Using cluster studies to approach the electronic structure of bulk water:
Reassessing the vacuum level, conduction band edge, and band
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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 vacuutuoftervel

called theV, valueg in water has been determined to b®.12 e\<V;=<0.0 eV, which is an order

of magnitude smaller than most experimental values in the literature. Wjth—0.12 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 chatg@hotoemission thresholds of water

or anionic defects in water do not determine the vacuum level(3rntiere 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 polarizationl9€¥ American
Institute of Physicg.S0021-960807)02340-4

I. INTRODUCTION band edge and the conduction band edge of water, primarily
) ~ ) ) because the structures associated with the arrangement of
The advent of large size range studiésdealing with  solvent molecules are so different in the equilibrated initial
the spectroscopy and energetics of aqueous clusters and clygid final states of the photoemission process.
ter properties evolve into their bulk counterparts. Such puryf water has been determined by constructing thermochemi-
suits require a Welll—characterlzed picture of the bulkgg cycles that use the common OHdefect state in water.
material. The electroni@morphous semiconducigproper-  wost of the required quantities are available except for a
ties of bulk water, such as the band gap and the location qfyised v, value (the adiabatic energy of the conduction
the conduction band edge relative to the vacuum level, argang's lower edge relative to the vacuum léveind
not as W_e_ll-characterlzed as one m_|ght think, primarily d“eAEsol(OH) (the solvation energy of the anionic defect's cor-
to the_ ab_lllty_of water to reorganize itself ab_out charge. Anyresponding radical These two missing quantities are pres-
photoionization or photoemission process in water mvolve%nﬂy determined from cluster studifé, from experimental
the loss of an electron from the initial state and, conseynyqgrated electron cluster studies andE,(OH) theoreti-
qguently, a difference in charge of the initial and final chem|-ca||y]_ Additionally, a standard picture of the electronic
cal entities. Thus the nascent products of vertical photoiongiaies of bulk watera semiconductor pictuyehas been
ization or photoemission processes inevitably find themyqgified by explicit consideration of the energies associated
selves with a configuration of solvent molecules far fromyyity reorganization of solvating water molecules about
equilibrium, even if there is no significant geometry changecnarge. A bulk picture of water emerges which clearly dis-
in the solute itself. The solvent reorganization engiiglf) in  (inguishes between adiabatic and the most-probable vertical
photoemission processes is the energy difference betwegfiocesses, as well as the thresholds for vertical processes
the most probable product configuratitthe one most like \yhich can lie in between. Anionic cluster properties can be

the initial stat¢ and the final equilibrated arrangement of extrapolated to this framework with more clarity than was
solvent molecules about the product. The magnitude of R":previously feasible.

depends on the ion and solvent involved, but is laiy&—5

eV) in water. As a result, there is little probability for di- A- Basic relations in the photophysics of aqueous

rectly observing a vertical transition between the valencétnionic defects

A pictorial definition of the energetic quantities associ-

dCurrent address: Department of Chemistry, the College of New Jersey?-_ted with anionic defects in water is give_n in Fig. 1. In this
P.O. Box 7718, Ewing, NJ 08628-0718. diagram the most stable stai@swest energigsare placed at
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6024 Coe et al.. Electronic structure of water

% near surface ) rent within the bulk materia{photoconductivity. If near a
i surface, above the vacuum level, and above the photoemis-
2 %g &3O sion threshold when reorganization energy is important, it
AE ) D can be emitted into vacuufphotoemission The most prob-

able transition energy for either the photoconductivity or
photoemission processes occurs when the geometry of the
excited state is most similar to the equilibrium geometry of
the anionic defect. At bulk, the most probable transition en-
ergy for the photoemission process of a particular anionic
defect is herein called VDE(vertical detachment energy at
bulk; see Fig. 1as it has only been determined in water by
extrapolating the measured vertical detachment energies of
hydrated electrohand hydrated iodid&** clusters to bulk.
The quantity VDE is related to the bulk photoemission
<(A) threshold(PET) of the anionic defect, but in water these two
quantities are significantly different. The PET corresponds to
the minimal photon energy at which there is sufficient geo-
metric overlap between initial and final states to detect sig-
nal, whereas VDE indicates optimal or most probable over-
FIG. 1. Pictorial representation of the energetics of anionic defects in watelap.
distinguishing the vertical (VDE) and adiabatic (AE4) photoemission If the electron is removed to vacuum from an anionic
processes. The VDEprocess corresponds tq the mo'st probable transitiondefect in a photoemission process, the neWIy created state
energy, i.e., the geometry of the upper state is most like the geometry Of.thﬁnds itself in a configuration far from its minimum energy.
initial state. The AEA process corresponds to the minimum or adiabatic ) . .
energy difference and is not readily accessible with a direct opticaliverticall N€ surrounding solvent molecules respond on different ti-
process. The up—down scale corresponds to energy with the most stablescalegboth in terms of their electronic polarization which
(lowest energy states at the bottom. The arrows designate the direction ofig fast and their nuclear positions and molecular orientation
chemical equations defining the signs of the corresponding energetic quan-, . . o
tities used throughout this paper. The excess charge in each state is repW—thh are much slower than the vertical excitation pro):ess
sented by shading in a manner that depicts the delocalized electron statest& @ structure favorable to the resulting neutral radical,
large (in comparison to the size of solvent molecylsbaded boxes. should it be stable. The magnitude of energy associated with
this process is called the reorganization enefB¥). It is
typically assigned a positive value, so RE is the reverse of
the bottom, and the least staljldghest energiésat the top.  the above-described reorientation process. The completely
The most stable stat@t the bottom represents an anionic relaxed state that eventually results from the photoemission
defect, which would lie energetically somewhere in the band?rocess is the vacuum level. The adiabatic reattachment of an
gap of water. The solvating water molecules will optimally €lectron to the vacuum level structure, regaining the original
orient themselves about the charge in a manner which is vergnionic defect, defines the defect’s bulk adiabatic electron
different from their alignment in the absence of charge. Thigffinity, AEA.,, i.e., the aqueous bulk equivalent of the an-
is depicted in Fig. 1 by showing solvent dipoles directedion’s gas phase adiabatic electron affinityhis should not
toward the charge. The multidirectional, hydrogen-bonding?e confused with the property called the “liquid electron
capacity of water makes the actual structures involved mor@ffinity” which is not a defect property.The following en-
complicated, but the simple electrostatic picture captures thergetic relation for the general defeét, results
essgntial physics_ for the present purposes. If a photon of VDE.(A~)=RE+AEA.(A). 0
sufficient energy is absorbed by the anionic defect state, the
excess electron can be excited into the conduction band, i.eThe defect's AEA can be giver(as depicted in Fig.)lby a
to a delocalized state with electron conducting character. Théhermochemical cycle,
disorder associated with vv_ater’§ Iiguid natyicempared to a AEA.(A)=AE(A)— AE (A7) +AEA[A(Q)], (2
crysta) produces energetics similar to a large band gap,
amorphous semiconduct®?® The excited electron will not where theAE, s are the solvation energies of the anionic
delocalize over the entire liquid, but rather over a limiteddefectA™ and its corresponding radical (both of which are
region which is larger than an individual water molecule.typically negative quantitigs and AEAA(g)] is the gas
This excited electron state is sometimes described as beimhase adiabatic electron affinity #f (conventionally posi-
“guasi-free” in which the electron is delocalized by com- tive if e~ attachment is stabilizing The quantity AEA can
parison to the electrons bound to water molecules, but locallso be related to the conduction band edge as
ized compared to the conducting electrons of metals. This _
process occurs vertically; i.e., the electron is excited on a ABAA)==Vo~ ABderecl A), ®
timescale €10 ®s) much faster than the motion of the whereV, is the energy to take a zero kinetic energy, gas
atomic nuclei involved. If near an electrode, the conductingphase electron into the condensed phase to the bottom of the
or quasi-free electron could be detected as an electrical cuconduction band as a delocalized conducting or quasi-free
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TABLE |. Energetic location of defects beneath vacuum level and defect

photoemission thresholds. All units are in eV. Conduction ‘»
AE,  AEy  AEA PET vor Band o
Defect @) (A7) (A) [A(g)] AEA.! [A-(ag)] VDE. i Lo
VDE oy
e -1.72 0000 0000 1.72 2% 3.37 PO
I —2549 —00F 3.06F 558 719 8.06 b 8
Brr 2930 -016 3363 6.13 805  NA { 1 Vacuum Level -
cr ~3.27% -01¥ 361F 6.70 88l  NA - -
OH™  —497¢ -037 18% 643 8.48 NA VOT oo 6
H,0 —0.456 10.08 o 1 e
: -5
&This work. |
PReference 13. AEA PET X(a )] 4
°Estimated in Sec. lll from pairwise interactions with water, uncertainty Band Gap B aq
~+0.1eV. : e
dCalculated in Sec. V. Y, I- )
fRefergnce 12. Ll : / Br
Equation(2). v OH- 1
9New estimate based on this work’s sméj value of water. TUITrjoooIIIinyniooos -
'Reference 16. U —Cl___ |,
'Reference 15. H,O —_
IReference 9. e
“Reference 11. Valence g
o
Band k3
w

electron, and\E 4.oc{A) is the energy to localize a conduct-
Ing electron in Wate,r onto the r_leUtraI ra‘?',@a' Both Vo and FIG. 2. Photoemission threshol@RETS of various anionic defects, includ-
AE4erec{A) are typically negative quantities as representedng the hydrated electron, are plotted on a typical band energy diagram of
in Fig. 1. Note that the initial and final states for the two water. The anionic defect states are located relative to the vacuum level by
processesA E gefect and RE (see Fig. 1, involve the same the qua?rtllty AEdA ut_smngqa(Z)tztjr};jf thetdata in Tablﬁ_l.hAII of thIT PbETs "
. . . access the conduction band at different energies which are well above the
geometric dlﬁerence_s In SOI\_/?nt strugture, so RE is one CQ%acuum level. The deeper into the band gap a defect lies, the higher the
ponent ofA Egerec Which additionally includes charge stabi- energetic access into the conduction band, showing that it is important to
lization upon the solvated radic&l. Therefore, the magni- explicitly consider solvent reorientation about charge. Also shown are the
tude ofA EdefectSh0U|d a|Ways be greater than RE for defectsvertical detachment energi€¥DE,, , i.e., most probable transition enejgy

that energeticall refer to be n tivelv chardekbctron for the hydrated electron and iodide defects. Clearly they are not equal to the
at energetically prefer to be negatively chargekectrons PETs and extend-1 eV further into the conduction band providing more

or ani0n3. evidence for the need to consider solvent reorganization en&igy

B. The need to consider reorganization energy in

In Fig. 2, the experimental PETs of various anionic de-
water

fects including the hydrated electron are drawn from their
Anionic defect states can be readily located beneath thdefect state locations beneath the vacuum level. Note that the
vacuum level by AEA using Eq.(2) and knowledge of PET of the hydrated electron has not yet been measured at
AE¢(A), AE,(A), and AEAA(g)]. These quantitie’ **  bulk and is a quantity derived from present considerations. If
PETs!®*®and VDES!can be found in Table | for the”,  there was nothing unusual about water, to be more pre-
I7, Br~, CI7, and OH defects. The radical solvation ener- cise, if there was sufficient optical access to the vacuum
gies,AE¢,(A), are the least well-known of these quantities, level), then all of the PETs would access the same energy in
but they are also much smaller than the other terms. Théhe conduction band defining the vacuum level. However, all
radical solvation energies have been estimated using lowf the PETs access the conduction band at different points,
level ab initio method4® (UHF/3-21G to determine energy well above the vacuum levéivhich must lie at or below the
changes of-0.23,—0.19,—0.03,—0.52, and—0.48 eV for  lowest PET access pojntNotice that(1) the thresholds are
the reaction of A-H,0—A(H,0) whereA=Cl, Br, I, OH, not determined by the vacuum level, and tt@®tthe deeper
and HO, respectively. Note that each of these interactions isnto the band gap a defect lies, the higher the energetic ac-
favorable, so bulk solvation energies can be expected to beess into the conduction band. These observations suggest
stabilizing for the halogen radicals, but weaker than that othat the PETs are primarily governed by the lack of geomet-
OH and HO. The fraction of the single water binding ener- ric overlap between the initial stafehere solvent molecules
gies of Cl, Br, and | relative to that of OH and,@ is used near the charge align their dipoles to the chaeaged the final
as a scaling factor with the bulk solvation energies of @bl  state (which is uncharged and would not prefer dipole
determined in Sec. Vand HO to estimate the bulk values aligned solvent configurationsClearly it is very important
for Cl, Br, and I. The average of the result scaled from OHto consider reorganization energRRE); i.e., RE cannot be
and HO is shown in Table I. We expect these values to beconsidered to be approximately zero. Whenever RE is impor-
accurate within about 0.1 eV. tant, it follows that VDE,(A™) will not be equivalent to the
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PET A (aqg)] and aqueous energetic diagrafasch as Fig.

2) require more degrees of freedom to account for (REa
manner analogous to a molecular potential energy surface
There are now determinations of VDEA ™) from negative

ion photoelectron spectroscopic studiés of hydrated elec-
tron and iodide clusters which show that most-probable ver-
tical access extends about 1.0 eV further into the conduction
band than the PET&s depicted with dotted lines in Fig).2
These VDE, values determine RE®y Eqgs.(1) and(2)] for

e (aq) andl~(aq) of 1.60 and 2.5 eV, respectively. There-
fore, the PETSs provide only minimal estimates of REs which
are about 1 eV shy of the true RE values. This observation,
when considered in the appropriate terms for the photoion-
ization process, explains why the present determination of
V, is different from many experimental literature valtfe€

by about 1 eV.

near surface
*

. * -
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)

M
v
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Il. RESULTS

A. Determination of V,
FIG. 3. Pictorial representation of the energetics when the anionic defect is

The band gap, which defines the energy difference bethe hydrated electron. This particular defect simplifies the picture presented
tween the valence band ed@ep of the valence bandnd in Fig. 1 because there is no corresponding radiéalfor the electron to

; ; localize upon. The values for VDEand AEA, come from experimental
the conduction band edgibottom of the conduction band studies of large hydrated electron clustfiRefs. 9 and 2Band are used to

is d.efin_ed re|ati_Ve to the vacuum Ieyel _by the quanw determine a reorganization ener¢RE) of 1.6 eV for aqueous electron
(which is sometimes also called the liquid electron affinity solvation. The value of RE represents a minimum contribution to the value

The energy to promote a delocalized, conducting electron off AEgerec(€™) and consequently an upper limit to the magnitud¥gf the
minimal energy into vacuum with zero kinetic energy is "duid electron affinity of water.
—Vy. The top of the band gafzonduction band edgean-
not yet be placed accurately on the diagram in Fig. 2, be-
cause its exact location depends on the valuépfSince it  cepted estimate of the electron’s solvation enthiased
should not be placed above any of the PETs or below &n its absorption spectrum. By E), the solvent reorgani-
defect, the hydrated electron data provide the tightest coreation energy for the electron, RE(), is 1.60 eV.
straints in this regard. As has already been observed, the initial and final states
The hydrated electron species also provides a very useftibr the two processesAE gerect and RE (see Fig. 1 or B
simplification of the schematics in Fig. 1. Since the defectjnvolve the same geometric differences in solvent structure,
A~, is an electron, and there is no corresponding rad&al, so RE is one component &E y.; Which additionally in-
to provide a solvent orientation different from that of pure cludes charge stabilizatioxpected to be favorable for de-
water, one finds that AEAR (g)]=AE,(A)=0 and fects that prefer to be negatively char@jethe RE associated
AEA.(e7)=—AEgy(e") for the electron defect. A simpli- with the hydrated electron represents a minimum magnitude
fied schematic of the hydrated electron case is provided ifor AEgecf€ ), SO —AE4eece=RE. Using this inequality
Fig. 3. The Bowen group’s detachment wdrlgives and Eq.(3) solved forV,, one finds thatVy=— AEgeect
VDE, (e )=3.32 eV, and crossed electron and water cluster-AEA, = RE — AEA, = 1.60eV— 1.72eV= —0.12 eV.
beam experiments of Knapgi al?® show that (HO);; has a  Therefore,V,=—0.12 eV. The value ol, in a liquid is
small but positive adiabatic electron affinity, AEA governed by two properties: the degree of long-range order
~0.0 eV. The Bowen group’s experiments also show that thén the liquic?® and its polarizability’® A liquid with mol-
VDEs of hydrated electron clusters progress to bulk with theecules arranged symmetrically on average will be more ca-
continuum, dielectric sphene™ ' slope of 5.73 eV. It has pable of accommodating a low energy, Bloch-like wave
been showh' that there is a constant rati0.643 between function for the quasi-free electron than one with molecules
the continuum dielectric sphere 2 slope of cluster solva- arranged in a disorderly fashion. Since liquids with a high
tion enthalpies and the cluster vertical detachment energiedegree of long-range order have negative value®/gf°
(VDE,’s). Since in the special case of the hydrated electronyater (with long range structure dictated by hydrogen bond-
the solvation enthalpy and adiabatic electron affinity are théng) can be expected to have a negative valu¥ gf shrink-
same, it follows that the cluster AEAvalues must also ing the range of possible values t00.12 eV<V;=<0.0 eV.
progress to bulk with the continuum, room temperature, di-  An important discussion and review on the valuevgf
electric sphere value of 3.83 eV for solvation enthalp}  has been given by Han and Barté{sThe present determi-
Extrapolation of the AEAy value of zero to bulk with the nation is consistent with Jortner's theoretical consider-
continuum  dielectric  sphere  slope results inationg® —0.5<V,<1.0, quite close to Hengleir$2° calcu-
AEA.=1.72+.05 eV. This value is consistent with the ac- lations of —0.2 eV, but in disagreement with the accepted
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value forV, of —1.2+0.1 eV deduced by Grand, Bernas TABLE II. Solvation energies of XH,O and OH in water clusters
1 L ' "+ (Hy0),— X(H,0), . All units are eV.
and Amouyal® from photoionization measurements on in-

dole and other experimental methdds®—34The consider- n H,0? OH
ations in Sec. lll(about the need to consider reorganization 1 0152 0360
energy apply equally well to photoionization as to photo- 2 -0.285 -0.335
emission. The authors of the indole work considered the pos- 3 —0.359 —0.299
sible difference between the vertical ionization potential and 4 —0.238 —0.286
o . 5 -0.277 -0.225
the measured photoionization threshfdeée their Eq. (1], 6 _0.288 —0.146
but assumed it could be ignored. This differeribetween 7 —0.497 -0.372
the most probable transition energy and the threshisidow 8 —0.143 0.035
known to be about 1 eV in the photoemission of théalq) 1?) :8"11?51 :8'(3);‘1‘
and e”(aq) defects(from the cluster extrapolated valyes 11 _0.746 ~0.389
and probably the same in the photoionization of aqueous 12 -0.011 —0.004
indole; i.e., the effect cannot be ignored. 13 —0.306 —0.087
As the lower limit of V, introduced here is an order of 14 ~0.222 ~0.119
0 15 -0.509 -0.282

magnitude less negative than the most commonly referenced:
experimental value of-1.2 eV?2! some justification is of- “Reference 43.

fered to show that the new, smaller value is reasonable.

While long-range order may determine whethgris nega-

tive, the magnitude 0¥, depends on the polarizability of the B. Determination of the solvation energy of the OH
liquid. Generally, the greater the polarizability, the moreradical

negativeV, tends to be. Thus it is instructive to compare the  The other big unknown in the determination of the band
presently determined, of water to directly measure¥,  gap of water is the solvation energy of the OH radical,
values of liquids with high degrees of long-range order andAE,, ,(OH). To determine this quantity semiempirical
polarizabilities similar to water. Given the optical polariz- MNDO-type calculations with the PM3 parameterizaffbtt
ability of wateP>*® (ay opica=3-70 cmi mol™Y), two liquids ~ have been performed using the HyperChem software
with comparable polarizabilities are cryogenic mettfane packag# to find the global minimum energies of
(am.saic=6.7 cmPmol™Y) and cryogenic argdfl (ay smic ~ OH(H20)n-0-15 clusters and(Hx0),-;_s5 clusters. The
=4.06 cn? mol™%). The appropriate polarizability for com- minimum energy water cluster structures were in exact
parison in water is the optical polarizabilityather than —agreement with the structures and energies pub_'@hi@d
statig because the quasi-free electron state lasts only as lonk?93 Py Vasilyev. This work captured many of the important
as the water molecules do not reorigat produce the ap- [catures that are now emerging about water clusterS.

propriate fluctuation to begin formation of the hydrated There is a transition from ring structures to more condensed

electron trap; hence, only the electronic component of thestructures a@ 6asis seenin b"“?b initio>” and experi
olarizability, and not dipole reorientation, is needed to de_mental work™ and a family of particularly stable stacked
P ! ' cube structures at=38, 12, 16 which have been investigated

scribe the interaction between a quasi-free electron and way; - _ o by bothab initio® and experimenta methods. The

ter. The distinction between optical and static polarizabilitiesl:,,v|3 atomic binding energiesE) were used to determine

is not an issue with methane or argon because they do nef,ster solvation energies for the OH radical and a water
have dipoles which can energetically favor a particular oriynglecule in water clusters as a function of cluster sizeas
entation about charge. Because of the spherical shapes of thgiows:

CH, molecules and Ar atoms, these moieties will tend to

stack themselves in a symmetric fashion in the liquid phase, X+ (H0)n—=X(H0)n: AEsoin

guaranteeing a high degree of long-range order. However, =E[X(H,0),]— E[(H,0),]— E[X]. (4)
the measurement o¥, for liquid methane and argon is
clearly not complicated by solvent reorganization energy
Two published values of for methane are-0.18 V> and In the small cluster regime there are large oscillations

~0.25eV* A V, value of —0.21 eV?,S ha;_ .been reported (this is not noisgin the solvation energy because the mini-
for argon. As suggested by the polarizabilities, the presently, energy structure is jumping from one family of struc-
determined lower limit for water\(o=—0.12€V) is a bit  ;res to another with each increasing step in cluster size. For
less negative than thé, values of comparable liquids. This jnstance, there exists a family of stacked cube structiifes
value is much more consistent with thg values of compa- (H;0)n-51216,.. Which are particularly stable, so when a
rable liquids than the commonly referenced v&ft®>*of  single water molecule is solvated by 7, 11, or 15 other water
about—1.2 eV. The problem o¥, in water would appear to molecules, larger magnitudes of solvation energy are ob-
be a very important and challenging one, meriting contemiained. The cluster solvation data fos®in (H,O),, roughly
porary theoretical consideration. follows a continuum relatiof? which is based on the tem-

The cluster solvation energies are presented in Table Il and
Fig. 4.
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This value is in good accord with the experimental

Sool determinatiof® of AGgy,.[ OH]=—0.10 eV. The difference
L open Symbols of —0.27 eV is approximatelf AS for hydration of OH@)

E=N OH which would be expected to be a bit smaller in magnitude
& | than the —0.367 eV valu& of TAS for hydration of

m L H,0(9)-

S f'l|l_ld20b |

- illed symbols

Sos sofid fine lll. INCORPORATION INTO AN OVERALL PICTURE

g OF WATER

©
@

: : : : : ‘ : : : A. The chemical identity of the conduction band edge
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ol
=1

The valence band edge of liquid water can be chemically
described as yO(l). Vertical photoionization of an D

FIG. 4. PM3 calculated solvation energies of OH radical and a water mol molecule in liquid water produces a delocalizepliasi-free
. 4. - . T .
ecule in water clusters ws~ Y, wheren is the number of solvating waters or Conducung,EIe,Ctron and an 0" ion W_Ith the geometry

in the cluster. The OH radical data are plotted with open symbols and dotte@f @ neutral, liquid water molecule. If this process happens
lines. The HO data are plotted with filled symbols and solid lines. Each datanear the surface at an energy above the PET, the conducting
set has been fit to a continuum relation based on bulk surface tension datajectron can be emitted into vacuum:

spherical water droplets, and converting the droplet radius into a relation for

n-1/3

the number of solvating water molecules as given in @Byand Ref. 54. A 2H,0(1)—=H,0**(aq)+H,0(l)+e (cond;
value of —0.39£0.05 eV was determined for the solvation energy of a
water molecule which is only 0.07 eV different than the negative of the heat [e7(g) near surface, above PET (6)

of vaporization of water. A value of-0.30+0.04 eV was determined for . 75758
the bulk solvation energy of the OH radical which is revised-0.37 ev by ~ The HO™ is unstable and attack&”>"*°a nearby water pro-

consideration of the offset in the process for water. The uncertainties indiducing H;O+ and OH, hence the requirement for two water
cate the statistical uncertaintyo) of the fitting procedure, not the absolute molecules in order to chemically identify the various states
accuracy of the values.
related to the band gap of water. The bottom of the conduc-
tion band is associated with complete relaxation of solvating

perature dependence of the difference in the chemical poteféater about the 5D and OH moieties and equilibration
tial (a function of surface tension and radiusf different ~ With the delocalized electron.

sized spherical dropgproducing the constafit,0.226 eV, H,0"*(aq)+H,O(1)+ e (cond

seen below Here it is given in terms of the number of . -

solvating water moleculesnj instead of the droplet radius: ~ —HsO"(aq)+OH(ag)+e"(cond. 7

AEgn=(0.226 eV[(n+1)?P—n?®|+AEg.., (5) The absence of localized charged species in the valence band
_ _ edge[2H,0(l)] stands in contrast to the conduction band
whereAEg.. is determined k_)y the method of least squaresedge [H,O*(aq) + OH(ag)+e (cond)] producing a big
A value of —0.39-0.05eV is obtained fOZ'AESOLx[HZO] difference in solvent orientation. Solvent molecules reorient
which is shy of — AH,(H,0)=—0.456 eV in magnitude  gh6ut the HO* defect (and to a lesser extent about OH
by only 0.07 eV. The best fit curve for solvation of a water .o mpared to the structure of pure water, making the conduc-
molecule[from Eq. (5)] is shown in Fig. 4 as a solid line jon hand edge vertically inaccessible from the valence band

with the filled symbols. _ _edge. Consequently, there can be no direct optical measure-
As OH(H,0), clusters get large, the energetics of addingmant of the band gap of water.

another water moleculét the surface, nearby other water

molecule$ will not be much affected by the details of the

neutral radical solvation on the inside. The solvation energetB. The band gap by location of the OH ~ defect state

{he Solvation of & water molecule it water olusters, .. govs, 10, PTESEVe chermical and charge balance with the
1€ GOV emical identity of the conduction band edge, the Qi¢-

erned by the surface tension of bulk water. Most all of thefect state is identified as4®* (ag) + OH™(aq). It is reason-

difference in solvation that an OH radical will experience 8S_1le to call it the OH defect state because the®f (aq)

compared to a water molecule will occur in the small cluster_ "=~ ™. : . il
) . : i h h th . The'OH
size regime. So the QH,0), solvation data are fiti.e., entity is shared with the conduction band edge. The O

extrapolated to bulkwith the same functional form as the defect state is energetically placed relative to the conduction

. . band edge byw-AE.,(A)+AE,(A7)—AEA[A(g)]. To
;V;éfgxi?tii?é;?)(k é nd Fg)liac)jeo? Sog/ gtcl)tinoeé‘)r;e;s\;/y f_(;:“tehe get from the conduction band edge to the O#efect state
sol — U. V. .

best fit curve for solvation of the OH radiddtom Eq.(5)] is involves the following reactions:

shown in Fig. 4 as a dotted line with the open symbols. Since OH(aq)+e™ (cond)— OH(aq)+e (9);
the method applied to water was 0.07 eV shy in the magni- _

tude of the bulk solvation enthalpy, we add a similar offset to +0.12 eV=—Vo, (8)
the fitted value for OH to obtaiAEg, ..[OH]=—0.37 eV. (this work, Ref. 59
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OH(aqg)+e (g)—OH(g)+e (9); H,0*(aqitH,0()+e(g)
—AE¢(OH)=+0.37 eV, 9 H30’(aq)+%'e'(g)

VOE_[e(aq))
PET[e_(aq)ls‘az v
246V
PCTle(ac)]
2.3 eV

(this work)

vacuum levsl

OH(g)+e (9)—OH (9); ol Sl Slea
(9) (9)— (9) H,0"(aq)+OH(aq)+5 (cond.) 41" (2)LOH(aq) e (aq)
—1.83 e\=—AEA[OH(g)] (10

conduction band|edge

PET[HO())

H;0*(aq)+OH (aqg*"?t'(aQ)

(Ref 12 10.06 eV hydrated e detfe
- - _ 6.9 oV 8.45 oV
OH (9)—>OH (aq), —4.97 9\/:AHSO|(OH ), band gap
(11)
(Ref. 13 which sum to jossev |
H,0*(aq)+OH-(aq)
OH(aQ) + e_(COI’]d)—>OH_(aq); -6.31 eV, (12) ZW(CII) ”””””””” T hydroxide defect
valence band edge

. Solvent Reorientation About Charge —»
where the correction of Eq.ll) from an enthalpy to an

internal energy has been ignored. The Ottefect state can FIG. 5. Energy diagram for bulk water which incorporates the effect of

also be placed relative to the valence band edge by reorientation of solvating water molecules about chagmvent polariza-
tion). This presentation clearly distinguishes between the adiabatic and ver-

2H,0O(l)—OH™(aq) + H30+(aq); +0.58 eV (13 tical properties of water as an amorphous semiconductor. Particularly note-
worthy are the small values of the liquid electron affinitglifference

r{)etween the vacuum level and the conduction band eddel2 e\<V,

(Ref. 60. The band gap energy is the difference betwee L0 ev) and band gae.9 eV) that have been determined.

Egs. (13) and (12) which is 6.89 eV (assuming
Vo=-0.12 e\j. Literature values for the band gap of
watef?’ seem to range from 6.5 to 9.0 eV. The lowest .

values derive from the photoionization thresholds for observ—c' Energy diagram for bulk water
ing the hydrated electron upon irradiation of water with 7.8~ The above considerations concerning the band gap, con-
eV® (showing exponential photon energy depend&née8  duction band edge, and vacuum level are summarized in the
eV®! and 6.5 eV photon® If this process involves the con- energy diagram for bulk water in Fig. 5. Simple band pic-
duction band, then these values are upper limits for the bantlires for bulk watét (an insulator, i.e., a large band gap
gap of water. However, considering the 10-eV photoemissemiconductgrconsist of a completely filled valence band
sion threshold of waté? and the large role of reorganization separated from the bottom of the conduction band by a large
energy in the vertical excitation process, the participation oband gap which may be occupied by various defect states
the conduction band in this interesting procésssleast in a (see Fig. 2 It is typical of such diagrams to ignore the
simple way allowing the band gap to be charactenisdot  nature of the oppositely charged counterpart to the charged
evident®® There is an electronic calculatithof 7.8 eV for  defect state of interest, as its presence is implied by the as-
the spacing of the highest occupied electronic level and theumed neutrality of the bulk material. So in Fig. 5, the full
lowest unoccupied valence state in cubic ice, but this techeharge and mass conserved chemical identities are given for
nigue was not used to approach the conduction band. &ach level. Notice that the conduction band edge
simple polarization mod&t produced an estimate of the corresponds to HsO™(aq)+OH(aq)+e (cond). Simple
band gap of 7.0 eV, but this calculation employed a value oband diagrams also have nothing to indicate the geometric
V, equal to—1.2 eV. Using the presently determin&y),  structure of the states involvdds potential energy surfaces
value, a band gap of 8.1 eV would have been obtained. Themmight for a gas phase diatomic molecule or band energies vs
are also x-ray photoelectron investigati&h§’ on ice char-  k vector for crystals Since reorganization energy is so im-
acterizing the sum of the band gap aviglvalue as ranging portant in water, it has been included in a crude and sche-
from 8.7 to 9.0 eV which, in view of the presently developedmatic fashion as the axis in the energy level diagram for
constraints, provide an upper limit for the band gap ofpure water in Fig. 5. The left hand side of this diagram rep-
~8.6 eV. It has been a common practice in the literature toesents water in its neutral state with no reorientation about
place the vacuum level using the PET of wiférdefining  charge(top of the valence band of wajewhile the right
what could be called a “vertical” vacuum level. The bottom side represents reorganization about two iongDHaq)

of the conduction band is then placed by the magnitudé,of +OH™(aq), with large solvation energis€ommon defect
below the vacuum level. Using typical literature valuesstatg. The middle of the diagram is for water which has
(PETH,0]=10.06 e\*® andV,= — 1.2 e\V?Y), this approach reoriented about one strongly solvated ionOHi(aq), as in
defines a band gap of 8.9 eV. So the current determination dhe conduction band edge. The lateral width of each energy
6.9 eV for the band gap of water is significantly smaller thanlevel crudely represents the range of geometric structures
the common expectation, presenting a significantly differensampled at room temperature. The hydrated electron defect
picture of water photophysics. state is associated with a modest reorganization of water
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about the electron, so it is placed in the intermediate regioistates with regard to solvent polarization in this spectral re-

between one and two strongly solvated ions. Note that thigion.

diagram also depicts a separate space for the electronically The various PETs shown in Fig. 5 serve to map the

excited(p-state hydrated electron even though this level lies contour of the conduction band as a function of solvent re-

above the minimum energy of the conduction band. It is easyrientation about charge. The shape of the conduction band

to imagine how the higher levels of this state communicaten Fig. 5 is reminiscent of a molecular excited state potential

with the conduction bandwhile the lower levels do npt energy surface. It suggests that a quantitative treatment of

producing the blue, asymmetric tail to the absorption specwater’s conduction band structure/potential surface might be

trum of the hydrated electrct:®® gainfully approached as a function of solvent polarization.
In Fig. 5, it is evident that the band gap of water can notThe energy level diagram in Fig. 5 concisely summarizes

be determined with a vertical transition; hence no experimeninuch of the information that has been deduced in this work.

has succeeded in directly measuring this property. On thi§Ve conclude by noting that cluster studies are certainly con-

diagram, the four upwardly directed arrows from the edge otributing to a better understanding of water.

their state levels represent vertical, experimentally observed

thresholds, including the photoemission threshold from pure
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