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The design and operation of a low-volume spectroelectrochemical cell for X-ray
absorption spectroscopy (XAS) of solutions at room temperature is described.
Fluorescence XAS measurements are obtained from samples contained in the
void space of a 50 pL reticulated vitreous carbon (sponge) working electrode.
Both rapid electrosynthesis and control of the effects of photoreduction are
achieved by control over the flow properties of the solution through the working
electrode, where a good balance between the rate of consumption of sample and
the minimization of decomposition was obtained by pulsing the flow of the
solution by 1-2 pL with duty cycle of ~3 s while maintaining a small net flow
rate (26-100 uL h™'). The performance of the cell in terms of control of the
redox state of the sample and minimization of the effects of photoreduction was
demonstrated by XAS measurements of aqueous solutions of the photosensitive
Fe'' species, [Fe(C,0,);]’", together with that of the electrogenerated
[Fe(C,04)s]*~ product. The current response from the cell during the collection
of XAS spectra provides an independent measure of the stability of the sample
of the measurement. The suitability of the approach for the study of small
volumes of mM concentrations of protein samples was demonstrated by the
measurement of the oxidized and electrochemically reduced forms of
cytochrome c.

1. Introduction

Spectroelectrochemical (SEC) techniques have been shown to
offer significant benefits for the study of redox active mole-
cules (Kaim & Klein, 2008; Bond & Scholz, 2010). The main
value obtained from this strategy comes from the ability to
exert a high level of control over the redox form of the sample
under spectroscopic investigation. The art of the approach
comes from balancing the different advantages and dis-
advantages presented by the electrochemical and spectro-
scopic techniques. Similar considerations lie behind the
development of operando spectroscopy as is increasingly
important in the study of catalysis (Wachs, 2003; Weckhuysen,
2003) and batteries (Nakanishi et al., 2014; Permien et al.,
2016). It is important to make a distinction between approa-
ches that utilize electrosynthetic methods to generate a sample
[that can then be measured ex situ with X-ray absorption
spectroscopy (XAS)] and those that employ in situ spectro-
scopic interrogation of electrochemically generated
compounds. In the former case the state of the electro-
generated sample can be validated by independent spectro-
scopic methods; however, the sample must be maintained in its
electrogenerated state for the duration of the measurement.
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The collection of XAS of sufficient quality for structural
analysis presents significant challenges both in terms of the
rate of data collection and the additional complications caused
by photoreduction. It has been shown that the linking of
electrosynthesis and cryogenic stabilization of the electro-
generated product can allow the measurement of good quality
XAS data from reactive redox generated species (Bondin et
al., 2001, 2006a,b; Best & Cheah, 2010; Cheah & Best, 2011).

Several approaches have been reported that allow in situ
XAS measurements from samples in controlled redox states
and these use methodologies that range from bulk electro-
synthesis cells (typically of volume 1-10 ml) with large-
surface-area electrodes (Dewald et al., 1986; Bae et al., 2001;
Levina et al., 2004; Hennig et al., 2005; Milsmann et al., 2006;
Takao et al., 2010) to channel-flow cells (Wiltshire et al., 2009)
and cells optimized for the study of electrode transformations
(McBreen et al., 1987; Nakanishi er al., 2014). While bulk
electrosynthesis cells have been used to obtain XAS spectra,
the long electrosynthesis period (typically >10 min) makes
them impracticable for the study of short-lived reactive
species, or for samples, such as metalloproteins, that are only
available in small quantities. The channel-flow cell of Wiltshire
and co-workers presents a narrow cross-section (~1 mm?) and
a flow rate of 200 uL h™" would correspond to a residence
time of the sample of ~1s in a 50 um focused beam (Wiltshire
et al., 2009). However, the suitability of this approach is
limited by the comparatively small extent of electrosynthesis
able to be obtained under working conditions (5% conversion
when using a 400 pm-wide ribbon electrode).

In order to deal with the issues related to reactive
compounds and/or those that are only available in small
quantities, approaches have been developed that allow elec-
trosynthesis in a cell of dimensions able to be transferred to a
cryostat (Yeo et al., 2012). In this case the working electrode
(WE) also functions as the XAS sample holder and the elec-
trosynthesized sample is frozen in the WE and the cell
transferred to the beamline cryostat. Using this approach the
minimum sample volume is of the order of 200 pL.. While this
represents a significant advance, there are issues associated
with the perturbation of the sample as a consequence of
cooling to cryogenic temperatures. For transition metals in
biological and abiological environments the local structure
about the metal can be perturbed directly, through tempera-
ture-dependent changes in spin state (Nakamura & Takahashi,
2013; Day et al., 1967; Harris & Loew, 1993; Nihei et al., 2007,
Craig et al., 2014; Guionneau, 2014; Beattie, 1988), or indir-
ectly, through changes in protein conformation resulting from
the temperature-dependence of the pK, of the amino acid
sidechains (Alonso et al, 1991; Hutchens & Yip, 1991;
Osheroff et al., 1980). Spin equilibria is often encountered in
systems, such as heme proteins, where this can also be related
to exchange of the coordinating ligands; for example, the met
Fe' forms of heme proteins are often in spin equilibrium at
biologically relevant temperatures, with the high-spin aqua
form highly favoured, but the EXAFS determined structures
at 10 K show low-spin Fe'"" with bis-his coordination (Levina
et al., 2005). Further, the spin state of the metal can be

changed as a result of protein—protein interactions such as the
high- to low-spin state change associated with o-hemoglobin
specific binding protein (AHSP) binding to a-hemoglobin
(Feng et al., 2004; Dickson et al., 2013). Therefore, XAS
techniques are desirable that will enable the capture of the
structures of physiogically relevant spin-states of proteins and
to study their interconversions with potential physiological
partners.

Even in cases where the structures of metalloproteins under
physiological conditions are maintained at low temperatures,
photoreduction at modern high-flux beamlines can be so
significant that it is still not possible to obtain reliable struc-
tures from samples held at 10 K (George et al., 2012; Levina et
al., 2005, 2014, 2015). This is a conundrum because the high-
flux beamlines are required to obtain high-quality EXAFS
from dilute solutions of metalloproteins. The issue of photo-
reduction is particularly problematic for static solution
samples since diffusion allows chemical reactions between the
primary photoproducts (usually solvent) and the solute
species. Thus, it is important to develop methodologies that
take advantage of the high signal-to-noise ratios for XAS
measurements made achievable by high-flux beamlines, whilst
also mitigating the effects of photoreduction. At the extreme
of very high intensity free-electron laser beamlines, jet tech-
niques have been developed to allow XRD measurements in
a single X-ray pulse (Johansson et al., 2012; Chapman et al.,
2011) but this comes at a cost of sample; the strategy we
propose is to obtain measurements from a flowing solution,
where control of the flow can both minimize photoreduction
and limit the sample requirements for collection of XAS with
quality suitable for structural analysis.

In this contribution we describe the design of a low-volume
SEC cell for in situ XAS where the sample under spectro-
scopic investigation is in close contact with the WE of the
electrochemical cell. Key requirements of the approach are:
(i) the redox state of the sample under irradiation is controlled
electrochemically; (ii) the volume of sample needed for the
collection of high-quality XAS spectra is of the order 100-
200 pL; and (iii) the sample degradation by the X-ray beam
can be controlled. The successful operation of the cell is
demonstrated by the quality of the XAS spectra collected
from solutions of K;[Fe(0x);], together with that of its elec-
trochemically reduced partner, [Fe(ox);]*”. The suitability of
the approach for the study of metalloproteins is demonstrated
by measurement of the oxidized and reduced forms of cyto-
chrome ¢ (cytc) that we have studied previously at 10 K
(Cheng et al., 1999).

2. Experimental
2.1. Chemicals and materials

Unless otherwise stated, chemicals were obtained from
Sigma-Aldrich and were used without further purification.
Horse heart cyt ¢ was obtained from Sigma (>95%, cat. No.
C2506) and was used without further purification. Samples of
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K;[Fe(ox);] were prepared by standard methods (Malati,
1999).

Electrochemical measurements were conducted in the
purpose-built cell described in the following section. The cell
incorporated a Cypress systems EE009 no leak Ag/AgCl
reference electrode (RE) and the WE and counter electrodes
(CE) were constructed from reticulated vitreous carbon
(500 p.p.i.; Destech Corporation), which had been treated by
immersion in concentrated sulfuric acid and thoroughly rinsed
with MilliQ water so as to render the surface hydrophilic.
Solutions of K;[Fe(0x);] (5.0 mM) were prepared using MilliQ
water with K,SO, (0.2 M) as the supporting electrolyte and
solutions of cyt ¢ (5.0 mM) contained 10 mM 4,4’ -bipyridine to
mediate electron transfer in the phosphate-buffered saline
(20 mM phosphate, 140 mM NaCl, pH 7.4) (Eddowes & Hill,
1979). All solutions were degassed prior to loading into the
gas-tight syringes.

2.2. Cell design and operation

Vertical and horizontal sections through the WE compart-
ment of the XAS-SEC cell are shown in Fig. 1. The cell body
was constructed from KelF or glass-filled Teflon with cavities
to accommodate the 2 mm x 2 mm X 12 mm WE, the 6 mm-
diameter CE and a 2 mm hole for insertion of the RE. The
space between the electrodes was packed with glass beads (45—
60 mesh; Selby) of a diameter sufficiently large to be excluded
from the cavities of the reticulated vitreous carbon (RVC)
electrodes. The purpose of the glass beads is to minimize
mixing between the solution in the working electrode and the
supporting electrolyte. Liquid chromatography fittings were
used to seal the 1/16-inch outer-diameter Teflon tubing into
the cell. The WE and CE were cut from a sheet of RVC and
both electrodes were carefully placed in their respective
positions in the XAS-SEC cell and electrical contact was
achieved through mechanical contact with platinum wires
sealed into the cell body. An O-ring seal ensured an air-tight

| Reference electrode (RE)

RVC Working | | el bocy Beam™.
electrode (WE) Glass beads in N\
__________ = o (45-60#)
Kapton— [ £ N
apfon —— RVC Counter E
electrode (CE) =

sl
[ .CE filing port .
. .

CE connection

Figure 1

Vertical (left) and horizontal (right) sections through the working electrode chamber of the
fluorescence X-ray absorption spectroscopy spectroelectrochemical (XAS-SEC) cell. The control of
solution flow is achieved using syringe pumps and 1/16-inch Teflon tubing. The inlet and outlet tubes
of the WE are sealed with the aid of Teflon ferrules; a flanged seal was used for the CE tubing.

seal between the RE and the cell body. A Kapton sheet
clamped against the cell block encloses the WE chamber while
minimizing the absorption of X-rays. Redox reaction between
the dye in the Kapton film and the redox-generated molecules
has been observed when conducting reductions using non-
aqueous solutions; this issue can be avoided by the use of
Teflon-coated Kapton.

During cell operation, exclusion of air was achieved by
introduction of the solvent/supporting electrolyte through the
CE filling port without the RE sealed in the cell. Atmospheric
contamination can be minimized by maintaining a flow of N,
through the WE inlet and outlet ports. Once the level of the
solution was visible in the RE cavity, the flow of solution and
gas was stopped and the RE was fixed in place and the solution
flow through the CE was restored with the solution drained
through the WE inlet and outlet ports. At this point the
electrochemical performance of the cell was checked by
monitoring the changes in background current with a change
of applied potential.

Finally, the flow of solvent/supporting electrolyte was
stopped and the inlet and outlet ports of the WE were then
connected to their respective matched syringe pumps. At this
point the cell was a closed system and the inlet and outlet
syringes must be driven synchronously so as to achieve a flow
of solution through the cell while minimizing any pressure
change. The volume of solution needed to transfer the solution
front from the syringe through to the exit of the sample
chamber depended on the inner diameter and length of the
Teflon tubing. For the experiments described below, 0.02-inch
inner diameter Teflon tubing with flange seals were used and
~95 pL was required to transfer the solution from the syringe
through the Hamilton HV valve to the entry point of the cell.
This could be reduced to ~26 pL by the use of 0.01-inch inner
diameter Teflon tubing (Fig. 1).

The flow of solution through the XAS-SEC cell was
achieved using a reciprocating pair of syringes driven by the
same pulse train but having their direction of travel reversed.
In order to maximize contact of the
solution with the WE and to minimize
the net consumption of the sample a
pulsed flow pattern was applied
during electrochemical reactions and
throughout the collection of XAS
spectra. An example of a 41:40 pulse
pattern is shown in Fig. 2, where this
involves the forward flow of solution
corresponding to 41 stepper motor
(SM) pulses followed by the backflow of
solution by 40 SM pulses to complete
the cycle. For each change in direction
there is a deceleration and acceleration
programmed so as to minimize the
mechanical stress on the SM. For the
1 ml syringe and SM/lead screw combi-
nation pump used for the experiment,
24 stepper motor pulses were required
to displace 1 pL of solution; conse-

WE Outlet
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= standard with the first inflection point,
Ey, set to 7110.75 eV (Kraft et al., 1996).

XAS were typically collected
between 6914 and 7974 eV (6914-
7093 eV, 8 eV step, 2s; 7093-7163 eV,
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0.25 eV step, 2s; above 7163 eV, step
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Figure 2

Stepper motor pulse profile used for a single cycle for a 41:40 pulse flow experiment. The solution
flow is ramped with each change of direction. For a 1 ml syringe this gives a forward flow of 1.667 pL.

and reverse flow of 1.625 pL in each cycle.

quently a net flow of 1 SM pulse per cycle corresponds to a net
solution flow of 26 uL h™'. The net flow depends on the
number of back steps, the differential between the number of
forward and back steps, slew rate and the acceleration/decel-
eration ramp, where each is able to be adjusted so as to
minimize the effects of both photoreduction and disturbance
of the solution.

2.3. Beamline and equipment

2.3.1. Equipment. Teflon tubing and fittings (Alltech) were
used in conjunction with Hamilton HV valves and Hamilton
gas-tight syringes to enable solution flow to the XAS-SEC cell.
The stepper motor syringes were built in the workshop of the
University of Melbourne and controlled using CNC CAT
TB6560 stepper motor driver board interfaced to the printer
port of a PC. In-house programs were developed for
controlling the stepper motors.

A PAR model 363 potentiostat was controlled using either
an eDAQ e-corder 207 interface and Chart (AD Instruments)
software or a NI interface (BNC-2090A) integrated into the
EPICS experiment control software. XAS experiments were
recorded after the initial exponential current change was
complete (typically 1-2 min). Typical current decay plots are
shown in Fig. 3(b). An important diagnostic of the state of the
sample is the stability of the current response during XAS
data collection. For the pulsed-flow pattern used for the
experiment, the current response depends on the solute
concentration and the net flow rate. The current response
for XAS collection from trioxalatoferrate(Il) is shown in
Fig. 3(d). In cases where the sample flow through the electrode
is disturbed by the formation of gas bubbles or the build-up of
decomposition products, the current response becomes irre-
gular (e.g. Fig. 3e).

2.3.2. Beamline. Iron K-edge XAS experiments were
performed at the wiggler XAS beamline at the Australian
Synchrotron (Glover et al., 2007). The storage ring operated
at 3.0 GeV in top-up mode (200 mA). The incident photon
energy was controlled using a cryogenically cooled Si(111)
double-crystal monochromator, operated at the top of the
rocking curve (‘fully tuned’). Higher-order harmonics were
rejected using an upstream vertically collimating mirror (Si),
and a downstream toroidal focusing mirror (Rh). The energy
scale was calibrated using an Fe metal foil as an internal

size approximately constant in k,
increasing count time from 2 to 10 s) in
fluorescence mode using a 100 pixel
HP-Ge detector (Canberra). The 100
individual channels were normalized
using the freeware Sakura (Kappen et
al., 2015).

Calibration, averaging of multiple measurements and
normalization of XANES data were performed using the XFit
software package (Ellis & Freeman, 1995). The spectra were
normalized (using the Spline program within the XFit
package) according to the method of Penner-Hahn and co-
workers (Weng et al, 2005) to match the tabulated X-ray
cross-section data (Hubbell et al., 1974, 1975) for Fe [in a
similar manner to the earlier work on Cr(II1T) XANES spectra]
(Nguyen et al., 2008).

3. Results and discussion

A key element of the strategy underpinning the XAS-SEC cell
design is the pulse-flow pattern of solution in the WE. This
both maximizes contact between the solute and the WE (Yeo
et al., 2012) and can minimize the impact of photoreduction
while maintaining efficient use of the sample. The utility of
the approach is demonstrated by experiments conducted on
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Figure 3

Applied potential and current response from the XAS-SEC cell of a
15 mM solution of K;[Fe(ox);3] in aqueous KCI (0.2 M) subject to a 41:40
pulse flow; (a, b) immediately following the application of an oxidizing
potential to a reduced sample; (c, d) during the collection of the XAS
spectra. Trace (e) shows the current response for a sample where gas
bubbles had formed in the WE compartment.
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solutions of K;[Fe(ox);], a well known chemical actinometer
(Baumann et al., 1983; Fischer & Warneck, 1996; Krishnaan
et al., 1981). Photoexcitation leads to Fe' reduction and the
oxidation of oxalate to CO,. Spectra recorded from the XAS-
SEC cell for static and pulsed solutions of K;[Fe(ox);3] are
shown in Fig. 4. For the static solution there was poor repro-
ducibility of the XAS which was manifest by an offset in the
fluorescence intensity, the magnitude of which was not
constant across the spectrum (Fig. 4, green traces). At longer,
and variable, times there was a catastrophic loss of fluores-
cence intensity and a change in profile of the spectrum (Fig. 4,
pink traces) which was consistent with the formation of gas
bubbles at the point of irradiation of the sample. The appli-
cation of the 41:40 pulse sequence shown in Fig. 2 allowed the
collection of spectra that were consistent with a well defined
Fe' species and with a high level of short- and long-term
reproducibility of the spectra (Fig. 4, blue traces). The
observed XANES matched closely that of the spectrum
reported for intercalated [Fe(ox);]>~ in Mg,Al layered double
hydroxide (Huang et al., 2012). It is important to note that the
pulsed flow leads to a steady state concentration of illumi-
nated sample. If a 2mm Xx 2 mm section of solution is
considered to move back and forth with the pulsed flow, then
the 41:40 pulse would correspond to a residence of 14 min in
the 1.5 mm-wide beam. Since the beam height (0.25 mm) is
less than the 2 mm height of the sample slot, mixing would
reduce the effective residence time by a factor of eight, this
being further reduced when account is taken of the lowering
of the beam intensity with depth into the sample. Thus, the
41:40 pulse flow would correspond to a steady state with the
sample exposure to the X-ray beam equivalent to ~1 min of
irradiation of a static sample. Further, the flow characteristics
of the system can be easily modified to accommodate the
photosensitivity of the sample.

141 [Fe(ox)s”
12}
i S a
> A /f ——
c
2o
£
el
b /v.'.\
© ‘\
E 0+ NS z
: \ S
z ! x22
—— pulsed flow (3 spectra)
—— static (first 2 spectra)
static (later spectra)
| | | | | | |
7120 7140 7160 7180 7200 7220 7240 7260
Energy/eV

Figure 4

Room-temperature (~293 K) XAS spectra of aqueous solutions of
K;[Fe(ox);] (15 mM) with 0.2 M KCI from static solutions (green and
pink) and solutions subject to a 41:40 pulse flow (blue, three spectra).

In addition to the spectra shown in Fig. 4, the impact of the
pulsed flow on the background noise was assessed by moni-
toring time scans at constant energy. It was found that shorter
higher-frequency pulses (e.g. 41:40 pulse) did not significantly
increase the background noise while longer lower-frequency
pulses (e.g. 500:490) introduced a sinusoidal component to the
background signal.

While very stable results were generally obtained under
pulsed flow conditions, some problems were also encountered
due to the development of gas bubbles in the WE. This may be
due to incomplete degassing of the solution, slow build-up of
CO, from photoreaction or possibly the diffusion of the He
surrounding the sample through the Teflon tubing. The latter
alternative is consistent with an increased incidence of bubble
formation with larger inner diameter Teflon tubing. While He
diffusion may be prevented by the use of higher-density tubing
(PEEK, PEEKsil) the current room-temperature sample
environment is too constricted to allow the use of less flexible
tubing. Notwithstanding these issues, the current results
demonstrate that the pulsed-flow method provides a very
stable solution sample for XAS measurements. Most impor-
tantly, photodamage can be minimized while maintaining a
very low net sample requirement (26 pL h™).

The electrochemical performance of the XAS-SEC cell is
demonstrated by reduction of [Fe(ox);]>” at a potential of
~50 mV (versus normal hydrogen electrode), this being in a
range close to that of heme proteins (Burgess, 1978). The
application of a reducing potential of —400 mV to the WE
immediately resulted in a strong current response that
decayed to a steady-state current over a period of ~20s
(Fig. 3b). Recovery of the oxidized species was obtained by
application of a potential of +0.4 V where the redox inter-
conversion was complete in a similar time period. Associated
with the electrochemical conversion between the
[Fe(ox);]> "~ species are changes in the XANES, which are
consistent with quantitative conversion between the species in
the WE (Fig. 5). While the XANES spectrum of an authentic
sample of [Fe(ox)s]*” appears not to have been published
previously, the changes in the pre-edge features together with
the sign and magnitude of the edge shift are consistent with
that expected for Fe'" and Fe™' complexes and the general
form of the spectra are consistent with that of Fe(ox)-2H,O
(Fang et al., 2012). This material has octahedral coordination
of the Fe' centre with a pair of trans water molecules with two
oxalate ligands completing the coordination sphere. The
oxalate ligands bridge adjacent Fe centres to give a linear
chain structure (Yu et al., 2006). Comparison can be made
between the XANES of trioxalatometallate(III/II) complexes
of Fe and those recently published for Co; the latter were
recorded as solids dispersed in cellulose and measured at 15 K
(Best et al., 2016) (Fig. 5). Owing to the difference in valence
electron count, some spectral changes are expected on moving
from Fe to Co:; however, the Fe'l and Co™ complexes are
isoelectronic with similar geometry. As such, they may
otherwise be expected to exhibit similar pre-edge features but
this is not the case due to differences in spin state, with low-
spin Co'"" (Zari¢ & Niketi¢, 1991) and high-spin Fe'' (de S.
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Stephen P. Best et al. » XAS spectroelectrochemistry 747



research papers

415
—— [Co(ox),]* Tt e
A :
------ [Co(ox);] 1.0
0.5
T
2>
‘B
g
£ . 7700 7704 7708 7712 5
8 7700 7710 7720 7730 7740 7750 7760
(2]
g 161
S
Z 14t
— [Fe(ox
il [Fe(ox)s]
"""" [Fe(ox)s]
1.0
o8t i T
0.6F
0.4r
021 7108 7112 7116 7120
7110 7120 7130 7140 7150 7160
Energy/eV
Figure 5

Redox-state dependence of the XAS spectra of trioxalatometalate(III/IT)
complexes. Top: K;[Co(ox);] and K4[Co(ox);] dispersed in cellulose
measured at 15K (Best er al, 2016). Bottom: room-temperature
(~293 K) solution spectra of [Fe(ox);]>~ and [Fe(ox)s;]*~ obtained by
in situ electrogeneration using the XAS-SEC cell.

Barros & Friedberg, 1966; Wendlandt & Simmons, 1966). For
the low-spin, (tzg)6, complex the pre-edge transitions will be of
1s — 3d (e,) character (7706 eV), which even with multiplet
splitting gives a single feature. The high spin, (tzg)4(eg)2,
complex will have pre-edge transitions with both 1s — 3d (,,)
and 1s — 3d (e,) character and span a wider energy range
(7112.5-7114.5 eV). Further, the simple one-electron reduc-
tion of [Fe(ox)s]*~ in the XAS-SEC cell is clearly demon-
strated by the similarity of the edge shift (~2.5eV) of the
trioxalatometallate(III/II) complexes of Fe and Co. It is
significant that the transformation can be achieved with
control over photolytic decomposition of the sample and with
very modest sample requirements.

An important area of application for the XAS-SEC cell
is the study of redox proteins, and the applicability of the
approach to biomolecules is demonstrated by preliminary
measurements conducted on the redox transport protein,
cyt c. Spectra were measured from relatively concentrated
protein samples (5 mM) and with 4,4’-bipyridine as the redox
mediator (Eddowes & Hill, 1979). Spectral changes consistent
with the reduction of the Fe'"" form were observed immedi-

ately following the application of a reducing potential;
however, reproducible spectra consistent with the fully
reduced form required ~ 10 min (Fig. 6a) to develop. The slow
rate of electrosynthesis is consistent with the low rate of
heterogeneous electron transfer and this is reflected by the
current response from the XAS-SEC cell (Fig. 6b). The
stability of the current response during the collection of XAS
is an important independent check of the stability of the
sample and the state of the WE during the experiment.

The spectra of cyt ¢ show a seemingly complicated set of
potential-dependent spectral changes that are most straight-
forwardly interpreted using the pre-edge features. Prior to
reduction, a broadened band at 7114 eV is observed (Fig. 6a),
this being most consistent with low-spin ferricyt ¢ (Cheng et
al., 1999; Giachini et al., 2007). Reduction leads to broad pre-
edge features near 7112.5 and 7114.5 eV reminiscent of high-
spin [Fe(ox);]*~ and attributable to high-spin ferrocyt c. This
is in contrast to measurements from samples at low
temperatures (Cheng et al., 1999; Giachini et al., 2007) where a
single sharp pre-edge feature near 7112 eV is observed and
interpreted as due to a low-spin form. Reoxidation is not
accompanied by the recovery of the initial spectrum, but is
marked by a small shift of the bands to higher energy with an
increase in intensity and decrease in the half-widths. These
observations are typical of high-spin Fe" and Fe"' proteins
(Rich et al., 1998) and suggest that oxidation leads to high-spin
ferricyt c. The conversion of low-spin to high-spin ferricyt ¢ by
redox cycling through high-spin ferrocyt ¢ has been previously
reported based on surface-enhanced resonance Raman
measurements (Hildebrandt & Stockburger, 1986), where the
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Figure 6

XAS-SEC of cyt c. (a) XANES spectra recorded during a reduction/re-
oxidation sequence. The spectra are labelled according to their order of
measurement with the applied potential as indicated. (b) The current
response recorded during the measurement of the spectra.
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role of the Ag electrode in stabilization of the high-spin Fe'!

form a matter of speculation. The XAS-SEC measurements
from cyt ¢ suggest that similar behaviour occurs at a carbon
electrode. A more detailed exploration of these effects
requires further studies with more biologically relevant redox
mediators and is beyond the scope of this manuscript.
However, the current experiments demonstrate the impor-
tance of complementing cryogenic measurements with XAS
spectra recorded under physiologically relevant conditions.

4. Conclusions

Sampling strategies for the measurement of XAS spectra from
solutions either in their resting or redox modulated states have
been described. The approach allows the optimization of flow
patterns so as to minimize beam damage while limiting the
quantity of sample needed for the measurement of XAS
spectra. The XAS-SEC cell in the pulsing mode allows rapid,
controlled in situ electrosynthesis, and, when combined with
rapid modes of data collection (Ginder-Vogel et al., 2009;
Zhang et al., 2015) and advanced spectroscopic techniques
(Chen et al., 2014), will facilitate the study of reactive species
generated at specific potentials under conditions of pH and
ionic strength that match those relevant to the chemical or
biochemical sample. These issues are particularly important to
resolving the details of catalytic systems but can also impact
significantly on measurements from environmental samples
where beam damage constraints require that measurements be
conducted at low temperatures. The low and efficient use of
sample makes possible XAS structural investigation of the
stable redox states of metalloproteins available only in
~1 mM concentration in 0.5-1 ml quantities.
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