
11 20.746 20.389
12 20.011 20.004
13 20.306 20.087
14 20.222 20.119
15 20.509 20.282

aReference 43.
o. 16, 22 October 1997
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6028 Coe et al.: Electronic structure of water
perature dependence of the difference in the chemical po
tial ~a function of surface tension and radius! of different
sized spherical drops~producing the constant,55 0.226 eV,
seen below!. Here it is given in terms of the number o
solvating water molecules (n) instead of the droplet radius

DEsol,n5~0.226 eV!@~n11!2/32n2/3#1DEsol,̀ , ~5!

whereDEsol,̀ is determined by the method of least squar
A value of 20.3960.05 eV is obtained forDEsol,̀ @H2O#
which is shy of2DHvap(H2O)520.456 eV12 in magnitude
by only 0.07 eV. The best fit curve for solvation of a wat
molecule@from Eq. ~5!# is shown in Fig. 4 as a solid line
with the filled symbols.

As OH~H2O!n clusters get large, the energetics of addi
another water molecule~at the surface, nearby other wat
molecules! will not be much affected by the details of th
neutral radical solvation on the inside. The solvation energ
ics will eventually progress to bulk in the same manner
the solvation of a water molecule in water clusters, i.e., g
erned by the surface tension of bulk water. Most all of t
difference in solvation that an OH radical will experience
compared to a water molecule will occur in the small clus
size regime. So the OH~H2O!n solvation data are fit~i.e.,
extrapolated to bulk! with the same functional form as th
water data@Eq. ~5!#, and provide a solvation energy for th
hydroxyl radical (DEsol,̀ @OH#) of 20.3060.04 eV. The
best fit curve for solvation of the OH radical@from Eq.~5!# is
shown in Fig. 4 as a dotted line with the open symbols. Si
the method applied to water was 0.07 eV shy in the mag
tude of the bulk solvation enthalpy, we add a similar offse
the fitted value for OH to obtainDEsol,̀ @OH#520.37 eV.

FIG. 4. PM3 calculated solvation energies of OH radical and a water m
ecule in water clusters vsn21/3, wheren is the number of solvating water
in the cluster. The OH radical data are plotted with open symbols and do
lines. The H2O data are plotted with filled symbols and solid lines. Each d
set has been fit to a continuum relation based on bulk surface tension
spherical water droplets, and converting the droplet radius into a relation
the number of solvating water molecules as given in Eq.~5! and Ref. 54. A
value of 20.3960.05 eV was determined for the solvation energy of
water molecule which is only 0.07 eV different than the negative of the h
of vaporization of water. A value of20.3060.04 eV was determined fo
the bulk solvation energy of the OH radical which is revised to20.37 eV by
consideration of the offset in the process for water. The uncertainties
cate the statistical uncertainty~1s! of the fitting procedure, not the absolut
accuracy of the values.
J. Chem. Phys., Vol. 107, N
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This value is in good accord with the experimen
determination56 of DGsol,̀ @OH#520.10 eV. The difference
of 20.27 eV is approximatelyTDS for hydration of OH(g)
which would be expected to be a bit smaller in magnitu
than the 20.367 eV value12 of TDS for hydration of
H2O(g).

III. INCORPORATION INTO AN OVERALL PICTURE
OF WATER

A. The chemical identity of the conduction band edge

The valence band edge of liquid water can be chemic
described as H2O(l ). Vertical photoionization of an H2O
molecule in liquid water produces a delocalized~quasi-free
or conducting! electron and an H2O

1 ion with the geometry
of a neutral, liquid water molecule. If this process happe
near the surface at an energy above the PET, the condu
electron can be emitted into vacuum:

2H2O~ l !→H2O
1* ~aq!1H2O~ l !1e2~cond!;

@e2~g! near surface, above PET#. ~6!

The H2O
1 is unstable and attacks4,27,57,58a nearby water pro-

ducing H3O
1 and OH, hence the requirement for two wat

molecules in order to chemically identify the various sta
related to the band gap of water. The bottom of the cond
tion band is associated with complete relaxation of solvat
water about the H3O

1 and OH moieties and equilibratio
with the delocalized electron.

H2O
1* ~aq!1H2O~ l !1e2~cond!

→H3O
1~aq!1OH~aq!1e2~cond!. ~7!

The absence of localized charged species in the valence
edge@2H2O(l )# stands in contrast to the conduction ba
edge @H3O

1(aq)1OH(aq)1e2(cond)# producing a big
difference in solvent orientation. Solvent molecules reori
about the H3O

1 defect ~and to a lesser extent about OH!
compared to the structure of pure water, making the cond
tion band edge vertically inaccessible from the valence b
edge. Consequently, there can be no direct optical meas
ment of the band gap of water.

B. The band gap by location of the OH 2 defect state

To preserve chemical and charge balance with
chemical identity of the conduction band edge, the OH2 de-
fect state is identified as H3O

1(aq)1OH2(aq). It is reason-
able to call it the OH2 defect state because the H3O

1(aq)
entity is shared with the conduction band edge. The O2

defect state is energetically placed relative to the conduc
band edge byV02DEsol(A)1DEsol(A

2)2AEA@A(g)#. To
get from the conduction band edge to the OH2 defect state
involves the following reactions:

OH~aq!1e2~cond.!→OH~aq!1e2~g!;

10.12 eV52V0 , ~8!

~this work, Ref. 59!
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6029Coe et al.: Electronic structure of water
OH~aq!1e2~g!→OH~g!1e2~g!;

2DEsol~OH!510.37 eV, ~9!

~this work!

OH~g!1e2~g!→OH2~g!;

21.83 eV52AEA@OH~g!] ~10!

~Ref. 12!

OH2~g!→OH2~aq!; 24.97 eV5DHsol~OH2!,
~11!

~Ref. 13! which sum to

OH~aq!1e2~cond.!→OH2~aq!; 26.31 eV, ~12!

where the correction of Eq.~11! from an enthalpy to an
internal energy has been ignored. The OH2 defect state can
also be placed relative to the valence band edge by

2H2O~ l !→OH2~aq!1H3O
1~aq!; 10.58 eV ~13!

~Ref. 60!. The band gap energy is the difference betwe
Eqs. ~13! and ~12! which is 6.89 eV ~assuming
V0520.12 eV!. Literature values for the band gap o
water21,27 seem to range from 6.5 to 9.0 eV. The lowe
values derive from the photoionization thresholds for obse
ing the hydrated electron upon irradiation of water with 7
eV8 ~showing exponential photon energy dependence!, 6.8
eV61 and 6.5 eV photons.62 If this process involves the con
duction band, then these values are upper limits for the b
gap of water. However, considering the 10-eV photoem
sion threshold of water15 and the large role of reorganizatio
energy in the vertical excitation process, the participation
the conduction band in this interesting process~at least in a
simple way allowing the band gap to be characterized! is not
evident.63 There is an electronic calculation64 of 7.8 eV for
the spacing of the highest occupied electronic level and
lowest unoccupied valence state in cubic ice, but this te
nique was not used to approach the conduction band
simple polarization model21 produced an estimate of th
band gap of 7.0 eV, but this calculation employed a value
V0 equal to 21.2 eV. Using the presently determinedV0

value, a band gap of 8.1 eV would have been obtained. T
are also x-ray photoelectron investigations65–67 on ice char-
acterizing the sum of the band gap andV0 value as ranging
from 8.7 to 9.0 eV which, in view of the presently develop
constraints, provide an upper limit for the band gap
;8.6 eV. It has been a common practice in the literature
place the vacuum level using the PET of water8,68 defining
what could be called a ‘‘vertical’’ vacuum level. The botto
of the conduction band is then placed by the magnitude oV0

below the vacuum level. Using typical literature valu
(PET@H2O#510.06 eV15 andV0521.2 eV21!, this approach
defines a band gap of 8.9 eV. So the current determinatio
6.9 eV for the band gap of water is significantly smaller th
the common expectation, presenting a significantly differ
picture of water photophysics.
J. Chem. Phys., Vol. 107, N

Downloaded 08 May 2009 to 128.220.23.26. Redistribution subject to AI
n

t
-

nd
-

f

e
h-
A

f

re

f
o

of
n
t

C. Energy diagram for bulk water

The above considerations concerning the band gap, c
duction band edge, and vacuum level are summarized in
energy diagram for bulk water in Fig. 5. Simple band p
tures for bulk water6 ~an insulator, i.e., a large band ga
semiconductor! consist of a completely filled valence ban
separated from the bottom of the conduction band by a la
band gap which may be occupied by various defect sta
~see Fig. 2!. It is typical of such diagrams to ignore th
nature of the oppositely charged counterpart to the char
defect state of interest, as its presence is implied by the
sumed neutrality of the bulk material. So in Fig. 5, the fu
charge and mass conserved chemical identities are given
each level. Notice that the conduction band ed
corresponds27 to H3O

1(aq)1OH(aq)1e2(cond). Simple
band diagrams also have nothing to indicate the geome
structure of the states involved~as potential energy surface
might for a gas phase diatomic molecule or band energie
k vector for crystals!. Since reorganization energy is so im
portant in water, it has been included in a crude and sc
matic fashion as thex axis in the energy level diagram fo
pure water in Fig. 5. The left hand side of this diagram re
resents water in its neutral state with no reorientation ab
charge~top of the valence band of water!, while the right
side represents reorganization about two ions, H3O

1(aq)
1OH2(aq), with large solvation energies~common defect
state!. The middle of the diagram is for water which ha
reoriented about one strongly solvated ion, H3O

1(aq), as in
the conduction band edge. The lateral width of each ene
level crudely represents the range of geometric structu
sampled at room temperature. The hydrated electron de
state is associated with a modest reorganization of w

FIG. 5. Energy diagram for bulk water which incorporates the effect
reorientation of solvating water molecules about charge~solvent polariza-
tion!. This presentation clearly distinguishes between the adiabatic and
tical properties of water as an amorphous semiconductor. Particularly n
worthy are the small values of the liquid electron affinity~difference
between the vacuum level and the conduction band edge,20.12 eV<V0

<0 eV! and band gap~6.9 eV! that have been determined.
o. 16, 22 October 1997
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6030 Coe et al.: Electronic structure of water
about the electron, so it is placed in the intermediate reg
between one and two strongly solvated ions. Note that
diagram also depicts a separate space for the electroni
excited~p-state! hydrated electron even though this level li
above the minimum energy of the conduction band. It is e
to imagine how the higher levels of this state communic
with the conduction band~while the lower levels do not!
producing the blue, asymmetric tail to the absorption sp
trum of the hydrated electron.24,69

In Fig. 5, it is evident that the band gap of water can n
be determined with a vertical transition; hence no experim
has succeeded in directly measuring this property. On
diagram, the four upwardly directed arrows from the edge
their state levels represent vertical, experimentally obser
thresholds, including the photoemission threshold from p
water15 (PET@H2O(l )#510.06 eV), the photoemissio
threshold16–19 from hydroxide in water (PET@OH2(aq)#
58.45 eV), the photoconductivity threshold70 of hydrated
electrons in ice (PCT@e2(ice)#52.3 eV), and the photo
emission threshold of hydrated electrons in wa
(PET@e2(aq)#'PCT@e2(ice)#2V052.4 eV). None of
these PETs accesses the conduction band at the vacuum
which has been placed;0.1 eV above the conduction ban
edge by our preferred value59 of ;20.1 eV for V0 . Note
that a vertical transition, such as VDE` for the hydrated elec-
tron defect, is drawn from the center of the defect’s le
because this property represents the most probable trans
energy. It would certainly not access the conduction ban
the same place as the corresponding PET which repres
the threshold for detectable signal.

IV. DISCUSSION

As illustrated in Fig. 2, the PETs of pure water and
anionic defects do not determine the vacuum level of wa
In water, PETs are instead governed by the availability
sufficient geometric overlap~of solvent configurations abou
charged initial defect states and noncharged product sta!
for signal to be detected. There is almost no chance of
cessing the bottom of the conduction band of water in
photoemission process. Since solvent polarization is the c
cal factor, it would be worthwhile to examine the effect
solvent polarization on the empirical photoemission thre
old laws which are used to determine PET values. Thresh
laws in water are likely to differ from the more familiar cas
of measurable vertical access to the conduction band a
energy of the vacuum level. Experimental photoemiss
thresholds in water are likely to be very difficult to discer

Relative to the top of the valence band of water, t
currently determined energetic position for the bottom of
conduction band is;2 eV lower than what is often pre
sented in the literature.8,68 Consequently, states producin
most of the Urbach tail or exponential edge in the vacu
ultraviolet absorption71,72 and photoionization8 spectra of
water~photon energies from 6.9 to 9 eV! do not lie below the
conduction band edge. It becomes important to recons
the role of both electron-trapping states and conduction b
J. Chem. Phys., Vol. 107, N
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states with regard to solvent polarization in this spectral
gion.

The various PETs shown in Fig. 5 serve to map t
contour of the conduction band as a function of solvent
orientation about charge. The shape of the conduction b
in Fig. 5 is reminiscent of a molecular excited state poten
energy surface. It suggests that a quantitative treatmen
water’s conduction band structure/potential surface might
gainfully approached as a function of solvent polarizatio
The energy level diagram in Fig. 5 concisely summariz
much of the information that has been deduced in this wo
We conclude by noting that cluster studies are certainly c
tributing to a better understanding of water.
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