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Abstract

Electron paramagnetic resonance (EPR) is often used in dosimetry using biological samples such as teeth and bones. It is generally assumed
that the radicals, formed after irradiation, are similar in both tissues as the mineral part of bone and tooth is carbonated hydroxyapatite.
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owever, there is a lack of experimental evidence to support this assumption. The aim of the present study was to contribute t
y studying powder and block samples of human finger phalanxes that were irradiated and analyzed by multi-frequency EPR.
btained from bones are different from the ones obtained in enamel by several respects: the ordering of the apatite crystallites is m

n bone, complicating the assignment of the observed CO2
− radicals to a specific location, and one type of CO3

3− radical was only foun
n enamel. Moreover, a major difference was found in the non-CO2

− and non-CO33− signals. The elucidation of the nature of these na
ignals (in bone and tooth enamel) still represents a big challenge.
2004 Elsevier B.V. All rights reserved.

eywords:EPR; Bone; Dosimetry; Multi-frequency

. Introduction

Electron paramagnetic resonance (EPR) spectroscopy is
ften used in dosimetry, dating and detection of irradiated

ood where teeth and bones are the most studied biologi-
al materials[1]. The measurements are generally conducted
n X-band (9.5 GHz) for practical reasons, like the sample
ize, the spectrometer availability, cost, etc. It was recently
uggested to use L-band (1 GHz) EPR spectroscopy for non-
estructive dosimetry of whole teeth and fingers[2–4]. Low-

requency microwaves are indeed less absorbed by water and
enetrate more deeply into the tissues which make them of use
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for in vivo measurements. The low frequency has, howe
an inconvenience, i.e. the compression of all EPR sig
which results in a single line. In this respect higher freque
EPR studies at Q-band (34 GHz) and W-band (94 GHz
useful for increasing the spectrum resolution and for di
guishing between the individual components in the X
L-band spectra.

Tooth and bone are both composed of a mineral part
bonated hydroxyapatite), water and an organic part, bu
relative contributions of these three constituents diffe
enamel, dentin and bone. Average values are summa
in Table 1 [5]. The EPR stable CO2− dosimetric signal ca
originate from CO32− ions, CO2 molecules or COOH group
present in the calcified tissue structure[6,7]. Tooth ename
is the most sensitive EPR dosimeter due to its high min
content and degree of crystallinity. Moreover, enamel d
not undergo remodelling as dentin and bone do. Bone is
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Table 1
The main constituents of sound human tooth enamel, dentin and bone (av-
erage wt.%) and comparison of the average density of these tissuesa

Constituent Enamel Dentin Bone

Water 3 10 25
Organic matter 1 20 25
Mineral 96 70 50
Average density (g cm−3) 2.92 2.51 2.35

a Data from Driessens and Verbeeck[5].

mated to be around 10 times less radiosensitive than enamel
[8]. In addition, its bigger organic part could reveal additional
radicals. Nevertheless, bone is sometimes the only dosimet-
ric material available. It is actually already studied since sev-
eral decades (modern and ancient bones from different ani-
mals and men[1] (and references therein)[9]), but still needs
further analyses. Recently very interesting applications ap-
peared related to human bones exposed for radiotherapy[10]
and radiation accidents[8,11].

In human tooth enamel, the EPR spectrum normally con-
sists of a broad native signal supposed to be of organic ori-
gin atg= 2.0045 and stable CO2− signals with g values in
the region 2.003–1.997. This signal was thought for a long
time to be due to the CO33− radical [12], but was later at-
tributed to CO2

− [13–15]. Thanks to multi-frequency EPR
and electron-nuclear double resonance studies, several CO2

−
species differing in symmetry (isotropic, axial, orthorhom-
bic) and location (phosphate or B-site, surface site, occluded
water) could be identified. Similar studies with enamel (pow-
ders and blocks) heated at 400◦C before irradiation revealed
the presence of different CO33− radicals, which even become
predominant at low microwave power. Other radicals, such
as CO3

−, CO− and O− can also be formed[16–20]. The
decomposition of both CO3− and CO3

3− radicals might pro-
duce CO2

− species[21,22]. The thermal stabilities of CO3−
and CO3− radicals vary from sample to sample depending
o lues
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with grease-removing soap, dichloroethane, rinsed and dried
in air. These samples were already used in a previous work
[4].

Bone powder was obtained by grinding the irradiated
bones with an agate mortar. Powders from the extrem-
ities of the phalanx and from its central part yielded
identical EPR spectra. Several blocks (with dimensions
1 mm× 1 mm× 3 mm) were cut from the bone prior to ir-
radiation for rotation in mutually orthogonal planes (to be
explained in more detail below). Some samples were heated
for several hours at 150◦C and other samples at 400◦C for
2–3 weeks prior to irradiation, others were heated after irradi-
ation. For in situ X-band measurements, a Bruker ER4114HT
high temperature cavity was used.

2.2. Irradiation

X-irradiations were carried out at room temperature (RT)
with a tungsten anticathode Philips X-ray tube, operated at
60 kV and 40 mA. Typical irradiation times of a few minutes
were applied with a dose rate of∼1.3 kGy/min. One phalanx
was irradiated with60Co gamma rays at RT at a dose of
1400 Gy with a dose rate of∼5 Gy/min. No effect of the type
of irradiation was observed.

2.3. EPR spectra
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n their impurity content, pretreatment, etc. Typical va
ange from several days to 100 days[23].

As the main component in the mineral part of both b
nd tooth enamel is carbonated hydroxyapatite, the rad

ormed after irradiation can be expected to be similar in
ompounds. The present work tries to verify the pertine
f this assumption. Bone powders and blocks from dry
an finger phalanxes were irradiated and analysed by m

requency EPR, with or without heating before or after i
iation.

. Experimental

.1. Materials

Several dry human finger phalanxes of the same hand
upplied from anonymous collection of the Human Anato
epartment of the Faculty of Medicine, UCL. The bo
ere boiled for 3–4 days, scraped with bistouries, cle
The X-band EPR spectra were recorded at RT usi
ruker ESP300 X-band spectrometer with a maximum a
ble microwave power of 200 mW. The magnetic field

he microwave frequency were measured using a Br
R035M Gaussmeter and a HP5350B microwave frequ
ounter. The Q-band spectra were recorded at RT us
ruker Elexsys E500 Q-band spectrometer with a maxim
vailable microwave power of 150 mW. The magnetic fi
nd the microwave frequency were measured using a B
R035M Gaussmeter and a EIP 548B microwave frequ
ounter. In X- and Q-band DPPH (g= 2.0036) was used fo
bsoluteg-value calibration. The sample rotation for the
ular variations was carried out with using a Bruker s
ard goniometer. The W-band spectra were recorded us
ruker Elexsys E600 spectrometer. For an absoluteg-value
alibration, Mn2+ in CaO was used and proportionality w
ssumed between the current through the supercond
oil and the magnetic field.

. Results and discussion

.1. Powder spectra

The X-band spectrum of non-irradiated crushed hu
halanxes exhibits a broad native signal aroundg= 2.0045
hich is however more complex than in human enamel
eaks aroundg= 2.007 and 1.998, and already a small CO2

−
omponent (see Fig. 5 in Zdravkova et al.[4]).
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Fig. 1. RT EPR spectra of irradiated bone powder (60Co-dose 1.4 kGy, 3
weeks after irradiation) in X- and Q-band, and simulated spectra using an
orthorhombic CO2− radical, an axial CO33− radical (CO3

3− (2)) and an
isotropic signal atg= 2.0007. Nearly identical spin Hamiltonian and line
width parameters were used for both simulations (e.g.gx differs by 0.0001
between both bands) and are given for Q-band inTable 2. P= 0.53 mW,
MA = 0.1 mT.

Irradiation strongly enhances the CO2
− signal. In X-band

this signal looks axial with features atg= 1.9972 and 2.0019.
The native signal seems distorted and other small compo-
nents appear on both sides of the dominant CO2

− signal.
Fig. 1compares X- and Q-band spectra of a sample recorded
3 weeks after irradiation. The Q-band spectrum shows better
resolved components atg= 2.0007, 2.0023, 2.0033, 2.0042
and 2.0060. The lines atg= 2.0033, 2.0042 and 2.0060 are
easily saturated and already at 4 mW theg= 2.0033 shoulder
is no longer visible. The latter could be due to CO3

3− rad-
icals which have principalg-values in this range and which
are known to saturate easily. Simulations of the central part of
the X- and Q-band spectra are also presented inFig. 1. Only
an isotropic (g= 2.0007), an orthorhombic CO2− radical (in
Q-band the shoulder around 2.0019 is completely resolved)
and an axial CO33− radical appeared necessary to reach an
excellent agreement with experiment (ignoring the uniden-
tified low field features). Theg-values and line widths used
in the simulations are reported inTable 2. The W-band spec-
tra are characterized by a dominant broad signal atg≈ 2.06
and a strong minimum atg= 2.001 which can be attributed
to an O− species[17]. In theg= 2.00 region only one rela-
tively small CO2

− signal is well visible (Fig. 2). The poor

Table 2
Parameters of the EPR components used for simulations

C ian
C n
C n

Fig. 2. RT W-band spectrum of irradiated bone powder (X-ray dose 1.5 Gy,
5 days after irradiation). Theg-values of the CO2− radical are shown.
P= 14�W, MA = 0.1 mT).

detectability of the latter signal can be (partly) explained by
the large spread in magnetic field in W-band and the overlap
with the oxygen spectrum, which is probably enhanced by
the heating of the bones during the preparation procedure.
The O− spectrum is also found in Q-band at higher power,
albeit less pronounced than in W-band. The fact that the O−
signal has not been detected at all in X-band is more or less
compatible with the above, but the underlying reason is for
the moment totally unclear.

The X-, Q- and W-band results presented above seem quite
compatible with the ones reported earlier for unheated tooth
enamel. Even in W-band only one (anisotropic) CO2

− center
can be detected. Thus only by comparison with block spec-
tra [16,19]and spectra of heated enamel, it can be expected
that the further substructure of the CO2

− and CO3
3− spectra

will become clear. Minor differences between both calcified
tissues concern the signals at low field (related to collagen
radicals?).

3.2. Blocks of bone

Due to the anisotropic ordering of the apatite microcrystal-
lites, intact bone is also a partially ordered system like tooth
enamel. However, it is known that this anisotropy is smaller
than for enamel. In order to further investigate this matter and
t ders,
a . As-
s xes
s orre-
s
a ne is
d
B

gx gy gz Line width
(mT)

Shape

O2
− 2.0031 1.9972 2.0019 0.20 Lorentz

O3
3− (1) 2.0046 2.0034 2.0017 0.16 Gaussia

O3
3− (2) 2.0040 2.0040 2.0018 0.16 Gaussia
o try to use this anisotropy to our advantage, next to pow
lso small elongated bone blocks (plates) were prepared
uming that the blocks are rectangular, the following a
ystem can be defined. The long axis of the phalanx (c
ponding to the collagen fiber axis) is labeledz. When the
xis perpendicular to the macroscopic surface of the bo
enoted byx, the third orthogonal axis corresponds withy.
locks were cut for rotation of the magnetic field in thexyand
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xz(or equivalently, theyz-plane, see below) planes. The rota-
tion with the magnetic field in thexyplane does not show any
angular dependence of the EPR signals, making thexzand
yzplanes equivalent. The spectra are identical to the powder
spectra independently of the time after the irradiation.

A small effect of the rotation is observed in thexz-plane
when freshly irradiated bones are used. During the rotation,
the position of the signals does not change but the line width
and the relative intensities are affected. These changes are
more visible in the region where contributions from CO3

3−
are expected (aroundg= 2.0033, seeFig. 3). Small changes
are also registered in the dip atg= 1.9971 (corresponding to
gy or g‖ for CO2

−).
For tooth enamel, there are several articles in the literature

about the effect of the rotation on the EPR spectra of blocks
[6,16,19,24,25]. The experiments show a pronounced angular
dependence of the EPR spectra for these samples in the planes
containing thex-axis as defined above. The bone and tooth
enamel mineral part are both mainly made up of hydroxyap-
atite microcrystals, but these crystals are much smaller in the
case of bone and also the crystallinity is worse. For example,
the average crystallite length decreases from 500–600 nm in
enamel to 100 nm in dentin and 30–100 nm in bone, whereas
the amorphous phase in bone can reach 40–45%[5]. Up to
now the angular dependence in bone is less studied than in
tooth enamel. A weak angular dependence in Q-band is re-
p g at
2 or of
2 ar to
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p
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P

From our investigations the earlier described weak
anisotropy of the EPR spectra in bones seems to be com-
pletely confirmed. Next to the arguments given above, our
results could point to the predominance of “chaotic” CO2

−
radicals in the irradiated, unheated bone. The spectra due to
such radicals do not depend on the orientation and are in
fact powder spectra. For enamel Brik et al.[7] suggested that
these radicals have mainly CO2 from the nanocapillary water
layers, present between the enamel prisms, as precursors. A
second possibility consists in carboxyl groups of surround-
ing amino acids. As also stressed by the same authors, bulk
radicals in enamel (and maybe also in bone) are probably
for a major part non-CO2− radicals, as e.g. CO33− and the
less stable (in unheated apatites) CO3

−. This could explain
the small variations in the CO33− region inFig. 3. The data
are however insufficient to retrieve any information about the
orientation of the radical axes system with respect to the ap-
atite crystallites and/or the global bone structure. If the above
hypothesis is true, one could a priori hope for a better visible
anisotropy in the block spectra of (pre)heated bone (see be-
low). Indeed, if comparable results as for enamel are found,
one would expect the “chaotic” part, which largely masks
possible anisotropy, to decrease or even to disappear com-
pletely, depending on the temperature and the duration of the
applied heating.
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orted for a cortical femoral bone after thermal annealin
00◦C [26]. These authors showed that there are a fact
.2 more crystals in the fiber direction than perpendicul

t. Brik et al. [6] observed that the anisotropy in bones fr
at legs substantially differs from that of tooth enamel. T
ound that the oxygen–oxygen axis of CO2

− in the bones i
rimarily parallel to the gravitational field of the Earth.

ig. 3. RT Q-band angular variation of an irradiated bone block
ormed in thexzplane immediately after irradiation (X-ray dose 1.3 kG
= 0.34 mW; MA = 0.3 mT.
.2.1. Heating before irradiation
Different thermal treatments of the samples in air be

r after irradiation were performed during this work. On
ne hand, heating after irradiation allows to remove the
table centers but can also produce additional parama
enters. On the other hand, heating before irradiation
ometimes lead to important structural alterations and a
he precursors of the radicals. For example, a thermal
ent at 400◦C during 2 or 3 weeks until constant weight

he sample, as already used in Callens et al.[16] and Sadlo e
l. [17,18], is normally enough to deproteinate the bone

hus eliminate the EPR signal due to the collagen content[27].
ccording to the latter authors, heating at a temperatur

ow 500◦C does not affect the structure and distribution
he mineral phase, although collagen is no longer pre
n the samples. Treatment of bone at temperatures ex
ng 500◦C causes complete disruption of the tissue arch
ure and the reorganization of the mineral phase into tig
acked, dense crystals. Similar observations are quot
ilinskaya and Zanin[23] and Bachmann et al.[28]. Ac-

ording to Gilinskaya and Zanin[23], heating causes remov
f adsorbed water (<200◦C), of organic substance (arou
50◦C), of bound water (400–600◦C) and of carbonate ion
600–900◦C). Annealing at 400◦C leads to a significant d
rease in the CO2− content following the removal of part
he bound water stabilizing the CO2

− radical. Similar state
ents were made by Brik et al. after their detailed stud

he effect of (pre)heating on the magnetic resonance sp
f tooth enamel[7].
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Some samples heated at 150◦C for several hours before
irradiation did not show EPR spectra different from the ones
for non-heated samples. This result is essentially in agree-
ment with the fact that the bones were already boiled during
their preparation (see Section2.1).

Most samples were heated at 400◦C during 2–3 weeks be-
fore irradiation. In agreement with the literature, the heated
but non-irradiated samples still show a very weak signal
aroundg= 2.004. Heating by itself is known to produce EPR
signals. Progressively stronger (partially decaying) EPR sig-
nals atg= 2.0043 with a line width of 0.44 mT were recently
observed in bovine dentin after thermal annealings from 100
to 300◦C [28].

Because CO2− and CO3
3− spectra are known/expected to

be best visible at high and low power respectively, angular
variations at different power levels have been performed. Also
comparable powder spectra have been recorded.

In both X- and Q-band, the high power powder spectra al-
ways reveal a well detectable, albeit substantially decreased,
contribution from CO2−, mainly based on the presence of
the signal aroundg= 1.997, whereas at lower power this sig-
nal is practically absent. This means that at least one type
of CO2

− radical is resistant to the temperature treatment.
Around 0.3 mW, the spectra are dominated by CO3

3− con-
tributions, as will be discussed in more detail below. As the
powder spectra of “chaotic” and anisotropic CO− ions, if
b lock
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Fig. 4. RT Q-band spectrum of bone powder heated at 400◦C before ir-
radiation (X-ray dose 1.5 kGy) and simulated spectrum with one CO2

−
and two CO3

3− radicals (EPR parameters given inTable 2). P= 0.33 mW,
MA = 0.1 mT.

Another signal which is probably the isotropic septet due
to the isopropyl radical withg= 2.0038 andA= 2.17 mT[29]
is also observed, as well as in post-heated samples (see be-
low). This signal is known to be enhanced by heating up
to 250◦C but is lost around 280◦C [30]. The presence of
the components atg= 2.0042 and 2.0060 after such drastic
heating rejects the hypothesis of an organic origin. A carbon
centered radical could be suggested like, e.g., CO− which has
g-values (2.0057, 2.0043 and 2.0021 in Callens et al.[31])
in the right range. This assignment is however rather specu-
lative. E.g., CO3− radicals, also withg-values in this range,
could be considered too, as it is known that heating stabilizes
these radicals in synthetic apatites[32].

The above results show that bone behaves quite differently
from tooth enamel. If the “chaotic” radical precursors leave
in a similar way as in tooth enamel by the heating procedure,
we should conclude that the crystallite distribution is nearly
isotropic. If the precursors are not (all) destroyed by the heat-
ing, it is possible that the CO2− signal is non-composite and
completely “chaotic”. There are also other differences: the
third CO3

3− component is either missing or different from
the one in enamel and again there are differences in the “na-
tive” signals.

3.2.2. Heating after irradiation
A 1.4 kGy gamma-irradiated sample was stepwise heated

i n.
A per-
a tained
u ed in
F
a u-
a
T igher
t be-
2
oth present, are hardly distinguishable even in Q-band, b
pectra are indispensable to gain insight into the further
tructure of the CO2− signal (see e.g.[16] for an ename
tudy). Like for unheated blocks, hardly any anisotropy c
e detected for the CO2− signals. Since we could not recor
igh power block spectrum without a 1.997 component
onclusion is not as simple as in the enamel case. On
e assume that the “chaotic” component has disappear

he preheating, as was the case for enamel, only then w
onclude that also in bone a bulk CO2

− component is presen
e would then have to conclude that the ordering of the

tite crystallites in bone is very weak or even isotropic
he specific samples under study. This would, of course,
lso a fortiori explain the very weak anisotropy of unhea
one samples.

Focusing now on the low power spectra, it is found tha
PR signal of an irradiated preheated sample is sharpe

hat of a non-preheated one. The analysis of the spec
eveals the presence of a very small quantity of CO2

− and a
uch higher quantity of two types of CO3

3− radicals. InFig. 4
t is shown that the spectrum can be essentially reprod
y adding two CO33− spectra. In spite of intensive effor
ome features of the experimental spectrum could not b
roduced in the simulation. Also attempts with three CO3

3−
adicals, which were successful for tooth enamel, failed
one. The two components found in bone correspond

he Z1 and Z2 signals in tooth enamel[20]. The reason wh
he third enamel component is absent in bone is not clea
he moment. The signals of CO3

3− decay nearly complete
n 10 days, but are easily restored by a new irradiation.
n air from 100 to 210◦C several weeks after irradiatio
fter each annealing period of 20 min at the selected tem
ture, the spectrum was measured at RT. The results ob
sing the X-band high temperature cavity are present
ig. 5. A decrease of the intensity of the CO2

− signal and
n increase of a signal aroundg= 2.0050 is observed, grad
lly replacing theg= 2.0060 and 2.0042 features fromFig. 1.
he major changes in the spectra occur at temperatures h

han 150◦C. At the same time other signals appear and
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Fig. 5. RT X-band spectra of irradiated bone powder (60Co-dose 1.4 kGy,
2 months after irradiation), heated 20 min at different temperatures.
P= 0.32 mW, MA = 0.1 mT.

come more intense with increasing temperature. One of these
signals is the already mentioned septet.

Another sample was studied similarly in X-band immedi-
ately after a 1.5 kGy X-ray irradiation. The results are shown
in Fig. 6. In this case the main changes occur at lower tem-
perature, as the spectrum is already different after heating at
150◦C for 15 min (not shown). The spectrum immediately
after irradiation can be successfully simulated with a signif-
icant contribution of CO33− radicals, while the spectrum at
175◦C contains only CO2−. The changes can thus be ex-
plained assuming the formation of CO3

3−, next to CO2
−, by

the irradiation and its fast decay accelerated by the thermal
treatment. It is remarkable that by this procedure (irradia-
tion, immediately followed by heating), the aforementioned

F tion
( min).
P sim-
u in
T

strong increase of theg= 2.0050 signal is not observed. This
could point to transformations between radicals, although it
is not simple to propose a reasonable mechanism.

For the Q-band analysis, again a sample was used that had
been irradiated several weeks before. The heatings were per-
formed during 30 min at each temperature outside the EPR
cavity, since no high temperature cavity for Q-band was avail-
able (Fig. 7). The intensity of the signals connected with
CO2

− (g= 2.0019 and 1.9972) decrease while the intensity
aroundg= 2.0047 increases. These experiments with higher
resolution seem to indicate that theg= 2.0050 signal observed
in X-band (Fig. 5) is most likely the same and thus itsg-value
should be somewhat corrected downwards. Due to the over-
lap with the CO2

− signals, it is clear that a preciseg-value
determination is not simple. It can even be expected that the
realg-value is somewhat smaller than 2.0047 or that the sig-
nal is axial or orthorhombic. After heating at 300◦C, there
is a very dominant EPR signal atg= 2.0029, probably due
to the well-known coal radical[1]. Although not shown in
Figs. 5 and 6, the same radical was found in X-band. In view
of the weak shoulder on the left inFig. 7, it cannot be excluded
that theg= 2.0047 signal is also still present.

The identification of the radical responsible for the latter
signal, is not obvious, as usual when no hyperfine information
is available. The above experiments seem to prove that the
g= 2.0042 and 2.0060 signals are not related to the g = 2.0047
s ve,
a as to
b ith
v tudy,
a arge
d s
s sensi-
t
o ym-
m

F ,
1 tures.
P

ig. 6. RT X-band spectra of bone powder immediately after irradia
X-ray dose 1.5 kGy) as a function of annealing temperature (15
= 0.32 mW, MA = 0.1 mT. The spectrum of the unheated sample is
lated with one CO2− and two CO3

3− radicals (EPR parameters given
able 2).
ignal. Next to the CO− and CO3
− options, suggested abo

lso organic radicals could be considered, but it then h
e assumed that there are several radicals involved wg-
alues in the range 2.0040–2.0060. From a literature s
lso no real conclusions can be made in view of the l
ispersity in types of experiments and reportedg-values, a
ketched hereafter. Collagen appears to be rather radio
ive, but the organic signals exhibit fading[33,34]. Irradiation
f collagen normally produces a single broad slightly as
etric line with ag-value close to 2.004[35]. An organic

ig. 7. RT Q-band spectra of irradiated bone powder (60Co-dose 1.4 kGy
month after irradiation) after 30 min annealings at different tempera
= 1 mW, MA = 0.2 mT.
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signal atg= 2.0035, which decayed in 3 days to a plateau
value, was reported in Holocene bone[36]. Fading of EPR
signals (i.a. CO3−) in irradiated chicken legs are described in
Onori et al.[37]. Thermal annealing at 200◦C was claimed
to destroy the broad organic native signal in cortical femoral
bone[26]. In excised human bone, on the contrary, thermal
annealing is said to increase collagen signals[10]. From this
non-exhaustive review and from our results, it appears that
an extensive study of the heating effect on the magnetic res-
onance signals, as e.g. performed by Brik et al.[7], seems
necessary to make progress in the understanding of these
complex spectra.

Having identified the major part of the radiation-induced
radicals in bone, we now try to make some conclusions about
the radical precursors and about the differences between bone
and enamel. At variance with enamel, we found no evidence
for CO2

− or CO2
− precursors in the bulk of the apatite crys-

tallites. As already stated above, the latter are either CO2 or
R COOH groups located in the intercrystallite phase. For-
mation mechanisms can be[7]:

X,γ → e− + h+(electron–hole pair formation)

CO2 + e− → CO2
−

R COOH+ X,γ, UV → R CO − + H+
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