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X-ray Raman scattering provides evidence for interfacial acetonitrile-water
dipole interactions in aqueous solutions
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Aqueous solutions of acetonitrile (MeCN) have been studied with oxygen K-edge x-ray Raman scat-
tering (XRS) which is found to be sensitive to the interaction between water and MeCN. The changes
in the XRS spectra can be attributed to water directly interacting with MeCN and are reproduced by
density functional theory calculations on small clusters of water and MeCN. The dominant struc-
tural arrangement features dipole interaction instead of H-bonds between the two species as revealed
by the XRS spectra combined with spectrum calculations. Small-angle x-ray scattering shows the
largest heterogeneity for a MeCN to water ratio of 0.4 in agreement with earlier small-angle neutron
scattering data. © 2011 American Institute of Physics. [doi:10.1063/1.3655468]

. INTRODUCTION

Water and acetonitrile (MeCN) can be mixed at any ra-
tio and the aqueous solutions are widely used in many fields
such as liquid chromatography, solvent extraction, organic
synthesis, and electrochemistry. Three composition regions,
which can be characterized by different structural patterns,
have been established by many methods.! In the first, water-
rich region (0 < Xpmecn < 0.2), the acetonitrile molecules
occupy cavities in the water network without disturbing the
water structure. With an increase of the acetonitrile concen-
tration (0.2 < Xpeen < 0.75) the water structure undergoes a
gradual disruption and clusters are formed. The third region
(Xmecn > 0.75) can be visualized as an acetonitrile ar-
rangement disturbed by water molecules forming small water
clusters rather than a continuous H-bond network.

In addition, microscopic heterogeneity or coexistence
of clusters of the two species in the solution is also con-
firmed by experiments>™* as well as by molecular dynam-
ics simulations.” The mechanism of inhomogeneous mix-
ing in the MeCN-water binary system can be understood
through a variety of interactions with different strengths and
origin in the mixture.® MeCN molecules aggregate through
dipole-dipole interactions while water molecules form hy-
drogen bonds (H-bonds) among each other. In aqueous solu-
tion two different types of interacting configurations between
water and MeCN have been proposed where the OH axis
of water and the CN axis of MeCN are either in-line, form-
ing a H-bond between the hydrogen and the nitrile nitrogen,
or in side-by-side antidipole arrangement with the CN bond
parallel to the plane of the water molecule.”-® In either con-
figuration, inter-species interactions will be weaker than that
between water molecules; consequently, water molecules ag-
gregate with themselves and so do MeCN molecules. Both
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types of MeCN-water configurations have been observed at
interfaces or on surfaces,” '° but in aqueous solution most ex-
isting experiments cannot distinguish the two configurations
and are conventionally interpreted based on H-bonds between
water and MeCN.

X-ray absorption spectroscopy (XAS) and the corre-
sponding hard x-ray energy loss version x-ray Raman scatter-
ing (XRS) have been shown to give a large spectral sensitivity
for different hydrogen bonding (H-bond) configurations.''~"?
Although there is a debate on the theoretical description
of XAS/XRS (Refs. 20-25) the sensitivity to the change
of H-bond topology with temperature, is well established
experimentally.'"-1%2® In particular, it can be shown that the
pre- (535 eV) and main-edge peaks (537-538 eV) finger-
print distorted H-bonds, whereas the post-edge (540-541 eV)
is associated with strong H-bonds and is further enhanced for
tetrahedral H-bond structures. This interpretation has been
supported by experiments on H-bonded model systems on
surfaces.'* It has also recently been shown that the main-edge
intensity gets enhanced upon formation of high density forms
of ice such as high-density amorphous ice (HDA) (Ref. 18)
and various crystalline high pressure ices such as Iy, Ivy, Iy,
and IVIII-27

In the present study, measured and density functional the-
ory (DFT) computed oxygen 1s XAS of water was found to
be sensitive to the different types of proposed interaction be-
tween the two species with spectral changes in the experiment
fairly well reproduced by the spectrum simulations. Careful
consideration of the detection scheme for XAS is necessary in
order to avoid artifacts with respect to quantitative aspects of
the spectral features as discussed in references.!!*>® Here we
use XRS for its sample environment advantages (bulk sensi-
tivity and ambient pressure) and high reliability regarding the
relative intensities of spectral features. The discrepancy be-
tween the present XRS measurements and a recent XAS study
on the same system?’ using fluorescence yield (FY) detection
will be further discussed.

© 2011 American Institute of Physics
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Il. METHODS

The solutions were made from distilled water and pure
chemicals purchased from Sigma Aldrich with no further pu-
rification.

The small-angle x-ray scattering (SAXS) experiments
were performed at beamline 4-2 at the Stanford Synchrotron
Radiation Lightsource (SSRL) using beam energy of 11 keV
and an optical fiber coupled CCD detector (Rayonix225HE).
A quartz capillary with an inner diameter of 1.5 mm was in-
tegrated into a sample cooling holder kept in a nitrogen gas
atmosphere to eliminate water condensation. The scattering
momentum transfer Q is defined as Q = 4w sin 6/, with A the
wavelength and 6 one half of the scattering angle. To reduce
the possibility of radiation damage, the data were continu-
ously collected for 10 frames with 1 min each and all scat-
tering images were averaged afterward. The scattering curves
have been corrected for the primary beam intensity, absorp-
tion and detector readout noise.

XRS measurements were performed at beamline 6-2
at the SSRL using a Si(311) double crystal monochroma-
tor. Raman scattering at ~45° (in the horizontal plane) is
analyzed with a high-resolution multi-crystal spectrometer
analyzer consisting of 14 Si(440) analyzer crystals with a
diameter of 100 mm on intersecting Rowland circles (1 m
radius) operated close to backscattering at a Bragg angle of
88° (in the vertical plane), and an energy of 6.46 keV. The
corresponding momentum transfer is ¢ = 2.5 = 1 A~! with
gqr = 0.1 ~ 0.23 for Oxygen 1s XRS which is small enough
that dipole transitions strongly dominate. The Raman spec-
trum is obtained by scanning the beamline monochromator
energy at a fixed analyzer setting (6.46 keV), and the en-
ergy difference (beamline monochromator energy minus an-
alyzer energy) corresponds to the energy range around the
oxygen K-edge; note that since XRS is a non-resonant tech-
nique there is no excitation energy dependence. The overall
energy resolution (convolution of beamline and analyzer res-
olution) is found to be 0.55 4+ 0.1 eV full width at half maxi-
mum (FWHM) through measurements of the elastic scattering
peak. The scattered intensity is measured by a Vortex single-
element Si drift detector in photon counting mode with an
electronic window centered around 6.46 keV, set to reduce
the background signal. The detector intensity was normalized
to the incoming photon flux, recorded with a He filled ion
chamber. The Raman spectrum is furthermore corrected for
background (dominated by Compton scattering) by subtract-
ing a linear background fitted to the region well below the
absorption edge.

Spectrum calculations were performed using the StoBe-
deMon DFT program®® with the transition-potential half-
core-hole approach.?®-3! The core-excited atom, placed in the
center of the cluster, is described using the IGLO-III all-
electron basis set,?? allowing for the relaxation of the core-
hole, while all other (C, N, O) atoms are described by an ef-
fective core potential (ECP) (Ref. 33) and hydrogen is de-
scribed by the (5s)/[3s] basis of Ref. 34 with one added
p-function. Replacing the core-level by an ECP for all atoms
except the core-excited allows us to safely locate the core-
hole on the atom of interest. The discrete oscillator strengths
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FIG. 1. SAXS intensity of MeCN aqueous solutions versus momentum

transfer. The numbers give the MeCN mole fraction.

are computed and then convoluted to form the XAS spectrum
using Gaussian broadening with constant FWHM of 1 eV be-
low 537 eV then linearly increased up to 3 eV at 545 eV and
remaining constant afterward at higher energy. This approach
is used to mimic the experimental broadening of the transi-
tions which has instrumental, vibrational as well as life-time
origin. The excitation energy is computed with the AKohn—
Sham method where the spectrum onset is obtained as the en-
ergy difference between the ground state and the first core-
excited state.>> A relativistic energy shift of 0.33 eV is also
included.®

lll. RESULTS AND DISCUSSION

The character of the micro-heterogeneous mixing of wa-
ter and MeCN is first investigated through SAXS with results
given in Fig. 1. The enhancement at low Q in the SAXS is due
to heterogeneities arising either through fluctuations in the lo-
cal concentration of species in the solution or through local
microsegregation between species. A big jump in the low-Q
signal is observed upon going from the water rich (Xmecn
= 0.125) region to intermediate mixture (Xpecn = 0.4) in
which case microscopic domains of the different molecules
are formed in the solution. The low-Q SAXS intensity is then
observed to decrease at higher Xy.cn and is even suppressed
at Xyecny = 0.86 when only very small water clusters are
present in the sea of MeCN molecules.* The SAXS signal
in Fig. 1 thus shows the largest enhancement around Xpjecn =
0.4 consistent with a previous small-angle neutron scattering
study where the heterogeneity was found to be most enhanced
at Xyecn = 0.3 and 0.4.4%7

Measured XRS spectra at various concentrations are
shown in Fig. 2. (Note that in all figures of experimental data,
the labels “X-ray Photon Energy” correspond to the energy
transfer in the XRS process.) It has been demonstrated that
the pre- (535 eV) and main-edge peaks (537-538 eV) finger-
print distorted H-bonds, whereas the post-edge (540-541 eV)
is associated with strong H-bonds and is further enhanced
for tetrahedral H-bond structures.'!?3% In the first concen-
tration range with Xyeen = 0.1, O 1s XRS shows evidence
for weaker hydrogen bonding (H-bonding) structure of water,
as manifested by the reduced post-edge intensity, while the
pre- and main-edges are enhanced. At this low concentration,
the picture derived from other experiments and simulations is
that almost all MeCN molecules are engaged in interaction
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FIG. 2. XRS spectra normalized to the spectral area between 531 and 545 eV
of (a) aqueous MeCN solutions with concentration of MeCN increasing from
bottom to top and (b) water interacting with MeCN obtained by subtracting
the estimated pure water-like contribution to each spectrum as described in
the text. The percentage pure water contribution is estimated to be 90%, 60%,
and 50% for Xmecn = 0.1, 0.5, and 0.6, respectively. Those numbers are
approximate but the shape of the resulting difference spectra is found to not
be very sensitive to the ratio used in the subtraction procedure.

with surrounding water. The XRS spectral changes are prob-
ably dominated by the direct interaction of water with MeCN
as will be discussed later. As the fraction of MeCN increases
to 50%, the intensity at the pre- and main-edge continues to
increase and the peak positions are shifted to lower energies,
indicating further distortions in the H-bond structure of water.
The spectra remain bulk-like but new features appear, such as
the shift of the post-edge to lower energy between 538 and
540 eV compared to 541 eV for pure water; these features
become further enhanced in the spectrum for a higher con-
centration of Xyecn = 67%. In the MeCN rich concentration
range of Xyecn = 86%, the spectrum differs strongly from
that of liquid water and shows much sharper pre-, main-, and
post-edge features which are, however, shifted to lower en-
ergy compared to pure water. The pre- and main-edge peaks
resemble the discrete peaks for gas phase, but are located at
somewhat higher energy; the post-edge located below 540 eV
is unique for MeCN-water. It will be demonstrated through
DFT calculations that the position of the post-edge is a result
of the longer H-bond length associated with H-bonds formed
between water and MeCN.

Based on the micro-heterogeneity in the solution as
mentioned in the introduction and demonstrated through the
SAXS measurements in Fig. 1, we assumed that only water
molecules interacting with MeCN contribute to the XRS spec-
tral changes while those residing inside water domains remain
bulk-like. The fraction of MeCN interacting with water has
been estimated in the literature at various concentrations®>
and thus the contribution to the spectra from those water
molecules can be derived by subtracting from the spectra of
the solutions the contribution from water interacting only with
water represented as the spectrum of pure liquid water mul-
tiplied by the fraction of such water molecules. The resulting
difference spectra given in Fig. 2(b) show little concentration
dependence, even in the dilute case of Xyeen = 10% where
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FIG. 3. Energy shifts of the absorption edges in XAS observed by experi-
ments and simulation. (a) Experimental spectra of MeCN aqueous solutions
in comparison with pure water. (b) DFT calculations with the central water
molecule donating two H-bonds to two water (blue curve on the right) or
MeCN (red curve on the left) molecules, showing shift of the post-edge fea-
ture. (c) DFT calculations of the central water molecule donating only one
H-bond to another water (blue curve on the right) in comparison to water
bonded to one MeCN (red curve on the left), showing the shift and enhance-
ment in pre- and main edges. (d) Water and MeCN in dipole interacting
structural arrangement (red curve on the left) compared to the central wa-
ter molecule donating only one H-bond to another water (blue curve on the
right, from c). The geometry and coordination of the clusters are adapted
from optimized structures in the literature.”>

the difference spectrum is the most noisy due to the 90%
pure water background subtraction. Moreover, the difference
spectra at low concentrations share many common features
with the spectrum at highest concentration of Xycn = 0.86
in which case all water molecules are engaged in interaction
with MeCN.%> The fact that the difference spectra are simi-
lar at all concentrations indicates that the changes in solutions
compared to pure water indeed are due to the interaction be-
tween MeCN and water at the interface of microdomains in
the mixture.

The experimentally observed spectral changes can be
better understood through DFT spectrum simulations based
on different local structures of small water-MeCN com-
plexes modeling the interaction between MeCN and water.
In Fig. 3(a), experimental XRS spectra at selected concentra-
tions of MeCN are plotted together to emphasize the spectral
changes which are qualitatively demonstrated by the simu-
lated spectra in Figs. 3(b)-3(d). Figure 3(b) shows computed
spectra of a central water molecule donating two H-bonds
to either two water (blue curve on the right) or two MeCN
(red curve on the left) with O-O and O-N distance 2.8 A
(Ref. 39) and 3 A7 respectively. Both configurations in
Fig. 3(b) show a single sharp peak at high energy correspond-
ing to the post-edge in the solution which is consistent with
the assignment of the post-edge feature as being associated
with donated H-bonds; water molecules donating both hydro-
gens then give the largest contribution.': 238 Moreover, it can
be seen that the peak position for the water-MeCN cluster in
the solution shifts by about 1 eV to lower energy compared to
that for the water-water cluster in pure water, which is fully
consistent with experiment (Fig. 3(a)). According to the bond
length with a ruler concept,*’ the position of the post-edge
depends on the bond length or, equivalently, the O-O (O-N)
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FIG. 4. Summary of donating configurations of water in aqueous MeCN solution. The left three panels are examples of nondonor species where the central
water molecule has two dangling OH groups leading to spectra resembling gas phase, including (a) water accepting one (full line) or two (dotted line) H-bonds;
(b) water in dipole interaction with MeCN and (c) water accepting one H-bond while in dipole interaction with MeCN. The middle three panels show possible
configurations for single-donor species with one dangling OH group and the other (d) donated to water or (e) to MeCN. Panel (f) illustrates the effects on the
simulated spectrum from accepting two H-bonds in the configuration in (e). The three panels in right-hand side belong to double-donor species where the two
H-bonds are donated to two water molecules in (g), or to two MeCN molecules in (h), or to one water and one MeCN in (i).

distance between molecules.':!>#! Hence the energy shift of
the post-edge to lower energy can be understood through H-
bond formation between water and MeCN at longer H-bond
distance than for water H-bonding to water.

The pre- and main-edge features are simulated through
models where water molecules either donate only one H-bond
to another molecule or water is in dipole interaction with
MeCN. The spectrum of the donor in a water-water H-bond
(blue curve on the right in Figs. 3(c) and 3(d)) is compared
to that of water donating a H-bond to MeCN (red curve on
the left) in Fig. 3(c) or in dipole interaction with MeCN in
Fig. 3(d); both water-MeCN configurations give sharper pre-
and main-edge peaks shifted to lower energy compared to
the single-donor water-water configuration. On a qualitative
level, such peak shifts are in good agreement with experiment
(Fig. 3(a)) and can be understood as a result of the weaker in-
teraction between the two species, both in terms of H-bonding

and dipole interaction, compared to formation of water-water
H-bonds.

A quantitative analysis of the experimental changes is
achieved by fitting the difference spectra in Fig. 2(b) with
calculated spectra of small water clusters representing dif-
ferent chemical environments for water, or more specifically
the donating configuration of water molecules in the solution.
Figure 4 gives several examples of possible configurations for
a central water molecule which can be categorized into three
classes according to the spectral shape. Linear combinations
of calculated spectra of the three classes are used to fit the
experimental difference spectra in Fig. 2(b), as depicted in
Fig. 5.

The first type of donating configuration is the nondonor
type water, with two non-H-bonded hydrogens, interacting
with other molecules by accepting H-bonds (Fig. 4(a)) or
through dipole interaction with MeCN (Fig. 4(b)) or both
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TABLE II. Parameters used to fit the spectrum of 50% MeCN in Fig. 5(b).
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FIG. 5. Fitting experimental spectra of (a) Xmecn = 0.86 and (b) XmecN
= 0.5 after subtraction of pure water background (with a factor of 0.6 es-
timated to be the ratio of pure water) using simulated spectra of different
donating configurations adapted from Fig. 4. Open circles are experimental
data and full lines are results of the fit. The simulated spectra for non-donor
(water-MeCN in dipole arrangement), single-donor (water donating to one
MeCN) and double-donor (water donating to two MeCN) are denoted by red
dashed, green dashed—dotted, and blue dotted line, respectively. The parame-
ters used for fitting are given in Tables I and II.

(Fig. 4(c)). The contribution to the XRS of such water
molecules is characterized by features very similar to gas
phase but shifted to higher energy,?' implying that the unoccu-
pied orbitals of the non-donor are only slightly affected com-
pared to gas phase. Another type of structure consists of water
donating only one H-bond to another water (Fig. 4(d)) or to
MeCN (Fig. 4(e)). Because of the asymmetric H-bond con-
figuration, this type also shows a sharp peak at the pre-edge
region and other features similar to those of the non-donor;
however, those features are of different natures for the non-
donor and single-donor species. The difference is mainly re-
flected in the main-edge peak which is broadened and shifted
to higher energy in the single-donor configuration in com-
parison to the nondonor case. The H-bond configuration on
the accepting side only induces slight changes in the shape
of the spectrum as demonstrated in Fig. 4(f) where the central
single-donor water molecule also accepts two H-bonds. When
both hydrogen atoms are donated, as in double-donor config-
urations, a dominant peak in the post-edge region at higher
energy is observed for all possible acceptor configurations as
demonstrated in Figs. 4(g)—4(i).

Figure 5 shows the best-fit spectra of water-MeCN inter-
action derived from experimental data in Fig. 2(b) in terms
of a linear combination of calculated spectra of nondonor
(Fig. 4(b)), single-donor (Fig. 4(e)), and double-donor species
(Fig. 4(h)). The fitting parameters are given in Tables I and II

TABLE 1. Parameters used to fit the spectrum of 86% MeCN (Fig. 5(a)).
The numbers used in Fig. 5(a) are listed as best fit and the variation ranges of
parameters for reasonable fitting are also given here.

Fitting parameters Single donor  Double donor  Nondonor

Energy shift Best fit 0.5 0.8 0.15
Variation 0-0.5 0.5-1.0 0.12-0.17

Percent by area Best fit 5 18 71
Variation 0-15 15-20 70-80

Fitting parameters Single donor  Double donor  Nondonor

Energy shift Best fit 0 1.0 0.25
Variation 0-0.5 0.8-1.2 0.25-0.27

Percent by area Best fit 5 20 75
Variation 0-15 19-21 66-80

for two selected concentrations. A good fit of the pre- and
main-edge is found to require a major contribution from
the nondonor species, about 75% for both concentrations in
Fig. 5, which is already evident in the sharp peaks similar to
the gas phase spectrum. It implies that at all concentrations of
MeCN aqueous solutions a majority of the water molecules
interacting with MeCN exist with two non-H-bonded OH-
groups. Our finding is consistent with a previous simulation
showing that MeCN molecules orient parallel to the water
interface instead of forming H-bonds with the dangling OH
groups present at the interface between water and MeCN in
a microheterogeneous mixture.*> Without donating H-bonds,
water molecules could instead lower their chemical potential
through dipole interaction with MeCN in aqueous solutions.
Even water monomers isolated from other water molecules
can be similarly stabilized in the solution at very high con-
centration of MeCN. This explains the appearance of a sharp
spectral feature corresponding to water monomers in IR mea-
surements of the OD stretch mode of HDO and CD3;CN as
the concentration of water decreases.’ In comparison, neither
wide-angle x-ray diffraction’” nor neutron diffraction*® can
distinguish between dipole-dipole and H-bonding interactions
in MeCN solutions.

A recent study? on aqueous solutions of MeCN using
XAS measured by FY reported spectral features quite differ-
ent from the XRS spectra reported here. In particular, the post-
edge intensity in the XAS spectra exceeded all other peaks at
all measured concentrations ranging from very dilute to high
concentration (Xyaer & 0.67) of water. This unusual spectral
profile, which was interpreted as symmetric H-bonding of wa-
ter to MeCN, leads to inconsistency, not only with the current
study, but also with other experiments such as the IR experi-
ments discussed above.? A possible reason is given by the sat-
uration effects in the FY detection scheme!!-?® that are clearly
present in spectra of Ref. 29; this is also discussed in detail by
those authors, but mainly focusing on the post-edge. We spec-
ulate that the XAS FY spectra are modified due to saturation
effects more strongly around the main-edge where the cross
section is the largest; this is clearly seen in the spectra with
higher water concentration in particular for the benzene and
chloroform datasets of Ref. 29. For lower concentrations of
water, saturation decreases, producing higher pre- and main-
edge, which is opposite to what is seen in the present study.

IV. CONCLUSION

Through analysis of XRS spectra of MeCN aqueous
solutions at a range of concentrations, we find a predom-
inance at the MeCN-water interface of nondonor water
molecules in dipole interaction between water and MeCN.
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This is consistent with simulations on solutions which found
that MeCN molecules orient parallel to the water interface
instead of forming H-bonds to the dangling OH groups
present at the interface between water and MeCN in the
microheterogeneous mixture.*> This preferential orientation
of MeCN has also been observed in experiments at inter-
faces of liquid/vapor(gas) and on MeCN interacting with solid
water;®%4* the present results however constitute the first ex-
perimental observation of this phenomenon in solutions.
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