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ABSTRACT: High-resolution photoelectron (PE) spectra of
liquid methanol and ethanol were measured using a liquid microjet
and He I« radiation (40.813 eV). The vertical ionization energy
and the ionization threshold were determined as 9.70 + 0.07 and
8.69 + 0.07 eV for methanol and 9.52 + 0.07 and 8.52 + 0.07 eV
for ethanol, respectively. Individual photoemission bands observed
for the liquids are well correlated with those in PE spectra of the
gaseous samples also measured in the present study, except that
the liquid band positions were shifted on average by —1.23 eV for
methanol and —1.10 eV for ethanol as compared to the gas. The
Sa’ and 7a’ bands of liquid methanol exhibit specifically larger
broadening than other bands, for which we attempted spectral
fitting with two components, similarly with the case of the 3a;
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band of liquid water. PE spectra of both liquid and gaseous ethanol are congested partly due to the presence of the trans and gauche
isomers; however, the overall band positions are generally in good agreement with predictions based on quantum chemical
calculations. Comparison of the measured PE spectra with experimental and simulated X-ray emission spectra indicate that spectral
differences in the lowest ionization band of both methanol and ethanol originate from involvement of nuclear dynamics in the X-ray

emission process.

B INTRODUCTION

The electronic structure of a substance is essential knowledge
for understanding its properties and reactions. Liquid-jet
photoelectron (PE) spectroscopy offers the most direct way to
access the vertical ionization energies, VIE. Water and aqueous
solutions are the most important targets of research from the
viewpoint of material and life sciences, and many studies have
been carried out (see, e.g, refs 1—3 and references therein).
However, other liquids, including important nonaqueous
solvents, have not been studied in similar detail after the
initial interest in the 80s—90s,"~” and thus remain only barely
characterized to this day. Many nonaqueous solvents have
much higher vapor pressures and pose additional experimental
complexities such as cryogenic cooling of the sample.*”"’
Prototypical alcohols such as methanol (MeOH) and ethanol
(EtOH) are much more accessible from the experimental
viewpoint; however, only a few X-ray emission studies’*™"°
and some PE spectroscolpic studies of water—alcohol mixtures
have been reported.'®”"® Liquid alcohols that have similar
properties to water—alcohol can be seen as a water analogue
where a hydrogen is replaced by an alkyl group—are of great
interest for comparison with the structure and dynamics of
water and aqueous solutions. For example, MeOH and EtOH
are natural solvents of the solvated electron, as they—such as

© 2021 American Chemical Society
2492

7 ACS Publications

water—can form cavities in their hydrogen bonding (H-
bonding) network to accommodate excess electrons. These
liquids are also ideal to study the impact of H-bonding on the
electronic structure and molecular charge-screening ability in
comparison with water.

There has been no PE spectroscopic study on the valence
band of these prototypical alcohols beyond the pioneering
study by Faubel and co-workers using the same liquid-microjet
technique.” A very cold (=78 °C) liquid film of alcohols has
been studied by Ballard et al. about 10 years earlier.” These
initial studies have been done with He I radiation, which due
to the low photon energy of 21 eV was not sufficient to reveal
the full valence region. Previously, we have studied the
dynamics of solvated-electron formation in liquid MeOH and
EtOH using ultrafast PE spectroscopy.' >’ These studies
required accurate VIE values of liquid MeOH and EtOH,
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which we acquired from preliminary He II spectroscopic
experiments of these liquids. Those measurements have
already indicated that the VIE values were lower than the
estimates in the literature; thus, Hara et al.'” referred 9.8 eV for
the VIE of liquid MeOH instead of the 9.99 eV by Faubel and
colleagues. We have continued more thorough investigation on
the full valence bands of liquid MeOH and EtOH and present
the most reliable experimental results in this paper. For
determination of accurate VIE values and elucidation of the
electronic structures of liquid MeOH and EtOH, the present
study employs He Ila (=40.813 eV) radiation to observe the
full valence region of both MeOH and EtOH. The light source
employed in our study is a commercial discharge lamp using an
electron cyclotron resonance to achieve high brightness, and its
radiation is monochromatized by a grating monochromator to
select a single atomic emission line with intrinsically very high
resolution (AE ~ 0.002 eV).

After establishing accurate VIE values for both solvents, gas-
to-liquid energy shifts and broadening are analyzed in the
framework of electronic screening, electronic structure changes
caused by H-bonding and the possible existence of surface
dipoles. We specifically discuss the role of inelastic scattering
and possible changes in vibrational modes in the liquid spectra.
Finally, we conclude with a comparison to experimental and
simulated X-ray emission data.

B METHODS

Instrument. All experiments have been carried out with
our PE spectrometer equipped with a Helium discharge lamp
(Scienta VUVSk) and a hemispherical electron analyzer (HEA;
Scienta SES-100). The source is a microwave-driven plasma-
discharge lamp that is monochromatized using a 1200 lines/
mm grating monochromator, which selects the desired
emission line. The intrinsic resolution of the emission line of
~1 meV for He la (=21.218 eV) and ~2 meV for He Ila
(=40.813 eV) with minimal self-absorption, is well below the
resolving power of the monochromator. The light spot is
collimated by the curved surface of the grating into a spot of
~1 mm size (FHWM) at the target position. The large spot
size makes the PE signal from the gas layer around the jet
appear much stronger than the signal from the liquid, as shown
later. This is because the shallow electron escape depth (<1
nm) in combination with the small surface area of a liquid
microjet limits the PE signal intensity from the liquid while a
much greater volume of illuminated gas around the liquid jet
creates a significantly stronger signal. The gas-to-liquid ratio of
the PE signal is much smaller with the tightly focused radiation
from third-generation synchrotron radiation facilities or lasers;
the large contribution of gas signal seen here is characteristic of
incoherent radiation from a discharge lamp. The spatial size of
He II radiation can be somewhat narrowed using a capillary
tube, which however inevitably sacrifices photon flux.

The HEA is differentially pumped and electrons are
collected through a skimmer with an orifice of 1 mm into a
first differential pumping region. Further details of the
apparatus can be found in ref 21; however, the chamber has
been modified such that the HEA and liquid jet mount have
switched places since. The pass energy was 10 eV and a curved
0.8 mm entrance slit was used, yielding a resolution of about
60 meV. The electron detection, light propagation, and jet flow
axes are all perpendicular to each other. A bias voltage can be
applied between the grounded main chamber, including the
first few elements of the detector’s lens system (detector
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skimmer and first lens element), and the liquid nozzle
assembly plus support rod. A sketch of the nozzle assembly
front and the detector skimmer can be found in ref 22. The
whole liquid jet nozzle mount from the vacuum flange onward
up to the liquid beam is electrically insulated by using a rubber
gasket and PEEK screws. The bias is then applied by
connecting a highly stable voltage supply (Matsusada HSX-
3RS) to the vacuum flange of the liquid nozzle system, or the
flange is electrically grounded together with the whole setup
and detector using a bridge cable. The simultaneous
measurement of liquid and gas is useful for the determination
of the absolute ionization energy of the liquid samples using
the gas spectrum as a reference. However, the presence of a
large gas-phase PE signal hinders the detailed spectral analysis
of liquid spectra. To remove the gas contribution, we have
applied —70 V to the liquid microjet to accelerate photo-
electrons from the liquid and separated their distribution from
those of the gas. Although photoelectrons emitted from
gaseous samples are accelerated as well, their kinetic energies
remain considerably smaller than those from the liquid owing
to the field gradient between the liquid jet and the chamber
wall. This method dates back to the pioneering work of
Siegbahn’ but has been only rarely applied so far for this
purpose. Figure S1 in the Supporting Information illustrates
this effect. We observe that the bias voltage is translated to
99% into a kinetic energy increase. A similar value has been
reported for liquid water before.”> While a sufficient
conductivity has been ensured by adding S0 mM NaBr, the
conductivity is still much lower than metals, and a fraction of
the bias is lost to internal resistances inside the liquid.

The liquid discharging nozzle is mounted onto an XYZ
manipulator equipped with micrometer screws for precise
sample alignment. The temperature of the entire nozzle
assembly was held constant with a recirculating chiller (Julabo
CD200-F). Measurements at several temperatures ranging
from +2 °C to room temperature yielded the same spectra in
agreement with a previous study.’ All data presented here were
measured at room temperature. Room-temperature measure-
ments demonstrate that our apparatus is able to handle highly
volatile liquids even at elevated pressures and that applying a
large bias voltage solves the issue of a large gas-phase signal
contribution to the liquid spectrum. The liquid jet is formed by
a discharging nozzle made of a straight fused silica capillary of
2S5 pm inner diameter, which is held in place by a peek-tube
inside a Swagelok assembly. At the other end of the main
chamber the liquid beam, which has disintegrated into droplets
at this point, is frozen out in a large cooling trap (a long
cylinder submerged in liquid nitrogen from the outside). All
exposed surfaces, in the vicinity of the interaction region (<15
cm), are coated in graphite to minimize stray potentials and to
equalize the work function. In particular, this includes the
whole detector cone, the exit tube of the He lamp protruding
into the main chamber and the liquid nozzle assembly. Surfaces
at a larger distance, such as the y-metal magnetic shielding, the
liquid-nitrogen trap or pumping ports were not graphitized. A
high-performance gradient-flow liquid chromatography
(HPLC) pump (JASCO PU-2089) was employed to transport
sample solutions with a flow rate of typically 0.5 mL/min. Pure
MeOH (99.7+% purity, Fujifilm) and EtOH (99.5+% purity,
Fujifilm) were used, where a small amount of salt (1—50 mM
NaBr) was dissolved to make the liquid conductive for

minimizing charge-up and optimize the streaming potential, as
described in detail below.”>**
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Figure 1. Determination of the lowest electron binding energy of (A) liquid methanol and (B) ethanol using He Ila (=40.813 eV) radiation. The
strong bands to the left in each plot are the signal from gaseous alcohol evaporating from the liquid surface. The signal from the liquid is also shown
expanded by a factor of 20 in A and 15 in B (here, three-point binominal smoothing was applied to the blue curves). For the measurements in blue,
the electric potential of the microjet was precisely compensated to zero by tuning the concentration of NaBr to be 2 mM for methanol and 1 mM
for ethanol. In a second step, the experimental data from a measurement with applied bias (red) was fitted to the unbiased (blue) spectrum to

precisely determine the bias-induced shift. See text for details.

Pure gas spectra were measured by replacing the liquid
nozzle assembly with a gas discharge nozzle made of an 1/16
in. steel tube extruding from a Swagelok assembly. The tube
was connected via a needle valve for dosing to a small liquid
tank. The liquid tank is filled with the desired liquid (eg,
MeOH) and then pumped down to the vapor pressure of the
liquid; the liquid reservoir is large enough to support
measurements for 1 day without refilling. Then the needle
valve is opened to introduce the gas from the evaporating
liquid into the chamber. Gas spectra were measured in the
same way as the liquid ones.

Fine Tuning for Field Free Measurements. The field-
free condition is essential for accurate determination of VIE
values. This condition was established by simultaneous
compensation of all extrinsic potentials. Such potentials can
be caused by several phenomena: these are the contact
potential (work function differences) between the liquid-jet
target and the apparatus,”**® residual charge-up from
incomplete replenishing of emitted photoelectrons,® stream-
ing potential from electrokinetic charging,”””*” and possible
accumulation of surface charge or surface dipoles.”® In general,
these different potentials compensate each other to some
degree but vary in magnitude depending on the specific
experimental conditions. A well-established approach for
calibrating spectra is to precisely tune the concentration of
an electrolyte until the overall potential is zeroed.”” An
alternative approach of applying an external compensation bias
voltage has been proposed,””*” but this can instead lead to
additional energy offsets if not properly calibrated for.”* While
in principle the compensation of all extrinsic fields should be
achievable by both tuning the salt concentration and applying a
small compensating bias, the discrepancy introduced by the
biasing approach has so far not been resolved (and is beyond
the scope of this work). We thus rely on the former method
here. In any case, a prerequisite for achieving stable potentials
is a sufficient passivation of the glass capillary by running liquid
water for at least 24 h.”* Once passivated, the nozzles can be
used for measurements. An indication of compensated
potentials is the narrowest PE line-width of gaseous sample,
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because any residual potential broadens the PE line owing to
electric potential gradient in the gas layer. Another way to
check residual potentials is to measure the energy position of
gas-phase peaks versus the liquid nozzle—skimmer distance.
The idea is that, by moving the jet nozzle away from the
ionization point, an extrinsic potential existing between the two
is weakened and the gas peaks should approach their
undisturbed energy position.

In this study, we employed a combined approach of the two
methods. In the first step, we tuned the concentration until the
spectral line width of the gaseous peak become as narrow as
possible; this procedure conveniently narrowed the range for
the best concentration. However, as the concentration
approaches the optimum value, it becomes harder to precisely
evaluate the subtle spectral change for a minute variation of
electrolyte concentration with the limited signal-to-noise ratio
obtainable in a reasonably short integration time. Therefore, in
the second step, we evaluated the eKE shift for the gas PE
signal when moving the liquid-jet discharging nozzle away
from the ionization point, as previously reported by Kurahashi
et al.”> When the gas spectral features become independent of
the nozzle position, this indicates that all electrostatic
potentials have been compensated. In the present study, the
optimal concentration of NaBr was found to be 2 mM for
MeOH and 1 mM NaBr for EtOH after testing a concentration
range between 1 and SO mM (between 1 and S mM in 0.5 mM
steps). These concentrations to yield field-free conditions
slightly differ from previous reports;”*>*”*° however, it is
noted that the optimum value can vary with the instrument,
experimental conditions, the surface condition of the fused
silica capillary and day-to-day variations. We found that the salt
concentration must stay within ~1 mM of the optimal
concentration. An example of the observed spectra with
different salt concentrations is exemplified for MeOH in Figure
S2. For comparison, an optimal concentration for liquid water
was around 10 mM in this study. We examined the field-free
conditions before and after all calibration measurements by
moving the jet away from the ionization point along the
electron detection axis. Figure S3 in the Supporting

https://doi.org/10.1021/acs.jpca.1c00288
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Figure 2. Photoelectron spectra of (A) liquid methanol and (B) gaseous methanol with the kinetic energy scale on the bottom and the binding
energy (VIE,,.) scale on the top. Black dots are the experimental data, the blue line is the overall fit to the spectrum, green lines show individual
peaks, and the violet line is the modeled inelastic background; in (B) additional vibrational features are shown in gray (see inset for a close-up).
Major peak positions are marked with vertical lines. Results are summarized in Table 1.

Information plots the gas-phase PE peaks vs jet nozzle
distance, and Figure S4 exemplifies residual shifts observed
when moving the nozzle away and during the experiment over
time; such shifts were on the order of 30—50 meV, which were
corrected for during the VIE energy calibration. We note that
small energy drifts also occur during the experiments with
gaseous samples, because of molecular adsorption on the
chamber walls, but these drifts are corrected during analysis.

B RESULTS AND DISCUSSION

VIE Measurements. The PE spectra of liquid MeOH and
EtOH measured using He Ila radiation are shown in Figure
1A,B, respectively. The spectra were measured under field-free
conditions. This ensures that measured eKEs for both gas and
liquid can be directly compared to each other. Known gas-
phase features are used to define the VIE,,. energy scale and
calibrate both the gas and liquid spectra together; the “vac”
label here denotes that all energies are referenced with respect
to the vacuum level, E,,.. In the case of gaseous MeOH, the
vibrational progression is easily resolved and the v’ = 0 peak
feature at 10.846 + 0.002 eV°' is used for calibration. While
the first band of EtOH exhibits a shoulder from vibrational
progression, no high-resolution spectrum of this molecule has
been reported to our knowledge, and only the peak maximum
of the envelope is reported as 10.64 + 0.01 eV.”** To
circumvent the lack of accurate reference data, we attempt to
reference the gas-phase EtOH spectrum to N, gas, which is
known to much higher precision. We measured a PE spectra
for a mixture of EtOH and N, gas, and we determined the
highest intensity vibrational band of gaseous EtOH to be
10.602 + 0.011 eV in reference to X 22g+ peak at 15.581 +
0.008 eV** of N, (see Figure SS in the Supporting Information
for details).
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This procedure enabled us to determine the VIE for the
lowest ionization band of the liquid species, which is at higher
eKE and thus isolated from the gaseous peaks. However, other
liquid bands have overlapping contributions with those of the
gaseous species. Thus, we applied a bias voltage of —70 eV to
the liquid to isolate the liquid spectrum from the gas spectrum
as much as possible for the detailed spectral analysis. To relate
both measurements, the lowest PE band of the liquid spectra
measured with (in red in Figure 1) and without bias voltage
(blue) were aligned computationally: A fit was employed to
optimize the height and shift of the biased spectrum for
maximum overlap. This effectively applies the absolute energy
scale established in the field-free measurements to the
electrically biased spectrum and defines the VIE,,. energy
scale for all other bands. This procedure is more reliable than
fitting a simple Gaussian function to the lowest band in each
spectrum and compare their positions.

The resulting VIE for the 2a” HOMO of MeOH is 9.70 +
0.07 eV and for the 13a/3a” HOMO of EtOH is 9.52 + 0.07
eV. A detailed breakdown of the errors included in this
procedure can be found in the Supporting Information in
Table S1. We obtained lower VIE values than previous reports
(9.95 €V/9.7 eV°® and 9.99 €V/9.66 eV° for MeOH/EtOH,
respectively). Similar corrections for the VIEs of liquid water
were reported over time. For comparison, the same calibration
method was used to reconfirm the VIE of liquid water using
He Il radiation for the first time (see Figure S6); the sample
was highly deionized water with an optimal concentration of
10 mM NaBr added. We obtain a value of 11.40 + 0.07 eV,
which is in good agreement with the value reported by
Kurahashi et al.*” using soft X-ray PE spectroscopy. This gives
us confidence in the values obtained for alcohols in this study.
We could not confirm the value of 11.67 + 0.15 eV reported
by Perry et al., which used a small compensation bias instead of
tuning the salt concentration.”” As pointed out by Nishitani et

https://doi.org/10.1021/acs.jpca.1c00288
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Table 1. Vertical Ionization Energy (VIE) of Individual Photoelectron Bands of Methanol”

gas liquid
MO peak type ref’ VIE (eV) fwhm (eV) area (%) ref” VIE (eV)  fwhm (eV) area (%) AE, (eV)
2a"(v,) Gauss (gas) 10.964(5) 10.957(11) 0.09 (single) 24 9.99 9.70(7) 1.14 21 1.26
EMG (liquid) 0.31 (envelope)
74 EMG 12.7 12.662(6) 0.81 20 12.40 11.46(7) 223 23 1.20
62/ EMG 15.1 14.987(28) 0.73 15 1470 13.77(12) 121 14 128
1a” EMG 156 15717(235) 113 14 14.57(15) 1.30 13 122
Sa’ EMG 17.7 17.576(9) 0.93 16 16.20 16.39(7) 1.83 18 1.19
4/ EMG 22.623(12) 1.04 11 21.39(7) 1.54 10 1.25

“Error values are in brackets. The area is stated as the ratio with respect to the total area of all bands (excluding background). AE,_; indicates the
gas—liquid shift. “Reference 45 (note that a different notation is used). “Reference .
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Figure 3. Alternative fit of the liquid methanol spectrum with two Gaussians for the Sa’ and 7a’ bands. Black dots are the experimental data, the
blue line is the overall fit to the spectrum, green (single orbitals) and red (split orbitals) lines show individual peaks, and the violet line is the
modeled inelastic background. See text for details. Results are summarized in Table 2.

al** their result might suffer from residual electrokinetic
charging and a drifting energy calibration of the PE
spectrometer.

After having established a VIE value via the peak maximum,
it is straightforward to extract the threshold energy for
photoionization from a linear extrapolation of the slope of
the HOMO down to zero. Figure S7 show this for MeOH (A)
and EtOH (B). The resulting threshold energy is IEy,., = 8.69
+ 0.07 eV for MeOH and IEg,., = 8.52 &+ 0.07 eV for EtOH.
Note that this value is more prone to experimental influences,
such as resolution and noise, which in turn influences peak
widths and the stability of the extrapolation. While the value
for EtOH is in excellent agreement with the ionization
threshold (8.4 + 0.1 €V) determined by Jung et al.’* via
photoabsorption measurements, the value for MeOH obtained
here is higher (compared to 8.3 + 0.1 eV in the reference). We
speculate that the low value reported by Jung et al. was caused
by a remaining photoexcitation contribution which was not
fully separated. The liquid MeOH photoabsorption spectrum
features an additional shoulder at higher photon energies,
which is also observed in solid MeOH.” In fact, Bhattacharyya
et al.*® revisited the absorption spectrum of both alcohols with
two-photon absorption and revealed a richer absorption
structure for MeOH, with many transitions involved.
Introducing different solvation shifts for some transitions
reproduced the one-photon absorption spectrum correctly.
Jung et al. used only a single Gaussian to subtract the excited
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states in liquid MeOH, which might have led to the
underrepresentation of higher energy excitation transitions.
PE spectroscopy reveals the photoionization threshold directly
and is free from such ambiguity.

Analysis of the Valence Spectra. Figure 2 compares the
PE spectra of (A) liquid to (B) gaseous MeOH. Figure 4
shows the same for EtOH and is discussed later. Shown are the
measured data as black dots, the overall fit as blue lines,
individual peak contributions as green lines, the scattering
background contribution as purple line, and additional
vibrational features as gray lines. Results are summarized in
Table 1 for MeOH and Table 3 for EtOH, respectively.
Spectra are plotted on the measured kinetic energy scale
(bottom axis) after energy calibration as described above.
Accordingly, the top axis shows the resulting VIE (binding
energy) scale after calibration, as explained earlier.

The liquid alcohol spectra show a broad background (purple
curve) originating from inelastically scattered photoelectrons.
We briefly comment on this scattering background found for
both alcohols here. While electron scattering in alcohols is less
studied than that in water, available experimental®’~* and
theoretical (ref 41 and references therein) excitation and
ionization data for the gaseous species makes it possible to
draw a few parallels. First, the onset of effective electron impact
ionization is at a eKE of ~11 eV for both molecules, with a
smooth rise to a plateau at 60—80 eV.’”** This is similar to
water, where impact ionization rises steeply at ~15 eV with a
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Figure 4. Photoelectron spectra of (A) liquid ethanol and (B) gaseous ethanol with the kinetic energy scale on the bottom and the binding energy
(VIE,,) scale on the top. Black dots are the experimental data, the blue line is the overall fit to the spectrum, green lines show individual peaks, and
the violet line is the modeled inelastic background; in (B) additional vibrational features are shown in gray (a close-up of this band can be found in
Figure S3). Major peak positions are marked with a vertical line and are assigned to a molecular orbital whenever unequivocal identification was
possible. For the assignment of the labels a—e, see the text. Below the gas-phase spectrum the theoretical ionization energies for the gauche (red)
and trans (blue) molecular conformations are shown; values are taken from ref 57 and aligned to the experimental gas-phase 13a/32” HOMO (i.e.,
all values are shifted by —0.24 eV). Results are summarized in Table 3.

maximum at ~100 eV.*” The electron energy loss curves
gradually rises from about 7 eV onward in both (gaseous)
MeOH"™ and EtOH;* two weak features of excitation
resonances were observed, while they are expected to be
smoothed out in the liquid. Broadening and shifts of the
excitation resonances can be directly observed in the
photoabsorption spectrum for liquid water* and alcohols®
(a direct comparison in ref 36 illustrates this nicely). Following
this argument, one may expect the scattering background
smoothly increases corresponding to the energy loss of 7—8 eV
for both alcohols. This is consistent with our observation
(compare the onset of the purple curve about 7 eV lower than
the HOMO in Figures 2, 3, and 4). We describe the onset of
this scattering background here with a broad Gaussian (purple
lines) in our fits for the lack of a more sophisticated
description. Excellent spectral fits are obtained for both
liquids, and no indication of more complex scattering behavior
such as resonances was found.

MeOH. The valence electron configuration of MeOH
observed at the photon energy of 40.813 eV was
(4a")*(5a’)*(1a")%(6a’)*(7a’)*(2a”)*. The next lower 3a’
band is expected to appear at an VIE of ~32.2 €V,* which,
however, was not observed for liquid MeOH. It is most likely
already deteriorated by electron scattering, which becomes
increasingly influential at low eKE. We first examine the
spectrum of gaseous MeOH (Figure 2B), which is later
referenced to the liquid spectrum. The 2a” HOMO band
exhibits a clear vibrational progression,” which we do not
attempt to describe fully here. We fitted this band with 9
Gaussians of equal width and use the highest peak (ascribed to
the v,(a") C—O stretching mode™’) for the discussion of gas—
liquid energy shifts later. No other band revealed a clear
vibrational structure. Thus, we instead opt to describe the peak
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envelope with an Exponentially Modified Gaussians (EMG)
peak shape®® (see also the equation in section 1 in the
Supporting Information). The resulting VIE, fwhm, and peak
area values (sum of all areas for 2a”) are summarized in Table
1; VIE values are in good agreement with previous
reports. 2444547

The spectrum of liquid MeOH (Figure 2A) is shifted to
higher energies and broadened with respect to that of gaseous
MeOH, exhibiting largely merged 1a” and 6a’ bands. For the
fit, we used the same number of EMG peaks as for the gas
spectrum, except that the 2a” HOMO vibrational progression
was replaced with a single EMG, since the individual
vibrational features are no longer resolved. Asymmetry
parameters of all EMG peaks were carried over from the gas
phase. We implicitly assume here that the (unresolved)
vibrational progression of these bands remains largely intact.
We note that the infrared absorption spectrum of liquid
MeOH exhibits frequency shifts of the stretching and bending
vibrations of the OH group from the gas-phase values and an
appearance of the out-of-plane bending vibration of H-bonded
OH.** However, identifying subtle changes of vibrational
structures in the PE spectra of these liquids is beyond the
scope of this work. The overlapping 1a” and 6a" bands prevent
an unequivocal fit of two EMG shapes in this region. The peak-
area ratio was constrained to be the same as in the gas-phase
spectrum; small individual structural changes of these two
bands cannot be assessed. A stable fit was achieved, yielding
relative peak areas similar to those of the gas phase for all
bands (see Table 1). While liquid-phase ionization cross
sections are unknown, it is not expected that there is any large
variation as compared to the gas phase (gas values are found in
ref S0 and refs therein). All liquid bands are shifted toward
lower VIEs (higher eKEs) as indicated by diagonal dashed
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lines in Figure 2 and summarized as AE,_; in Table 1. These molecule’”™*°—the above fitting provides a reasonable

gas—liquid shifts are discussed later together with EtOH.
Notably, there was no need to include an additional feature at
a VIE of ~10 eV to achieve a good fit, as mentioned in
previous studies performed using He I radiation.”® We may
speculate that the strong scattering background of the He I
spectra skewed the overall spectral shape or that the use of
Gaussians for the fit dismissed peak asymmetries from
vibrational progression, which seemingly stipulated the
inclusion of such an extra peak for a better fit. The similar
relative area of all bands as compared to the gas phase also
rules out that preferential surface molecule orientation (see
later) can be detected as enhanced PE intensity for specific
bands, which was speculated by Faubel et al.”

We note that the broadening of the bands is not uniform
(compare Table 1). While the fwhm of most bands falls within
arange of ~1.1—1.5 eV, the 7a’ band in particular shows a very
large increase from 0.81 to 2.23 eV—a change by a factor of
~2.8—as does the 5a’ band with a change from 0.93 to 1.83
eV. While the 2a” HOMO band is not particularly broad in the
liquid spectrum, with only a fwhm of 1.14 eV, the strong
increase from only 0.31 eV in the gas phase is a point to note
as well. Interestingly, these bands are strongly involved in H-
bonding in the liquid, with the 7a’ and Sa’ orbitals being
associated with the O—H bond while the 2a” has lone-pair
character in MeOH.'®>" The fit with just a single EMG shape
for the 7a’ and Sa’ bands results in the largest residuals in this
region of the spectrum. It is likely that these orbitals are
strongly affected by H-bonding. In the analogous system of
liquid water, the 3a; band was split by H-bonding.*® Thus, it is
tempting to fit these two bands with two Gaussians of equal
width, which are denoted as high-energy (H) and low-energy
(L) components, respectively. In this variant, the other bands
kept their EMG shapes observed for the gas spectrum and
again the 6a’/1a” peak ratio was constrained to the gas-phase
value. The resulting fit is presented in Figure 3, and the values
are summarized in Table 2. A stable fit was achieved without

Table 2. Least Squares Fitting of the Sa’ and 7a’ Bands of
Methanol with Two Components®

original fit split peak fit

fwhm area fwhm area
MO VIE (eV) (eV) (%) VIE (eV) (ev) (%)
2a" 9.70(7) 1.14 21 9.70(7) 1.18 24
70 H  11.46(7) 223 23 1106(11) 121 10
7a' L 12.02(14) 9
6a’ 13.77(12) 121 14 13.66(16) 1.33 16
1a" 14.57(15)  1.30 13 1449(24) 143 15
sa H  16.39(7) 1.83 18 1610(17) 130 10
sa’ L 16.97(12) 7
4a’ 21.39(7) 1.54 10 21.36(7) 1.50 10

“Error values are in brackets. The area is stated as the ratio with
respect to the total area of all bands (excluding background).

significant change of other bands. The fit deconvoluted the 7a’
and 5a’ bands into two peaks of about ~0.94 and ~0.87 eV
distance, respectively, and the fwhm’s, 1.21 eV for 7a’ and 1.30
eV for Sa’, now come very close to the values for other bands.
Although the underlying H and L bands are not fully
resolved—and MeOH (and EtOH) molecules are different
from water in that they form only about two H-bonds per
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explanation of these spectral features.

EtOH. We now turn to the EtOH spectra in Figure 4. EtOH
exists in two stable conformations, trans (C, symmetry) and
gauche (C, symmetry), resulting from two potential energy
minima of the internal OH rotation with respect to the CC—
OH axis (refs 56 and 57 and references therein). This is in
contrast to the simpler structure of MeOH, which is almost
completely symmetrical with respect to the OH group rotation,
experiencing just a weak 3-fold rotation barrier as a free
molecule, which is posed by Pauli repulsion from the three
hydrogens on the CH; group.”® These conformations have
valence electron configurations (written in the respective
symmetry notation) of (4a)* (52)% (6a)* (7a)* (8a)* (9a)*
(10a)* (11a)* (12a)* (13a)? for the gauche and (4a’)* (5a')*
(6a")* (7a')* (1a”)* (8a’)* (9a’)? (2a”)? (10a’)* (3a”)* for the
trans conformation. We do not observe the 4a/4a’ band in our
experiment with an expected binding energy of >36.9 eV,
which yields a eKE too low (~3.9 eV) to be identifiable above
the large scattering background in the liquid spectrum. The
two conformations and the close spacing of the bands together
with vibrational progression makes spectral features already
highly congested for the gas spectrum (Figure 4B). As a guide,
the theoretical binding energies from Tang et al.”” are shown
as vertical bars below the gas-phase spectrum in the figure for
the gauche (red) and trans (blue) conformations; all energies
were uniformly shifted by —0.24 eV to match the 13a/3a”
HOMO energy to the experimental value. In the spectrum, the
Sa/Sa’, 6a/6a’, 7a/7a’, 12a/10a’, and 13a/3a” bands form
clearly identifiable peaks, although the individual conforma-
tions cannot be separated out. Instead, we fit these features
with one EMG peak, except that the 13a/3a” HOMO is fitted
with seven Gaussians of equal width to model the vibrational
structure. No detailed investigation of the vibrational
progression in the PE spectrum of EtOH has been reported
to our knowledge, and its assignment is beyond the scope of
this work. The peaks at eKEs between 24 and 28 eV are highly
overlapping. This is the region where the two conformations
exhibit different energies according to theory. We choose to
use five peaks as the minimum number of Gaussians needed to
achieve a good fit here (labeled a—e in the figure). The
assignment of these peaks is not straightforward with both
conformations heavily mixing. Previous reports simply assigned
the trans labels to individual peaks.””** In direct comparison
with the theoretical values it turns out that b and ¢ might
instead originate mainly from gauche. We assign a as 1a”/8a, b
as 9a, c as 8a’, d as 10a/9a’, and e as 11a/2a”, which matches
well with the assignments in ref 56. The resulting VIE, fwhm,
and peak area values are summarized in Table 3. As with
MeOH, IE values are in good agreement with previous reports,
although they did not include peak b.*>***/

The fitted liquid spectrum is shown in Figure 4A. Similar to
the fit of the MeOH spectrum, we keep the asymmetry value
for the EMG peaks and the 13a/3a” HOMO was replaced with
a single EMG peak. Again, it is noted that vibrational
frequencies in the liquid are possibly changed by H-bonding,*’
which we, however, cannot reasonably quantify here. As with
MeOH, a single additional Gaussian describes the broad
background (purple line), and all peaks are shifted to higher
eKEs (lower VIEs) as compared to the gas phase (diagonal
dashed lines in Figure 4 and AE, in Table 3). The
broadening and congestion of the bands from 7a/7a’ to 12a/
10a’ in the liquid spectrum makes an identification of the
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Table 3. Vertical Ionization Energy (VIE) of Individual Photoelectron Bands of Ethanol”

gas liquid
MO peak type ref’ VIE (eV) fwhm (eV) area (%) ref” VIE (eV) fwhm (eV) area (%) AE,, (eV)
13a/3a” Gauss (gas) 10.64 10.602(11) 0.15 (single) 17 9.66 9.52(7) 1.05 15 1.08
EMG (liquid) 0.37 (envelope)

12a/10a’ EMG 12.18 12.082(15) 0.87 17 10.95 11.13(9) 2.14 21 0.95
e Gauss 13.21 13.170(24) 0.55 S 12.48(14) 1.33 13 1.12
d Gauss 13.86 13.796(329) 0.98 11 12.94

c Gauss 14.5 14.653(734) 1.09 8 13.46(20) 1.09 9 1.19
b Gauss 15.281(23) 0.36 1 14.21(18) 0.87 4 1.07
a Gauss 15.85 15.967(44) 0.91 11 15.22 14.89(27) 1.13 9 1.08
7a/7a’ EMG 17.35 17.426(24) 1.01 10 16.34 16.30(10) 1.74 14 113
6a/6a’ EMG 20.677(16) 0.96 11 19.53(7) 1.34 9 1.15
Sa/Sa’ EMG 24.002(20) 1.34 9 22.88(7) 1.57 6 1.12

“Errors are indicated in brackets. The area is stated as the ratio with respect to the total area of all bands (excluding background). For the

assignment of the labels a—e, see the text. AE,_

1 indicates the gas—liquid shift. For the gas-phase bands e and d, which were merged into one liquid

band, their mean position weighted by the area ratio was used to calculate AE, . bReference 32. “Reference S.

contribution of individual band difficult, and no stable fit can
be achieved without any constraints or reducing the number of
peaks. We chose to express the peaks d and e together as a
single Gaussian peak with the width corresponding to the
combined peak widths of both. With the imposed constraints
in place a stable fit is achieved with similar relative areas as in
the gas phase (compare Table 3). Assuming the fit reflects the
underlying distribution of bands reasonably well, this would
indicate that no considerable change is induced in the
conformational structure of EtOH by the H-bonding. Indeed,
MD simulations found a ratio of gauche to trans conformation
in the liquid of nearly 1:1 at ~25 °C, which is almost the same
as in the gas phase.”>” This gives us confidence in the chosen
constraints and resulting VIEs.

A closer look at the peak widths reveals that the 13a/3a” and
12a/10a’ bands undergo significant broadening (0.37 to 1.05
eV and 0.87 to 2.14 eV, respectively) in the liquid as compared
to the gas phase, analogous to the HOMO and HOMO-1 of
MeOH. Both are lone-pair levels with large contributions at
the O—H end,”® which might be affected by H-bonding.
However, it is possible that the increased width is caused by
our analysis approximating peaks d and e into one Gaussian,
and thus allowing the neighboring 12a/10a" peak to grow too
large. Unfortunately, the strong overlap of PE signals together
with the presence of two conformations makes it impossible to
fit multiple components to these bands or even assign
variations in shifts or widths to specific bands here. We thus
refrain from further quantification of electronic structure
changes for EtOH.

Gas—Liquid Shifts. We now take a closer look at the gas—
liquid shifts, AE,_;. This shift can be caused by electrostatic
stabilization, surface dipoles and the changes in the band
structure caused by H-bonding.”® We found similar shifts of on
average —1.23 eV for MeOH (Table 1) and —1.10 eV for
EtOH (Table 3). No distinct dependence on the specific PE
band was found, except the splitting caused by H-bonding for
MeOH and strong overlapping bands of a—e for EtOH.
Previously, MeOH has been found to show a strong molecular
ordering at the Iiguid surface, with the CHj; pointing out of the
liquid surface;°”°" however, its permanent dipole moment is
aligned parallel to the liquid surface and the resulting
electrostatic surface potential is only on the order of —0.03
V.>? Therefore, the influence of surface dipole can be
neglected. Orientation with the alkyl chain pointing away
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from the liquid surface has also been observed for higher order
alcohols.”” Tt is anticipated that the dipole moment of EtOH**
is also aligned parallel to the surface and the contribution to
the surface potential is expected to be equally small or even
smaller. The major contribution to the gas—liquid energy shift
most likely comes from dielectric screening of the remaining
ion after sudden removal of a (photo)electron. This solvation
energy of an ion in a dielectric medium can be estimated with
the Born equation (here written in atomic units):**%%*%

z 1
54

2R n
where R is the “cavity radius” of an ion with charge Z that is
embedded in a dielectric medium with the optical relative
permittivity &y, = n’. The refractive index n of MeOH of
1.3284 and EtOH of 1.3615 (both stated at 20 °C in ref 66)
are comparable to liquid water, but the molecules reside farther
apart in the H-bonding network due to their larger molecular
size. Using the first maximum of the OO radial distribution
function of 2.75 A>>*? (=5.2 atomic units) as an indication for
the intermolecular distance, i.e., 2R, yields a value of AEg_l of
—1.13 eV for MeOH and —1.20 eV for EtOH. This simple
estimation is in a good agreement with the experimental result.
Thus, the somewhat lower gas—liquid shift as compared to
water is most likely caused by the reduced screening ability due
to the larger molecule distance in alcohols. The close match of
our estimation agrees well with absence of a large surface
dipole concentration at the liquid’s surface. The small
deviation seen for MeOH (—1.13 eV expected vs —1.23 eV
measured) and EtOH (—1.20 eV expected vs —1.10 eV
measured) could be a hint at a small contribution from surface
dipoles, but further investigation is required to draw any
conclusions.

Comparison to X-ray Emission Spectra of Liquids. PE
spectroscopy and X-ray emission (XE) spectroscopy accesses
similar electronic structural information, while these method-
ologies have important differences. XE spectroscopy measures
X-ray emission upon core-hole decay, i.e., the core hole is filled
with a valence electron after (here O 1s) core ionization.
Although the lifetime of this core-hole state is extremely short
(several femtoseconds), some nuclear motions can occur
during its lifetime. This contrasts with the photoemission
process which is “instantaneous” (happening on an attosecond

AEg—l
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Figure S. Comparison between the background-corrected PE spectra (blue; bottom axis) and nonresonant X-ray emission (XE) spectra (red; top
axis) for (A) liquid methanol and (B) liquid ethanol. PE spectra are scaled to yield the same area as the XE spectra and both axes were aligned to
make prominent features overlap. XE spectra are taken from Schreck et al.'' (the wider range ethanol spectrum was recreated from ref 13 but
originates from the work of Schreck et al.) and were measured at 550.9 eV. For methanol additionally the “dynamic-free” density-of-states (DOS)
spectrum is shown (green line in (A)), which is a constructed spectrum reported to lack any signal contribution from core-hole relaxation involving
nuclear dynamics."' The theoretical XE spectrum without dynamics (initial geometry at t = 0) from ref 13 was added to (B) (green line); this
spectrum was additionally broadened by 0.4 eV and shifted by —0.6 eV to better match the experimental PE and XE spectra.

time scale). Another difference is that some emission lines are
necessarily suppressed in XE in the case of dipole-forbidden
electronic transitions to the (s-subshell) core. In Figure S the
background-subtracted PE spectra of (A) MeOH and (B)
EtOH are displayed in blue; here, the background (purple lines
from the fit in Figures 3 and 5) was subtracted from the
experimental data. These spectra are compared with
experimental XE spectra (in red; measured at 550.9 eV)
from Schreck et al."' (EtOH spectrum extracted from ref 13);
the spectra are scaled to have the same total area. The
prominent difference is the split HOMO peak in the XE
spectra for both liquids. A similar split HOMO peak has been
observed for liquid water, and it has led to much discussion
whether it is due to (nuclear) dynamics after ionization or
different intrinsic H-bonded structures in the liquid.”

Schreck et al. performed a systematic study on the X-ray
emission (resonant inelastic X-ray scattering) spectra of
alcohols, and they ascribed the splitting to the ultrafast
dynamics of a hydrogen atom involved in the H-bond between
alcohol molecules."" For a more in-depth comparison of both
spectroscopies in Figure SA, the “dynamics-free” density-of-
states (DOS) spectrum from Schreck et al.'' is added; they
estimated that the nuclear dynamics begins 1.2 + 0.8 fs after
creation of the core hole. Our PE spectrum agrees well with
the XE spectrum calculated by neglecting the nuclear
dynamics, which confirms that the extra peak observed in XE
spectrum and the peak splitting originates from nuclear
dynamics. Another notable difference is the very weak 4a’
signal in XE, which would hint at either a predominantly s-
character of this orbital (probably H 1s-derived) or a DOS
residing mainly around the carbon atom which is not probed
with XE. Indeed, a DFT calculation by Pellegrin et al. assigns
mainly C 2s character to this orbital."”

Similar observations can be made in the comparison for
EtOH in Figure 5B. Again, we add the calculated spectrum
(green) without nuclear dynamics (i.e., from initial geometry at
t =0 s) from ref 13; the spectrum was convoluted with a
Gaussian of 0.4 eV width and shifted by —0.6 eV to better
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match the PE and XE spectra. The lower energy “split” feature
is missing just as for MeOH, which gives an overall surprisingly
excellent match with the PE spectrum besides some energy
shifts. This confirms the dynamic origin of the peak splitting in
the XE spectra. The almost vanishingly small Sa’ and 6a’
emission intensity might be again ascribed to a predominantly
s-character of these orbitals and/or a DOS mainly on the ethyl
group. Judging from the orbital contour plots of these
molecular orbitals (for “MOS” and “MO6” found in ref 67)
there is only a small spherical contribution around the oxygen
of the OH group (which gets probed in XE).

B CONCLUSION

High-resolution He Ila PE spectra of both gas and liquid
phases revealed almost all valence band orbitals down to the
4a’ orbital for MeOH and the 5a/Sa’ for EtOH; only the
lowest lying 3a’ (MeOH) and 4a/4a’ (EtOH) could not be
observed here because of strong overlap with the inelastic
scattering background. The vertical ionization energy and the
photoemission threshold were determined as VIE,,. = 9.70 +
0.07 and IEy,, = 8.69 + 0.07 €V for the 2a” HOMO of liquid
MeOH and VIE, . = 9.52 + 0.07 and IEy, = 8.52 = 0.07 eV
for the 13a/3a” HOMO of liquid EtOH. Even though peaks
are considerably broadened in the liquid-phase spectrum, the
individual band contributions were identified with only a few
fitting constraints; the detailed electronic structures of these
alcohols are revealed for the first time. Relative intensities (i.e.,
ionization cross sections) of individual bands observed for
liquids were similar to those of gaseous molecules. PE band
enhancements indicating specific molecular surface orientation
at the gas—liquid surface of MeOH as suggested by Faubel et
al.> were not found. In liquid MeOH, PE bands of 2a”, 7a’, and
5a’, which are most involved in H-bonding, exhibit extensive
broadening hinting at a possible splitting similarly to the 3a;
band of liquid water. Analogously, the 13a/3a” and 12a/10a’
bands of liquid EtOH show greater broadening than other
bands; however, their reliable spectroscopic analysis was
hampered by overlapping features. All PE bands exhibit a
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similar gas—liquid shift of —1.23 eV for MeOH and —1.10 eV
for EtOH, which can be explained with polarization screening
by the surrounding molecules; these values are somewhat
smaller than for liquid water and attributed to the larger
molecular size and thus distance of the alcohol molecules. We
do not see any significant contribution to the gas—liquid shift
from a present (polar) orientation of the alcohol molecules at
the liquid’s surface, which agrees well with an orientation
almost parallel to the liquid surface found in simulations.”
While a reasonable description of the inelastic scattering
background could be achieved with a single Gaussian in the
valence region, information of electron scattering in liquid
alcohols is currently lacking. Comparison of the measured PE
spectra with experimental and simulated X-ray emission
spectra reveals that there is a good agreement (ie., close
match of the overall spectral shape) if nuclear dynamics in the
core-hole state is omitted, which confirms involvement of
nuclear dynamics in the X-ray emission process within its
lifetime of several femtoseconds.
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Demonstration of energy shifts observed in the liquid
spectra with applied bias voltages up to —80 V, an
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