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The introduction of liquid microjets into soft X-ray absorption spectroscopy enabled the windowless
study of liquids by this powerful atom-selective high vacuum methodology. However, weakly inter-
acting liquids produce large vapor backgrounds that strongly perturb the liquid signal. Consequently,
solvents (e.g., hydrocarbons, ethers, ketones, etc.) and solutions of central importance in chemistry
and biology have been inaccessible by this technology. Here we describe a new detection method, up-
stream detection, which greatly reduces the vapor phase contribution to the X-ray absorption signal
while retaining important advantages of liquid microjet sample introduction (e.g., minimal radiation
damage). The effectiveness of the upstream detection method is demonstrated in this first study of
room temperature liquid hydrocarbons: n-nonane and n-decane. Good agreement with first princi-
ples’ calculations indicates that the eXcited electron and Core Hole theory adequately describes the
subtle interactions in these liquids that perturb the electronic structure of the unoccupied states probed
in core-level experiments. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882901]

I. INTRODUCTION

The introduction of liquid microjets1, 2 into soft X-ray
absorption spectroscopy (XAS) by Wilson et al. enabled ap-
plications to liquids.3 Prior to this, soft XAS was restricted
to ultra-high vacuum surface physics and gas phase stud-
ies. This methodology has since enabled the measurement
of Resonant Inelastic X-ray Scattering (RIXS)4, 5 and Reso-
nant Photoemission (RPE)6, 7 spectra of liquids, which pro-
vide complementary data to XAS. The use of liquid microjets
also facilitates the study of liquids without attendant radia-
tion damage, which can be a serious limitation. However, a
gas phase background, resulting from the vapor jacket sur-
rounding the liquid jet, is always present. This background is
usually small relative to the primary liquid signal, comprising
less than 10% of the total signal detected for aqueous samples,
such that a straightforward subtraction of the gaseous signal is
typically sufficient. However, weakly interacting liquids (e.g.,
hydrocarbons) have faster evaporation rates under high vac-
uum conditions that generate more extensive vapor jackets
around the microjets, precluding meaningful characterization
of the liquids. Total Electron Yield (TEY),7–13 Total Ion Yield
(TIY),14, 15 and Total Fluorescence Yield (TFY),16–19 which
comprise the most common detection schemes for XAS of
liquid microjets, are all sensitive to the vapor background.
New experimental modalities or new detection methods are
therefore necessary to enable the study of weakly interacting
liquids, which are important solvents in many chemical and
biochemical contexts.20–23

a)Author to whom correspondence should be addressed. Electronic mail:
saykally@berkeley.edu. Tel.: (510) 642-8269. FAX: (510) 642-8369.

This vapor background issue can potentially be addressed
through the use of liquid flow cells, which have recently been
used in XAS studies of a wide variety of systems.24–26 These
flow cells separate the liquid from the high vacuum environ-
ment through the use of silicon nitride windows. However,
in the soft X-ray region, the windows attenuate the incom-
ing X-ray beam, resulting in a significant reduction in sig-
nal, and they severely limit the study of nitrogen-containing
compounds. Moreover, fluorescence detection must be used to
detect the already-reduced signal and for low Z atoms, such
as carbon, nitrogen, and oxygen, X-ray fluorescence is not
the dominant de-excitation pathway.27, 28 Instead, the Auger
process, which results in the ejection of electrons, is heavily
favored as the core level de-excitation process. Therefore, it
is usually preferable to detect via electron yield—especially
when probing low Z atoms.

The use of liquid microjets in XAS provides important
advantages over other existing methods for the study of liq-
uids. This approach allows for windowless coupling to the
X-ray synchrotron source, which ensures that the photon flux
is not attenuated prior to interaction with the liquid. The mi-
crojet also provides a dynamic, rapidly renewed (microsecond
residence times) sample which effectively eliminates sample
damage. The signal generated by the impinging X-ray beam
can then be detected via TEY, TIY, or TFY.

To reduce or eliminate the vapor background attend-
ing the use of liquid microjets, new detection techniques,
motivated by optogalvanic29, 30 and electrokinetic31–33 detec-
tion methods have been explored by our group. A schematic
diagram of a typical microjet electrokinetics experiment is
presented in Figure 1(a). A more detailed description of
the microjet electrokinetics experiment has been published

0021-9606/2014/140(23)/234202/6/$30.00 © 2014 AIP Publishing LLC140, 234202-1
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FIG. 1. Experimental schematics. (a) Schematic of microjet electrokinetics experiment. Streaming current can be simultaneously collected at the target electrode
and upstream of the point of charge separation via back conduction. (b) Downstream detection: A heated metal plate was placed between the skimmer and liquid
nitrogen trap. The downstream signal is collected concurrently with the TEY signal. Upstream detection: The standard silica capillary is replaced with a 50 μm
stainless steel taper tip. The upstream signal is detected via the metal capillary concurrently with the TEY signal. Upstream and downstream detection schemes
were not used concurrently.

previously.31–33 Briefly, the current generated via charge sep-
aration at the microjet orifice can be detected both upstream,
via back-conduction through the liquid, and downstream,
on a target electrode. Analogously, we demonstrate in the
present study that the X-ray absorption signal can be de-
tected upstream of the impinging X-ray beam by measuring
the magnitude of the charge present in the liquid jet follow-
ing the removal of the ionized electrons by a positively bi-
ased electrode. Detecting downstream, while possible, proved
to be impractical upon testing. The charge present in the
liquid is proportional to the number of observed absorption
events; hence, the method constitutes a novel type of “action
spectroscopy” for core level spectroscopy.

II. METHODS

A. Samples

Water of 18.2 M� cm resistivity was obtained from a
Millipore purification system. n-Nonane and n-decane with
stated purity of at least 99% were obtained commercially from
Alfa Aesar. Samples were used without further purification.

B. Experimental details

Oxygen and carbon K-edge TEY, downstream, and up-
stream spectra were collected at Beamline 8.0.1 at the Ad-
vanced Light Source (ALS) at Lawrence Berkeley National
Laboratory. A detailed description of the X-ray experiment
has been published previously.9 Minor changes were made
to accommodate the new downstream and upstream detection
methods. Briefly, an intense (>1011 photons/s), high resolu-
tion (E/�E = 7000), and tunable soft X-ray beam is gen-
erated from an undulator at the ALS. The beam is then fo-
cused (100 × 35 μm spot size) onto a liquid jet. A syringe
pump (Teledyne-ISCO 260D) drives the liquid through fused
capillary tubing with a 30–50 μm inner diameter, creating a
liquid jet with linear flow velocities in the range 1–200 m/s
that is intersected with the X-ray beam in a high vacuum (∼2
× 10−4 Torr) chamber. The liquid beam then passes through
a skimmer and freezes onto a cryogenic trap. A TEY signal
is collected with a positively biased (2.1 kV) copper electrode
located ∼1 cm above the liquid sample as a function of pho-
ton energy. Vapor phase TEY spectra were collected by posi-
tioning the liquid microjet above or below the incident X-ray
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beam. The recorded spectra were normalized to the current
(I0) collected from a gold mesh located further up the beam-
line to account for X-ray intensity variations.

To facilitate the new detection modalities, a straight-
forward modification was applied to our experimental
endstation.9 A schematic representation of the modified ex-
perimental design is shown in Figure 1(b). To enable the in-
direct detection of core-level absorption spectra downstream
of the incident X-ray beam, a stainless steel target electrode,
with an attached DC Peltier heater to prevent freezing, was
placed between the skimmer aperture and the cryogenic trap.
Current from the target was collected simultaneously with
the TEY signal. To collect spectra upstream of the incident
X-rays, the usual fused silica capillary is replaced with a
50 μm stainless steel taper-tip (New Objective). A wire
is connected from the metal nozzle to a current amplifier
(FEMTO DDPCA-300) to collect the upstream signal. The
upstream spectrum is acquired simultaneously with the TEY
spectrum. Simultaneous detection with TEY is essential to
both the upstream and the downstream detection schemes.
The removal of the ionized electrons by the positively bi-
ased electrode results in a positively charged liquid jet. The
magnitude of the positive current can then be measured both
upstream or downstream of the incident X-ray beam. The ex-
act mechanism of conduction through the resistive liquid for
the upstream detection is presently undetermined although in-
duction is likely. Upstream and downstream signals were not
collected concurrently.

C. Calculations

Gromacs 4.6.434–38 was used to perform classical NVT
MD simulations of both gas phase and liquid n-decane. The
gas phase system contained a single decane molecule in a cu-
bic box of edge 30.000 Å and the liquid system contained 30
molecules of decane in a periodic cubic box of edge 21.280 Å.
The simulations employed a modified OPLS-AA39–41 force-
field developed by Siu et al.42 Following an initial minimiza-
tion, the liquid system was heated to 298 K and then equili-
brated for 500 ps under constant pressure to a final density of
0.736 g/ml. An NVT simulation was then run for 2 ns. For the
gas phase system, an NVT simulation was run immediately
following heating to 298 K. The molecular configuration of
each system was collected every 20 ps for use in the spectral
simulation.

To calculate the X-ray absorption spectrum, atomic coor-
dinates were taken from the final snapshot of the NVT sim-
ulation of liquid decane and from 10 uncorrelated snapshots
of the single molecule NVT simulation for gas phase decane.
The core level excitation linestrengths were calculated with
the eXcited electron and Core Hole (XCH) density functional
theory approach.43 The electronic structure was calculated us-
ing the plane wave self consistent field (PWSCF) code from
the Quantum-ESPRESSO package.44 The exchange correla-
tion energy was estimated with the Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional within the generalized
gradient approximation.45 A plane wave basis set with pe-
riodic boundary conditions and a kinetic energy cut-off of
25 Ry was used to model the localized and delocalized states.

In the XCH approach, the lowest core-hole excited state is
explicitly treated. The resulting self-consistent field was used
to generate higher excited states non-self consistently. Transi-
tion amplitudes were then calculated within the single-particle
and dipole approximations. The calculated transitions are
broadened by Gaussian convolution of 0.1 eV full width half
maximum. The energy axis was aligned relative to the ex-
perimentally collected vapor phase spectra of decane and a
similarly calculated spectrum for a single decane molecule.
Isosurfaces were calculated with Quantum-ESPRESSO and
rendered in VESTA.46

III. RESULTS AND DISCUSSION

Detecting the signal downstream of the incident X-rays,
while possible, proved to be problematic. The addition of the
DC heater to mitigate freezing in the high vacuum environ-
ment resulted in the crystallization of solutes onto the target.
This led to a rapid degradation in the target electrode conduc-
tivity and the ability to detect changes in the charge carried
by the liquid jet. Additionally, the natural breakup of the liq-
uid jet due to Rayleigh instabilities47, 48 and evaporation in
the vacuum chamber often prevented the charged liquid from
reaching the target electrode. Due to these issues, downstream
detection of the X-ray signal as a method of reducing the
vapor background was deemed impractical.

Detecting the X-ray absorption signal upstream of the
impinging X-rays proved to be a more viable approach. By
using a metal capillary as the detection electrode, the issues
that arose from the downstream detection, freezing on the
target electrode, crystallization of dissolved solutes, and va-
porization of the liquid jet prior to detection, were entirely
eliminated. The upstream detection scheme was first tested
on the well-studied liquid water system3, 49 and then on liq-
uid nonane and liquid decane. These weakly interacting, long-
chain liquid hydrocarbons are not typically considered to be
highly volatile liquids, but since they exhibit high evaporation
rates under high vacuum conditions, they essentially behave
as such. As a result, in previous attempts to measure X-ray ab-
sorption spectra of liquid long-chain alkanes using microjets,
only vapor phase spectra were collected.

Figure 2 compares the oxygen K-edge core level spec-
tra of liquid water collected via both TEY and upstream

FIG. 2. Oxygen K-edge absorption spectra for 25 ◦C liquid water measured
simultaneously with TEY and upstream detection. Spectra have been normal-
ized to the peak maximum for direct comparison.
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FIG. 3. Unnormalized oxygen K-edge absorption spectra for 25 ◦C water
measured simultaneously with TEY and upstream detection. (a) On-jet (liq-
uid) spectra; (b) off-jet (vapor) spectra. The off-jet signal originates from the
liquid microjet vapor jacket.

detection. The spectra are normalized to the intensity of the
strongest peak to facilitate direct comparison. As expected,
due to the thin vapor jacket surrounding the water jet, the
on-jet spectrum of liquid water is identical for the two de-
tection methods. However, comparison of the unnormalized
liquid (on-jet) and vapor (off-jet) spectra, shown in Figure 3,
reveals a significant difference in the two detection schemes.
While the upstream detection exhibits only a slightly reduced
sensitivity to the signal originating in the liquid, it exhibits a
significantly reduced sensitivity to the signal from the micro-
jet vapor jacket. Overall, there is a five-fold increase in the liq-
uid/vapor signal contrast in the upstream spectrum and similar
signal-to-noise ratios when compared to TEY detection. The
∼20% decrease in the signal intensity in the upstream spec-
trum is likely a result of the inefficiencies in the mechanism
of charge transfer back through the liquid.

In prior attempts to measure X-ray absorption spectra of
liquid hydrocarbons using liquid microjets with TEY, shown
in Figure 4(a), the area normalized on-jet and off-jet spec-
tra appeared essentially identical, whereas for strongly in-
teracting liquids, like water and methanol, the liquid-phase
spectrum is distinctly different from that of the gas and
solid phases.3, 50–52 The anticipated broadening and spectral
changes normally associated with the transition from the gas
phase to the liquid phase spectrum were not observed in the
hydrocarbon TEY spectra shown above. There are two pos-
sible explanations for this invariance between the liquid and
vapor spectra observed previously. The first is that there gen-
uinely is no difference between the gas phase and condensed
phase spectra. Liquid hydrocarbons interact primarily through

dispersion and weak electrostatic forces.42, 53–55 It is possible
that these interactions are simply not strong enough to ex-
ert an observable influence on the energy levels of the unoc-
cupied orbital states of the molecule that are probed in the
X-ray experiment. However, the increased density in the liq-
uid phase should result in inhomogeneous, collisional broad-
ening that should be clearly evident in the liquid spectrum
at the high resolution of the present X-ray experiments. A
more likely explanation for the similarities between the pre-
viously measured absorption spectra is simply that the signal
arising from the vapor surrounding the microjet overwhelms
the on-jet TEY spectrum. Liquid nonane exhibits an evapo-
ration rate in a high vacuum environment that is significantly
greater than those of the typical systems studied using liquid
microjets (primarily aqueous solutions and alcohols).2, 50 The
faster evaporation rate thus leads to a higher local vapor pres-
sure surrounding the microjet and thus a larger vapor signal
component in the on-jet spectrum.

Because the upstream detection method is much less sen-
sitive to the signal originating from the vapor jacket, it can
more effectively sample the genuine liquid phase spectra of
samples with high local vapor pressures. Newly detected car-
bon K-edge X-ray absorption spectra of liquid nonane and de-
cane are shown in Figures 4(b) and 4(c). The spectra shown
have been area normalized to allow for the comparison of
peak intensity changes and shifts between the liquid and va-
por phase. In these newly obtained spectra, clear differences
are apparent between the on-jet (upstream and TEY) and
the off-jet (TEY) vapor signal. In the on-jet (liquid) spectra,
the feature centered near 292 eV is significantly broadened
(FWHM: 2.13 eV for vapor; 4.25 eV for TEY; 5.45 eV up-
stream for decane) and slightly blueshifted (TEY: 0.42 eV;
upstream: 0.80 eV for decane) relative to the off-jet spectra.
A significant reduction (∼40%) in intensity of the feature near
292 eV is observed in the liquid phase spectra. More impor-
tantly, the upstream spectra are more blueshifted and broad-
ened, and exhibit a greater reduction in peak intensity than
the do TEY on-jet spectra, indicating that the upstream signal
exhibits a significantly reduced sensitivity to the vapor, and
therefore a far more genuine liquid-phase signal.

To interpret the experimental X-ray absorption spectra,
calculations were performed using the XCH density func-
tional theory approach43 described above for both gas phase
and liquid phase decane. As the measured spectra for nonane
and decane exhibit nearly identical spectral features, shown
in Figure 4(d), the analogous XCH calculations were not per-
formed for nonane. Due to the inherent similarities between
the liquid and vapor spectra, the first two peaks, centered at
287.2 eV and 287.7 eV were assigned by comparing to the
calculated spectrum for a single decane molecule, as shown
in Figure 4(e). The two peaks correspond to the C (1s) → σ ∗

(C–H) and C (1s) → σ ∗ (C–C) transitions, respectively. Un-
like the broad feature centered near 292 eV, these two peaks
are not significantly blueshifted in the liquid. This indicates
that the LUMO and LUMO+1 states are not appreciably per-
turbed by intermolecular interactions in the liquid phase. In
contrast, the broad feature centered at 292 eV arises from
many highly mixed and delocalized states. The calculated
spectrum of liquid decane exhibits the same broadening, shift,
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FIG. 4. Carbon K-edge X-ray absorption spectra for n-nonane and n-decane. All experimental spectra have been area normalized. (a) Previously measured
carbon K-edge absorption (TEY) spectra of n-nonane. Off-jet signal, shown in green, is the vapor signal originating from the microjet vapor jacket. (b) Carbon
K-edge absorption spectra of n-nonane measured simultaneously with TEY and upstream detection. Off-jet signal, shown in green, is the vapor signal originating
from the microjet vapor jacket. FWHM: off-jet: 2.70 eV; TEY: 3.24 eV; upstream: 4.26 eV. Blueshift relative to off-jet: TEY: 0.11 eV; upstream: 0.30 eV. (c)
Carbon K-edge absorption spectra of n-decane measured simultaneously with TEY and upstream detection. Off-jet signal, shown in green, is the vapor signal
originating from the microjet vapor jacket. FWHM: Off-jet: 2.13 eV; TEY: 4.25 eV; upstream: 5.45 eV. Blueshift relative to off-jet: TEY: 0.42 eV; upstream:
0.80 eV. (d) Comparison of carbon K-edge liquid phase spectra of nonane and decane measured with upstream detection. (e) Comparison of the calculated
carbon K-edge spectra for gas phase decane and liquid decane. Peak 1 (1s → σ ∗ (C–H), 287.2 eV) and peak 2 (1s → σ ∗ (C–C), 287.8 eV).

and reduction in intensity as the experimental spectrum. The
broadening observed in the liquid phase spectra of nonane
and decane is primarily a result of inhomogeneous broad-
ening, since the liquid linewidths considerably exceed the
gas phase linewidths, which are dominated by the core hole
lifetimes.

IV. CONCLUSIONS

Using the new upstream detection approach, unperturbed
spectra of two weakly interacting liquids, n-nonane and n-
decane, were obtained and exhibit very good agreement with
spectra calculated from first principles’ theory. With this win-
dowless approach, we are able to retain all of the advan-
tages gained from the use of liquid microjets while effectively

suppressing the gas phase background. With less volatile liq-
uids, such as water, an essentially complete elimination of the
gas phase background is observed. This opens the way for
general study of this new class of liquids and solutions.
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