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The effects of isotope substitution in liquid water are probed by x-ray absorption,sp Qcopy at the O K-edge as measured
in transmission mode. Confirming earlier x-ray Raman scattering experiments, the D,0 spectrum is found to be blue shifted

e e‘aer interpretations of UV and x-ray Raman

with respect to H,O and the D,0 spectrum to be less broadened. Following
spectra, the shift is related to the difference in ground-state zero-point epérgies between D,O and H,O while the difference in

broadening is related to the difference in ground-state vibrational ‘gero-point distributions. We demonstrate that the

transmission-mode measurements allow for determining the specril;s'; unprecedented accuracy. Owing in addition

to the increased spectral resolution and signal to noise ratio ¢ to?be earlier measurements, the new data enable the

p

stringent determination of blue shift and broadening in the x-#a'y absorption spectrum of liquid water upon isotope
substitution. The results are compared to UV absorption dN\ah it i

zero-point energies and vibrational zero-point distrib 'on&j&f\ground—s‘[ates of the liquids. The influence of the shape of

scussed to which extent they reflect the differences in

the final-state potential, inclusion of the Franck-€ondon Structure and differences between liquid H,O and D,O resulting

from different hydrogen-bond environments in the liguids-ate addressed. The differences between the O K-edge absorption
spectra of water from our transmission-mode \%; ts and from the state-of-the-art x-ray Raman scattering experiments
are discussed in addition. The experimen ted 'values of blue shift and broadening are proposed to serve as a test for
calculations of ground-state zero-point energiestand vibrational zero-point distributions in liquid H,O and D,O. This clearly

motivates the need for new calcul 1onaNSe O K-edge x-ray absorption spectrum of liquid water.

I. INTRODUCTION £

4

The difference ee\nl‘\ght and heavy water H,O and D,0 have ever since been addressed experimentally to study
the effect of the gantum nature of hydrogen on various properties of water. In particular, the bulk structure of the liquid [1,
2], the structure of waterat interfaces [3], the thermodynamical properties of water [4], the translational and rotational

motions in

=
iquid \t)’lter [5] and the hydrogen-bond (H-bond) environment [6, 7] and its ultrafast dynamics [8] were

-
investigated in Sig of these quantum effects.
\Q .
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A s FPex; erimental results can serve as benchmark tests for theoretical treatments of quantum effects in hydrogen bonding (H-
Publ ILS]Miﬂg in water [9, 10] and H-bonds in general [11]. Quantum effects are expressed in the electronic and geometric

structure of the liquid and may be related to the structure and the properties of liquid water in general [12, 13].

One of the earliest experimental investigations addressing the manifestation of nuclear quantum effects in the electronic

structure of water was performed by Franck and Wood where the ultraviolet (UV) abi/ tion spectra of gaseous light and

heavy water were measured [14]. This investigation also set the stage for the inte reta;m spectral differences: The

blue shift of the UV absorption bands in heavy compared to light water were eﬂ&% the difference in the vibrational
(ZPE

zero point energies which we refer to in here as the ground-state zero point ne@ ifference (AZPE). The lower ZPE

T—

in D,O compared to H,O is expressed in a larger transition energy in {D,0"and measured shift [15, 16] can be directly

related to the AZPE when assuming a transition from a bound to E dissociative )ate and a flat potential energy curve in the
! -

water was detected by Compton et al. in the energy-loss fuﬂsio&o;} electron-impact threshold excitation spectrum where

the broader peaks in H,O were related to the bro Me the vibrational ground-state wavefunction [17]. This

er s
broadening effect was verified later [18] and is reférred to here as the difference in ground-state zero point spatial probability

excited dissociative state [14]. Another representative manife%ﬁf tﬁaisotope difference in the electronic structure of

distribution (AZPD) where the ZPD is more cg@nfine ﬁ]bcompared to H,O and the line width is correspondingly smaller
[17]. To date, the AZPE shift and the AZRPD b ing in the UV absorption spectrum of liquid water are investigated

experimentally [19] and theoretically [20]. This'shows the importance to accurately quantify these effects to enable a correct

interpretation of the fundamental @pon photoionization of water and the related hydrated electron [21-24].
£

Over the last years, x—ra%qaectr opy/ind x-ray scattering have been used increasingly to study liquid water [1, 6, 25-37].
The questions occur bast how, nuclear quantum effects are expressed in the x-ray spectroscopic observable and, in
particular, how thé ef of AZPE and AZPD can be transferred from the UV to the x-ray regime. This clearly motivates
addressing iso:[_(:f) t{ects)h liquid water with x-ray absorption spectroscopy (XAS) at the oxygen (O) K-edge. It was found
indeed that the loweSt-energy resonance in the O K-edge absorption spectrum (the so called pre-edge peak) at 535 eV shifts
to hig er'-;bso tion energies in D,O and that this resonance is sharper in D,O compared to H,O [1, 6, 36]. Following the
i e;%eta f the UV absorption spectra, these observations were readily attributed to the effects of AZPE and AZPD [1,
6]. 1 rde;r\to test the limits of this concept in the x-ray regime it is highly desirable to determine as accurately as possible

shift and broadening of the pre-edge peak in the O K-edge absorption spectrum of liquid water. This could further help

scrutinizing XAS as a method for probing H-bonded liquids, it could help validating theoretical approaches for calculating

2
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A s llp K-2dge absorption spectrum of liquid water [38-45] and it could allow for relating the x-ray spectroscopic observables
PUb“t%hﬁ@ 81 operties of liquid H,O and D,O by, in particular, potentially enabling to correlate quantum effects, structure and

density of states in the liquids.

The O K-edge absorption spectrum of liquid water was measured before by x-ray Raman scattering (XRS), fluorescence-
yield XAS (FY-XAS) and by XAS in transmission mode. The so far most accurate detepmination of the shift and broadening
of the pre-edge peak in the spectrum related to AZPE and AZPD were achieved wit XR3 [1, 6,36]. FY-XAS of liquid H,O

and D,O [26, 29, 37] was often analyzed alongside with investigating the x-ray&u%m'

and heavy liquid water [1, 26, 27, 29, 34, 35, 37]. FY-XAS, however, suffer froﬂn}well—k wn saturation effects which result
—

in inaccurate determination of the spectral shape and, hence, the pre-¢dge peak shift and broadening cannot be accurately

ectrum at the O K-edge of light

determined with FY-XAS. Transmission-mode XAS is the most direct way, to d)termine the O K-edge absorption spectrum

of water [46-53] but liquid H,O and D,0 have not been addressed-yet. G)npared to FY-XAS we can expect the pre-edge
| -

peak shift and broadening to be determined more accural with “transmission-mode XAS as the spectral shape can be

determined reliably. Compared to XRS we can expectbetter spectral resolution and, potentially, a better signal to noise ratio

—~—

due to the higher cross section of XAS comparedéto XRS™n this work we show and discuss new transmission-mode XAS

data for liquid H,O and D,0. The higher specfral res ion and the better signal to noise ratio compared to the state-of-the-
art XRS spectra [1, 6, 36] enable a more c%de mination of the zero-point effects relating AZPE and AZPD and the

pre-edge peak shift and broadening in the -edge x-ray absorption spectra. We furthermore compare in detail the

respective XAS and XRS spectra and (% possible reasons for their differences.
£

Il. EXPERIMENTAL / &/

We utilized a speci ize%>ple'ﬂolder to prepare ultra-thin liquid films of H,O and D,O of a few hundred nanometer

thickness betwe tw? x-ray_transparent silicon nitride membranes. To record the x-ray absorption spectra we measured the

x-ray intensity=trans 'tte( through the liquid film and the silicon nitride membranes as a function of the incident photon
energy..For aicorrect measure of the incident photon flux we measured the intensity transmitted through a pair of silicon

—
nitride'membranes with no liquid in between. The specialized sample holder, its performance as well as the data treatment are

deﬁyi 2 demonstrated in detail in Schreck et. al. [52].

The measurements were performed at the dipole beamline PM3 at the synchrotron radiation source BESSY II of the

Helmbholtz-Zentrum Berlin. Since we recorded spectra of H,O and D,O back to back at the same beamline using identical
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hromator settings, the relative energy scale of the H,O and D,O spectra is very accurate and the uncertainty can be
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A & c

PUb“éEM& more than an order of magnitude smaller than the spectral shifts discussed in this work. The absolute energy scale
was calibrated by setting the pre-edge peak in the H,O spectrum to 535 eV [1, 54]. The bandwidth of the incident photon

energy and thus the spectral resolution was about 250 meV at 535 eV.

care was taken to minimize the

5

We used D,O purchased from Sigma Aldrich as received and deionized H,O. Speci

exposure to air and humidity for D,0O. 3

lll. RESULTS AND DISCUSSION ‘)
ey

The spectra of liquid H,O and D,O as measured in transmission de are“displayed in Figure 1. To the best of our
knowledge this represents the first direct comparison of light and heavy liguid Wéter spectra measured with XAS at the O K-
edge. The spectra are shown on an extended incident photon energy rm)ge of up to 600 eV in Figure 1 (a) with their
difference in Figure 1 (b). Because it is virtually impossible to p are"liquid water samples with the exact same thickness
down to the nm range with our membrane-based samplegl{\g ecause the measured transmission (not the absorption

cross section) depends on the sample thickness,, the m‘r spectra need to be normalized in order to make them

comparable. The normalized absorption that,is calculated, from the measured transmission is then plotted as relative

intensities in arbitrary units. In principle, two N

edge region between 530 eV and 550 eV (armization) or normalization to the edge-jump at a photon energy far above

the near edge, hence at 580-600 eV e.g. (edge-jump normalization, where the intensity oscillations due to the extended x-ray
, are

alizing the spectra are viable: Normalized to the area of the near-

absorption fine structure, EXAFS all compared to our experimental accuracy) [48, 52]. We note that normalization is

crucial to accurately dete?{ine small effects like those induced by isotope substitution in water. Determination of such small

effects is facilitated eresymgmembrane-based sample holder that allows preparation of thin liquid water films with

stable thickness oVer houts. We found that our spectra do not depend considerably on whether normalized at the edge jump
£

or by area. Still,\b use 9/priori we could not exclude that the near-edge area is changed by isotope substitution we decided

for edge-ju norméiization.
—

With th ifferalce spectrum (D,0-H,0) in Figure 1 (b) we show that isotope substitution effects are clearly concentrated to
the )edge region and, more specifically, to photon energies of 534-540 eV. Indeed, the near edge area in the spectrum is
changed‘as evidenced by the exclusively negative difference. The zoom into the near-edge of the spectra in Figure 1 (c) and

their difference in Figure 1 (d) now illustrates the high quality of our XAS data and motivates analyzing the effects of AZPE
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AIa‘IQZF D in more detail. For this we first concentrate on the AZPE shift of the pre-edge peak at 535 eV and analyze the
Publ I§BE'B g] dadening later. As expected from the simple consideration of the AZPE shift effect [14] in the UV absorption spectra
and as measured before with XRS [1, 6] we observe the pre-edge peak to blue shift when going from liquid H,O to D,0.
However, we also note that this is not simply a blue shift as in this case a difference spectrum with equally intense negative
and positive intensities below and above 535 eV, respectively, was to be measured. The expected positive difference intensity
at above 535 eV could be compensated for by the apparent blue shift of the main edge 41 eak in the spectrum at around
537-538 ¢V) and the corresponding negative difference intensity at 536 e¢V. Ho vgalso at the main edge we do not
observe the negative/positive differential spectrum as expected from a simple th already points to limitations of
the simple concept of relating AZPE to these blue shifts in the O K-edge x-ray absorption spectra. This is further illustrated

—~
by comparing the blue shift extracted from UV absorption to the shift in Xﬁﬁ

efore this we note that UV absorption
experiments resulted in different values of 110 to 200 meV. Fra@nd 0od determined a shift of between 110 and 150
meV in gaseous water [14] while in the liquid at ambient conditions the Ea_l?y studies resulted in values of 120 meV [16], 160
meV [15], 140-160 meV [18] while a more recent study gave meV [19]. Recent calculations of the joint density of states
serving as an approximation to the UV absorption spe '['ﬂ'r-eanflimed the 200 meV shift [20]. With the earlier XRS data an
independent determination of the shift of the O é‘ as not possible but the order of magnitude of the XAS pre-
edge shift was found to agree with the UV ab ion results. Here we aim at independently determine the shift in the O K-
edge absorption spectrum and this is demong with Figure 2. We plot in Figure 2 (a) the first derivatives of the liquid

H,0 and D,0 spectra in the near e

the aforementioned pre-edge a in-edge peaks and the previously discussed post-edge peak at 540 eV [1, 54, 55]. The

e.rqgion. As expected, they pass through zero at 535, 538 and 540 eV corresponding to
blue-shift of the 11qu1d?,(] Ctrunywnh respect to the liquid H,O spectrum is clearly apparent and can be easily
determined for the pre-e gNtin the derivative of D,O such that the root coincides with H,O (Figure 2 (b)). We find

for the so determinedsghift at the pre-edge peak a value of 117 meV and, taking into account uncertainties related to

normalization of'the pecty d to fitting the energy regions around the roots with linear functions, we arrive at a blue shift

=
of 120+£20 meV for the pre-edge shift. This value is somewhat smaller than the 200 meV shift based on recent UV absorption
spectrd. Our da ever also show that the shift determined with the main edge peak is not 120 meV: The root of the D,O

derivativeghifted by 117 meV at the main edge does not coincide with the root of the H,O derivative as illustrated in Figure 2

(©). ar fits of the H,O and D,O derivatives in the energy region displayed in Figure 2 (c) result in a blue shift of the main

edge in D,O with respect to H,O of 200£20 meV now in perfect agreement with the UV absorption data. These results

represent the first stringent determination of the AZPE related blue shift in the liquid water x-ray absorption spectrum at the
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Akgdg > upon isotope substitution. Within our experimental uncertainties we find no shift at the post edge at 540 eV. We
PUbllél])l H(gf that the AZPD related broadening effect for the pre-edge peak is already visible in Figure 2 (b): The derivative of
the D,0 spectrum is steeper than that of the H,O spectrum as a result of the narrower square of the vibrational ground-state
wavefunction in D,0O or, correspondingly, the broadening of the H,O pre-edge peak. This is analyzed in greater detail later
and we stay for the moment with the AZPE related blue shift. The shift at the pre-edge peak apparently is considerably
different from the shift at the main edge and the shift determined from UV absorptionZ e attempt to give a qualitative
explanation with Figure 3 by considering the very basic approximations in relating ad the spectral shift [14].

Following the graphical depiction for explaining the AZPE related blue shift iI;)C (0] dge x-ray absorption spectrum of
—

water by Nilsson et al. [1] we plot qualitative potential energy curves fgr the pre main edges of liquid water in Figures 3

(a) and (b), respectively. XAS measures the energy difference (thi vertic rans)tion energy or the “Franck-Condon vertical

transition”) between the electronic ground state (initial state) and th nal‘(a)re—excited) state of the x-ray absorption process.

-
Although the nature of the reaction coordinate in the core-éxgited final states is not precisely known as exact potential
d 0

energy curves are missing for liquid water, it can be ¢ ncmd(r revious discussions [1] and from a detailed study of the

—~—

ates are dissociative or only weakly bound. Hence the reaction coordinate

water dimer [44] that all core-excited XAS final
in Figure 3 for both the pre- and the main edg¢ peak most mly is the intramolecular O-H/O-D distance. We concentrate our
analysis here on this coordinate but not h@gion of ground-state fluctuations of structures in liquid water would
have to account for other distances and a;%lxq as the H-O-H (D-O-D) angle in bending modes as well [9]. Following the

reasoning in [1] we note that theré4s I%E in the core excited states because they are dissociative for both the pre and the

main edge. A shift between thg H,Q and B,0 spectra can thus be related to ground-state AZPE as illustrated in Figure 3. The
fact that the final state p{ ials in {absorption are dissociative as well makes the values from XAS and UV absorption
elie

comparable [1]. W , however, that the observed differences of the shifts at the pre and main edges points to the

limitations of thi cor}ep “Eirst, and as noted before [1, 14, 18], the exact shape of the final state (core-excited in our case)
matters andyseeond, d{e detailed description should take into account a calculation of the Franck-Condon factors of the

transiti n, 3 tart b} elaborating the first aspect.

ndin, '26 shape of the core-excited state potential energy curve, we can qualitatively predict that the XAS transition
-y
energy, can be smaller than the ground-state AZPE (for a particularly steep or steeply curved potential, Figure 3(a)) or larger

(or, equally possible, identical for a less steep potential, Figure 3(b)). Note that for both scenarios the XAS transition energy

in D,0 is still larger than in H,O. What seems to matter for the line shift is the shape of the final state potential energy curve

6
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AI\AP the slope (w1th0ut changing the shape) leaves the shift largely unaffected on the 100-200 meV scale discussed here.
PUbII”ﬁm Qg] be easily confirmed by evaluating the line shift with the potential from Figure 3 (b) and varying its slope. This
qualitative depiction of the shapes of the core-excited state potentials could explain the different shifts at pre and main edges
in the O K-edge x-ray absorption spectrum of water with a steeper (less steep) potential at the pre (main) edge. Indeed there is
experimental and theoretical indication for this qualitative difference of the potential curves. O K-edge XAS of liquid water
and ice measured by detecting the proton (H") yield indicates how efficiently the wateéo ules are de-protonated for the

various photon energies in the spectrum. An increase of the proton-yield XAS in sDcompared to the absorption cross

section could thus be interpreted to be an indirect measure of the dissociativemnature'Qf the*pre- and main-edge core excited

states. In both liquid water and ice a much stronger pre-edge enhanceme
—

proton-yield XAS was found with respect to the absorption cross section [58—5

compared to the main-edge enhancement in
. Irrespective of the concrete H-bond
environment one could thus conclude that the core-excited states @e pre edge are more dissociative than at the main edge
in line with the interpretation of our findings. This is also in agreement XY_IR the assignment of the transitions at the pre-edge
peak to strongly antibonding molecular orbitals with 48%&&{ , 54]. And it is in agreement with the theoretically
derived notion that the core-excited states at the main cdgehave Rydberg-like character with, correspondingly, spatially more

extended orbitals compared to the pre edge [43].

As noted before (second aspect to accou fo&\oxdetaﬂed interpretation of the AZPE related blue shift), the vibrational

structure in the core-excited states and in partictlar the Franck-Condon factors are not accounted for in the so far used simple
conceptual depiction. Often, it alfeady represents a challenge to theory to correctly describe the core-excited potentials. In
addition, usually it is not neegssary/to aceurately treat the Franck-Condon structure in XAS and hence this is often omitted

for simplicity while first tm&h ‘b/een realized for gaseous N, [60] and the water dimer [44, 61] e.g..

Given the agreemént of*eur main-edge shift of 200 meV with the recently calculated shift based on the joint density of states
of 200 meV the q stlon ?ers whether the agreement is coincidental or whether there may be a meaning to it. Concretely
the questionyis whet r there is any reason to believe that the main-edge shift corresponds to the ground-state AZPE while the
pre-e h1ft ot. Since the core-excited state potential at the pre edge is particularly dissociative and hence particularly
s e.glgcu in contrast to the main edge this could explain why the pre-edge shift does not correspond to AZPE while the
shift ‘at the main edge does. This speculation could be further assessed by comparing the line shifts determined here with
calculations of the ground-state AZPE. The necessary link between the two properties could be made by accurate calculations

of the O K-edge x-ray absorption spectra of H,O and D,0 with particular emphasize of accurately describing the core-excited

7
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A s Fp:ot ntials at the pre and main edges including the Franck-Condon structure in the core-excited states. Evaluating the at
PUbIILSJ;ItI ng itative agreement of state-of-the art calculations of the O K-edge x-ray absorption spectrum of liquid water with

experiment [38-45] shows that there is considerable improvement required in the theoretical descriptions to accurately

reproduce and explain the small but significant differences between light and heavy liquid water x-ray absorption spectra.

We now proceed with analyzing the AZPD related broadening in the O K-edge absorKG/ spectra of liquid H,O and D,0
with Figures 4 and 5. In an attempt to analyze this effect separately from the A E%l}m;e shift and following the

analysis of the earlier XRS spectra in [1, 6] we first shifted the D,O spectrum te lowenenergies to “correct” for the shift

(Figure 4 (a)) and then evaluated the broadening quantitatively by compa ng@fted and broadened D,O spectra with the
—

H,O spectrum (Figure 4 (b)). The analysis aims at minimizing both th

between the shifted D,O and the H,O spectra in order to determing the

The first observation we make in the spectra shown in Figute ) is‘Blat the previously used broadening of the D,0O
-
Iu

spectrum of 0.5 eV (throughout this paper Gaussian FWHW&Q::‘ used) apparently is too large to explain the broadening
es

of the H,O spectrum compared to D,O: The oscillation ampli he resulting difference spectrum are clearly larger than
for no broadening. A broadening of the D,O spectrum by 0.23 eV instead results in the smallest number of oscillations and
the smallest oscillation amplitudes hence a migimal i?a@ difference spectrum. The remaining spectral differences (lower
pre and main edge in D,O compared t O) ‘eould, now be interpreted as reflecting differences in the geometric and
electronic structures between the two liquids to isotope substitution. Indeed, they coincide with the generally accepted

notion that the H-bond environm

in%js similar to H,O but for a temperature that is lower by approximately 5 degrees

[6]. This is evident when ¢ aring theseffects caused by isotope substitution (Figure 4 (a)) and caused by a change in

temperature [1, 48, 54]. uﬂ% séon of this comparison goes beyond the scope of this paper. We note that the main
edge seems less affe¢ted by broadening than the pre edge while the post edge seems completely unaffected. This may be due
to larger inhom geneyus adening at these edges compared to the pre edge. Due to the larger spatial extent of the related

orbitals structural flu a%ns in the liquids could be picked up more effectively at the main and post edges compared to the

pre ed e 3

oted e, the detailed intensity differences throughout the spectra of liquid H,O and D,O on the level of accuracy

.
discusged here may depend on how the spectra were normalized and we address this uncertainty with the data in Figure 5
with the aim to accurately determine the AZPD related broadening. The integrated D,O-H,O differences (difference spectra

of shifted and broadened D,0O minus H,O and integrated over the indicated photon energy range) are shown for four different

8
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Alwpof irea and intensity or edge-jump normalization and versus various broadenings of the D,O spectrum between 0 and
Pu b“@b l:ﬂ’gl \pparently the integrated difference strongly depends on the normalization as is evident by the fact that four curves
are strongly offset in the vertical. However, we also find that the dependence of the integrated difference with broadening of
the D,O spectrum follows the same trend irrespective of normalization with a minimal difference at broadening values of
between 0.2 and 0.26 eV (legend in Figure 5) with a slow increase to lower values and a steep increase for larger values. This
makes us confident that the broadening resulting in a minimal integrated difference caré aningfully extracted from this
analysis. As a mean of the four values we find that the difference between the shi Q broadened D,0 spectrum and the

.Oi\@ the uncertainty stems from the

ents.the first stringent determination of the

H,O spectrum is minimal for a broadening of the D,O spectrum of 0.23+

differences in minimal broadening for different ways of normalization. This r

_—
AZPD related broadening of the O K-edge x-ray absorption spectrum of weSer nd could be used to test forthcoming
calculations by relating the ground-state AZPD and the shape of t@ectru ~“The determination of this broadening value is
more accurate than in the earlier investigations based on the X speci&)we believe, due to the higher resolution achieved
here with transmission-mode XAS [1, 6]. Closer inspec@r nsmission-mode XAS difference spectra in Figure 4
reveals that they are different from the XRS differen Mhis motivates comparing in more detail the spectra of the

different methods in order to also conclude on the ?lbslity the extracted values for the AZPE related shift and the AZPD
™

related broadening or whether they could depe the'experimental method used.

Y

The O K-edge absorption spectra of light and heavy liquid water and their differences as measured here with transmission-
mode XAS are compared to the edrlier XRSispectra in Figure 6. In order to facilitate the analysis we compare in Figures 6 (a)
and (b) the spectra of H,O dnd D4O for‘the same area normalization as in [1]. Deviations between the spectra from the
different methods are appagent th g/hout the displayed photon energy range with higher pre and main edges and a
somewhat reduced i ten%rbhbove the post edge in the XRS spectra compared to the XAS spectra. In particular the
differences at thie prﬁ andwmain edges could be explained by the lower spectral resolution in XRS compared to XAS.
Furthermorgf small r aiéng non-dipole contributions to the XRS spectrum could be the reason for the deviations although
non-di 0,1_?\3 cts were minimized as described in [1, 6]. Related, or more generally, to first approximation XRS and XAS
coincidg in wh% is probed and the deviations observed here may point to deviations from this approximation. Interestingly
th E’!?h.e\DzO—Hzo difference spectra from XAS and XRS almost perfectly coincide as evidenced with Figure 6 (¢) for the
raw D,@ minus H,O difference and Figure 6 (d) for the difference of shifted and broadened D,O minus H,O. Note that the
difference spectrum in Figure 6 (d) is different from the difference spectrum in Figure 4 (b, red line) due to the difference in

normalization used. The AZPE related shift and the AZPD related broadening can be more reliably determined with

9


http://dx.doi.org/10.1063/1.4962237

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.
Alrpnis ion-mode XAS but, once spectra have been corrected for them, we find that the remaining differences between
Pumlﬁmﬂll@gl O and D,0 O K-edge x-ray absorption spectra can be interpreted equally well with XRS or XAS in terms of
remaining structural differences or differences in H-bond environment between light and heavy liquid water. This is the case
in particular for the small intensity change upon isotope substitution in the post-edge region of the spectrum (Figure 6 (c) and
(d)), which is essential in terms of structural interpretation [1]. Based on our analysis here we can claim that any difference of
0.5 % or larger between shift- and broadening corrected and normalized spectra can Z: iably related to these structural

differences. For that it will be interesting to test new calculations also in term: aese structural effects against the
Fig

e 4 (b, red line) (for edge-jump

difference spectra shown in Figure 6 (d) (for area normalized calculated spe trgi)‘r 1

normalized calculated spectra). We finally note in agreement with previous assessiments from neutron scattering [2] and XAS

[1] that we believe it is adequate for the interpretation of the observed isotope a{fec s to stay within the Born-Oppenheimer
approximation. In particular, the structural differences and the X/ﬁ@fferenc between light and heavy liquid water can be

explained by the differences arising from the ZPE differencessi thelg?:tronic ground states in the anharmonic O-H/D
potential (Figure 3) [9]. Still, it will be interesting in futi‘wo s of XAS of light and heavy liquid water to quantify

the effect of isotope substitution in the core-excited sth\ cular through vibronic coupling.

IV. SUMMARY AND CONCLUSIONS \ o

We applied X-ray absorption spectroscopy atithe -edge in transmission mode to light and heavy liquid water to address

the spectral effects related to isotope substitution in the liquid. Confirming earlier results based on x-ray Raman scattering
be'blue shifted with respect to H,O and the D,O spectrum to be less broadened than

experiments we find the D,O spectru

£
the H,O spectrum. Follo?ﬂg th nce;{tual explanation of the related shift and broadening effects in UV absorption spectra
the shift is related t ths%ce in ground-state zero-point energies between D,O and H,O while the difference in

broadening is reldted te,the difference in ground-state vibrational zero-point distributions. The shift in the O K-edge

£

absorption spect is aCC):rately determined separately for two absorption edges in the spectrum (the pre and the main edge)
=

and a significant difSerence is observed. This is discussed and qualitatively explained by addressing the limitations of the

—
conce@:f}an on by, in particular, evoking the influence of the shape of the final-state potential. A more strongly
i

c d p for the final states at the pre edge is thought to cause a shift smaller than the ground-state zero-point energy
.
difference while a less strongly curved potential for the main edge could result in a shift equal to or even larger than the

ground-state zero-point energy difference. We also accurately determine the broadening effect related to the difference in

ground-state vibrational zero-point distributions between liquid H,O and D,0. Both extracted values of the blue shift and the

10
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ning could be used in the future to stringently test new calculations of ground-state zero-point energies and vibrational

I)P This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |
l ‘ (]

PUblIﬁm_@gm distributions in H,O and D,0. As a link between the experimental observables of shift and broadening and the
ground-state properties, new calculations of the O K-edge x-ray absorption spectra of liquid H,O and D,0O are deemed
necessary. Proper description of the final core-excited state potentials and inclusion of the Franck-Condon structure seems
necessary to reproduce the small spectral differences determined experimentally. In addition, we correct the O K-edge
absorption spectra for the shift and broadening effects. These benchmark spectra refleczld maining structural differences

between liquid H,O and D,0 resulting from different environments due to the di ‘)nydrogen-bond fluctuations in the

liquids and could serve to quantify the possible influence of nuclear quan effe on the structures of light and heavy
liquid water.
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