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Abstract. In situ video monitoring and UV-Vis spectroscopy have been used in combination with XAFS spectroscopy 
to study the effect of synchrotron radiation on a series of copper solutions in a micro-reactor. The samples that were 
investigated contained initially a mixture of Cu2+ ions and both biologically and non-biologically relevant amine ligands. 
It was observed that when water was used as the solvent, gas bubbles are formed under the influence of the X-ray beam. 
At the resultant liquid-gas interface and under certain conditions, colloidal copper nanoparticles were observed to form. 
This reduction process was influenced primarily by the type of the copper precursor salt (SO4

2-, NO3
- and Cl-), although 

the ligands surrounding the copper cation and the redox potential of the copper complexes (ranging between +594 and –
360 mV) were also observed to have some effect. Critically we show how these results illustrate the benefits of 
combining methods (and in particular the use of video imaging) to monitor chemical processes and for observing the 
influence of one technique on the measurement process. Furthermore the results give some insight into the parameters 
that are important in the redox-processes that occur in biological systems.  
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INTRODUCTION 

The application of X-ray absorption spectroscopy 
(XAFS) to yield information on element oxidation 
and/or coordination state is already well established in 
many areas of scientific research. However the 
influence of X-ray photons on sample stability is not 
always appreciated or well understood. XAFS 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. Via 
different kinds of radiative decay processes the core 
hole in the absorber atom is filled by electrons from 
higher shells. This ultimately leaves an absorber atom 
with one electron missing in the shell with the highest 
energy, the valence shell. Most of the time, the 
electron hole is filled up by an electron from the direct 
environment of the absorber atom and no appreciable 
damage to the absorbing species occurs. If this is not 
the case, charging, a common problem in electron 
microscopy, of the specimen may occur. In general a 
sample can be damaged by an incident X-ray beam 
either directly or indirectly. The direct influence is 
commonly called Primary beam damage and is caused 
by the direct interaction of the ionizing radiation with 

the electrons in the object via photoelectric, Auger or 
Compton effects that can cause direct damage to the 
chemical bonds within the specimen. The formation of 
electrons by this primary process leads to species 
(such as ‘energetic’ electrons or free radicals) which 
can also react with and alter the chemical state of the 
specimen and hence are often considered to be part of 
an indirect process or secondary beam damage. The 
primary damage only depends on the energy of the 
incident radiation and the photons absorbed, whilst 
secondary damage depends on the properties of the 
specimen.[1] 

With the advent of high brilliance, highly focused 
X-ray beams from third generation synchrotron 
sources, the observation of beam damage or beam 
influence to various types of sample is becoming more 
common and poses a number of problems. Especially 
in circumstances where the experimental time 
resolution relies on increasing photon statistics rather 
than improvements in detector performance. Whilst a 
number of novel approaches have been developed in 
order to counter this problem it is clear that in order 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 that, where possible, appropriate 
actions can be taken.[2] 

In this paper, we present insight into the influence 
of the effect of the X-ray beam on aqueous solutions 
containing copper complexes. Some of the ligands 
investigated included both biologically and non-
biologically relevant basic nitrogen containing 
ligands.[3] In addition to using in situ UV-Vis and 
XAFS spectroscopy to study the X-ray influence, 
video spectroscopy was applied in order to obtain a 
more detailed image into the micro-reactor 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 focal point of the 
incoming light, which is typically at a maximum for 
the UV-Vis light in the order of a few millimeters and 
is therefore comparatively smaller. We believe that 
this study is the first of its kind where the use of a 
combination of real time resolved in situ video 
monitoring and UV-Vis spectroscopy has been used to 
give a detailed insight in the potential negative effects 
that X-ray beams may have on aqueous transition 
metal ion solutions. The findings may have broader 
implications for the field of transition metal ion 
catalysis as well as bio-inorganic chemistry.   

EXPERIMENTAL 

In addition to the various ligands used, the effect of 
the copper salt, the copper concentration (20 – 100 
mM), copper:ligand ratio (up to 1:10) and solvent were 
also investigated. The video/UV-Vis/ED-XAFS data 
were collected at the undulator beam line ID24, at the 
ESRF (Grenoble, France). A special designed set-up 
was used which was based on a setup previously used 
to obtain combined UV-Vis/ED-XAFS data using a 
quartz cuvette (80 μl) mounted on a Bio-logic stopped 
flow module (SFM-400).[4] In this set-up either video 
movies or UV-Vis spectra can be collected 
perpendicular to the  EDXAFS data. The windows in 
the X-ray direction are made out of vitreous carbon so 
as to minimize X-ray absorption, whereas the windows 
perpendicular to the X-rays through which the UV-Vis 
and video data was collected, are made of clear quartz. 
An approximate X-ray photon flux of 1012 photons/s-1 
over an energy range of 8910 to 9250 eV was focused 
using a curved Si(111) Bragg polychromator crystal to 
a spot size of 0.03 x 0.2 mm2 (H x V, FWHM). The 
XAFS data were collected using a Peltier cooled 
Princeton CCD camera. The UV-Vis spectra (in the 
range from 200-735 nm) were collected in 
transmission mode, perpendicular to the incident X-ray 
beam, using a MMS-UV1/500-1 high speed diode 
spectrometer equipped with optical fibers. The video 

movies were recorded at a speed of 25 frames/ second 
using a Sony Digital Hyper HAD color video camera, 
equipped with a high magnification focal lens. 

RADIOLYSIS EFFECTS ON AQUEOUS 
SOLUTIONS 

First, as a blank experiment, demineralized water 
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 to occur and the 
gas bubbles grew in size with increased exposure time. 
This observation indicated that the presence and 
growth of gas bubbles occurred as a direct result of the 
interaction of X-rays with the water. This process, 
which is commonly known as radiolysis, is known to 
cause fragmentation of water into a number of radical 
and ionic species and free electrons as seen in the 
equation below:  

 
 

The majority of these species recombine to reform 
water, but the radiolysis products individually also 
may recombine, forming new species, like H2 and 
H2O2.[5] Impurities in the water (such as the 
copper/ligand solutions) cause H2O2 to break down, 
releasing oxygen and hence the bubbles formed are 
likely to contain a mixture of H2 and O2 gases. Indeed 
in figure 1 we observe this effect for an aqueous 
solution containing 100 mM of a Cu2+-histidine (1:2) 
complex at pH 6.0 exposed to the X-ray beam. In 
figure 2 we show the in situ UV-Vis and XAFS 
spectra collected on the same sample. However, as can 
be seen from both figures, additional phenomena could 
be observed. In addition to bubble formation, colloidal 
copper particles formed, initially at the position where 
the X-ray beam is entering the cuvette, before 
accumulating at the bottom. 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 H2 present in the solution, or the 
‘hydrated electron’, one of the products of the 
radiolysis of water. However, colloidal copper did not 
form every time copper solutions were exposed to an 
X-ray beam. We rationalized, that this was due to the 
tendency of either the counter anion or the ligand to 
suppress the effect of the hydrated electron. In 
particular we observed significantly less or no 
colloidal copper formation when counter anions such 
as sulfate or nitrate were used or with bulky ligands 
such as terpyridine which might provide steric 
protection of the copper cation from the hydrated 
electron.  
 

H2O + hν(X-ray) → H2O
+ + e-

(dry)  →   H3O
+ + HO• + e-

(aq)  
H2O 



 
FIGURE 1. Video images illustrating the effect of the X-ray 
beam (enters from RHS) on aqueous 100 mM copper-
histidine (1:2) solution at pH 6.0 as a function of time after 
(a): 0 s, (b): 45 s, (c): 120 s, (d): 240 s, (e): 360 s and (f): 600 
s. Note the formation of gas bubbles and colloidal copper 
(marked with an arrow) at the bottom of the microreactor. 

CONCLUSIONS 

In this paper we demonstrate the benefits of using a 
multiple spectroscopic approach to observe the effects 
that X-rays have on aqueous solutions. Under the 
influence of X-rays, radiolysis of water occurs which 
results in the production of reactive species, such as 
the hydrated electron, which cause reduction of the 
copper species 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 reduction did show a 
dependency on the ligand type, the nature of the 
counter anion and possibly on the reduction potential. 
Based on these observations we conclude that it is 
difficult to study catalytic mechanisms in water-
containing systems by using X-rays, as the technique 
introduces new, reactive species within the system. 
However in this study the phenomena are exaggerated 
since a highly focused, high flux X-ray beam is used. 
But the same radiolysis products are generated at 
lower flux, although the effects might be less obvious.  
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 high 
energy light beams) has on the sample stability. In 
addition, we have demonstrated the benefits of using 
real time ‘video-spectroscopy’ for a better 
understanding of the phenomena occurring in a 
microreactor used for studying catalytic phenomena. 

 
FIGURE 2. UV-Vis spectra (upper) illustrating the 
disappearance of the d-d band at 650 nm for the initial 
copper histidine (1:2) aqueous solution at pH = 6.0 and 
XANES spectra (lower) in which arrow A indicates the 
evolution of a feature at 8980 eV due to Cu(0) formation.  
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