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Ultrafast pre-solvated dodecane hole capture and subsequent 
damage of used nuclear fuel extraction ligands DEHBA, DEHiBA, 
HONTA, CMPO, HEH[EHP] and TBP 
Rupali G. Deokara and Andrew R. Cooka,*

Two classes of used nuclear fuel (UNF) extraction ligands, amide (DEHBA, DEHiBA, HONTA) and organophosphorus (CMPO,  
HEH[EHP], TBP), were selected to study radiation induced damage at picosecond to nanosecond timescale using electron 
pulse radiolysis in n-dodecane (DD) and supported by quantum chemical calculations. Spectra after radiolysis of 200 mM 
extraction ligands were recorded in DD/0.3 M DCM. Absorption peaks at 365, 365, 400 and 387 nm in case of DEHBA, 
DEHiBA, HONTA and CMPO respectively are assigned to triplet excited states. Additional absorption peaks at 420, 460 and 
600 nm of DEHBA, DEHiBA and HONTA respectively were identified as due to ligand radical cations. A concentration 
dependent absorption peak at 600 nm in the case of CMPO was observed and assigned due to a combination of CMPO●+, 
(CMPO)2

●+ and possibly a radical degradation product of CMPO. Weak absorption peaks at 650 and 550 nm in case of 
HEH[EHP] and TBP were observed and tentatively assigned to their radical cations. A two-component DD●+ decay in the 
presence of ligands was observed due to different ligand oxidation mechanisms: ultrafast capture of pre-solvated DD holes 
and diffusive capture of solvated DD holes. At high extraction ligand concentrations (> 100 mM), the majority of DD holes 
were captured via an ultrafast pre-solvated pathway in < 10 ps with C37 values of 389, 401, 270, 374, 458 and 340 mM for 
DEHBA, DEHiBA, HONTA, CMPO, HEH[EHP] and TBP respectively. Following ultrafast capture, the remainder of DD holes 
became solvated and were captured with k = (2.32 ± 0.13), (1.78 ± 0.12), (1.38 ± 0.2), (0.98 ± 0.081), (1.09 ± 0.08) and (1.77 
± 0.046) x 1010  for DEHBA, DEHiBA, HONTA, CMPO, HEH[EHP] and TBP respectively. Subsequent hole transfer from the 
extraction ligands●+ to the low IP solute tri-p-tolylamine (TTA) showed only 4-16% hole transfer most likely indicating ligand●+ 
degradation in 0.9-4.6 ns.

Introduction
Nuclear energy is the best alternative to produce large 

amounts of energy with net low carbon emission and air 
pollution. Technical reactor and political challenges aside, a key 
issue in nuclear energy is the safe and clean production of fuels 
and disposition of radioactive waste. The best way to reduce 
used nuclear fuel (UNF) waste is to utilize reprocessing methods 
to separate radioactive metals for separate disposal or even 
better for reuse. Liquid-liquid extraction is currently the most 
commonly used method to separate radioactive metals from 
UNF. This process uses a selective organic ligand in an organic 
solvent to extract radioactive metals from UNF waste dissolved 
in an acidic aqueous phase. Therefore, novel ligands having 
selectivity for different radioactive metals are of current 
interest. Along with selectivity, UNF extraction ligands must also 
maintain their extraction and subsequent stripping efficiencies 
in the presence of the intense radiation environment caused by 

the metals. Different extraction schemes have been developed 
using different ligands. Examples of some processes which uses 
amide and organophosphorus extraction ligands are as follows. 
The classic PUREX process recovers U(VI) and Pu(IV) using 
tributyl phosphate (TBP, Fig. 1) at 30 % by volume in kerosene1-

3. TRUEX is an alternative to PUREX which uses TBP along with 
n-octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphine 
oxide (CMPO, Fig. 1) in n-dodecane (DD)4-6. The Actinide 
Lanthanide Separation Process (ALSEP) uses a mixture of 
tetra-2-ethylhexyldiglycolamide (TEHDGA) or N,N,N′,N′-
tetraoctyldiglycolamide (TODGA) and 2-ethylhexylphosphonic 
acid mono-2-ethylhexyl ester (HEH[EHP], Fig. 1) in DD for MA/Ln 
separations7, 8. Processes using organophosphorus extraction 
ligands (TBP, CMPO, HEH[EHP]) introduce additional 
complexities, as they do not adhere to CHON principle, which 
allows for complete incineration and thus minimization of the 
final waste.9, 10  A proposed alternative class of extraction 
ligands are N,N-dialkyl monoamides11, 12. In particular N,N-di-(2-
ethylhexyl)butyramide (DEHBA, Fig. 1) and N,N-di-2-
ethylhexylisobutyramide (DEHiBA, Fig. 1) are anticipated as 
direct substitutes for TBP,11, 13-15 as they produce better U(VI) 
and Pu(IV) separation and radiolytic stability compared to TBP. 
These ligands are also being considered for direct dissolution of 

a.Brookhaven National Laboratory, Upton, NY, 11973, USA
† Electronic Supplementary Information (ESI) available: Additional figures, tables, 
details as referenced in the text and calculated molecular geometries. See 
DOI: 10.1039/x0xx00000x 
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metal containing UNF in an effort to reduce aqueous wastes.16  
The SELECT process in MA/Ln separation uses hexa-n-
octylnitrilo-triacetamide (HONTA, Fig. 1) as a promising CHON 
candidate under acidic conditions17-19. 

Due to the radiation produced by radioactive metals, the 
organic solvents and extraction ligands used undergo 
radiochemical damage, which typically decreases extraction 
efficiency and increases waste and the cost of separations. 
Reports have identified that a major source of ligand damage to 
extraction ligands is a combination of direct ligand ionization 
and indirect oxidation by charge transfer from solvent radical 
cations.20-27 Most of the above-mentioned model processes use 
DD as the organic solvent (commonly called the diluent). The 
rate constants of DD●+ reacting with TODGA27-29, DEHBA23, 
DEHiBA23, HONTA25, CMPO20, HEH[EHP]26 and TBP23 were 
reported to be 2.38,  0.9, 1.1, 0.76, 1.3, 0.47 and 1.4 x 1010 
M−1s−1 respectively, however the nature of the reaction was not 
typically proven; it was simply assumed to be hole transfer (HT) 
even though proton transfer (PT) was energetically viable as 
well. Note also that these rate constants were measured with 
low concentrations on the nanosecond timescale, thus can miss 
key processes operating at high concentrations relevant to 
typical extraction conditions. To test this regime, faster time 
resolution is required. Picosecond pulse radiolysis is far less 
common but can determine the nature of reactions when 
extraction ligands are present at large concentrations (up to 1 
M for example), thus enables greater mechanistic 
understanding of radiation effects under real extraction 
conditions. Using this technique, we recently reported that at 
concentrations exceeding 100 mM, TODGA captures most DD 
holes prior to their solvation in < 10 ps.27 This ultrafast hole 
capture mechanism can have different dependence on solute 
than normal diffusive capture,30-32 and leaves few solvated DD●+ 
to oxidize TODGA at the reported rates. We further showed that 
following this ultrafast oxidation, TODGA●+ decomposed 
rapidly, within 2.6 ns (at 200 mM TODGA). Electronic structure 
calculations suggested this extraction ligand damage was likely 
the result of either PT from the weakened C−H bonds in the 
TODGA●+ backbone or rupture of the C−C=O bond of TODGA●+. 
This work concluded that the only way to avoid these 
mechanisms of TODGA degradation was to have high 
concentrations of other species in solution that can compete 
with TODGA for capture of ultrafast holes. Work is underway to 
test this idea.  

This contribution builds on the picosecond pulse radiolysis 
work with TODGA and examines additional proposed amide and 
organophosphorus based extraction ligands introduced above.  
In all cases, these ligands are expected to be used at high 
concentration to maximize metal separation and organic phase 
useful lifetime.  A key question in all cases is to what extent are 
such proposed extraction ligands oxidized by ultrafast capture 
of solvent holes?  Further, can we determine if after ultrafast 
oxidation these ligands also degrade like TODGA?  While this 
work only examines uncomplexed organic phase ligands 
without contact with an acidic aqueous phase, it provides 
important foundational knowledge needed for a full 
understanding of radiation induced damage during extraction 

of UNF.  Here we report measurements with DEHBA, DEHiBA, 
HONTA, CMPO, HEH[EHP] and TBP in DD/0.3 M DCM. 
Absorption spectra are reported for samples containing 200 
mM of extraction ligands after radiolysis, as most of the ligands’ 
radical cation spectra in DD are not known. Hole attachment 
rate constants at low concentration as well as efficiencies for 
ultrafast hole capture are determined.  As with the earlier 
TODGA study, we evaluate the lifetime of ligand radical cations 
by determination of their ability to transfer the hole to a lower 
IP solute, tri-p-tolyl amine (TTA).

Fig. 1 Molecular structure of extraction ligands; N,N-di-(2-
ethylhexyl)butyramide (DEHBA), N,N-di-2-
ethylhexylisobutyramide (DEHiBA) and hexa-n-octylnitrilo-
triacetamide (HONTA), n-octyl(phenyl)-N,N-
diisobutylcarbamoylmethyl phosphine oxide (CMPO), 2-
ethylhexylphosphonic acid mono-2-ethylhexyl ester  
(HEH[EHP]) and tributyl phosphate (TBP)

     
DEHBA DEHiBA

HONTA

   
CMPO TBP

HEH[EHP]
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Materials and methods
DEHBA (99%) and DEHiBA (99%) were produced by 

Technocomm, ltd.. HONTA (96%) was custom made as 
previously reported.25 CMPO (97%) and HEH[EHP] (98%) were 
purchased from Marshallton Labs. TBP (>99%) was purchased 
from Millipore Sigma. All extraction ligands were used as 
received. Tri-p-tolyl amine (98%) from TCI was used as received. 
Solvents, n-dodecane (DD, >99%) and dichloromethane (DCM, 
>99%) from Millipore Sigma were dried over 3A molecular 
sieves. Samples were sealed in custom made 0.5 cm pathlength 
Suprasil cells and degassed using argon. 0.3 M DCM was added 
to samples to scavenge electrons formed by ionization to 
reduce the rate of recombination in alkanes.

Picosecond electron pulse radiolysis experiments were 
performed at the Brookhaven National Laboratory Laser 
Electron Accelerator Facility (LEAF).33 9 MeV electron pulses of 
5-10 ps duration were generated using UV photons from an 
ultrafast laser incident on a magnesium photocathode in an RF 
cavity. The output 3-5 nC electron pulses gave a dose of 10-20 
Gy in samples, estimated by comparison to solvated electron 
absorption in a water sample. Data were normalized to the 
same dose using a Faraday cup. Transient absorption 
experiments with ~10 ps time resolution used the Optical Fiber 
Single-Shot (OFSS) detection system, described previously.34  
Briefly, the OFSS system utilizes a bundle of different length 
optical fibers that act as independent optical delay lines to 
collect complete transients with a 5 ns time window using a 
single electron pulse. 64 pulses were typically averaged to 
reduce noise. Data and spectra with ~1 ns time resolution were 
recorded using a pulsed xenon arc lamp (PTI Inc.), 10-25 nm 
bandwidth interference filters (Edmund Optics) and an 
FND-100Q silicon photodiode (EG&G), and digitized using a 
Teledyne LeCroy HDO6104-MS oscilloscope (1 GHz bandwidth, 
12 bit vertical resolution, 2.5 GS/s). All data were collected and 
processed with LabView (National Instruments) and Igor Pro 
(Wavemetrics) software programs.

To support the experimental observations, quantum 
chemical calculations were performed using the Gaussian1635 
and GaussView36 software packages. Calculations used the 
B3LYP functional37, 38 and 6-31G(d,p) basis set39, with solvation 
provided by the polarizable continuum model (IEFPCM) 
self-consistent reaction field (SCRF), using n-dodecane as the 
solvent (ɛ = 2.0060)40. Geometries were shown to be stable to a 
local minima using frequency analysis. IPs were calculated using 
enthalpies from frequency calculations. Free energies of 
reactions likewise used free energies from frequency 
calculations, and were further corrected for standard states.41, 

42 Time dependent density functional theory (TD)43, 44 
calculations were used to estimate the absorbance maximum 
(λmax) of transient species.

Results and discussion
1. Transient absorption spectra of extraction ligands in DD 

To our knowledge, the transient absorption spectra of 
selected extraction ligands in this study in DD have not been 
reported previously. The knowledge of formation of different 
transient species is crucial to understand the radiation 
chemistry of extraction ligands in organic solvents (diluents). In 
our previous findings,27 due to a lack of a clear TODGA●+ 
absorption band, the nature and lifetime of TODGA●+ was 
deduced using other species. In this study we also wish to 
understand the nature of transient species formed after 
radiolysis of a wide variety of important proposed extraction 
ligands in DD, however found similar difficulties with most.

The radiolysis of alkanes,45 such as DD used in this study, 
generates electrons (e−), radical cations (DD●+), carbon centered 
radicals (DD(−H)●), hydrogen atoms (H●), and excited states 
(DD*): 

DD ⇝ DD●+, e−, DD(-H)●, H●, DD* (1)

The radiolytically generated e− were scavenged by the well-
known electron scavenger DCM (0.3 M)46, 47 

CH2Cl2 + e− → ●CH2Cl + Cl− (2)

which also inhibits subsequent DD* formation from charge 
recombination.48 

DD●+ + e− → DD* (3)

H● will seek out another radical or abstract H● from the solvent, 
producing additional DD(−H)●. Under typical process conditions 
DD(−H)● will react with oxygen to form largely inert peroxyl 
radicals, making DD●+ the most important radiolytically-induced 
oxidizing organic species.21, 22, 24, 49 DD●+ can oxidize solutes 
having lower IP than DD. The calculated IP of DD in DD is 8.10 
eV, and those for DEHBA, DEHiBA, HONTA and CMPO are 7.16, 
6.84, 6.04 and 7.27 eV respectively and are thus all expected to 
be oxidized by DD●+. The IP values of HEH[EHP] and TBP, 8.24 
and 8.34 eV respectively, are larger than that for DD, suggesting 
that they might not be oxidized or oxidized slowly due to 
entropy at the low concentrations produced. However, both 
HEH[EHP]26, 50 and TBP51-53 are well known to form neutral 
dimers. The calculated IPs of HEH[EHP] and TBP dimers are 7.99 
and 7.65 which are less than DD IP and therefore can be 
oxidized by DD●+. The calculated IPs of all species used in this 
report are provided in Table S1. The oxidation of ligands is an 
example of hole transfer from the solvent (HT, reaction 4). We 
note that like TODGA, calculations suggest that proton transfer 
to the ligands (PT, reaction 5) is also energetically favourable. 
We note that alkane radical cations are well known to lose a 
proton to suitable acceptors, such as provided by these 
extraction ligands. The computed free energies for both HT and 
PT are summarized in Table 1.

DD●+ + ligand → DD + ligand●+ (HT) (4)
DD●+ + ligand → DD(−H)● + ligand(+H)+ (PT) (5)
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The absorption spectra of most ligand●+ are not well known, 
thus spectra of 200 mM samples in DD/0.3 M DCM were 
recorded as a function of time after the electron pulse (SI Fig. 
S1a-S6a), with spectra at 3 ns after the electron pulse displayed 
in Fig. 2. The absorption peaks at 365, 365, 400 and 387 nm in 
the case of DEHBA, DEHiBA, HONTA and CMPO were quenched 
by O2 and therefore identified due to triplet excited states 
(3ligand*) (Fig. S1b-S6b). The long-lived 3ligand* can be formed 
by both direct excitation (Reaction 6) and recombination with 
geminate electrons (Reaction 7),54 though this reaction is largely 
blocked by the addition of DCM (Reaction 2).

 
ligand ⇝ e− + ligand●+ + 3ligands* (6)
ligands●+ + e− → ligands* → 3ligands* (7)

The second order rate constants for ligand triplet quenching 
were determined with O2 saturated solutions ([O2] ~10 mM in 
DD55) , with k = 2.6 x 108, 1.3 x 109, 2.6 x 108, and 9.3 x 108 M−1 
s−1 for DEHBA, DEHiBA, HONTA, and CMPO respectively. All of 
these rate constants are below 1.3 x 109 M−1 s−1. While they are 
expected to have small extinction coefficients, carbon centered 
radicals might also absorb, and will react with O2, but typically 
at faster rates, in the range of 2–4 x 109 M−1 s−1 56, thus are 
unlikely to contribute significantly to the observed peaks.  

The absorption peaks at 420 nm in case of DEHBA and 460 
nm in case of DEHiBA were neither quenched by O2 (Fig. S1b and 
Fig. S2b) nor substantially concentration dependent (Fig. S1c 
and S2c) and therefore are assigned to DEHBA●+ and DEHiBA●+ 
respectively. TD-DFT calculations support the idea that DEHBA●+ 
and DEHiBA●+ absorb in the visible, though at redder 
wavelengths (Table S2). The absorption peaks at 420 and 460 
nm of DEHBA and DEHiBA respectively decay leaving a 365 nm 
band (Fig. S1a and S2a), which is quenched by O2 suggesting it 
is due to a ligand triplet. Moreover, experiments described in 
section 3 attempted to transfer any ligand captured holes to the 
lower IP (5.55 eV, Table S1) solute tri-p-tolylamine (TTA) (Fig. 
S7). Fig. S7 clearly indicates the absorbance at 420 nm and 460 
nm were quenched by TTA, supporting the idea that these 
peaks are due to ligand●+. 

Neat HONTA after radiolysis was reported to have an 
absorption peak at 400 nm assigned to 3HONTA*, with a 
residual short-lived absorption from 500-900 nm likely due to 
HONTA●+.25 Our experiments found similar results, but find a 
well resolved absorption peak at 600 nm that is not affected 
significantly by O2 (Fig. S3b) nor by concentration (Fig. S3c) 
which ruled out the possibility of (HONTA)2

●+. This peak is thus 
assigned to HONTA●+. TD-DFT calculations are also consistent 
with this peak being HONTA●+ (Table S2).  Moreover, the spectra 
of HONTA samples at different times shows that as the peak at 
600 nm decreased, the peak at 400 nm increased (Fig. S3a), 
consistent with recombination making triplets.57 It was 
suggested by Toigawa et. al25, that this long time growth might 
be a result of HONTA●+ recombination with Cl− (Reactions 8) 
having sufficient energy to make a triplet. The lack of such a 
growth with other ligands may suggest a lack of sufficient 
energy to make triplets in those cases (Fig. S3b).

[HONTA]●+ + Cl− → 3[HONTA]* + Cl● (8)

CMPO also has a peak at 600 nm (Fig. 2, Fig. 4a), however 
this appears partly quenched by oxygen (Fig. S4b) making 
assignment of this band less clear. The rate constant was 
determined to be 1.53 x 1010 M−1 s−1 which is faster than 
determined for the triplet peak at 387 nm. It is unclear what this 
faster decay is due to and may be a combination of factors. The 
faster rate possibility indicates the existence of a CMPO radical 
degradation product which absorbs at 600 nm, and decays by 
reaction with O2. Such a product may be generated by either 
proton transfer from CMPO●+ to a neutral CMPO and/or 
fragmentation of the CMPO●+ backbone:

CMPO●+ + CMPO → CMPO(−H)● + CMPO(+H)+ (9)
CMPO●+ → Backbone cleavage products (10)

Computations examined three different possible sites for 
proton transfer, but none of the radicals formed were predicted 
to have absorption near 600 nm (Tables S2, S3). Of possible 
backbone bond cleavages5, 58 examined (Fig. S8), loss of an 
isobutyl side chain to yield a mono-isobutyl radical product was 
found to be energetically favourable and predicted to absorb at 
455 nm, which might account for the part of the 600 nm band 
that decays with O2. The part which was not quenched by O2 is 
likely due to radical cation products. TD-DFT calculations give 
the absorption maxima of CMPO●+ at 455 nm. In addition, the 
600 nm band increases at higher [CMPO] (Fig. S4c), suggesting 
production of dimer radical cations that also absorb. We note 
that Cl● complexes with aromatics are known to absorb in the 
visible,31, 59 but the spectrum is largely unchanged when DCM is 
omitted (Fig. S4d), so such a complex is unlikely a major 
contributor. Thus, the nature of the 600 nm band is probably 
complex, containing contributions from multiple species.

HEH[EHP] and TBP showed weak, featureless and broad 
absorption bands with peaks near 650 and 550 nm respectively 
(Fig. 2, Fig. S5a, Fig. S6a). Both of these bands were not 
quenched by O2 (Fig. S5b and Fig. S6b), however decreased with 
increasing concentrations of HEH[EHP] and TBP (Fig. S5c and 
Fig. S6c). These peaks are most probably due to HEH[EHP]●+ and 
TBP●+ and possibly their dimer radical cations. The decrease in 
intensity with increasing concentration suggest either facile 
intermolecular proton transfer from the radical cation to a 
neutral ligand60, production of ligand dimer cations that do not 
absorb strongly here, or simply more complete quenching of 
the underlying DD●+ absorbance at 600 nm.  Absorption maxima 
calculated by TD-DFT again supports the idea of these radical 
cations absorbing in the visible region (874, 569, 568 and 477 
nm for HEH[EHP]●+, (HEH[EHP])2

●+, TBP●+ and (TBP)2
●+ 

respectively). The absorbance of monomer and dimer radical 
cations in the visible region may be responsible for appearance 
of broad spectra in case of both HEH[EHP] and TBP. Wang et 
al.60 reported a pure TBP spectrum using picosecond pulse 
radiolysis has a multi-component absorption band between 350 
and 1500 nm, identifying the NIR component as solvated 
electrons. While they did not clearly identify TBP●+ absorption, 
the remainder of their spectrum is similar to that in Fig. S9. 
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Fig. 2 Transient spectra obtained for electron pulse-irradiated, 
200 mM samples of extraction ligands in DD/0.3 M DCM at 3 ns. 
The peaks at 365 nm in case of DEHBA and DEHiBA, 400 nm and 
387 nm in case of HONTA and CMPO respectively are identified 
due to triplet excited states. The 420, 460 and 600 nm peaks of 
DEHBA, DEHiBA and HONTA respectively are identified as due 
to radical cations. The 600 nm peak in case of CMPO is more 
complex, possibly containing contributions from CMPO●+, 
(CMPO)2

●+ and radicals. Weak and broad absorption peaks at 
650 and 550 nm in case of HEH[EHP] and TBP are likely due to a 
combination of monomer and dimer radical cations. Detailed 
time dependent spectra are provided in SI (Fig. S1a-S6a). 
Calculated absorption maxima are provided in Table S2.

2. Reaction mechanisms between DD●+ and extraction 
ligands

In this section we explore the kinetics and mechanisms of 
ligand oxidation following radiolysis. As described above, nearly 
all ligand radiolysis product absorptions are below 650 nm.  The 
ligand radical cation absorptions identified above are generally 
weak and, in many cases, appear to be overlapped with other 
species.  Because of this, it is more straightforward to determine 
the reaction kinetics between DD●+ and the ligands (Reaction 4) 
by watching the DD●+ absorption band decay as the hole is 
transferred.  This can be monitored at 850 nm where DD●+ 
absorbs strongly (ε = 1.2 x 104 M−1cm−1, Fig. S10).61 We note that 
while some ligand radical cations appear to absorb as far as 850 
nm, these are weak tails and < 5% the magnitude of the 
absorption due to DD●+ so may be neglected. Transient 
absorption at 850 nm was recorded following pulse radiolysis 
for all ligands from 0-1000 mM. An example is shown in Fig. 3 
for HONTA.  Similar data for other ligands are shown in the SI, 
Fig. S11 (a)-(f).  

Fig. 3 Kinetic traces at 850 nm where DD●+ absorbs were 
obtained by OFSS after electron pulse irradiation, for 0–1000 
mM HONTA in DD/0.3 M DCM. HT from DD●+ to HONTA after 
electron pulse radiolysis are described with a sudden 
component (~10 ps) followed by a resolved decay component, 
giving a rate constant of (1.38 ± 0.2) x 1010 M−1 s−1.

The data has two key concentration dependent features: a 
well resolved decay preceded by a sudden loss of DD●+ faster 
than experimental time-resolution (~10 ps). The decays were fit 
in the same way as our recent report27 with TODGA and used a 
double-exponential function (fits are dashed lines in Fig. 3).  An 
attempt was made to fit kinetic traces using a single exponential 
decay, this did not adequately describe the non-exponential 
kinetics of geminate ion recombination that occurs after 
radiolysis. The rate constants from the dominant exponential 
are plotted against ligand concentration in Fig. 4. The second-
order rate constants are finally determined by linear fits to 
these data using concentrations up to 100 mM to avoid possible 
dimer contributions at high concentrations. The values of rate 
constants for all extraction ligands are given in Table 1, along 
with previously reported values. The rate constant values from 
this work are slightly higher than previously reported values. 
The slight faster rates determined in this work may be due to 
the better time-resolution and may also be attributable to 
short-time enhancement of the apparent rate due to 
non-equilibrium effects when DD●+ is suddenly created, as 
reported previously.62, 63 

The second order rate constants for DEHBA, DEHiBA, HONTA 
and CMPO do not include the impact of possible ligand dimer 
radical cation production, which is known for many species at 
high concentrations. Kinetic traces of DEHBA, DEHiBA and 
HONTA show anomalously slower decay at high concentration 
(especially 1 M), which might be an indication of dimer cation 
production and absorption overlapping at the same 
wavelength, so concentrations > 100 mM were not included in 
rate determinations.  The same feature is not present for CMPO, 
HEH[EHP] and TBP, but this may simply be due to dimer cations 
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that do not absorb at 850 nm.  As mentioned at the beginning 
of section 1, HEH[EHP] and TBP are well known to form neutral 
dimers, which will have lower IP than their monomer 
counterparts, increasing likelihood that they are oxidized by 
DD●+. The reported dimer association constants (Ka) for 
HEH[EHP]50 and TBP51 in DD are 5500 and 2.6 M-1 respectively. 
With these Ka values, 1 M HEH[EHP] and TBP contain 99% and 
65% dimers. The rate constants above for HEH[EHP] and TBP 
were determined after correcting solute concentrations for 
dimers, and assumed that both monomers and dimers react 
with DD●+ at the same rate. While considering the dimer 
concentration alone for HEH[EHP] gives about the same rate, 
for TBP using the concentration of dimers alone yielded an 
unrealistically high rate. We conclude that either the HT 
reaction with TBP monomer proceeds despite the predicted 
slightly endothermic energetics, or the reaction rate includes 
some amount of PT to monomers. To our knowledge, Ka values 
for other extraction ligands are unknown and therefore rates 
were not corrected for dimerization.

 
Fig. 4 Second-order rate constant plot for reaction of DD●+ with 
extraction ligands in DD/0.3 M DCM at 850 nm and 295 K. Solid 
line is weighted linear fit, corresponding to a slope of (2.32 ± 
0.13), (1.78 ± 0.12), (1.38 ± 0.2), (0.98 ± 0.081), (1.09 ± 0.08) and 
(1.77 ± 0.046) x 1010 for DEHBA, DEHiBA, HONTA, CMPO, 
HEH[EHP] and TBP respectively. HEH[EHP] and TBP 
concentrations are corrected for dimers. 

While these reaction rates are useful, a more important 
feature particularly at concentrations exceeding 100 mM is the 
apparent loss of DD●+ absorption at early times.  This is seen in 
Fig. 3 and Fig. S11 (a)-(f) as the height of each trace at t=0. This 
loss of absorption as ligand concentration increased is due to a 
combination of direct solute ionization rather than the solvent 
and ultrafast hole transfer to the ligand, faster than the ~10 ps 
resolution of experiments. Note that PT on this timescale is 
unlikely as it involves mass transport. The observed ultrafast HT 
is important at high solute concentration, such as typically used 
for extraction ligands, and is not determined by the rate 

constants in Table 1.  Rather, it is caused by capture of more 
reactive DD holes prior to solvation, when they can be captured 
much faster by mechanisms that are not well understood. This 
has been reported previously in chlorform31

 
63, THF30, water64, 65 

and dodecane27, 66. Direct ionization of extraction ligands can be 
calculated using the fraction of the total electron density of the 
sample due to extraction ligands (FED, Table S4). Note that the 
fraction of direct ligand ionization is large at 1 M, on average 
38%, except for HONTA which is 96%. 

In previous work, the fraction of solvent holes that were 
captured faster than solvation was well characterized using the 
exponential function in equation 10, to yield a concentration at 
which 37% of holes survive capture (C37). This function was 
originally used by Hunt to describe pre-solvated electron 
capture in water67, 68:

f  = 1 − exp(−[S]/C37) (11)

where [S] is the ligand concentration. As only DD●+ absorbs in 
the current work, the absorbance of DD●+ at time=0 with 
various ligand concentrations can thus be written as the 
product of the absorption without ligand, the fraction of the 
electron density due to the solvent and the fraction of solvent 
holes that are not captured by solutes prior to solvation:

𝐴0([𝑆]) =  𝐴0([S] = 0)(1 ― 𝐹𝐸𝐷)𝑒(―[𝑆]/𝐶37) (12)

Absorbance values A0([S]) were determined by extrapolation of 
the data in Fig. S11 (a)-(f) to t=0 using an exponential fit over 
20-500 ps. The signal magnitude was corrected for dose using a 
Faraday cup and relative sample densities to get signals 
corresponding to the same number of ionizations in all samples.  
A0 values for the ligands are plotted in Figure 5 as a function of 
concentration. Fits with equation 11 determined C37 values 
(Table 1) for ultrafast hole transfer (< 10 ps) from DD●+ to 
ligands. Note that fits did not use 1 M data due to evidence for 
dimer radical cation absorption in some and also high direct 
ligand ionization. Finally, fits included a small residual 
absorption seen in both the neat solvent and ligand samples 
(Fig. S11 (a)-(f)) that was not due to DD●+. As mentioned above, 
C37 values of HEH[EHP] and TBP were corrected for dimerization 
of the neutral ligands. C37 values vary from 270 to 458 mM, with 
an average of 360 mM, close to the previously published value 
of 300 mM for TODGA.27 

The import of ultrafast hole capture becomes more clear if 
we consider the fraction, f, of solvent holes captured.  Values of 
f for 500 mM solutes are shown in Table 1. These values are 
large, suggesting that for most about 75% of the initial solvent 
radical cations are captured by this mechanism in << 10 ps. The 
fractions are lower for HEH[EHP] and TBP due to dimerization. 
When we also consider that at this concentration direct 
ionization accounts for about 20% (50% for HONTA) of the 
deposited dose, less than 20% of the DD●+ formed in a neat 
solvent sample survive to become solvated and have the chance 
to attach by diffusion. Note with higher ligand concentration, 
such as envisioned for direct dissolution conditions (e.g. 1.5 M 
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DEHBA and DEHiBA16) the fraction of holes that survive to 
attach by diffusion becomes vanishingly small, < 1%.

 

Fig. 5 The loss of DD●+ in the presence of DEHBA, DEHiBA, 
HONTA, CMPO, HEH[EHP] and TBP. Fits include consideration of 
both direct solute ionization and hole capture prior to solvation. 
The concentration at which 37% of solvent holes escape (C37) 
pre-solvated hole capture and become solvated is 389, 401, 
270, 374, 458 and 340 mM for DEHBA, DEHiBA, HONTA, CMPO, 
HEH[EHP] and TBP respectively. 

Table 1 Summary of hole transfer reaction rates (reaction 4) from DD●+ to extraction ligands, with comparison to those previously 
reported in 0.3 M DCM/DD, computed free energies of HT and PT reactions between DD●+ and extraction ligands, C37 for pre-
solvated hole capture, and fraction of DD●+ holes captured by 500 mM extraction ligands in under 10 ps.  

Extraction 
ligand

k, (1010 M−1s−1), This 
work

k, (1010 M−1s−1), 
Previously reported

∆G (eV) HT ∆G (eV) PT C37 
(mM)

f

TODGA 2.3827, 1.5728, 29 −1.02 −1.07 300 0.81
DEHBA 2.32 ± 0.13 0.90 23 -1.10 -0.96 389 0.72
DEHiBA 1.78 ± 0.12 1.10 23 -1.40 -1.00 401 0.71
HONTA 1.38 ± 0.2 0.76 25 -1.99 -1.96 270 0.84
CMPO 0.98 ± 0.081 1.30 20 -0.94 -1.26 374 0.74

HEH[EHP] 1.09 ± 0.08* 0.47* 26 0.02 -0.54 458* 0.42*
TBP 1.77 ± 0.046* 1.40 23 0.11 -0.43 340* 0.66*

*Dimer corrected values

3. Are extraction ligands damaged rapidly after oxidation?

To investigate the stability of extraction ligand radical 
cations, experiments attempted to transfer holes captured by 
extraction ligands to the lower IP solute tri-p-tolylamine (TTA, 
IP = 5.55 eV, Table S1). TTA was selected because its radical 
cation is easily observed at 670 nm (Fig. S12) with a large ε = 
26,200 M−1cm−1.69  An inability to transfer holes is an indication 
of decomposition of ligand●+.  In previous work, we  showed 
that TODGA●+ only transferred ~10% of holes to TTA, indicating 
that 90% of TODGA●+ became damaged in 2.6 ns.27 Conclusions 
were checked by comparison to p-xylene, which transferred all 
captured holes to TTA. HT reactions from all extraction ligands●+ 
in the current study to TTA are predicted to be energetically 
favourable (Table 2). For these tests, the concentration of 
extraction ligands was 200 mM except for HEH[EHP] and TBP 
which were increased to have a total of 200 mM monomers and 
dimers. The concentration of TTA used was 2 mM to initially 

transfer most DD●+ holes to the ligands and not to TTA. The low 
concentration of TTA allowed for most rapidly recombining 
geminate holes to decay before transfer to TTA.  Measurements 
thus determined the concentration of homogeneous ions, i.e. 
free ions which escaped geminate pair recombination (free ion 
yield in DD ~ 0.1-0.2 / 100eV70). These TTA●+ decay slowly and 
are very easy to measure. While these ions are only a small 
fraction of all ions captured by the ligands, it is reasonable to 
assume that all radical cations captured by the ligands will 
undergo the same degradation processes (if any) as the 
homogeneous fraction of ions. Results are shown in fig. 6.  In all 
cases the absorbance of TTA●+ produced when any of the 
ligands are present is much smaller than without the ligands. 
The data was analyzed by taking the ratio of the signals with 
ligand to that without at 100 ns, well after geminate 
recombination is complete. Note that the absorbance with 
ligands was first corrected for a small unknown absorbance in 
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samples with ligands only (Table S5). The absorption ratios give 
the fraction of holes transferred to TTA in the presence of 
ligands (fTTA), and range from 0.037 to 0.16, as shown in Table 
2.  In previous work27, we noted that Cl● atoms made after 

electron scavenging by DCM (also used here) followed by 
recombination produced extra TTA●+ but did not impact the 
ratios. We assume the same will hold here.

Fig. 6 Kinetic traces at 670 nm obtained for electron pulse-irradiated 2 mM TTA in the presence of a) 200 mM extraction ligands 
b) 394 mM HEH[EHP] and 255 mM TBP, in DD/0.3 M DCM, where samples were saturated with Ar. The concentrations of HEH[EHP] 
and TBP used are 394 and 255 mM respectively, to get final concentration (combination of monomer and dimer) of 200 mM. 

As noted above, the most likely reason that few of the DD 
holes captured by ligands are passed to TTA is that the ligand●+ 
decomposes faster than the hole can be transferred.  A concern 
might be that when and if ligand dimer radical cations form, 
they may stabilize the hole enough that it is uphill to pass to 
TTA. Calculations with HEH[EHP] and TBP suggested this was not 
the case, and we expect similar results if dimers of other ligand 
radical cations formed. Results indicate the ligand●+ 
degradation is large, finding that less than 4-16% survive long 
enough to pass their hole to TTA (Table 2).  The lifetime of 
ligand●+ can be estimated by assuming that decomposition is in 
competition with hole transfer to TTA. The fraction of holes 
transferred to TTA (fTTA) can thus be written as:

𝒇𝑻𝑻𝑨 =  [𝑻𝑻𝑨]∗𝒌𝑯𝑻
([𝑻𝑻𝑨]∗𝒌𝑯𝑻 𝒌𝒅𝒆𝒈) (13)

Where kHT is the rate of hole transfer from ligand●+ to TTA, and 
kdeg is the degradation rate of ligand●+ (s-1). While kHT is not 
known, for the purposes of an estimate we assumed it was the 
same as the rate for the HT reaction from DD●+ to TTA (k = 2.1 x 
1010 M−1s−1 determined from 800 nm DD●+ decay fits, Fig. S13). 
Using fTTA from Table 2, we find kdeg ranges from 0.22 – 1.09 x 
109 M−1s−1, and thus the lifetimes of ligand●+ are in the range of 
4.6 – 0.9 ns (Table 2).  Note that if the actual HT rate from 
ligands●+ to TTA is faster, this lifetime gets shorter, and vice-
versa. The average lifetime of these extraction ligands is similar 
to that determined previously for TODGA●+. This may suggest 

that the mechanism of degradation is common to all ligand●+. In 
the previous work, data suggested that proton transfer from 
TODGA●+ to neutral TODGA molecules was important but was 
unable to rule out extraction ligand backbone scission in the 
radical cations.  We might expect that with different backbones 
in the current study, that backbone scission probability and 
rates might be substantially different among the ligands tested 
here, especially when comparing amide and organophosphorus 
ligands. By contrast, the proton transfer mechanism might be 
expected to be more similar among the ligands (Table S3), 
where a C-H bond is weakened in ligand●+, and transfers to an 
oxygen or nitrogen lone pair of electrons on a neutral ligand.  
This mode of damage will be difficult to protect against. A 
possible approach might be to remove all C-H bonds in the 
region of the ligands where the hole resides, perhaps replacing 
hydrogens with other groups such as methyls, which was 
partially tested by Galán et. al71, 72 in the case of TODGA which 
gave promising but not entirely clear results. While DEHBA and 
DEHiBA73, 74, HONTA25, CMPO5, 58, 75, HEH[EHP]26, 76, and TBP73, 77, 

78 are well known to be damaged after radiolysis, it is generally 
not well known how or when this initial damage occurs.  Here 
we have determined that initial damage occurs within a few ns.
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Table 2 Summary of calculated free energies of HT by extraction 
ligand●+ to TTA, fraction of extraction ligand●+ holes transferred 
to TTA, degradation rate (kdeg, s−1) and lifetime of extraction 
ligand●+.

Extraction ligand ∆G (eV) 𝒇𝑻𝑻𝑨 kdeg (s−1) x 
109

τ (ns)

TODGA27 −1.56 0.10 0.39 2.60
DEHBA −1.58 0.16 0.22 4.64
DEHiBA −1.27 0.14 0.25 4.01
HONTA −0.79 0.04 1.09 0.92
CMPO −1.74 0.04 1.01 0.99
HEH[EHP] −2.69 0.09* 0.41* 2.46*
TBP −2.78 0.08* 0.49* 2.06*

*Dimer corrected values

Summary and Conclusions
Picosecond electron pulse radiolysis has been used to 

record transient absorption spectra of 200 mM amide and 
organophosphorus UNF extraction ligands. Spectra of DEHBA, 
DEHiBA, HONTA and CMPO show an absorption peak at ~400 
nm due to triplet excited states which was confirmed by O2 
quenching. Radical cations of DEHBA, DEHiBA and HONTA were 
observed at 420, 460 and 600 nm respectively which was 
neither quenched by O2 nor concentration dependent. CMPO 
shows a concentration dependent peak at 600 nm which was 
partially quenched by oxygen and therefore assigned due to a 
combination of CMPO●+, CMPO2

●+ and possibly a CMPO radical. 
HEH[EHP] and TBP spectra have weak and broad absorption 
peaks at 650 and 550 nm respectively, most probably due to 
their radical cations as they were not quenched by O2. 
Experiments determined ligand oxidation after radiolysis due to 
charge transfer from DD●+. The rates of reaction were (2.32 ± 
0.13), (1.78 ± 0.12), (1.38 ± 0.2), (0.98 ± 0.081), (1.09 ± 0.08) and 
(1.77 ± 0.046) x 1010 M−1s−1 for DEHBA, DEHiBA, HONTA, CMPO, 
HEH[EHP] and TBP respectively. In addition, ultrafast hole 
transfer from DD●+ to the ligands was also found to oxidize 
solutes within experimental time-resolution. The concentration 
at which 37% of the DD●+ holes survive capture (C37) at ~10 ps 
was found to be 389, 401, 270, 374, 458 and 340 mM for 
DEHBA, DEHiBA, HONTA, CMPO, HEH[EHP] and TBP 
respectively. The rates and C37 values were corrected for known 
dimerization of HEH[EHP] and TBP. Calculations suggested that 
oxidation of HEH[EHP] and TBP are slightly energetically 
unfavourable but results still show oxidation. This may be driven 
by entropy effects due to the µM concentrations of radical ions, 
but also may be attributed to dimer formation which reduces 
the IP and thus making reactions energetically favourable. We 
also note that in the case of ultrafast capture, the energy of the 
initial state is not known, but it is higher than the relaxed DD●+ 
used in computations.  Ultimately ligand radical cations are 
determined to degrade within 0.92-4.64 ns, based on their very 
limited ability to transfer the holes to the lower-IP solute TTA. 

This study provides key insights into the application of 
extraction ligands in highly radioactive environments caused by 
extracted radioactive metals. Ligands will typically be used at 

large concentration to maximize extraction and organic phase 
lifetime.  A key finding is that while much effort in the literature 
is spent determining the rate of hole transfer from solvent 
radical cations to ligands, these are of limited value in 
understanding the chemistry of production systems. When 
concentrated, direct solute ionization and ultrafast hole capture 
will be the primary way ligands get oxidized, and few solvent 
radical cations will survive the first few picoseconds to react at 
determined rates.  Furthermore, this rapid oxidation of ligands 
is found to be followed by degradation within a few 
nanoseconds. These findings highlight the difficulty of 
protecting ligands from damage – there is little opportunity for 
bimolecular reactions to compete.  The best way to protect 
unmodified ligands from damage will be to keep them from 
being oxidized in the first place. Future work will focus on the 
extent to which co-solutes such as phase modifiers and 
aromatics in kerosene might be able to effectively compete for 
ultrafast hole capture with the ligands.  Another approach to be 
explored is to block proton transfer from ligand●+ by 
substitution of protons that may be lost with groups like methyl 
(as tested by Galán et. al71, 72) or even chloride.  While such 
ligand modifications may help understand damage 
mechanisms, clearly a difficulty is the impact on ligand function.
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