J. Phys. Chem. B 2006, 110, 17671-17677

17671
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Time-resolved in situ video monitoring and ultraviolet-visible spectroscopy in combination with X-ray
absorption near-edge spectroscopy (XANES) have been used for the first time in a combined manner to
study the effect of synchrotron radiation on a series of homogeneous aqueous copper solutions in a microreactor.
This series included both non biologically relevant (pyridine, bipyridine, neocuproine, terpyridine, dimethylpyridine, ammonia, ethylenediamine, and 1,10-phenanthroline) and biologically relevant (histidine, glycine,
and imidazole) ligands. It was found that when water is present as solvent, gas bubbles are formed under the
influence of the X-ray beam. At the liquid-gas interface of these bubbles, in particular cases colloidal copper
nanoparticles are formed. This reduction process was found to be influenced by the type of copper precursor
salt (SO42-, NO3-, and Cl-), the ligands surrounding the copper cation, and the redox potential of the copper
complexes (ranging between +594 and -360 mV). In other words, in some cases, no reduction was encountered
(e.g., ammonia in the presence of SO42- and NO3-), whereas in other cases reduction to either Cu+ (neocuproine
with SO42-) or Cu0 (e.g., histidine and imidazole both with SO42-, NO3-, and Cl-) was observed. These
results illustrate the added value of video spectroscopy for the interpretation of in situ XANES studies. Not
only do the results give an illustration of the parameters that are important in the redox processes that occur
in biological systems, they also show the potential problems associated with studying catalytic processes in
aqueous solutions by XANES spectroscopy.

Introduction
X-ray absorption near-edge spectroscopy (XANES) is an
element-specific characterization technique that is commonly
applied in various fields of chemistry for the elucidation of the
oxidation state and coordination environment of transition
metals. To obtain this kind of information, the sample has to
be exposed to X-rays. XANES is, in a way, a destructive
characterization technique since a photoelectron is ejected from
one of the core levels of the absorber atom, leaving behind a
core hole.1,2 Via different kinds of radiative and nonradiative
decay processes, the core hole in the absorber atom is filled by
electrons from higher shells. For all shells other than 1s, Auger
is the dominant decay channel, so the most likely path is a 1s2p
radiative decay process, followed by various Auger channels.
This ultimately leaves an absorber atom with two, three, and
possibly more electrons missing in the shell with the highest
energy, the valence shell. Most of the time, the holes are filled
up by electrons from the direct environment of the absorber
atom, and in that way the direct surroundings of the absorber
atom are affected. If this is not the case, charging of the
specimen may occur.
When dealing with X-rays, one can generally distinguish
between two types of radiation damage. Primary beam damage
is caused by the direct interaction of the ionizing radiation with
the electrons in the object via photoelectric, Auger, or Compton
effects, which can cause direct damage to the chemical bonds
within the specimen. This interaction also leads to the formation
of energetic electrons, which are capable of generating additional
* To whom correspondence should be addressed. Phone: +31-302534328. Fax: +31-30-2511027. E-mail: b.m.weckhuysen@chem.uu.nl.

reactive species such as free radicals, which can also react with
and alter the chemical state of the specimen. This is known as
secondary beam damage. For crystalline samples a third type
of radiation damage may also occur when the initial primary
or secondary beam damage can cause a destabilization of the
lattice, leading it to collapse, a process often referred to as
tertiary beam damage.3,4 The primary beam damage only
depends on the energy of the incident radiation and the photons
absorbed, while secondary and tertiary beam damages depend
on the properties of the specimen.
With the advent of high-brilliance, highly focused X-ray
beams from third-generation synchrotron sources, the observation of beam damage or beam influence in various types of
samples is becoming more common and poses a number of
problems. For example, it becomes difficult to determine the
physical and chemical properties of the sample such as its
structure or function.5-12 This is especially important for the
study of catalytic mechanisms since specific species, often
considered as potential reaction intermediates and active sites,
are formed in a reaction mixture. Normally such information is
achieved under time-resolved measurement conditions, but one
should be aware that the X-ray beam itself might induce the
observed changes to the catalytic system under study, especially
in circumstances where the experimental time resolution relies
on increasing photon statistics rather than improvements in
detector performance.13 While a number of novel approaches
have been developed to counter this problem, it is clear that to
fully utilize the X-ray beams now available a more fundamental
understanding of the chemical processes involved in radiation
damage is of paramount importance, so, where possible,
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SCHEME 1: Ligands Used in the Copper Complexes That Were Tested in Aqueous Solutions under the Influence of
the X-ray Beam: (a) Pyridine, (b) Imidazole, (c) Bipyridine, (d) L-Histidine, (e) Neocuproine, (f) Terpyridine, (g) Glycine,
(h) Dimethylpyridine, (i) Ammonia, (j) 1,10-Phenanthroline, (k) Ethylenediamine

appropriate actions can be taken.14-17 However, it should also
be noted that this effect is not always considered with such a
negative perspective since it has also been successfully utilized
in a novel way to prepare nanometer-sized metallic clusters.18-20
This work was originally targeted toward kinetic studies on
the catalytic mechanism of aqueous Cu2+-containing solutions
by using a combined in situ ultraviolet-visible (UV-vis)/
XANES setup. However, the X-rays caused problems with the
reproducibility of the kinetic measurements and led finally to
the observation that the X-rays themselves can have a strong
effect on the catalytic activity and stability of the copper
complexes under study. In this paper, we present a systematic
study on the influence of the effect of the X-ray beam on
aqueous solutions containing copper complexes. Ligands which
are both non biologically relevant (pyridine, bipyridine, neocuproine, terpyridine, dimethylpyridine, ammonia, ethylenediamine, and 1,10-phenanthroline) and biologically relevant
(histidine, glycine, and imidazole) are investigated. Next to in
situ UV-vis spectroscopy and XANES, high-resolution video
spectroscopy was applied to obtain a clearer insight into the
chemical processes that are occurring within the cuvette of the
stopped-flow microreactor as soon as the aqueous copper
solutions are exposed to the X-ray beam. An additional
advantage to the video imaging is that it allowed us to probe
the contents of the entire cuvette rather than simply the area at
the focal point of the incoming light, which is typically at a
maximum for UV-vis light on the order of a few millimeters
and is therefore comparatively smaller. This allowed us to
observe more clearly the processes of Cu2+ reduction and
colloidal particle formation. We believe that this study is the
first of its kind where the use of a combination of real timeresolved in situ video monitoring and UV-vis spectroscopy has
been used to give detailed insight into the potential effects that
X-ray beams may have on aqueous transition-metal-ion solutions. Furthermore, the observed findings may have broader
implications for the field of transition-metal-ion catalysis as well
as bioinorganic chemistry, as it gives an illustration of the factors
that are important in the redox processes that occur in biological
systems.

methyl-2-pyrrolidinone; Biosolve, HPLC grade) were all used
without further purification. The concentrations, the ligand to
copper ratios, and the copper precursor salts used for the
preparation of the solutions are summarized in Table S1 in the
Supporting Information.
Spectroscopy. The video/UV-vis/ED-XANES data were
collected at the undulator beamline ID24 at the European
Synchrotron Radiation Facility (ESRF) (Grenoble, France). A
specially designed setup was used (see Figure 1for a schematic
overview) which was based on a setup previously used to obtain
combined UV-vis/ED-XANES data.21 In this setup either video
movies or UV-vis spectra can be collected in combination with
the ED-XANES data. The video movies and the UV-vis spectra
are collected in an orientation perpendicular to the direction of
the X-ray beam.
For measurements, the solutions were brought into a specially
designed black quartz cuvette using the commercially available
Bio-logic stopped-flow module (SFM-400). The cuvette has a
path length in both the X-ray and UV-vis directions of 5 mm
and a total sample volume of 80 µL. The windows in the X-ray
direction are made out of vitreous carbon (1 mm thick) to
minimize X-ray absorption, whereas the windows perpendicular
to the X-rays through which the UV-vis and video data were
collected are made of clear quartz. An approximate X-ray photon

Experimental Section
Chemicals and Solutions. An overview of the different
ligands of which aqueous copper complexes were prepared is
shown in Scheme 1. The metal salts Cu(NO3)2‚3H2O (Acros
Organics, p.a.), CuSO4‚5H2O (Merck, p.a.), and CuCl2 (Merck,
anhydrous 99%), the ligands pyridine (Acros Organics, 99+%),
imidazole (Acros Organics, 99+%), L-histidine (Janssen Chimica, 98%), neocuproine (Sigma-Aldrich), 2,2′:6′,2′′-terpyridine
(Aldrich, 98%), glycine (Acros Organics, p.a.), ammonia
(Merck, 25% solution, p.a.), and ethylenediamine (Acros
Organics, 99%), and the solvents water (99%) and NMP (1-

Figure 1. (a) Overview picture of the video camera focused on the
cuvette in the observation head on top of the stopped-flow module in
the experimental hutch of beamline ID24 at the ESRF. (b) Enlarged
view of the video image obtained through the cuvette window and
schematic of the experimental setup detailing where the video camera
image was taken in relation to the cuvette and incoming X-ray beam.
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Figure 2. Demineralized water exposed to X-rays as a function of
time, as probed by video spectroscopy after (a) 0 s, (b) 400 s, (c) 500
s, (d) 750 s, (e) 1000 s, and (f) 1200 s.

flux of 1012 photons s-1 over an energy range of 8910-9250
eV was focused using a curved Si(111) Bragg polychromator
crystal to a spot size of 0.03 × 0.2 mm2 (H × V, fwhm). The
XANES data were collected using a phosphorus-masked Peltiercooled Princeton CCD camera. The UV-vis spectra (in the
range from 200 to 735 nm) were collected in transmission mode,
perpendicular to the incident X-ray beam, using an MMS-UV1/
500-1 high-speed diode spectrometer equipped with optical
fibers. The video movies were recorded at a speed of 25 frames
s-1 using a Sony Digital Hyper HAD color video camera,
equipped with a high-magnification lens (see Figure 1a).
Results and Discussion
Radiolysis of Aqueous Solutions. First, as a blank experiment, demineralized water (without copper) was exposed to the
X-ray beam. As soon as the sample was exposed to the X-ray
beam, the formation of gas bubbles in the cuvette was observed.
Snapshots from the in situ video movie at different moments
in time are presented in Figure 2. As can be seen in Figure 2,
gas bubbles are formed which grow in time, so after 1200 s the
gas bubbles almost occupy the entire cell volume. The experiment was repeated several times, and every time the formation
of bubbles was observed. The speed of the growth of the bubbles
was found to be dependent on the flux of the incoming X-ray
beam: the higher the flux, the faster the speed of growth of the
gas bubbles. This observation strongly indicates that the gas is
formed as a result of a direct interaction between the X-rays
and the water. In the literature this process is known as
radiolysis; which is the disintegration of molecular species under
the influence of radiation.22,23 Radiolysis of water is known to
cause fragmentation of the water to form a number of both
radical and ionic species. This fragmentation phenomenon is
both a primary and a secondary process since the high-energy
beam first produces a “free electron” which is able to undergo
further reaction with water as demonstrated in eq 1.24,25
H2O

H2O + hνX-ray f H2O+ + e-dry 98 H3O+ + HO• + e-aq
(1)
The majority of these species recombine to re-form water, but
the radiolysis products individually also may recombine, forming
new species, such as H2 and H2O2.22,23,25-27 In high-purity water
H2O2 is stable and accumulates, whereas the same holds for

Figure 3. Aqueous 100 mM copper-histidine (1:2) solution at pH
3.4 exposed to X-rays as a function of time, as probed by video
spectroscopy after (a) 0 s, (b) 400 s, (c) 500 s, (d) 750 s, (e) 1000 s,
and (f) 1200 s.

the H2 gas. When in the initial situation a (small) bubble is
present, this bubble will grow by the transportation of hydrogen
gas that is formed by the radiolysis of water toward the bubble.
When initially no bubble is present, the H2 concentration within
the solution will increase up to a certain critical gas concentration, after which spontaneously a macroscopic bubble will be
formed. Therefore, in principle, the formation of hydrogen gas
(and eventually the formation of gas bubbles) cannot be
prevented when aqueous solutions are exposed to X-rays.
However, the rate of the formation of the hydrogen gas will be
larger for high-flux X-ray beamlines than it is for low-flux X-ray
beamlines.
The situation becomes more complicated when solutes are
present in the water, as these solutes can start to interfere with
the recombination process of water after radiolysis or react with
the accumulating H2 and H2O2 species.22,23,25-27 At low solute
concentrations the interactions between the radiolysis products
of water and the solute will prevail, but at higher solute
concentrations also the products of the radiolysis of the solute
and the interaction with their environment may start to play an
important role. Therefore, if one wants to study the effect of
the radiolysis products of water on a certain system, solute
concentrations should be kept as low as possible. In our case
we chose to study aqueous solutions of different copper
complexes at concentrations of 100 and 20 mM, as we were
interested in the catalytic mechanism of copper-complexcatalyzed oxidation reactions.28
Copper-Histidine. When an aqueous solution containing 100
mM Cu2+-histidine (1:2) complex at pH 3.4 was exposed to
the X-ray beam, again the formation of gas bubbles was
observed. However, this time additional phenomena could be
detected. This is shown in Figure 3, where snapshots obtained
from the in situ video movie (Supporting Information, Movie
S1) are presented. Next to the gradual bubble formation,
colloidal particles start to form, beginning at the position where
the X-ray beam is entering the cuvette. This can be seen in
Figure 3c,d, where a jet of particles can be observed which
almost appears to come from the gas bubble itself. In time these
particles pile up at the bottom of the cuvette as debris. It is
difficult at this stage to be sure what is responsible for the
reduction of the copper complex to form the colloidal metallic
particles. The following can be considered as plausible explanations. First, the presence of H2 in the solution (Figure 3b) and
in the gas bubble (Figure 3c) reacts to reduce the Cu2+ in the
aqueous solution to Cu0, leading to the formation of colloidal
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Figure 4. Aqueous copper-histidine (1:2) solution at pH 6.0 exposed
to X-rays as a function of time, as probed by video spectroscopy after
(a) 0 s, (b) 45 s, (c) 120 s, (d) 240 s, (e) 360 s, and (f) 600 s.

Figure 5. UV-vis spectra of the 100 mM aqueous copper-histidine
(1:2) solution at pH 6.0 as a function of the exposure time to the X-ray
beam.

copper particles. Alternatively, a reaction with the “hydrated
electron”, which is also one of the products of the radiolysis of
water (eq 1), may lead to a direct reduction.
In the next experiment again an aqueous solution containing
100 mM Cu2+-histidine (1:2) complex, but this time at pH 6.0,
was exposed to the X-ray beam. The pH of this solution was
adjusted to 6.0 using a dilute NaOH solution. Next to video
monitoring, also in situ UV-vis and XANES spectra were
collected on the same sample. The data are presented in Figures
4-6. Figure 4 shows the different snapshots from the in situ
video movie (Supporting Information, Movie S2). Again the
same phenomena as with the copper-histidine solution at pH
3.4 can be observed: gas bubbles and colloidal copper particles
are formed in time. However, the formation of the colloidal
copper particles occurs this time on a much faster time scale.
After only 45 s (Figure 4b) a wave of colloidal particles comes
down from the plane of the X-ray beam (which is focused in
the center of the cuvette). This process is repeated several times
within the first few minutes of the solution being exposed to
the X-ray beam. The different layers from the several waves of
colloidal particles gradually pile up (due to gravity) at the bottom
of the cuvette as can be seen in Figure 4c,d. From these results
it is strongly suggested that the colloidal copper particles are
formed along the plane of the X-ray beam and thus that the
X-ray beam is responsible for the reduction of the copper. It is
not clear whether this is due to primary or secondary damage.
Additional evidence for Cu2+ reduction was observed in the
UV-vis and XANES data. Figure 5 shows the UV-vis spectra
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Figure 6. XANES spectra of the aqueous Cu-histidine (1:2) solution
at pH 6 as a function of time. Arrows A and B indicate the trend as a
function of the reaction time. The time interval between two successive
XANES spectra is 20 s.

of the content of the cuvette as a function of the exposure time
to the X-ray beam. Initially, the d-d transition of the Cu(II)histidine (1:2) complex at 650 nm can clearly be observed.29,30
The intensity of this absorption band decreases with exposure
time, which is indicative of the disappearance of Cu2+ and
appearance of either Cu+ or Cu0. No new absorption bands
appeared in the region 400-600 nm, which can be attributed
to metal-to-ligand charge transfer (MLCT) bands, nanostructured
Cu2O, or metallic copper.31-33 However, after about 400 s the
overall background of the UV-vis spectra starts to increase
with time. This can be explained either by an increase in
scattering of the UV-vis light due to the presence of colloidal
copper particles or by the effect of the gas bubble in the optical
path of the spectrometer (which might also cause scattering or
allow greater transmission). Further evidence comes from the
in situ, time-resolved XANES spectra (Figure 6) that are
collected with the same X-ray beam that induces the formation
of the colloidal copper particles. Two phenomena can be
observed, which support the observation that the copper within
the plane of the X-ray beam is being reduced: a pre-edge feature
at 8980 eV (indicated by arrow A in Figure 6) is observed to
form and increase, and the intensity of the white line (indicated
by arrow B in Figure 6) decreases. The two observations are
consistent with the reduction of Cu2+ to Cu0.13 In addition, the
features that are present in the EXANES region of the absorption
spectrum (not shown) start to resemble the features that also
can be found in the EXANES region of the X-ray absorption
spectrum of a copper foil.
Copper-Neocuproine. To further investigate the reducing
influence of the X-ray beam, we have studied a solution
containing the Cu2+-neocuproine complex. As the solubility
of this complex is not very high in water, we used a water/
NMP (1:1) mixture as a solvent. From this complex it is known
that the Cu+ version has a very characteristic, strong red color,
caused by MLCT transitions in the Cu+ complex.31 Indeed a
red coloring of the solution was observed when the Cu2+neocuproine (1:2) complex in water/NMP (1:1) was exposed
to the X-ray beam, indicating the formation of the Cu+ complex
under the influence of the X-ray beam. The speed at which the
X-ray beam reduces the Cu2+-neocuproine complex is illustrated in the snapshots that are presented in Figure 7
(Supporting Information, Movie S3). As can be seen in Figure
7b, already within the first few seconds after the exposure of
the solution to the X-ray beam, the red color of the Cu+ complex
can be observed. The formation of colloidal copper formation
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Figure 7. Copper-neocuproine (1:2) solution in water/NMP (1:1)
exposed to X-rays as a function of time, as probed by video
spectroscopy after (a) 0 s, (b) 6 s, (c) 120 s, (d) 200 s, (e) 400 s, and
(f) 600 s.

Figure 8. UV-vis spectra of the copper-neocuproine solution as a
function of the reaction time.

was not observed, and the formation of gas bubbles was found
to proceed much slower. This last observation is understandable, as less water is present within the cuvette and thus the
radiolysis process of water is suppressed. Additional evidence
for the formation of the Cu+ complex can be found in the
corresponding UV-vis and XANES spectra. In case of the UVvis spectra (Figure 8) the formation of a band at around 430
nm is observed, which can be assigned to an MLCT transition
in the Cu+ complex.31 Furthermore, the XANES data (Figure
9) show the formation of a shoulder at 8982 eV, which gives
proof that Cu+ is formed under the influence of the X-ray beam.
The snapshots in Figure 7 and the Movie S4 in the Supporting
Information also illustrate that, although we use a microreactor
in a “stopped-flow” manner, there is some internal sample
movement since we observe colored and uncolored areas moving
throughout the cuvette. It is most likely that this is caused by
heating of the solution by the X-ray beam, which, over the
period of time that these measurements were taken, can become
significant.4,13 However, the reduction process is much quicker
than the rate of heat transfer, suggesting that physical heating
is not a major contributor to the reduction process. From Figures
3b and 7b it can clearly be seen that the reduction process occurs
rapidly on the right-hand site, where the X-ray beam enters the
cuvette. Since most of the X-ray photons are consumed at the
entrance of the cuvette, the effect gradually decreases with
increasing distance from the entrance.
Factors Influencing the Susceptibility of Copper Complexes to Reduction. In the first part of the paper we have
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Figure 9. XANES spectra of the copper-neocuproine solution as a
function of the reaction time. The arrow labeled A illustrates the growth
of a feature at 8982 eV. The time interval between two successive
XANES spectra is 20 s.

demonstrated the important influence of the X-ray beam on the
stability of aqueous copper solutions as a function of time. In
this part we will discuss some of the experimental factors that
influence copper reduction with regard to the species produced
via radiolysis. There are a number of different possible pathways
via which the reduction of the Cu2+ cation in the copper
complexes may occur. The first two pathways involve the
hydrated electron, which has a comparatively high reduction
potential (-2.9 V)34 and could either react directly with the
Cu2+ or, via a more indirect mechanism, be taken up by the
coordinating ligand before being transferred to the Cu2+ cation.
The third pathway involves reduction of Cu2+ by radical or ionic
species that are subsequently generated by the energetic
electrons. These species may be products from the water
radiolysis process, but may also be generated as a result of
radiation damage to the ligands also present in solution. In all
pathways it is clear that the ligands that coordinate to the Cu2+
will have an important role in the degree or rate of reduction.
For example, the way in which the ligands coordinate to the
Cu2+ species may prevent the hydrated electron or reactive
species from reaching Cu2+. However, the ligands might also
act as a facilitator for the transport of an electron to Cu2+.
Alternatively, they may influence the redox potential, thus
making it easier or more difficult for reduction of Cu2+ to occur.
Consequently, it is important to consider the ligand when one
tries to explain the phenomenon and the observed trends.
Therefore, we have selected a number of different ligands and
tested them for their susceptibility to reduction under the
influence of the X-ray beam in an aqueous solution. A sample
of some of the more interesting results is presented in Table S1
in the Supporting Information. The ligands in the table are
ordered according to the reduction potential (Cu2+L to Cu+L)
of the corresponding copper complexes.
A first glance of the data presented in Table S1 suggests that
there is no one obvious parameter, which can explain the
differences observed in reduction behavior. We therefore discuss
our results in relation to the three most likely parameters to
have an effect: the reduction potential, the counteranion, and
the ligand. First, we consider the significance of the reduction
potential. It is clear that there is no correlation between this
value and the extent of reduction, suggesting it is not the
dominant parameter. For example, on the basis of this parameter
alone, in the presence of 100 mM sulfate anion, one would
expect the extent of reduction to follow, for three of the ligands,
the order ammonium > terpyridine > histidine, when in fact
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reduction is only observed when histidine is the ligand. The
apparent lack of correlation in the reduction potential might be
due to the fact that it is a measure of Cu2+Lx to Cu+Lx reduction
rather than colloidal copper formation. However, reduction was
observed for the ammonium species in the presence of chloride
and bromide anions, which suggests that the counteranion has
a particularly important role to play. Reduction of Cu2+ in the
presence of chloride and bromide anions, but not in the case of
nitrate and sulfate, can be explained by the ability of the nitrate
and sulfate to scavenge the hydrated electron, whereas the
chloride and bromide are known to be possible OH• radical
scavengers.13,25,35 Indeed with the exception of the imidazole
ligand, in every case when the [SO42-] is high (100 mM), copper
reduction is suppressed. This leads us to conclude that the
hydrated electron is most likely to be responsible for reduction
of the copper in this solution, but it is not clear whether this
occurs via direct interaction with the Cu2+ or via the ligand.
The importance of the ligand can be observed when the results
obtained for the neocuproine and terpyridine are compared to
all other results. With these ligands only reduction to Cu+ or
no reduction at all was observed even in the presence of radical
or hydrated electron scavengers. [The fact that Cu(II) to Cu(I)
reduction was observed with neocuproine but not for terpyridine
might be due to the more positive electrode potential of the
former.] This appears to suggest that the type of ligand and
how it coordinates to the copper also plays an important role:
the terpyridine ligand, for example, might be able to provide
steric protection of the copper cation and prevent it from being
reduced by the hydrated electrons, whereas glycine or the
ammonia ligand cannot. Indeed, the importance of the ligand
coordination behavior might explain the difference in the rate
of reduction observed in the copper-histidine samples. It is
known for the copper-histidine complex that at pH 3.4 the
imidazole ring does not coordinate the copper cation, whereas
at pH 6.0 it does.29,30 As was shown in the first part, at pH 6.0
the reduction processes occurring were much faster than at pH
3.4, which could suggest that imidazole coordination of copper
enhances the reduction of the copper. However, one could also
argue that the presence of either additional Na+ ions (added as
NaOH to increase the solution pH) or a smaller amount of
electron-scavenging H3O+ could be responsible for the enhanced
reducing influence seen in the pH 6.0 sample compared to that
seen in the pH 3.4 sample.36
On the basis of previous work it is possible to make some
general observations about a plausible mechanism which leads
to the formation of colloidal copper species. First, a partial
reduction observed with the Cu2+-neocuproine complex suggests that the first step leading to colloidal copper formation is
a reduction from Cu2+ to Cu+, eq 2. The comparatively high
reduction potential meant that this was readily achieved but that
the stability of Cu+-neocuproine complexes with respect to
Cu0 or reoxidation to Cu2+ is more difficult to achieve with
this complex than with other complexes.37 However, the
question of colloidal cluster formation is more difficult to
rationalize. It is clear that for dimeric and larger copper clusters
to form the copper complexes would need to be in close
proximity to each other. However, whether complexation occurs
via the reaction between two reduced Cu0-containing complexes
(eq 3) or between a Cu0-containing complex and a Cu+containing complex before coalescence and dispropotionation
takes place is not clear (eq 4).34 However, it is possible, using
the spectroscopic data, to effectively rule out the formation of
nanosized Cu2O as a possible intermediate leading to colloidal
copper formation.32
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CuIILx + e-(aq) f CuILx

(2)

2Cu0Lx f Cu2 + 2Lx f xCu2 + Cu2x

(3)

CuILx + Cu0Lx f Cu2+ + 2Lx

(4)

Conclusions
In this paper we have demonstrated the benefits of using a
combined spectroscopic approach to observe the effects that
X-rays may have on aqueous solutions containing transitionmetal ions. Under the influence of the X-rays radiolysis of water
instantaneously occurred, which resulted in the production of
reactive species, which have a big reducing influence on the
solutes that are present in the solution. These results suggested
that the hydrated electron was responsible for reduction,
although it was not clear whether this was via a direct interaction
with Cu2+ or through an initial interaction with the coordinating
ligand. However, the extent of metal ion reduction did show a
dependency on the ligand type (we have considered mainly the
coordination behavior rather than the ability of the ligand to
scavenge hydrated electrons), the nature of the counteranion,
and possibly the reduction potential. On the basis of these
conclusions, one could argue whether it is possible to study
catalytic mechanisms in water-containing systems by using
X-ray absorption spectroscopy, as the application of the
spectroscopic technique introduces in situ new, very reactive
species within the catalytic system. Of course, the phenomena
occurring are stimulated in our case, as a highly focused highflux X-ray beam is used. However, the same radiolysis products
are generated at low X-ray fluxes and at less focused beamlines,
although the effects might be much less visible.
The results also show the benefits of using combined in situ
spectroscopic techniques to observe and understand the processes that occur during in situ reaction and, in particular, to
probe the influence that one technique (particularly those that
employ ionizing radiation) has on the sample stability. In
addition, we have demonstrated the benefits of using real time
“video spectroscopy” for the understanding of the phenomena
that occur in the volume of the cuvette.
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