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ABSTRACT

Previous investigation into the radiation chemistry of the ligand octylphenyl-N,N-

diisobutylcarbamoylmethyl phosphine oxide (CMPO) and its analogues demonstrated their

ability to undergo activated radioprotection in an organic solvent – a feature most advantageous 

for spent nuclear fuel reprocessing scenarios. This phenomenon was dependent on these 

organophosphorus compounds forming a sacrificial complex involving extracted nitric acid and

the presence of an adjacent phenylphosphine oxide motif in the molecule. However, the 

hydrophobic nature of these compounds prevented elucidation of which components were 

essential for activated radioprotection; for example, does the phenylphosphine oxide motif only 

require protonation, or simply the presence of complexed nitrate anion(s), or both? To begin to 

address these questions, we report on the effect of dissolved nitrate on the radiation chemistry of 

a series of simple hydrophilic phosphonic acids (methyl, ethyl, phenyl, and benzyl) in aqueous 

solution. An extensive suite of gamma irradiations supported by high performance liquid 

chromatography and nuclear magnetic resonance techniques was used to demonstrate that all 

four compounds were unable to undergo activated radioprotection. Although some nitrate 

protection was observed, this was attributed to changes in the available suite of radiolysis 

products, and not to the formation of nitrate-phosphonic acid sacrificial complexes. The absence 
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of activated radioprotection and evidence for the formation of a [PhPA•NO3
−] complex further 

supports the necessity of complex formation to activate the radioprotection mechanism.

INTRODUCTION

Since the inception of spent nuclear fuel (SNF) reprocessing in the early 1940’s, several

organophosphorus compounds have captivated the nuclear industry’s interest.1 The most notable

are tributyl phosphate (TBP, Figure 1 (A)), an industrial chemical used for the recovery of

uranium and plutonium as part of the Plutonium Uranium Reduction Extraction process 

(PUREX),2-4 and octylphenyl-N,N-diisobutylcarbamoylmethyl phosphine oxide (CMPO, Figure 

1 (D)), a trivalent actinide complexant designed for the TRansUranium EXtraction (TRUEX) 

process.5 These compounds were designed to selectively recover their actinide targets from 

fission products and nuclear waste under the extreme conditions of an intense multi-component 

ionizing radiation field.
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Figure 1. Molecular structures for tributyl phosphate (TBP, A), methyl phosphonic acid (MePA, 
B), ethyl phosphonic acid (EtPA, C), octylphenyl-N,N-diisobutylcarbamoylmethyl phosphine 
oxide (CMPO, D), phenyl phosphonic acid (PhPA, E), and benzyl phosphonic acid (BzPA, F).

Absorption of ionizing radiation by the PUREX and TRUEX solvent systems promotes the 

formation of a variety of highly reactive primary radiolysis products capable of inducing 

secondary degradation in TBP and CMPO.6-11 Degradation of these organophosphorus ligands 

leads to the formation of products that can influence actinide complexation and the physical and 

chemical properties of their respective solvent systems. Consequently, significant effort has been 

devoted to elucidating the radiation chemistry of these compounds to understand, mitigate, and 

inform future ligand design.6-11

Unlike TBP, CMPO exhibits the unique ability to undergo activated radioprotection, a 

feature most advantageous for SNF reprocessing scenarios.9-11 The rate of CMPO degradation 

falls to G < -0.02 μmol J−1 when gamma irradiated in n-dodecane solutions contacted with nitric 

acid (HNO3) concentrations in excess of 5.0 M. This is a significant reduction in degradation rate 
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when compared with the radiolysis of CMPO in lower HNO3 concentration contacts (e.g., G = -

0.18 μmol J−1 for 0.1 M HNO3)
9 and for TBP under similar conditions, where G = -0.37 μmol 

J−1.12,13 Despite CMPO and TBP possessing the same P=O coordination group, electronic 

delocalization is favored in CMPO due to the presence of the phenyl group, which affords

additional stability upon protonation of the P=O group or complexation. Further, activated 

radioprotection has been attributed to the formation of a 1:1 [CMPO•HNO3] complex that

inhibits oxidative radiolytic degradation at the expense of the sacrificial HNO3 component:

9,10,11,14,15

CMPO + HNO3 ⇌ [CMPO•HNO3] K = 0.15 (1)

[CMPO•HNO3] + X → CMPO + HNO3
•+ + X−. (2)

Here ‘X’ represents an oxidizing radiolysis species produced from irradiated SNF reprocessing 

formulations, e.g., the n-dodecane radical cation (R•+), or hydroxyl (•OH, Eo = 2.7 V)16 and 

nitrate (•NO3, Eo = 2.3 – 2.6 V)17 radicals.18,19 Recently, we found that activation of the 

radioprotection mechanism of CMPO in n-dodecane was dependent on having both HNO3 and

an adjacent phenyl phosphoryl moiety being part of the sacrificial complex, and that 

radioprotection was more likely conferred through sequential quenching of n-dodecane excited 

states (R*): 11

[CMPO•HNO3] + R* → ligand + HNO3* + R, (3)

However, owing to the hydrophobic nature of CMPO, this study was limited to non-polar media

(i.e., n-dodecane), which prohibited further interrogation of the role that HNO3 played. For 

example, does the phenyl phosphoryl moiety require protonation, or simply the presence of 

CMPO complexed nitrate anion(s), or are both necessary for activated radioprotection of CMPO 

and its analogues? In aqueous solution, quenching of water excited states (H2O*) by nitrate 

anions (NO3
–) is believed to play a key role in inhibiting molecular hydrogen (H2) production 

from water radiolysis:20-22

H2O ⇝ H2O*, H2O
•+, e– (4)

H2O* → •OH, H•, H2, O (5)

H2O* + NO3
– → H2O + NO3

–* (6)
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NO3
–* → ONOO–/NO + O2

–/NO– + O2. (7)

Thus, it may be possible to activate radioprotection behavior in hydrophilic CMPO analogues in 

the presence of only nitrate anions, providing further insight into the functionalities and 

processes responsible for activated molecular radioprotection.

Here we investigate the radiation robustness of a simple series of hydrophilic phosphonic 

acids (methyl, ethyl, phenyl, and benzyl) in water and aqueous nitrate solutions (0.1 and 3.0 M) 

to determine whether radioprotection can be activated in the aqueous phase using chemical 

principles gleaned from CMPO studies. This information is critical for informing future designs

of SNF reprocessing ligands. Further, the feasibility for activated radioprotection of

organophosphorus compounds in aqueous solutions has impact beyond the nuclear fuel cycle. 

For example, there is considerable interest in the application of advanced oxidation processes, 

which utilize the same transient oxidants as those generated by water radiolysis, for the 

remediation of phosphorus-containing chemical contaminants such as organophosphorus nerve 

agents (e.g., VX, Sarin, and Soman) and pesticides (e.g., parathion and malathion).23-34

Additionally, resolving organophosphorus radiolysis in the aqueous phase is critical for

understanding DNA radiation damage mechanisms35-40 and potentially the chemical evolution of 

prebiotc molecules.41,42

MATERIALS AND METHODS

Materials. Methyl phosphonic acid (MePA, Figure 1 (B), 98%), ethyl phosphonic acid 

(EtPA, Figure 1 (C), 98%), phenyl phosphonic acid (PhPA, Figure 1 (E), 98%), benzyl

phosphonic acid (BzPA, Figure 1 (F), 97%), sodium nitrate (NaNO3, ≥99.995% trace metals 

basis), potassium thiocyanate (KSCN, ≥99.0% ACS Reagent Grade), para-chlorobenzoic acid 

(pCBA, 99%), perchloric acid (HClO4, ≥99.999% trace metals basis) potassium phosphate 

monobasic (99.99% trace metals basis), and tertiary-butanol (tBuOH, ≥99.5%) were sourced

from Sigma Aldrich, d6-acetone (99.9% D) and d4-methanol (99.9% D) were supplied by 

Cambridge Isotope Labs, and phosphoric acid (H3PO4, 85%) and sulfuric acid (H2SO4, 95%)

from Fisher Scientific. All chemicals were used without further purification. Ultra-pure water 

(18.2 MΩ cm) was used to prepare all aqueous solutions.

Steady-State Gamma Irradiation. A Shepherd 109-68 cobalt-60 irradiator at the Notre 

Dame Radiation Laboratory (NDRL) was used to perform all steady-state gamma irradiations. 
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Samples, comprising the aforementioned phosphonic acids (~10 mM) dissolved in either ultra-

pure water or aqueous solutions of 0.1 or 3.0 M NaNO3, were irradiated in sealed screw-cap 0.5 

dram glass vials in triplicate to doses up to 120 kGy. Although initially aerated ([O2] ~ 0.25 

mM), samples were considered deaerated after a few kGy of dose due to radiolytic consumption 

of O2. Dosimetry was determined using Fricke solution,43 subsequently corrected for 60Co decay 

(τ1/2 = 5.27 years) and solution density, affording an average dose rate of 1.36 Gy s−1 for these 

samples

Time-Resolved Pulsed-Electron Irradiation. Phosphonic acid reaction kinetics with water 

and aqueous nitrate radiolysis transients were measured using the NDRL nanosecond pulsed 

electron linear accelerator facility. A detailed description of the irradiation procedure and 

transient absorption detection system has been given previously.44,45 Dosimetry was determined 

using N2O saturated solutions of 10 mM KSCN at λmax = 472 nm (Gε = 5.2 × 10−4 m2 J−1).46

Solution pH was tested pre-irradiation after addition of the phosphonic acids, and adjustments 

made as necessary. Isolation and reaction kinetics of specific radicals was achieved with the 

following conditions:

 Hydrated Electron (eaq
−). Direct decay kinetics of eaq

– observed at 720 nm, using N2-

saturated aqueous solutions containing 0.5 M tBuOH and 10 mM phosphate buffer at pH 

7.00 ± 0.02. 

 Hydrogen Atom (H•). Direct growth kinetics of the competition kinetics standard pCBA

adduct (H-pCBA) transient absorbance at 360 nm, using N2-saturated solutions 

containing 20 mM tBuOH and 10 mM phosphate buffer at pH 3.0 for MePA and EtPA.  

For the aromatic species, the kinetics were measured directly through monitoring the H-

adduct species to these compounds directly, both of which gave a strong transient 

absorption at 330-340 nm.

 Hydroxyl Radical (•OH). KSCN competition kinetics was utilized for MePA and EtPA,

monitoring the change in the (SCN)2
•– transient absorption intensity at 475 nm, using 

N2O-saturated solutions containing 10 mM phosphate buffer at the desired pH. Two pH 

values were chosen for study here, pH 5.0 and 10.0, to determine the reactivity of singly 

and doubly-deprotonated species. For PhPA and BzPA, growth kinetics of the •OH-
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adduct cyclohexadienyl species at 320-340 nm were directly measured to obtain the 

reaction rate coefficients at these pH’s. 

 Nitrate Radical (•NO3). Direct decay kinetics of the •NO3 was observed at 630 nm using 

aerated aqueous solutions of 5.0 M NaNO3 at pH 2.0 ± 0.1.

All transient absorption measurements were made using 1.0 cm optical pathlength quartz 

cells. For •NO3 reactions, electron pulse irradiations were performed in static cells, using 2.0 mL 

of solution each time. All other kinetic measurements were performed in flow cells, with flow 

rates regulated to ensure that each electron pulse irradiated a fresh sample. Solution temperatures 

were directly measured by an in-flow thermocouple placed immediately above the irradiation 

cell. The temperature stability of the system was better than ±0.3 oC. Kinetic traces were 

generated through averaging 6−20 individual measurements. Quoted errors for the reaction rate 

coefficients are a combination of measurement precision and sample concentration errors.

High Performance Liquid Chromatography. Quantification of the hydrophilic phosphonic 

acid compounds and H3PO4 concentration was achieved by high performance liquid 

chromatography (HPLC) using a Waters Alliance e2695 separations module equipped with a 

Waters 2998 photodiode array (PDA) detector and a Waters 2414 Refractive Index (RI) 

Detector. Separation was achieved with BioRad Aminex HPX-87H column (300 mm × 7.8 mm, 

5 μm particle size) using 0.022 M H2SO4 in water as the mobile phase, with a flow rate of 

0.6 mL min−1 and a column temperature of 60 oC. MePA, EtPA, and H3PO4 were quantified 

using the RI detector, and PhPA was quantified using the PDA, with a wavelength window 

centered at 210.0 nm, with a resolution of 1.2 nm. All four compounds were quantified using 6-

point calibration curves constructed from standards. Each sample was injected sequentially four 

times, and sample injection order was randomized. Quality control standards at low, mid and 

high calibration levels were measured in the middle and at the end of the run to ensure the 

validity of the calibration curves. Water blanks were run at the beginning, middle, and end of 

every run to ensure carry-over did not influence the results. The BzPA samples developed a 

precipitate starting at low irradiation absorbed doses, prohibiting sample quantification. Due to 

the lack of structural information provided by optical (UV/Vis) and refractive index detection, 

unknown degradation product peaks that grew in as a function of absorbed dose could not be 

identified, and thus were not quantified.
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Nuclear Magnetic Resonance Spectroscopy. Identification of phosphorous containing 

species, both initial materials and subsequent degradation products, was achieved by nuclear 

magnetic resonance (NMR) spectroscopy using a 14.1 T (242.9 MHz for 31P) Bruker Avance III 

spectrometer with a 5 mm BBO solutions probe. 31P{1H} spectra were measured using the 

Bruker zgig pulse program, which incorporates a simple one-dimensional acquisition program 

with inverse-gated proton decoupling to minimize Nuclear Overhauser Effect NOE) build-up.47

For this sequence we used the waltz16 broadband decoupling scheme.48 All samples were run at 

298.0 K with a glass coaxial insert that contained d6-acetone as a lock solvent, so that the 

aqueous samples were unadulterated. The chemical shifts (δ) were calibrated against neat 

phosphoric acid within a glass coaxial insert (δ = 0.00 ppm) during a separate experiment. The 

experimental parameters for all measurements were as follows: number of scans, 64; time 

domain, 535, 708 points; sweep width, 245 ppm; acquisition time, 4.5 sec; pulse width (π/2), 8 

μsec; pulse power, 53 W; relaxation delay, 5 sec; waltz16 pulse length, 70 μsec; and waltz16 

pulse power, 0.51 W.
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RESULTS AND DISCUSSION

Reaction Kinetics: A summary of all kinetic data obtained by this work is given in Table 1. 

Table 1. Summary of measured rate coefficients for reaction of the hydrophilic phosphonic acids
(MePA, EtPA, PhPA, and BzPA) with water and aqueous nitrate radiolysis transients (•OH, H•, 
eaq

–, and •NO3). ‘*’ indicates run using KSCN competition kinetics.

species
rate coefficient (k)

•OH (109 M–1 s–1) H• (M–1 s–1) eaq
– (M–1 s–1) •NO3 (M–1 s–1)

MePA

0.162 ± 0.009* 

pH 10.02

0.123 ± 0.011* 

pH 5.016

(7.05 ± 0.51) × 106 

pH 3.0

(5.60 ± 0.39) × 106

pH 7.0

(7.75 ± 1.30) × 106

pH 5.0

< 103

pH 2.0 ± 0.1

EtPA

1.68 ± 0.32*

pH 10.02

1.39 ± 0.03*

pH 5.016

(8.35 ± 0.73) × 106

pH 3.0
(2.00 ± 0.10) × 107

pH 7.0

(2.31 ± 0.05) × 103

pH 2.0 ± 0.1

PhPA

6.75 ± 0.12

pH 10.03

5.93 ± 0.10

pH 5.06

(6.42 ± 0.66) × 108

pH 3.0

(3.07 ± 0.04) × 108

pH 7.0

(6.07 ± 0.22) × 108

pH 2.0 ± 0.1

BzPA

7.50 ± 0.11

pH 10.03

6.84 ± 0.07

pH 5.03

(7.29 ± 0.10) × 108

pH 3.0

(3.95 ± 0.11) × 107

pH 7.0

(1.43 ± 0.07) × 109

pH 2.0 ± 0.1

Typical kinetic data measured by this work is shown in Figure 2 for the reaction of the •OH with 

PhPA at pH 10.0. For these direct measurements, transient absorptions for adduct formation and 

decay were observed and fit using a standard integrated kinetics equation: 

��� =
����∗��

�

(��
� ����

� )
∗ �����

� � − �����
� ��. (8)

As the concentration of phosphonic acid (~50 – 200 μM) was in significant excess when 

compared with the concentration of •OH (~3 μM), the fit k parameters are pseudo-first-order.
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Figure 2. Transient growth kinetics at 325 nm observed for •OH reaction with phenyl
phosphonic acid at pH 10.0 and 23.2 oC in N2O-saturated solution for 51.7 μM (Black), 100.3
μM (Red), 150.9 μM (Blue) and 199.6 μM (Green) acid. Data offset to aid visibility. Inset:
Second-order rate coefficient determination from pseudo-first-order growth kinetics fitting to 
these traces. Solid line corresponds to weighted linear fit, with k = (6.75 ± 0.12) × 109 M–1 s–1, 
R2 = 0.996.

For example, in this expression for PhPA, k9’ = k9 × [PhPA] is the pseudo-first-order growth 

constant for adduct formation:

•OH + PhPA → •OH-PhPA (cyclohexadienyl adduct) k9, (9)

and k10’ = k10 × [PhPA] is the corresponding value for the decay of this transient species:

•OH-PhPA → products k10. (10)

By plotting the determined k9’ values against the concentration of PhPA the second-order plot 

seen in the inset for Figure 2 was obtained. The slope of this line corresponds to the true second-
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order reaction rate coefficient of k9 = (6.75 ± 0.12) × 109 M–1 s–1. Analogous kinetic data were 

obtained for BzPA, which gave a slightly faster rate coefficient of k(•OH + BzPA) = (7.50 ± 

0.11) × 109 M–1 s–1, consistent with additional reactivity conferred by the presence of extra 

hydrogen atoms on the bridging methylene group. The corresponding •OH reactions with MePA 

and EtPA did not give any significant transient absorption change in the 300-800 nm region. 

Hence, these kinetic data were collecting using KSCN competition kinetics.16 In N2O-saturated 

solution, in the absence of nitrate, the species produced in Equation (4) undergo fragmentation 

and recombination to give the general primary products of water radiolysis species distribution:

H2O ⇝ [0.28]•OH + [0.06]H• + [0.27]eaq
− + [0.05]H2 + [0.07]H2O2 + [0.27]Haq

+, (11)

where the numbers in brackets are the radiolytic yields of deposited energy (G-values µM J−1) 

for species production.16 When N2O is present, the reducing radicals are converted to •OH, 

according to:16,49

eaq
– + N2O (+ H2O) → •OH + OH– + N2 k = 9.1 × 109 M–1 s–1 (12)

H• + N2O → •OH + N2 k = 2.1 × 106 M–1 s–1, (13)

giving a totally oxidizing radical environment. To perform SCN– competition kinetics, a small (~ 

100 M) concentration of KSCN is added to the pulsed-electron irradiated solution, allowing the 

competition:16

•OH + SCN– (+ SCN–) → (SCN)2
•– + OH– kSCN

– = 1.1 × 1010 M–1 s–1 (14)

•OH + PA → products kPA, (15)

where PA is either MePA or EtPA. This competition can be integrated to give the following 

analytical expression, 

����

���
= 1 +

���[��}

�����[����]
, (16)

where Abso is the (SCN)2
•– transient absorption maximum for only the KSCN solution and Abs

is the reduced transient absorption when PA is present. By plotting the ratio Abso/Abs against 

[PA]/[SCN–] for a range of PA concentrations, the ratio kPA/kSCN– is obtained, from which the 

value of kPA can be readily calculated. Significantly slower values were measured for the •OH 

with MePA and EtPA, (1.62 ± 0.09) × 108 and (1.68 ± 0.32) × 109 M–1 s–1, respectively. This is 
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consistent with a dominant hydrogen atom (H-atom) abstraction mechanism, with the increased 

reactivity for EtPA due to presence of the additional methylene group. Complementary kinetic 

values at pH 5.0, corresponding to the single-deprotonated species, show slightly slower rate 

coefficients, which is consistent with literature data for structurally similar aliphatic and aromatic 

sulfonate and sulfonic acid species.16

Reaction of the H• with these acids was measured at pH 3.0, corresponding to the mostly 

singly-deprotonated species present. From the rate of change of the H-pCBA adduct species 

transient absorption at 360 nm upon the addition of various concentrations of these acids, 

competition kinetics measurements were made for the reaction of H• with MePA and EtPA.  

These data are given in Table 1, and seen to be a factor of 10-100 slower than measured for the 

•OH for these two acids.  This behavior is consistent with the same H-atom abstraction 

mechanism occurring for both radicals for these aliphatic phosphonic acids. For PhPA and 

BzPA, the H•  reactivity is again seen to be about an order of magnitude slower than for the •OH, 

again indicating that the same reaction mechanism is occurring, which is believed to be addition 

of the radical to the phenyl ring to give the corresponding adduct species.  

All eaq
− kinetic measurements, shown in Table 1, were performed using this radicals’ strong 

transient absorption maximum at 720 nm at pH 7.0. Both MePA and EtPA reacted slowly, 

indicating minimal reduction of the phosphoryl bond in these molecules. Reaction with the 

aromatic acids, PhPA and BzPA, was much faster, suggesting that the majority of this radicals’ 

reaction was with the aromatic moiety in these species. 

For the •NO3, no significant reactivity for MePA and EtPA was observed from the change 

in the rate of decay of the radical’s transient absorbance at 640 nm. However, for the two 

aromatic acids, fast rate coefficients of the order of 109 M–1 s–1 were measured, again indicating 

adduct formation through addition to the aromatic ring.

In summary, the measured rate coefficients suggest that for MePA and EtPA the 

predominant degradation pathways will occur by •OH and H• initiated reactions. While for the 

aromatic acids, all four radicals are expected to have significant contributions. 

Methyl Phosphonic Acid Degradation. Gamma-ray-induced radiolysis of MePA is shown 

in Figures 3, 4, and 5, for water, 0.1 and 3.0 M NaNO3(aq), respectively. Independent of solution 
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conditions, MePA degrades as a function of absorbed gamma dose to predominantly yield H3PO4

(δ ~ 0 ± 0.3 ppm), corresponding to cleavage of the C-P bond.

Figure 3. (A) Concentration of methyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM methyl phosphonic acid in water. (B) Complementary 31P NMR spectra for different 
doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance species.†‡

Figure 4. (A) Concentration of methyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM methyl phosphonic acid in 0.1 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.†‡

† The species denoted ‘*’ is an impurity in the original compound. Based on peak areas, this species does not 
change in concentration throughout the irradiation.

‡ The gradual shift of the main phosphonic acid solute signal with absorbed gamma dose is attributed to changes in 
the phosphorus atom’s environment due to solvent radiolysis, previously demonstrated for CMPO.11
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Interestingly, phosphorous mass balance is progressively lost (up to 34%) with increasing 

absorbed gamma dose for MePA irradiated in water only, Figure 3 (A), but not for 

complementary nitrate systems (within confidence limits). This indicates the formation of 

additional phosphorous containing degradation products, which may have been too low in 

concentration for resolution and/or detection by the HPLC method employed in this work.

Figure 5. (A) Concentration of methyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM methyl phosphonic acid in 3.0 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.‡

In light of this, 31P NMR was used to identify additional phosphorus containing products, 

of which at least two phosphorous bearing species, in addition to MePA and H3PO4, were found 

for MePA irradiated in water, the corresponding NMR spectra are shown in Figure 3 (B). 

Further, in the presence of nitrate a different distribution of degradation products is observed, 

Figure 4 and 5 (B). The mechanistic origin of these degradation products predominantly centers 

around the elimination of a viable leaving group.33,34 For MePA, the options are the highly 

oxidizing OH, the methyl radical (CH3), or subsequent species from H-atom abstraction. Both 

OH and CH3 are not particularly good leaving groups, as evident from previous phosphate and 

phosphonate studies,33,34 suggesting that H-atom abstraction should be the dominant mode of 

MePA degradation, as outlined in Figure 6. 
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Figure 6. Proposed mechanistic pathways for the formation of methyl phosphonic acid 
degradation products.

H-atom abstraction, as previously discussed, can be induced by both the oxidizing (OH and 

NO3) and reducing (H• and eaq
–) products of water and aqueous nitrate radiolysis. A H-atom is 

abstracted to yield a carbon centered phosphonic acid radical (MePA(-H)), which can be

subsequently eliminated following radical capping, for example:50

MePA(-H) + O2 → H2C=O + H3PO4 (17)

MePA(-H) + H2O2 → H2C(OH)HPO3
– + OH. (18)

The alternative degradation pathway is electron capture, which involves attack at the 

phosphorous center to induce cleavage of the C-P bond, typically by eaq
– and OH, yielding the

CH3 and a phosphonic anion (HPO3
2–). These transient species will also be subject to additional 

chemistry, for example:51-55

CH3 + O2 → H3COO k ~ 3.9 × 109 M–1 s–1 (19)

CH3 + H2O2 → H3COH + OH k < 1.0 × 106 M–1 s–1 (20)

HPO3
2– + Haq

+ → H2PO3
–. (21)

This process is less favorable than H-atom abstraction due to loss of CH3. This is supported by

the slow rate coefficient measured for the reaction of eaq
– with MePa ((5.60 ± 0.39) × 106 M–1 s–1

at pH 7.0, and (7.75 ± 1.30) × 106 M–1 s–1 at pH 5.0), Table 1. Further evidence for H-atom 

abstraction being the dominant pathway was reported by Schuchmann et al. for the reaction of 

OH with methyl phosphate.40 They found that ~93% of the available yield of OH was 

responsible for H-atom abstraction, and the remaining ≤7% reacted by electron transfer at the 
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phosphate function. Overall, both pathways are consistent with the kinetics measured here and 

allow us to account for the observed number of phosphorus containing degradation products. 

The change in MePA degradation product distribution with nitrate concentration, in going 

from water only to 3.0 M nitrate, is a consequence of solute-induced changes in radiation 

chemistry. Degradation products identified in nitrate containing solutions are expected to

predominantly arise from oxidizing radiolytic processes involving the OH and, to a much lesser 

extent based on the reaction kinetics data given in Table 1, the NO3:

MePA + OH/NO3 → oxidized products. (22)

This assignment is supported by the nitrate anion (NO3
−) being an effective scavenger for the

reducing products of water radiolysis, i.e., the precursor to the hydrated electron (epre
–), the eaq

–,

and the H:56-60

e− ��� ��
�⎯⎯⎯�  epre

− ��� ��
�⎯⎯⎯� eaq

− (23)

NO3
− + epre

−  → NO3
•2− k = 1.0 × 1013 M−1 s−1 (24)

NO3
− + eaq

−  → NO3
•2− k = 9.7 × 109 M−1 s−1 (25)

NO3
− + H•  → HNO3

•− k = 1.0 × 107 M−1 s−1. (26)

Thus, degradation products unique to MePA irradiated in water only are attributed to processes 

initiated by the eaq
– and the H.§ However, the contribution of eaq

– to MePA degradation is 

expected to be minimal. This is due to a combination of its low reactivity for MePA and solution 

acidity. All investigated phosphonic acid solutions were acidic, with a pH = 2.0 ± 0.1. The 

importance of this relates to the speciation of water radiolysis products, as the additional protons 

(Haq
+), relative to neutral pH, rapidly convert electrons to H:16,56

epre
− + Haq

+ → H• k = 2.2 × 1012 M−1 s−1 (27)

eaq
− + Haq

+ → H• k = 2.3 × 1010 M−1 s−1. (28)

So, for MePA essentially 100% of the available yield of eaq
– is consumed by Haq

+ to produce a 

greater available yield of H to induce H-atom abstraction:

§ Reaction of MePA with epre
– is highly unlikely considering its slow rate of reaction with the eaq

–, Table 1.
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MePA + H → H-atom abstraction products. (29)

This mechanistic interpretation is also consistent with the observed change in MePA degradation 

rate with increasing nitrate concentration, for which a summary of dose constants is given in

Table 2.61

Table 2. Pseudo-first-order dose constants, determined by linear fits to data within 60 kGy, for 
the gamma irradiation of methyl, ethyl, and phenyl phosphonic acid as a function of aqueous 
solution conditions.

species
dose constant (10–6 Gy–1)

water only 0.1 M NaNO3(aq) 3.0 M NaNO3(aq)

MePA -18.00 ± 0.26 -6.56 ± 0.34 -3.67 ± 0.63

EtPA -27.50 ± 0.36 -35.20 ± 0.74 -27.70 ± 0.46

PhPA -46.2 ± 1.71 -41.3 ± 0.50 -34.00 ± 1.19

For water only, ~60% of MePA is consumed within 60 kGy, corresponding to a dose constant of 

(-18.00 ± 0.26) × 10–6 Gy–1. This extent of MePA degradation significantly decreases to 36% 

and 15% within 60 kGy on going from 0.1 to 3.0 M, dose constants of (-6.56 ± 0.34) and (-3.67 

± 0.63) × 10–6 Gy–1, respectively. Although we observe radioprotection of MePA with increasing

nitrate concentration, there was no evidence of activated radioprotection through the formation 

of a [MePA•NO3
−] complex, similar to that seen for CMPO.9-11 Such a species would have been 

easily identified by a significant shift in the 31P NMR peak for MePA in the unirradiated 3.0 M 

nitrate samples. Instead, this effect is predominantly due to changes in radiation chemistry 

associated with nitrate altering the available suite of water radiolysis products for reaction with 

MePA. At 0.1 M nitrate, the concentration of NO3
− is below the threshold for scavenging all 

epre
−. Consequently, ~19% of the available eaq

− yield is converted to H• by Haq
+, and the 

remaining consumed by NO3
−.20,21 Scavenging of H• by NO3

−, is significantly slower than for 

electrons. Consequently, the available H• are partitioned between reaction with  MePA (~7%, k = 

(7.05 ± 0.51) × 106 M–1 s–1, Table 1) and NO3
− (~93%), which accounts for the slower rate of 

MePA degradation in the presence of 0.1 M nitrate, relative to water only. When the 

concentration of nitrate is increased to 3.0 M, the scavenging capacity (kSC = k × [solute]) of 

NO3
− for epre

− is sufficiently high to outcompete Haq
+ for ~100% of the available epre

−. Further, at 

3.0 M nitrate, ~100% of the available H• are also consumed by NO3
−, which manifests as an even 
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slower rate of MePA degradation, relative to water only. Thus, it can be concluded that the 

reduction in radiolysis of MePA as a function of increasing nitrate concentration is the result of 

NO3
− scavenging species that would otherwise react with MePA, and not from an activated 

radioprotection mechanism, as was observed for CMPO.

Ethyl Phosphonic Acid Degradation. The rate of radiation-induced EtPA degradation is 

shown in Figures 7, 8, and 9 for water, 0.1 and 3.0 M NaNO3(aq), respectively. For all three 

system conditions EtPA exponentially decays with increasing absorbed gamma dose to 

predominantly yield H3PO4. As with MePA, there is no significant difference in the EtPA 31P 

NMR chemical shift between pure water, 0.1 and 3.0 M NaNO3(aq) conditions, suggesting the 

absence of an activated radioprotection mechanism.

Figure 7. (A) Concentration of ethyl phosphonic acid (), phosphoric acid (), methyl
phosphonic acid (▼), and phosphorous mass balance () as a function absorbed gamma dose 
from irradiation of formally 10 mM ethyl phosphonic acid in water. (B) Complementary 31P 
NMR spectra for different doses. The y-axis in the NMR spectra is truncated to highlight the 
low-abundance species.‡

Further, the rate of EtPA degradation shows little dependence on nitrate concentration, with an 

average dose constant of -30.13 × 10–6 Gy–1, Table 2. This observation, in combination with 

accelerated EtPA degradation relative to MePA, is attributed to EtPA’s higher rate coefficients 

for reaction with •OH and •NO3, Table 1, both of which are at least an order of magnitude greater

than those for MePA. 
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Figure 8. (A) Concentration of ethyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM ethyl phosphonic acid in 0.1 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.‡

Figure 9. (A) Concentration of ethyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM ethyl phosphonic acid in 3.0 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.‡

Consequently, EtPA is capable of scavenging a greater fraction of the oxidizing species, which 

would otherwise be consumed by other processes, for example:57,62,63

OH + H2O2 → H2O + HO2
 k = 2.7 × 107 M–1 s–1 (30)

OH + NO2
– → OH– + NO2

 k = 6.0 × 109 M–1 s–1 (31)



Manuscript for Radiation Physics and Chemistry

Page 20 of 30

NO3 + H2O2 → HNO3 + HO2
 k = 7.1 × 106 M–1 s–1. (32)

NO3 + NO2
– → NO3

– + NO2
 k = 4.4 × 109 M–1 s–1 (33)

Similar to the degradation of MePA, there is significant loss in EtPA phosphorous mass 

balance with increasing absorbed dose, up to 52% in water, Figure 7 (A). This loss in 

phosphorous mass balance persists, albeit to a lesser extent, in the complementary 0.1 and 3.0 M 

NaNO3(aq) systems, Figure 8 and 9 (A), up to 39% and 43%, respectively. Additional 

phosphorous containing products, the distribution of which varied with nitrate concentration, 

were identified by 31P NMR, as shown in Figure 7, 8, and 9 (B). However, the number of 

phosphorous containing species was significantly greater than for MePA and there was evidence 

for the formation of multiple phosphorus bearing species, indicated by 31P signal couplings, e.g.,

at δ = 17.15 ppm in Figure 8 (B). Generation of such species is possible through a combination 

of H-atom abstraction and β-scission processes, as shown in Figure 10.

Figure 10. Proposed mechanistic pathways for the formation of ethyl phosphonic acid 
degradation products.

These products have the potential to react further and undergo radical loss and/or produce 

phosphorous bearing dimer and trimer species from the initially formed radical products, 

consistent with our NMR observations. Of the numerous phosphorous containing degradation 

products, we were able to resolve and quantify the formation of MePA (δ ~ 28 ppm)‡, Figure 7

(A). This was curious as it suggests an additional degradation pathway that promotes cleavage of 

the ethyl C-C bond to yield a •CH3 and complementary MePA(-H). A potential pathway may 

involve H-atom abstraction from the methyl carbon of the ethyl alky chain, although this is more 

likely to rapidly undergo elimination to produce ethene, as shown in Figure 11.64,65
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Figure 11. Proposed mechanistic pathways for hydrogen atom abstraction from the methyl 
carbon of the ethyl alky chain on ethyl phosphonic acid.

Greater than 15 kGy is necessary to produce sufficient amounts of MePA for detection, and this 

species is absent in the presence of nitrate, Figures 8 and 9. This suggests that it is most likely 

generated as a subsequent degradation product attributed to the reducing products of water 

radiolysis.

Figure 12. Proposed mechanistic pathways for the formation of β-hydroxyethylenephosphonic 
acid and bis-phosphonic acids from ethyl phosphonic acid radiolysis.

However, the species registering as MePA could also be β-hydroxyethylenephosphonic acid or 

bis-phosphonic acids, both of which have more energetically favorable radical formation 

pathways, outlined by Figure 12. LC-MS investigations could resolve whether MePA is the 

actual degradation product.

Phenyl Phosphonic Acid Degradation. The gamma radiolysis of PhPA is shown in Figures 

13, 14, and 15 for water, 0.1 and 3.0 M NaNO3(aq), respectively. Radiolytic degradation of PhPA 

occurred exponentially, with predominant formation of H3PO4, and a handful of additional 

phosphorus containing degradation products, for which there was no indication of phosphorus 

dimers or trimers, as identified by 31P NMR.
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Figure 13. (A) Concentration of phenyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM phenyl phosphonic acid in water. (B) Complementary 31P NMR spectra for different 
doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance species.‡

Surprisingly, despite chemical principles gleaned from our previous CMPO study,11 no 

significant difference was observed in the PhPA chemical shift between the water, 0.1 and 3.0 M 

NaNO3(aq) conditions. This implies no formation of a [PhPA•NO3
−] complex, which supports our 

previous hypothesis that such complex formation is necessary to activate the radioprotection 

mechanism.11

Figure 14. (A) Concentration of phenyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM phenyl phosphonic acid in 0.1 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.‡
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Figure 15. (A) Concentration of phenyl phosphonic acid (), phosphoric acid (), and 
phosphorous mass balance () as a function absorbed gamma dose from irradiation of formally 
10 mM phenyl phosphonic acid in 3.0 M NaNO3(aq). (B) Complementary 31P NMR spectra for 
different doses. The y-axis in the NMR spectra is truncated to highlight the low-abundance 
species.‡

Interestingly, the corresponding PhPA dose constants, given in Table 2, do hint at slight 

radioprotection conferred by NO3
– changes to radiolysis product distribution. This suggests that 

PhPA reactions induced by the reducing radicals from water radiolysis promote a more effective 

degradation pathway than for EtPA.

Figure 16. Proposed mechanistic pathway for the formation of phenyl phosphonic acid 
degradation products.

Based on the measured reaction kinetics in Table 1, PhPA predominantly reacts by radical 

capture reactions to form cyclohexadienyl radicals that can undergo loss of H3PO4 to produce 

substituted aromatic molecules, as outline in Figure 16. Mechanistic formation of additional 

phosphorous containing degradation may be attributed to radical addition at other carbon centers 

on the aromatic ring.

Benzyl Phosphonic Acid Degradation. Gamma irradiation of BzPA, selected to try and 

probe whether direct conjugation of the phenyl phosphoryl moiety is necessary for activated 
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radioprotection, yielded cloudy suspensions even at very low doses. While this prohibited

analysis by HPLC, 31P NMR showed that for all three solution conditions (water, 0.1 and 3.0 M 

NaNO3(aq)) BzPA rapidly degraded into H3PO4, as shown in Figure 17 (A), (B), and (C).

Although there is some evidence for additional phosphorus containing species in the nitrate 

systems, their contribution by peak area is negligible. These observations once again highlight 

two probable degradation pathways available to BzPA, H-atom abstraction and β-scission, 

outlined in Figure 18. Both radical initiated pathways lead to cleavage of the C-P bond, 

ultimately yielding H3PO4, bibenzyl, and a variety of other oxidized benzyl species from reaction 

with oxygen and subsequent reactions with other primary and/or secondary radical species.

Figure 17. 31P NMR spectra for gamma irradiated 10 mM benzyl phosphonic acid in water (A), 
0.1 M NaNO3 (B), and 3.0 M NaNO3(aq) (C) for different doses. 1H NMR spectra of the 
precipitate (centrifuged and dissolved in d4-methanol) formed upon irradiation of 10 mM benzyl
phosphonic acid in water (D). The y-axis in the NMR spectrum is truncated to highlight the low-
abundance species.‡
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Although there is no evidence for the formation of a [BzPA•NO3
−] sacrificial protective 

complex, the rate of BzPA degradation appears to decrease slightly in the presence of nitrate, 

based on NMR peak areas. There is a caveat to this, comparison of NMR peaks areas between 

different experiments and samples is semi-quantitative at best. While the samples all nominally 

have the same pre-irradiation concentration and volume pipetted into the NMR tubes, the 

differences between the samples are hard to quantitate without an internal/external reference to 

measure against.

Figure 18. Proposed mechanistic pathways for the formation of benzyl phosphonic acid 
degradation products.

Analysis of the white precipitate degradation product was achieved by 1H and 31P NMR 

following centrifugation, decanting of the aqueous phase, and dissolution of the solid in d4-

methanol. For 1H NMR, Figure 17 (D), there are two distinct regions, a large asymmetric peak in 

the aromatic region and a broad peak/set of peaks in the aliphatic region. These signals are 

attributed to predominately bibenzyl, which is consistent with the proposed reaction scheme in 

Figure 18. The corresponding 31P NMR showed virtually no phosphorus containing species, with 

a slight peak at δ ~ 3 ppm attributed to traces carried over from the aqueous to the solid phase

upon decanting.

CONCLUSIONS

The effect of dissolved nitrate on the radiation chemistry of a series of simple phosphonic 

acids aqueous solutions has been investigated. All organophosphorus species were found to be 

susceptible to radiolysis induced by gamma-rays, liberating phosphoric acid as the major 

degradation product through cleavage of the C-P bond. Other phosphorous containing 
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degradation products, the distributions of which were phosphonic acid and nitrate concentration 

dependent, were indicated by HPLC and 31P NMR techniques.

No activated radioprotection was observed for any of the derivatives in the presence of 

nitrate ions at pH 2.0 ± 0.1, despite the phenyl phosphonic acid analogue possessing most of the 

functional group requirements reported to confer protection to CMPO and its analogues in the 

organic phase.11 The absence of activated radioprotection and evidence for the formation of a 

[PhPA•NO3
−] complex, supports our previous hypothesis that such complex formation is 

necessary to activate the radioprotection mechanism.11
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