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Intramolecular soft modes and intermolecular interactions in liquid acetone
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Resonant inelastic x-ray scattering spectra excited at the O 1s~!7* resonance of liquid acetone are presented.
Scattering to the electronic ground state shows a resolved vibrational progression where the dominant contribution
is due to the C-O stretching mode, thus demonstrating a unique sensitivity of the method to the local potential
energy surface in complex molecular systems. For scattering to electronically excited states, soft vibrational
modes and, to a smaller extent, intermolecular interactions give a broadening, which blurs the vibrational fine

structure. It is predicted that environmental broadening is dominant in aqueous acetone.
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After the demonstration that resonantly excited soft x-ray
emission spectra of liquid samples can be measured,’ the
technique has developed rapidly.>® The prime motivation
behind this development is to use the unique assets of the
method’ to gain insight into the microscopic origin of liquid
phase properties. Active atomic sites in complex systems
can be selected using resonant excitation, and the radiative
decay reflects fine details of the local electronic structure and
dynamics at these specific sites. Ramifications are expected in
several disciplines for which properties of complex liquids are
crucial, once the inherent advantages of this resonant inelastic
x-ray scattering (RIXS) technique can be fully exploited.

Until now, spectral quality has been limited due to the in-
adequate photon sources and especially the poor instrumental
resolution. This leads to ambiguities which complicate the
interpretation of the spectra, and sometimes result in conflict-
ing conclusions.*> The opportunity to perform measurements
with an energy resolution that allows for determination of
the natural peak shapes resolves such conflicts and takes the
method to a new level of precision. For complex molecular
liquids it becomes possible to assess the influence of inter-
and intramolecular interactions in the system on the chemical
bond properties in the electronic ground state and the ultrafast
dynamics associated with the RIXS process itself. Vibrational
excitations in RIXS spectra of condensed molecules have
been discussed in different contexts,®® but it has been an
open question if individual vibrations could be resolved
experimentally or if intrinsic environmental broadening and
excitation of soft modes in larger systems would hamper
identification of such fine details.

In this report we present high-resolution RIXS spectra of
liquid acetone ((CH3),CO) excited at the Ols~!7* resonance.
The transition back to the electronic ground state shows a well-
defined vibrational progression, whereas the fine structure in
the transitions to electronically excited states lacks resolved
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vibrational states. The spectra are analyzed theoretically by
taking the molecular environment and internal vibrational
modes of the acetone molecule into account. The analysis
shows that the time scale for the soft modes is different from
the time scale of the dominating C-O stretching mode, and
that this is essential to understand the experimental spectra. It
is demonstrated that the broadening due to the condensation
effects in neat acetone is about half as large as the broadening
due to the soft internal vibrational modes. In contrast to the
RIXS spectra of liquid acetone, which is a typical aprotic
polar liquid with rather weak intermolecular dipole-dipole
interactions, RIXS spectra of acetone in aqueous solution are
predicted to show large condensation effects.

We have used the SAXES spectrometer'” at the ADRESS
beam line!! of the Swiss Light Source, Paul Scherrer Institut,
Villigen PSI. The overall energy resolution for the RIXS exper-
iment was around 50 meV. Liquid-phase measurements were
facilitated using a flow-cell with a 100-nm thick diamondlike
window. The liquid in the interaction region was renewed with
15 Hz. To minimize possible window contamination we did not
expose any spot on the window longer than 5 min to radiation.
Longer exposures did not result in noticeable differences in
the spectrum, and removing the liquid from the cell resulted
in complete loss of signal. Incoming and outgoing radiation
passed through the same window, both at an angle of 45°. The
scattering angle was 90°.

The RIXS spectra of liquid acetone (Fig. 1), with the
excitation energy  tuned to be in resonance with the
prominent |W;) = |1sq %) state, can be divided into two
distinct regions.

For low energy losses (—3 eV< Aw < 0eV) a progression
of narrow peaks is observed, which can be assigned to
vibrational excitations in the 'A; = |¥,) electronic ground
state. In the —5.5 eV< Aw < —3 eV range we find scattering
tothe 'Ay = |W;) = [n~'x*) final state, in which an electron
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FIG. 1. (Color online) Panel (a) shows experimental RIXS spectra
of liquid acetone for the excitation energies w = 529.9 eV, 530.2 eV,
530.5 eV, 530.9 eV (from top to bottom) close to the i = lsglrr*
resonance. The formation of the RIXS spectrum is illustrated in
panel (b) for the CO stretching mode. Scattering to the electronic
ground state (0) results in the extended vibrational progression in the
region —3 eV< Aw < 0eV while the unresolved band near Aw =
—5 eV corresponds to the scattering to the final f = n~'7* state. The
absorption spectrum shown in the upper right corner of panel (b) is
simulated.

is excited from the lone-pair HOMO, n = 5b,, to the LUMO,
w* = 3b; orbital.

Before discussing the influence of intermolecular inter-
actions and intramolecular degrees of freedom, we shortly
describe the theoretical framework. Current simulations are
based on ab initio calculations of dipole moments and potential
energy scans for all vibrational modes in the acetone molecule.
The vibrational modes were determined in internal coordinates
from density functional, DFT (PB86) calculations'>"'* also
used for the core-excited intermediate state.!> Valence-excited
final states were obtained from CASPT2 calculations.!'®!” The
electronic relaxation in the presence of the core hole was
converged using a flexible IGLO basis set'® on the core-excited
atom. Other atoms were described with a triple-zeta valence
basis set including polarization functions.'® To simulate the
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RIXS process, we used the well-known Kramers-Heisenberg
expression for the ensemble averaged RIXS cross section

or(@,Aw) = Y |Fy, PO(Q,.7). (1
vr
Here, F, ;= Zw % is the RIXS amplitude; the normal-

ized Gaussian ®(£2,,,y) with the half width at half maximum
y = 0.025 eV includes both the instrumental broadening
and the spectral width of the incident light; the lifetime
broadening of the core-excited state is set to I' = 0.07 eV,
the energy loss Aw = w; — w is the difference between the
frequencies of the outgoing w; and incoming w photons; ¢ =
rg(w1 /o)l *|diol*[1 — £ Pa(cos ) Py(cos a)lwjwi; /9, rois
the Thomson radius; o = /(ds;,d;o) = 0° and 90° for the
final ground state and for the final n7* state, respectively;
d;; is the transition dipole moment between electronic states
i and j, P,(x) is the Legendre polynomial; Q2(v;) = o — w0,
Q,, = Aw + wy,0, W0 is the resonant frequency of the
electron-vibrational transition from the ground to excited
state; v; = (vlfl) e va)) is the vector of the vibrational

quantum numbers for each mode; (v|v;) = ]_[(v}“) | vl.(“)) is the
product of the Franck-Condon (FC) amplitudes for each mode.
Measurements are performed for 6 = Z(k;,e) = 90°, where e
and k; are the polarization vector of the incident photon and
the momentum of the scattered photon, respectively.

According to the analysis of FC amplitudes only eight
modes are active: v; (CO stretching), v, (CCC deformation),
v3 (CO out-of-plane bending), v4 (CC stretching), vs (CHj
rock), vg (CHj3 s-deformation), and two torsion modes due to
two CHj3 rotors with the experimental ground-state vibrational
frequencies®® 0.215, 0.048, 0.068, 0.096, 0.132, 0.169 eV, and
(0.0130 eV, 0.0135 eV), respectively. Among these modes the
CO stretching mode gives the major contribution.

The spectrum of the liquid includes averaging over the
orientations of the core-excited “solute” molecule?! and
sampling over instantaneous “solvent” structures. In acetone,
the molecules experience predominantly dipole-dipole inter-
actions. Due to the different dipole moments in the ground
(o) and excited (u ¢) final states (Apy =y — po 7 0), the
energy of the resonant transition, wyo, is shifted by Ao =
Slus - Ay —3(us - R)(Auys - R)JR™3, where R =R/R.
Notice that in pure acetone the solvent dipole moment |ug| =
io. One can show?? that the change of the solute-solvent
interaction in the course of scattering 0 — i — f modifies
the scattering amplitude (1) Q(v;) — Q(v;) +n<,, via the
parameter 7 = A;o(R)/Aso(R) and leads to the additional
broadening (y — y + ys):

4
VS“§Vﬂln2|AMf||MS|\/P/03- (2

Here p is the concentration of the solvent molecules, while
a is the radius of the solute (Weisskopf radius). In principle
the environmental broadening can also be due to the changes
in the vibrational structure on the way from vapor to liquid.
However, the IR data?*-** show negligible solvation shifts in
vibrational frequencies.

When the final state is the electronic ground state, f =
0, and because Au s =0, the environmental broadening is
absent, and a vibrational progression is observed (Fig. 2).
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FIG. 2. (Color online) Theoretical spectra normalized at the
elastic peak at Aw = 0 (red solid lines) compared to the experimental
(blue shadowed profiles). The main vibrational progression is related
to the CO stretching mode v; except at large energy losses Aw >
1.5 eV where the overlap of high overtones and contributions from
different modes form a quasicontinuum. Shortening of the scattering
duration time by detuning from the absorption resonance results in the
collapse of the vibrational structure”* seen in trace D. Right and left
panels show the simulations with (b) and without (a) contributions
from Thomson scattering and self-absorption.

Note that the main vibrational progression is due to the CO
stretching mode, which shows the element specificity of RIXS.

(a) CO out-of-plane wagging (a) aqueous acetone
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FIG. 3. (Color online) Mechanisms for broadening of the n~'7*
band are shown. In the left panel, trace (a) shows the deformation of
the spectral profile 0 — f by the soft CO out-of-plane wagging mode.
The total profile broadened by the CO out-of-plane wagging and
CHj; torsion vibrations is depicted in trace (b) for room temperature,
T = 300 K (blue line). Here the black line shows the contribution of
the torsion modes alone, the role of which is reduced at 7 = 0 K (¢).
In the right panel, we present the distribution of the vertical n~!7*
excitation energies of acetone in neat liquid (b) and water solution
(a) caused by environmental effects, resulting in a spectral line shift
and broadening. An arrow indicates the calculated excitation energy
of acetone in vacuum.
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The calculation of the vibrational progression was per-
formed taking Thomson scattering into account, o(w,Aw) =
or(w,Aw) + or(w, Aw),

réol A <22

3w
where A = [1 — P>(cos0)]P(2p,y). Interference between
Thomson and resonant scattering channels is included in
or(w,Aw), and its scattering anisotropy differs from that of
or(w,Aw) (1). The simulations show that elastic scattering
has a large contribution from Thomson scattering only into
the zero-point level vy = 0. With Thomson scattering the
scattering profile on and near the absorption edge is nearly
perfectly modeled. At detuned energies [Fig. 2(b), C and
D] the simulation somewhat misses resembling the correct
intensity of the elastic line. We tentatively attribute this to
an uncertainty about the real absorption profile of liquid
acetone, where we do not have experimental data available.
The resonant channel populates a large number of vibrational
levels vy > 0 (Fig. 2), for which the Thomson channel does not
play any role. For large detuning from the absorption resonance
the vibrational progression collapses, fully in line with the
theoretical predictions®2°(Fig. 2).

For T = 0 the simulations of scattering to the first excited
state n~!7r* show a vibrational fine structure which is absent
in the experimental spectrum (Fig. 1). Based on the theoretical

2
or(w,Aw) = + §|d,-o|22w?09te(Fo>) )

exp
—— theo, T=300K
——theo, T=0K

2
5
C
9
£ |B
c
55 5.0 45 -4.0 35 3.0

w (eV)

FIG. 4. (Color online) Comparison of the experimental and
theoretical n~!7* RIXS spectra of neat acetone for different detuning
energies. The CO stretching mode v, is sufficient to explain the overall
spectral shapes. The main contribution to the broadening of the RIXS
profile is due to the torsion and bending motions and the thermal
population of the torsion levels. The environmental broadening has a
minor influence.
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dipole moments o = 3.038 D and iy = 1.958 D we estimate
the environmental broadening ys (2) to be about 0.04 eV.
More accurate simulations of the environmental broadening
based on the QM/MM calculations®’ coupled to the dynamical
averaging scheme give the same value ys =~ 0.04 eV for pure
liquid acetone (Fig. 3). However, this broadening in neat
acetone is not sufficient to wash out the vibrational structure,
in contrast to aqueous acetone, where ys &~ 0.11 eV.

In pure acetone, the large broadening of the n~'7* band
is due to the low frequency torsion modes [i.e., to the two
CH3; rotors and the CO bending mode (Fig. 3)]. During the
short lifetime of the core-excited state (wyos/ ' & 0.14) the
methyl groups do not have time to rotate. Hence, the ground-
state torsion wave packet is directly transferred to the final
n~lx* state. As a result, the soft torsion modes affect only
the “direct transition” O— f characterized by the FC amplitude
(Olvs). In this limit of fast scattering’ the dynamics of the
soft modes in the intermediate state can be neglected. This is
nicely confirmed by the lack of soft mode broadening in the
scattering to the ground electronic state.

Calculating the extent of the broadening, one has to refer
to the actual ambient conditions of the measured sample and
take the thermal population of torsion modes into account [see
Fig. 3(b)], resulting in a good resemblance of the experimental
data. The broadening caused by zero-point transitions alone
would be too small [Fig. 3(c)]. This broadening together with
the broadening by the CO bending mode [Fig. 3(a)] gives a
broadening of 0.075 eV [Fig. 3(b)], which is almost twice as
large as the environmental broadening. Thus, we infer that
the internal soft modes at room temperature are essential
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to describe the RIXS spectrum, indeed, in the case of pure
acetone this effect even dwarfs the broadening due to the
intermolecular interactions (Fig. 4).

In conclusion, we have presented RIXS spectra of liquid
acetone excited at the Ols~!7* resonance, recorded with an
energy resolution that allows for a deep analysis of the natural
line shapes. Scattering to the electronic ground state shows
a clearly resolved vibrational progression dominated by the
CO stretching mode. This demonstrates the advantage of the
site specificity of the RIXS process. In scattering to the first
electronically excited state the spectral features are broadened
due to the excitation of intramolecular soft vibrational modes
and, to a lesser extent, the environmental broadening. For
aqueous acetone we predict that, in contrast to neat acetone,
the intermolecular interactions dominate the broadening of this
RIXS feature.
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