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We utilized X-ray absorption spectroscopy (XAS) and X-ray Raman scattering (XRS) in order to study the
ion solvation effect on the bulk hydrogen bonding structure of water. The fine structures in the X-ray absorption
spectra are sensitive to the local environment of the probed water molecule related to the hydrogen bond
length and angles. By varying the concentration of ions, we can distinguish between contributions from water
in the bulk and in the first solvation sphere. We show that the hydrogen bond network in bulk water, in terms
of forming and breaking hydrogen bonds as detected by XAS/XRS, remains unchanged, and only the water

molecules in the close vicinity to the ions are affected.

1. Introduction approach to the structure-breaker/structure-maker concept is
based on the effect on the entropy of ion solvation, which also
has been considered to indicate water structutidg separating

the entropy into ion and hydration water contributions, the latter
can describe the change in entropy of the water due to the
presence of ions. The structure makers have negative hydration
entropy, whereas the structure breakers increase the entropy
associated with the hydration waters.

The structure-breaker/structure-maker nomenclature is thus
ambiguous and is based on macroscopic observations. The
important result is, however, that strongly hydrated ions affect
the properties of the liquid.

Recent neutron diffraction studies of water in ionic solutions
suggest that a strongly hydrated ion increases the difference
between the HB donating and accepting capacity of the linked
water molecules, resulting in a breakdown of the HB network
(i.e., an effect similar to increased temperature or presSure).
SThe effect on the pair-correlation functions from the presence
of ions is, however, only seen for very concentrated solutions
where most water molecules are within the first or second
coordination spheres. Recent time-resolved infrared spectroscopy
studies of the rotational dynamics of water by Omta efak.
also indicated that the ions affect only the water molecules in
the first coordination sphere. Moreover, molecular dynamics
(MD) simulations have not provided a clear, conclusive result
regarding the effects of ions on the HB network in the bulk
liquid. Both supportive and negative pictures of the structure-

The interaction between ions and water molecules influences
macroscopic properties of water, for example, boiling point,
freezing point, surface tension, and viscosity. It also affects other
important properties in many chemical and biological processes.
In electrochemical processes, the rate of charge transfer is
controlled by the mobility of the ions in solutioAd/ithin the
living body, even a small amount of ions influences the
conformation of proteins and nucleic acid strands and their
functions?3

It is generally assumed that the interactions between water
and ions, which result in effects on the macroscopic properties,
affect the long range ordering of the hydrogen bonding network
in the bulk liquid, for example, by breaking or forming hydrogen
bonds (HB). The magnitude of the effect follows the Hofmeister
series given in Chart 4°

In connection to measured macroscopic properties of aqueou
solutions, ions that exhibit strong interactions with water
molecules, for example, small di- and/or trivalent ions, are often
called structure breakers, while ions that exhibit weaker interac-
tions with water than water itself, for example, large monovalent
ions, are called structure makers. Another view, which gives
an opposite definition of the structure-maker/structure-breaker
concept, is the correlation to the JordXole viscosity B
coefficient8 a positive (negativeB coefficient in the Jones
Dole expression of viscosity indicates increased (reduced)
V|sc.0.5|ty relatlvg .to pure watérStrongly hydrated ions give maker/-breaker concepts have been obtalfe,
positive B coefficients and are thus called structure makers,

while weakly hydrated ions reduce the viscosity leading to a !N Previous work, we have used X-ray absorption spectros-
negativeB coefficient and are called structure breakers. A third COPY (XAS) and X-ray Raman scattering (XRS) at the oxygen
K edge (O 1s) to demonstrate the ability to probe the HB

structure in liquid bulk watet?~22 The comparison between
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CHART 1. Hofmeister Series

Strongly hydrated anions weakly hydrated anions

2

so > HPO, > F > CI > Br > I > NO, > Clo;
NH, > C' > R > K > Na > Cda& > Mg > A"

weakly hydrated cations strongly hydrated cations.

535 eV and an enhancement at 537 eV (main-edge); theseeffect on the HB network in the form of breaking or forming
features are related to broken or weakened donating H-bondshydrogen bonds in the bulk water may thus be obtained.
that generate an asymmetry compared to the near-tetrahedral

symmetry in bulk icé®2! The post-edge peak at 541 eV was 2. Experimental Section

assigned to OH groups that are involved in a donating HB, while

) The near-edge region of XAS, also known as near-edge X-ray
the pre-edge peak at 535 eV and the main-edge peak at 537 evabsorption fine structure (NEXAFS) or X-ray absorption near
were assigned to OH groups that are either weakly or not

Dini ) o . edge structure (XANES), has been increasingly used as a direct
hydrogen-bonde: In ice, the post-edge intensity is large, since ,5he for the unoccupied electronic states of molecules in the
both OH groups are involved in donor hydrogen bonds. Results ¢t few decades. The growth in the number of applications of

in previous works indicate that the asymmetric or unsaturated s technique has been closely connected to the development
donating HB configuration, also denoted the single-donor (SD) of synchrotron radiation sources at national laboratories. Con-
configuration, applies to a dominating fraction of the water gequently, near-edge XAS is now a widely used technique for
molecules®2° In the present paper, we evaluate the effect of ¢|ycidating the nature of bonding between molecules, in
ions on the HB network in aqueous solutions through analysis jnterfaces, and of adsorbafésHowever, application of this

of the O 1s XA spectra. Although XAS and XRS only are technique to oxygen K edge measurements of aqueous solutions
sensitive to the local environment (i.e., the first and second jg challenging because of the incompatibility of the high vapor
hydration spheres of the probed water molecule), the techniquespressure of the liquid with the vacuum environment required
probe all water molecules simultaneously in the sample with by the soft X-ray beamline. Development of intense third-
equal probability. The recorded XA spectrum is thereby a sum generation synchrotron light sources, effective differential
of contributions from all the probed water molecules, and a pumping systems, and the possibility to make ultrathin, soft
change in the number of hydrogen bonds induced by the ions X-ray transparent windows to separate the ultrahigh vacuum in
is therefore reflected in the fine structure of the XA spectrum. the beamline from an ambient atmosphere in a high-pressure
However, the spectroscopies are less sensitive to structuralcell have, however, made soft X-ray-based measurements of
changes that do not involve breaking or forming hydrogen aqueous solutions possitdie2325-29

bonds. If ions break down the HB network in bulk water (i.e.,  2.1. The XAS Fluorescence Yield Experimental Tech-
break hydrogen bonds), we expect a spectral signature indicatingnique. XAS fluorescence yield measurements were performed
more broken or weakened hydrogen bonds. In particular, we at the soft X-ray endstation for environmental research (SX-
should see an increase in the pre- and main-edge intensities aEER); see Figure 1. SXEER is designed to separate the sample
535 and 537 eV, respectively, and a simultaneous decrease irchamber from vacuum in the synchrotron beamline and was,
the post-edge intensity around 540 &2 If ions induce an for the aqueous solution experiments, connected to beamline
increase of the fraction of tetrahedrally coordinated molecules 8.0 at the Advanced Light Source (ALS) in Berkeley, CA. A

in the bulk water, we expect to see the reverse. By comparing differential pumping system between the ultrahigh vacuum in
XA spectra for water with and without ions, the ion hydration the beamline and the sample chamber makes it possible to use

Soft X-ray Endstation for Experimental set-up Fluorescence yield
Environment Research (SXEER) ;
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Figure 1. Left: The soft X-ray endstation for environmental research (SXEER). Synchrotron beamline endstation used for O 1s X-ray absorption
spectroscopy of liquid water and agueous solutions. Right: The experimental setup in the sample chamber of SXEER gives an ambient environment
with atmospheric pressure and room temperature.
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a 0.16um-thick silicon nitride (SiN4) window as a separator. LR B L B
The chamber could then be filled with helium gas (1s binding Recorded O 1s XAS
energy of 24.6 eV) that kept the liquid sample under atmospheric
pressure and room temperature.

The aqueous solutions were placed in a vertically mounted
polypropylene straw, 25 mm long and 8 mm in diameter. Along
the straw, from the top, there was a 10-mm-long and 1-mm-
wide slot. With this arrangement, a stable liquid surface with
low curvature could be exposed to the beam. Vaporization of
the aqueous samples occurred during measurement, especially
since there was a constant flow of dry helium gas through the
chamber that continuously removed the water vapor. However,
because of the design of the straw, the position and the form of
the probed water volume were independent of the evaporation,
since the vaporized liquid was continuously replaced with fresh
solution. Recording a spectrum took about seven minutes, and
the change in concentration because of the vaporization was
shown to be negligible on that time scale. L

The absorption spectrum was recorded indirectly by detecting 530 535 540 545
fluorescence photons from the core-hole decay process. The photon energy [eV]
detector was a sensitive gallium arsenide (GaAs) photodiode Figure 2. X-ray absorption spectra of (a) the sample (pure water), (b)
and was placed perpendicular to the incoming photon beam;the SgN4 window, (c) water vapor, and (d) the result after normalization
see Figure 1. The geometry of the sample setup, with respectto the window transmission function (b) and subtraction of gas-phase
to incoming and emitted X-rays, is very important in order to contribution (c). The spectrum from the sample has contributions from

avoid saturation effec:31Saturation is reduced by maximizin the water vapor in the He atmosphere. Normally, the peaks are smaller
) y 9 than shown in the figure, and it is possible to record spectra without

the penetration depth of the X-ray beam by letting the X-ray \yater vapor peaks. However, without the vapor peaks, it is difficult to
photons impinge on the sample normal to the surface and by calibrate the photon energy. See text for details about the correction of
minimizing the detection depth by collecting the fluorescence the spectra.

at a grazing angle. A 0.4-mm-wide metal aperture was placed TABLE 1: The Gas-Ph Spect Exhibit

in front of the detector to reduce the acceptance angle to onlyWell-Sepérate% P%‘st %Soiresp;gnrduirr?g a0 'fé Excitations

2°. A 30-nm-thick SiNy film was placed between the metal into the Antibonding O—H 4a, and 2b; Molecular Orbitals
aperture and the photodiode to protect the diode from chargedat Low Energies (534 and 536 eV) and Transitions into the
particles, low energy photons from the He gas, and possible Rydberg Orbitals at Higher Energies®-3°

intensity [arb. units]

a

b
‘\/\/

Cc

d

photons from electronic transitions in the valence states of the peak position/[eV]

sample. _ o peak no. transition EELS XAS®

; The recordtfad S|g|;]al Ihad_dcontnblutlofvs from three} sources: — 1 la— 43 5340 53420
uorescence from the liquid sample, fluorescence from gas- g 1a — 2 5359  536.10

phase water, and thermal background (dark current). The dark ¢ 1a — 3ph, + 3pa Rydberg orbitals ~ 537.1  537.25
current intensity was subtracted from the spectra by assuming
a linear contribution with a slope defined by the slope of the
spectra in the energy range 52825 eV. To correct for photon

flux variations, each spectrum was normalized to the incident atmospheric pressure and ambient temperature. The O 1s XA
phOton intensitylo, which was monitored with a gOId mesh in spectrum of the gas mixture was thus a combination of
the beamline. Th&-normalized spectra were thereafter normal- contributions from HO(g) and Q(g), and since the £and HO
ized with an absorption spectrum of the;l%i window that peaks are well-separated, the spectrum can be energy-calibrated
separated the helium atmosphere from the vacuum in thepy the G peak position from earlier measurements on the O
beamline. This was necessary because of adsorbed watemglecule physisorbed on graptitand Pt(111% (note that the
molecules on the window. The spectra were calibrated in xa spectra of free @(g)% and physisorbed £*3have identical
absolute energy using the peak positions of the gas-phase wateghapes). The peak position of the physisorbedsalibrated
contributions as a reference. Finally, the gas-phase contributionspy determining spectroscopic features of the substrate using first-
were subtracted, and the corrected spectra were normalized byand second-order light with the aid of an electron spectroriéter.
area between 530 and 550 eV. Figure 2 demonstrates the stepshe difference between the kinetic-energy positions recorded
involved to obtain the final XAS spectra. with first- and second-order light gives the correct photon
2.2. Energy Calibration for the XAS Measurements. energy. The gas-phase water spectrum was thus calibrated with
Calibration of the absolute energy of the incident X-rays is not respect to this. A comparison of the energy positions of the
trivial. It can, for example, be accomplished through the use of gas-phase water peaks from EEESiith our XAS measure-
a well-known reference sample. Photon energy calibration of ments shows a positive energy shift of 0.2 eV; see Table 1.
the XA spectrum of gas-phase water could be performed with  In the recorded spectra of liquid water or agueous solutions,
peak positions known from electron energy loss spectroscopywhich also had contributions from gas-phase water, the third
(EELS) studie$233where the absolute energies were calibrated gas-phase peak, the O 1s transition into the first Rydberg orbital,
with respect to the elastically scattered peak. Since this methodis sharp and was easily detected. By knowing its energy position
is subject to uncertainties, we used an alternative method. A of 537.25 eV (Table 1), each spectrum could thus be shifted to
mixture of gas-phase water £8(g)), molecular oxygen the correct energy. All the aqueous solution spectra are thereby
(O2(9)), and helium (He) was kept in the chamber under energy-calibrated and directly comparable.

a Excitation energies measured by EEE&nd XAS.
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O 1s XAS of Hy0 in KCl(aq)
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Figure 3. O 1s X-ray absorption spectra of)(4 m KCl(aq), (§ 1 m KCl(aq), and (c) pure water, as recorded with XA9,4dn KCl(aq), (e) 1
m KCl(aq), and (f) pure water, as recorded with XRS. The rightmost panel shows corresponding XAS spectra after compensation for saturation:
(g) 4 m KCl(aq), (h 1 m KCl(aq), and (i) pure water.

2.3. Saturation Effects in the XAS MeasurementsThe The experimental setup had a fixed geometry, and the recorded
sample geometry of the XAS experiment, with incoming X-rays signal is normalized tty. Equation 2 can therefore be simplified
normal to the sample surface and grazing angle fluorescence
detection, was optimized to reduce saturation effects as much 1{(hv) u,(hw)

lo T (tw) + 1/D(e;)

as possible. Unfortunately, because of the strong X-ray absorp- 3)
tion (i.e., high absorption cross-section), saturation effects turned
out to be impossible to eliminate completely. A comparison ) . . . i
between the XAS and the XRS spectra of pure waten KCI- If D(er) (in cent|me_ters) is suff|C|er_1tIy small, that |s,[]_(/ef) >
(ag) amd 4 m KCl(aqg), shows that a normal-incidence-grazing- “x the recorded signal is proportional ag(hw) (in reciprocal
detection geometry is not enough to completely remove centimeters), which is our aim with XAS. ButD(e;) is large
saturation effects in the XAS measurements; see Figure 3 (e.g., when the fluorescence is detected n(_)rmal to the sufface),
However, it has been shown that saturated XA spectra can be€d 3 becomes equal to the constanthat is, all photons are

compensated for saturation effects by applying a correction @PSorbed within the detection depth, and thus, no spectral
procedureé®3140-43 |f the sample composition and sampling [€atures can be observed. At intermediate valueB(ef), the

depth are known, a saturation compensating factor can pesPectral features become suppressed, and the recorded spectrum

calculated from the extended X-ray absorption region. However, IS Saturated (see, e.g., Figure 3 in Guo et%glWhen the
this procedure is very sensitive to any possible errors in the fluorescence is detected at an anglieom the surface normal,

measured slope of the ionization continuum in the extended XAs the escape depth is related to the X-ray absorption coefficient
region. We have therefore chosen an alternative approach by2ccording to
using the XRS spectra, which are inherently free from saturation

effects, as reference in the compensation procedure.

The theoretical description of the fluorescence vyield signal
dis from a bulk sample #

diy(8, hv) = % [ Ay, (6, hw) g 6, w)z 5=2D(e) 4, 1)

whereg is the angle between the incident X-rays and the surface
of the sampleQ is the solid angle for the emitted fluorescence,
lo is the incident photon flux densityy, is the X-ray exposed
area,ws is the fluorescence yield efficiencyi is the linear
absorption coefficienD(¢;) is the effective escape depth of the
fluorescence with energy, andzis the depth to the increment
dz where the fluorescence photon is emitted. Integration over
the sample thickness, which is much thicker than the photon
penetration depth, gives the measured intensity

ux(6, hw)
hv) + 1/D(e;)

16, ) = 7 oAy o @

C0S0o
fux(ef)

D(er) = 4)

Thus, grazing angle detection ¢lose to 90) will reduce the
fluorescence escape depth and thereby also the saturation effect.
In our case with a highly concentrated sample, this is not
enough, and the signal needs to be compensated for the reduced
intensity by a factoiS(er)

l{(hw) ()
lo  u,(hw) + 1/D(e)

®)

€5

The linear absorption coefficient can then be calculated

Hep) 1i(hw)
CD(ep) o

Hep) 1(tw)
Ye T, ]

p(tw) = ®)
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530 absorption spectra with the tabulated values of the oxygen
S 535 % absorption edgé’ a rough estimation of the absorption coef-
% 540 _ ficients at the pre-edge and the main-edge peaks can be obtained;
g el see Figure 4a. The correlation between the tabulated values and
. : the saturated XAS spectrum results in absorption coefficients
g 5507 (\ of 23 100 cm! at the pre-edge and 55 100 chat the main-
& 555 ; edge in a correct absorption spectrum (dagbtted lines in
ol SRS I MBS Figure 4b). The corrected spectrum in Figure 4a indicates
0 5 10 15 20 25 30 35 40 45 50 55 60 absorption coefficient values at the pre-edge and main-edge
absorption coefficient x 10° fcm"') peaks of 21 700 and 54 600 ciy respectively (dashdotted
20 r = - lines in Figure 4a). It is thereby possible to compensate the
1] ) o i saturated 300 nm curve in Figure 4b as much as the peak
'§ 1.9 intensities in the corrected spectrum (Figure 4a) indicate. The
g | close agreemen_t between the saturated_ compensat_ed intensity
5 ' o a}bsorpthn relqnonshlp and the correct linear mtensaﬂysorp-
= oxl 300 nm tion relationship, despite the unknown accuracy of the estimate
= W e : —100nm of the detection depth and the lack of extended absorption
0.0 Je=m ‘"'I i J10mm region, is an indication of a successful procedure to compensate
0 5 10 15 20 25 30 35 40 45 50 55 60 saturation effects; this has furthermore been carefully calibrated

absorption coefficient x 10% [em™] against the XRS spectra.

Figure 4. (a) The saturated XAS spectrum (solid gray) compared to 2 4 The XRS Experimental Technique A bulk-sensitive

the corrected spectrum (solid black) normalized to the tabulated values .
for the oxygen absorption edfje(dotted). The dashdotted lines alternative to soft X-ray XAS on low elements such as oxygen

indicate the value of the absorption coefficient at the pre-edge and theiS honresonant XR&:4647 At low-momentum transfer, XRS,
main-edge peak: 21 700 and 54 600 émespectively. (b) The dotted ~ which is the X-ray energy loss version of XAS, results in spectra
lines indicate the correct linear intensitgbsorption relationship for identical to XAS?5 The XRS measurements of liquid water and
each case of detection depths. The solid gray lines are the saturatedaqueous solutions were performed at the Bio-CAT beamline

intensity—absorption relationship for the detection depths 10, 100, 300, .
and 500 nm, respectively. Increasing detection depth leads to higherlS'ID at the Advanced Photon Source (APS) in Argonne, IL.

degree of saturation effects. In the current XAS measurements of the XRS was analyzed with a high-resolution multicrystal Si(440)
aqueous solutions, the detection depth is ca. 3064 he gray solid analyzer operated in Rowland geometry at a Bragg angle of
line corresponding to the 300 nm detectiqn d_epth can, however, t_)e ~88° which corresponds to an energy of 6462 eV. A lead-
compe_nsated for the saturation effec_ts, which is indicated by the solid shielded liquid-N-cooled low-noise germanium detector was
black line. The dashdotted lines indicate the expected value of the o . . .
absorption coefficient at the pre-edge and the main-edge peak for theUS€d t0 minimize background scattering signal not rejected by
saturated spectrum: 23 100 and 55 100 Emespectively. the analyzer. The Ge detector signal was normalized to the
incident photon fluxJo, recorded with a He-filled ion chamber.
or simply The O 1s XRS spectra were obtained by scanning the beamline
Si(111) monochromator from 6980 to 7054 eV, with 0.1 eV
I:(hw) steps in the near-edge region (69915 eV) and 0.5 eV steps
elsewhere. The total energy resolution of 1.0 eV was obtained

] @) by measuring the elastic scattering at 6462 eV. To avoid

C'(ep) Iy

I()
IO

nondipole contributions, the spectra were taken at scattering
angles below 78corresponding to a momentum transfergof
< 4 A1 (see Wernet et &P supplemental material). XRS
where C'(¢r) is a scaling factor andC''(e;) is the saturation spectra were corrected for background from predominantly
compensating factor. Compton scattering, by subtraction of an extrapolated function
In Figure 3, we compare XAS and XRS spectra of pure water, fitted to a region well below the absorption edge. Solutions were
1 m KCl(aq) anl 4 m KCl(aq). Spectra-ac are recorded with  measured in a plastic cup with a hole covered with au@5-
the XAS technique, while spectra-flare recorded with XRS.  thjck Kapton window to reduce intensity loss of incident and
By using eq 7 and assuming that the variation of the chosen scattered X-rays. The water spectrum was measured using a
saturation compensating factor with respectés negligible, 5-mm-diameter plastic flow tube with a similar window. An
the XAS spectra are compensated for the saturation effects and,jier test using liquid water showed no difference between
show the same peak-intensity ratios as the XRS spectra; Se§pacira obtained in a flow tube and a plastic container.

ggﬁﬁ?(r)?]g:::nlztﬁﬁgesib Izgsﬁfl\li f)zegggsngsgg da?c?r i‘;‘iﬁ:’;; nContributions from the Kapton window were subtracted using
) : . nem I rum. The XR ra wer libr in
effects by using eq 7 with a select&@ independent o€:. an empty cell spectru e XRS spectra were calibrated

To visualize the compensation procedure and its sensitivity energy with the pre-edge peak position taken from the calibrated

to different detection depths, we show in Figure 4a the changeO 1s XAS fll_uo;escence g'?\:&j meg;grerzzrgg, ?/n?: the dSpf(.:ltrZ
in the intensity scale of the water XAS spectrum and in Figure were normalized by area between an ev. roradetaie

4b how different detection depths affect the deviation from the diScussion of XRS applications, see for example, Bergmann et
: ; ; : ; ; ; al.*” and/or Krisch et af®

correct linear intensityabsorption relationship. Equation 3 _

indicates that a detection depth as low as 10 nm is necessary to 2.5. SamplesThe samples were prepared from commercially

obtain a recorded spectrum without any observable saturationavailable salts from Sigma-Aldrich. Salt, sample notation, and

effects. The detection depth in the current XAS experiment is concentration are presented in Table 2. The salts were dissolved

estimated to be ca. 300 nth.By comparing the corrected in deionized water without any further preparations.

() =
[1 - C'(e;)
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TABLE 2: Samples in the O 1s XA Study of Aqueous L L L L B I

Solutiong?
salt sample notation  molality/[m] a M/M\

deionized water LD 55.5
sodium chloride, NaCl NaCl(aq) 1.0
potassium chloride, KCI KCl(aq) 1.0and 4.0 )
aluminum chloride hexahydrate,  AICls(aq) 0.9and 2.7 S| b A

A|C|3'6Hzo g \S WM

a@The ion concentration in the aqueous solutions is in molality %
(m = mole of solute/kilogram of solvent) at Z%. 8

Elc¢c
L [ T 1T T 7T | 1T 1T 7T | LI B B | ;;

e M
POV PV VSN

530 535 540 545 550
Photon energy [eV]

Figure 6. Difference XA spectra of aqueous solution minus pure water
for (a) 2.7 m AICk(aq), (b) 0.9 m AICi(ag), (c) 4.0 m KCl(aq), (d)

1.0 m KCl(aqg), and (e) 1.0 m NaCl(aq). The intensity is multiplied by

a factor of 3 relative the intensity for all spectra in Figure 5. The positive
peaks at 535 and 536.5 eV and the negative peak around 539 eV indicate
an increase of SD configurations in NaCl(aq) and KCl(aq). The reverse
trend is observed for AlG(aq) including a shift of the spectral profile
toward higher energies compared to the pure water spectrum.

Intensity [arb. unit]

540 eV) indicates that there are specific structures of tetrahedral
water that are modified to become SD species; the post-edge is
associated with intact hydrogen bonds, and its position reflects
the HB distancé&? The shift of intensity from the low-energy
R B AR A B post-edge region to lower energies thus indicates that hydrogen
530 535 540 545 550 bonds that already have quite large distortions, corresponding
Photon energy [eV] to low post-edge energy, are turned into SD spe¥icEhe
Figure 5. O 1s XA of (a) 2.7 m AIC}(aq), (b) 0.9 m AlCi(aq), (c) effects are, however, rather limited. The negligible effects at
4.0 m KCl(aq), (d) 1.0 m KCl(aq), (e) 1.0 m NaCl(aq), and (f) pure the higher post-edge energies indicate that hydrogen bonds that

water. The 1.0 m NaCl(ag) and 1.0 m KCl(aq) spectra show small P
changes compared to the pure water spectrum (dotted), while the 4.0?jlre still intact have the same length as a strong hydrogen bond

m KCl(aq) spectrum shows larger changes. The 0.9 m 4@) n thg::rp_ure water. )
spectrum shows a very small change compared to pure water (dotted), Al”" is a strongly hydrated cation that may form or break up
despite the fact that At is a strongly hydrated cation. bonds in the HB network. Figure 5b shows O 1s XA spectra of

pure water and 0.9 m Alglaqg), while the corresponding
difference spectrum subtracting the pure water spectrum is
The selected cations in the solutions under investigation areshown in Figure 6b, multiplied by a factor of 3. If &l has
sodium (N&), potassium (K), and aluminum (AT"). We chose any bond-breaking/-making effect on the HB structure, we
chloride anion (Ct) as a counterion, since this ion has been would see a clear difference between the XA spectra of 0.9 m
reported to have no measurable effect on the HB netwétk.  AICl3(aq) and pure water, since more than 10% of the water
Na" and K" are neither strongly nor weakly hydrated and are molecules are solvation spheres ofAhnd 30% are solvation
assumed to have no significant effect on the HB network, while spheres of Ci.51 The effects are, however, very modest, and
Al3* is strongly hydrated and hence regarded to essentially the difference spectrum gives an observed change of only 1.4%
influence the HB structur&.® Figure 5d-f shows O 1s XA of the total pure water intensity below 550 eV, showing some
spectra of 1.0 m KCl(aq), 1.0 m NaCl(aq), and pure water, decrease of SD species and an increase of tetrahedrally bonded
respectively; lower concentrations { m) lead to insignificant molecules. The strong electric field of ¥l might have been
changes in the main spectral features. To emphasize the spectraxpected to shift the peak positions or affect the peak intensities
changes upon hydration of the ions, difference spectra betweenin the XA spectra. A density functional theory (DFT) calculation
the solutions and pure water are shown in Figure 6 d,e. Theindicates that the intensity of the pre-edge is not affected, but
difference spectra are multiplied by a factor of 3 to highlight a shift to higher energies might occdnwhich we actually also
the differences, which consist of a redistribution of the intensity can see in the XA spectrum.
from the high-energy region to the low-energy region. The By comparing the trends in the XA spectra of the solutions,
amount of redistributed intensity is, however, very small, only we might be able to evaluate the effect of the @n or confirm
2.3% and 1.6% of the total pure water intensity below 550 eV that effects from Ct are not measurable by XAS/XRS.
for KCl(ag) and NaCl(aq), respectively. The increase in the pre- Although the 0.9 m AlGJ(aq) solution has almost three times
and main-edge peaks is an indication of an increase of SDas much Cf as the 1.0 m NaCl(aqg) or KCl(aq), the change of
configurations induced by the ions in the aqueous solution. The the XA spectrum, relative to pure water, is smaller: 1.4% versus
decrease in the low-energy part of the post-edge region (538.5 1.6% and 2.3%, respectively. Furthermore, the changes in the

3. Results and Discussion
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spectra of NaCl(aq) and KCl(aq) are opposite to the changes infirst solvation sphere of weakly hydrated ions have more broken
the spectrum of AlG(ag). On the basis of the observed trends hydrogen bonds. These results are in agreement with a neutron
in the XA spectra of the solutions, we can thus exclude & diffraction study that indicates a difference in the hydrogen-
a source of the observed changes in the XA spectra; this isbond donating and accepting capacities of water in the first
furthermore in agreement with earlier reports indicating that CI  solvation sphefeand with recent time-resolved infrared spec-
does not have measurable effects on the HB netéitk. troscopy studies where a change in the rotational dynamics of
The results indicate that there are structural changes in liquid Water is only seen in the first solvation sphétéIt is likely
water induced by solvated ions, but the spectral changes do nothat the observed decrease and increase, respectively, of broken
provide support either for a breakdown or for a buildup of the hydrogen bonds of water in the first solvation sphere can be
bulk HB network in the water. Earlier work has shown that a related to some of the unique properties of water. However,
breakdown (buildup) of hydrogen bonds affect the XA spectra With XAS/XRS, we are only probing changes in the HB network
by redistributing intensity from (to) the post_edge region to |Oca”y around the excited oxygen atom, and there can thus be
(from) the pre-edge and main-edge regiril Although other more subtle long-range changes in the water structure that
strongly hydrated ions are considered to severely influence the XAS/XRS s not sensitive to.
long-range HB structure in the bulk liquid, we observe a very .
weak structure-maker/structure-breaker effect of the HB network 4- Conclusions
for the solutions near 1 m. The effect for Aldq) is even The HB structure of water in the bulk and the first solvation
weaker than the effect we observe for the comparatively weakly sphere of ions is studied with XAS and XRS. A high concentra-
hydrated N& and K" ions in terms of affecting the relative  tion of ions (-1 m) is necessary before visual changes of the
amounts of SD configurations and tetrahedrally coordinated main spectral features occur in the recorded absorption spectra,
waters. Na and K" are considered to have no significant effect  which indicates that neither strongly nor weakly hydrated ions
on the liquid bulk structuré.® In a more general sense, we affect significantly the average number of hydrogen bonds in
thus infer that the average number of hydrogen bonds in the the bulk liquid as probed with XAS/XRS. There are changes in
bulk HB structure of water remains basically unchanged upon the recorded spectra reflecting the HB situation in the aqueous

solvation of the ions. solution, but concentrations & m or higher, where the majority
There is also a difference between solutions 6ffAbns and of the water molecules are in direct contact with the solvated
Na*© and K' ions in terms of pH. Hydroxylation of the At ions, are necessary to detect major changes in the spectra. Hence,

ion results in a lowering of the pH due to the formation of-Al only the water molecules in the first solvation sphere of ions
OH species. It is known from previous work that signatures of are, in terms of HB configurations, affected by the presence of
the OH species can be seen at energies below the pre-edge pedke ions. Water molecules in the first solvation sphere of strongly
around 533-535 eV?’ Since there is no observable intensity hydrated ions have fewer broken hydrogen bonds compared to
in that region in the spectra in Figure 5, the concentration of liquid water, whereas those in the first solvation sphere of
OH must be relatively small compared to the amount of water. weakly hydrated ions have more. Our investigation shows that
Effects on the XA water spectral shape due to the presence ofhydrated ions hardly change the local HB configuration in bulk
H* and OH" in the solution are only seen for relatively high liquid water. Although known macroscopic properties of 1 m
concentrations above 4 P54 solutions studied here are different from those of pure water,

In the 4.0 m KC1(aq) and 2.7 m Alghgq) solutions, almost Fhe average n.umb.er of hydrpgen bonds in the bulk HB network
all water molecules are in the vicinity of an ion, and bulk water N these solutions is essentially the same as that of pure water.
no longer exists in the solution. The spectral changes can Therefore, the effects on the macroscopic properties of water
therefore be considered as an effect of the interaction betweenc@nnot be explained on the basis of changes in the local HB
the ions and the water molecules in the solvation sphere. Thecoordination (i.e., making or breaking hydrogen bonds in the
XA spectrum for 4.0 m KCl(aq) (see Figure 5¢ and highlighted bulk liquid).

in Figure 6¢) shows an increase at the pre- and main-edge peaks . i
and a decrease at the post-edge peak, whereas the opposite is Acknowledgment. This work was supported by the Swedish
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peak in the AICi(aq) spectrum to higher energies may also
indicate that the distance between the water molecules in the
first and second solvation spheres is shorter than the average (1) Chowdhuri, S.; Chandra, Al. Chem. Phys2003 118 9719.
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