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A B S T R A C T   

Current challenges in (eco)toxicology are in understanding the transformation of (reactive) substances, and how 
transformation affects toxic modes of action. Empirical assessment of transformation products of, practically an 
infinite number of substances, via experimentation, is impossible. Predicting transformation products for 
(benchmarking) compounds from conditions, facilitates risk analyses. This study applied calculus to predict 
transformation products of an important environmental and medicinal/toxicological marker, carbamazepine. As 
radicals are ubiquitous in humans and the environment, we looked into radical-mediated transformations of 
carbamazepine as a benchmark. We calculated proportions of their speciation states as function of redox con-
ditions, which we took as pH and O2 concentration, describing transformation via covalent and ionic in-
teractions. Formation of ring-contracted products with neuro-immunological activity is thermodynamically 
favored under anaerobic conditions and at low pH. Experimentally observed product distributions and toxicities 
reflect that pattern. Our predictive method may support toxicity predictions for other substances and conditions 
’similar’ to the current case study via interpolation. This paves the way for a more coherent, effective and easier 
risk assessment of transformation products.   

1. Introduction 

Challenges in (eco)toxicology are in understanding transformation of 
reactive substances, and how this affects toxic modes of action. Thereby, 
transformation products and intermediates in degradation gain 
increasing attention. Empirical assessment of transformation products 
of, potentially 1024 substances [1–3], via experimentation, is impossible. 
We need indicator compounds from which we can more efficiently asses. 
One such compounds may be the antiepileptic drug carbamazepine 
(CMZ), which blocks calcium channels to inhibit neurotransmission [4]. 
With up to 200 million patients receiving treatment worldwide [5,6], 
metabolites of CMZ would cause substantial amounts of side effects even 
if the corresponding probability is low. The metabolite acridine is 
observed in plasma of patients suffering from gastrointestinal side ef-
fects of CMZ [7]: nausea, vomiting, diarrhea, heartburn, constipation, 
dysphagia and stomachache [8]. 

(Bio)chemical transformations of CMZ occur in the human body as 
well as in waste- and surface water: pharmacoactive or genotoxic CMZ 
metabolites were identified both in humans and wastewaters [9]. CMZ is 
a marker for risk assessment (RA) [5,10] and water management [11, 
12]. Environmental contamination is caused by excretion of CMZ and its 

metabolites, or improper use and disposal. CMZ is detected in waste-
water effluents and hence is only partly removed by conventional bio-
logical treatment. Environmentally persistent pharmaceuticals like CMZ 
(resistant to biodegradation) are detected in surface waters around the 
world, with risks to human and environmental health. This necessitates 
removal like (in)direct photolysis [13], but UV-treatment of wastewater 
and photolysis in natural waters produces CMZ transformation products 
[14]. 

The immune system defends against bacteria, viruses and other 
bodily invaders. Immunotoxic substances affect immune cells, cyto-
kines, antibody production, etc., causing increased susceptibility of 
disease. In patients, 9-acridine carboxaldehyde may cause adverse re-
actions [15]. Whereas CMZ itself had no effect, 100 µM 9-acridine car-
boxaldehyde killed 40% of lymphocytes, and 0.08–1.0 µM 9-acridine 
carboxyaldehyde altered immune cell function [16]. Binding of 9-acri-
dine carboxaldehyde to neutrophils was 200 times more efficient that 
of CMZ, Table 1, suggesting that the aldehyde is responsible as a reactive 
intermediate. Its binding with nucleophiles occurs with primary amines 
(butylamine, N-α-acetyl lysine), forming (neurotoxic, cyclic) imines and 
indole alkaloids [15,17,18]. These products block relevant (neuro-
immunologic lymphocytic) acetylcholine receptors [19–22], Fig. 1. CMZ 
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(metabolites) associate with leukocyte antigen genotypes [23], immu-
nological activity [24], bone marrow cancer [25], leukopenia [26], 
hypothyroidism [27] and toxidermia. 

Ecotoxicity can increase with degradation [21]: (a mix of) trans-
formation products was considerably more toxic than CMZ itself [14]. 
Toxicity increases if waste-, river or groundwater systems transform 
CMZ into a more recalcitrant metabolite [34]. Ring-contracted products 
(e.g., acridine and acridone) appear generally more cyto- and genotoxic 
to organisms and ecotoxic [35]; the metabolite 9-acridine carbox-
aldehyde is markedly more toxic to fish and rat than is its parent CMZ 
(Table 1). Among CMZ and its metabolites, acridine 9-carboxylic acid is 
particularly toxic to freshwater species [36]. While experiments 
empirically investigated CMZ product formation, factors in play are still 
not thoroughly understood. To elucidate and remediate toxicity of CMZ 
transformation products, we need to understand how these are formed, 
Fig. 1. Free-energy relationships showed that contraction of rings in-
creases toxicity [37,38] by affecting redox status [39,40]. 

1.1. Transformation pathways 

The main (hepatic) enzyme involved in metabolizing CMZ is Cyto-
chrome P450, CYP3A4, producing carbamazepine-10,11-epoxide [41, 
42]. Reaction with reactive oxygen species (ROS) or radicals transform 
CMZ and its epoxide. ROS/radicals are produced, for example, via im-
mune function in the gut [43,44], catalytic conversion of H2O2 to HOCl 
by myeloperoxidasee in leukocytes [45,46], synaptic Ca2+-signalled 
neurotransmission and plasticity [47,48], autooxidation of neurotrans-
mitters [49] and reaction between Fe/thiols [50]. From this wealth of 
neuro-immunological, toxicological, metabolic and (UV-induced) 

photocatalytic reactions in the human body and waste/surface waters 
[51], we presume that cation derivatives of CMZ are (indirectly) formed 
(e.g., elimination of H2O by hydroxylated CMZ). Such cations are pre-
cursors to ring-contracted toxicants [52]. 

Redox status is key to elucidate transformation pathways [53] e.g., 
via free-energy relationships [54,55]. Oxygenation can accelerate 
ROS/radical production, improve mineralization [51] and (in)activate 
CMZ derivates. Transformation of CMZ into acridine is associated with 
anaerobic digestion (i.e., biogas production) [56]. The gut is mostly 
anaerobic [57] with anaerobic bacteria therein. Photocatalytic forma-
tion of acridine from CMZ increases ~3-fold from 306 to 66 µM O2 
(9.8–2.1 mg L− 1, at pH 3 and 10) [51]. Removal of CMZ and acridine 
was more efficient aerobically [51]. Effect of pH on solar degradation 
indicates involvement of protonation: CMZ removal increased 
~49–61% between pH 7–9 [58]. While high pH can enhance photo-
catalytic degradation [51], low stomach pH (~2) might favor specific 
transformation pathways. 

Aforementioned gives insight but precise influences on trans-
formation remain unclear; quantitative data as function of pH/O2 is 
sparse. Opting to facilitate RA based on redox properties, we considered 
transformations for CMZ. More detailed information on redox properties 
driving formation of toxic (CMZ) metabolites can improve RA and 
elucidate and moderate side effects. In this study, we quantified toxicity 
of transformation mixes via thermodynamic calculations involving pH/ 
O2. We hypothesized that toxicity varies according to different pH/O2, 
and studied redox-dependent CMZ products via kinetics characterizing 
pH-dependent and (an)aerobic reactions. We developed calculus pre-
dicting formation of CMZ transformation products, which we tested with 
toxicity data. Results show significant variance in radical-induced CMZ 
toxicity which we interpreted by highlighting varying pH/O2 during 
neuroimmune functioning, in the bloodstream, surface- and sediment 
porewater. 

2. Methods 

2.1. Toxic ratios 

We evaluated toxicity of CMZ transformation products. We hypoth-
esize the concentration of (non-)toxic transformation products to be a 
function of pH/O2, and our investigation considers primary addition/ 
elimination reactions as function of pH and O2 concentration leading to 
steady-states. Like all reactions, additions are, in principle, reversible. 
We assume all follow-up reactions after equilibria to contribute equally 
between aerobic and anaerobic pathways (outlook section). We thereby 
test the relevance of primary equilibria for in situ toxicological potential. 
In other words, equilibrium constants K to characterize the relative 
likelihood of formation of toxic products. How K relates to detailed in 
situ product distributions we will not further discuss. We therefore 
formulate a ratio Ktox of toxic concentrations [59,60]: 

Ktox =
ring–contr.prods
ring–open.prods

(1) 

The precise nature, behaviors and distributions of the activated state 
(s) of CMZ (derivatives) is multidimensional. Acknowledging the 
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Fig. 1. Radical-instigated reactions with carbamazepine can produce toxic 
neutrophil binders (9-acridine carboxaldehyde) and acetylcholine esterase 
blockers (indolcyclohexadieneimine1). The step marked with “?” is central to 
our investigation. (m/n)AChR = nicotinic and muscarinic acetylcho-
line receptors. 

Table 1 
Toxicity of carbamazepine and its transformation products, as highlighted in Fig. 1;2. The aldehyde and imine are > 100× as toxic.   

Carbamazepine Dioxoquinazolinyl-benzoic acid⁑ Acridine- 
carboxaldehyde⁂ 

Indolylidene-hexadienimine⁋ 

Fish 96-hr LC50, mg/L+ 41 [28] 193 [28] 3 [28] 0.4 [28] 
Rat (oral) LD50, mg/kg+ 1957 [29,30] 2552 [29,30]† 80 [29–32]* 8¶ 

Neutrophil binding pmol/106 cells 50 [15] < 50‡ 10000 [15] - 

+LD50 = the concentration at which 50% of a population dies. *log-average for 10+ related acridines, †log-average for 3 related oxoquinazolines [33], ‡extrapolation 
of values in table, ⁑2-(2,4-dioxoquinazolin-1-yl)benzoic acid ⁂9-acridine-carboxaldehyde, ⁋(1E,6E)− 6-(3H-indol-3-ylidene)-N-methylcyclohexa-2,4-dien-1-imine. 
¶using regression in Fig. 7. 

1 (6E)− 6-(3 H-indol-3-ylidene)cyclohexa-2,4-dien-1-imine 
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importance of redox, we considered radical reactions and properties of 
CMZ that are representative indicators of a range of redox-mediated 
transformations involving CMZ (derivatives) in the body/nature. As 
authors report H+-catalyzed elimination of H2O by CMZ-OH, we pre-
sume a CMZ-OH2

+ species exists, whatever its lifetime and nature may 
be. By considering radical reactions depicted in Fig. 2, we rewrite Eq.1 
to: 

Ktox =
10− pH ×

KCMZ•+/CMZ–OH
1×1014 +

KCMZ•+/CMZ–OH2+

55.5

[O2] × KCMZ–OH–O2
•/CMZ–OH•

(2) 

We thereby express an equilibrium constant for addition in terms of 
adduct formation (K, in M− 1) and elimination (K, in M). For addition 
reactions: A + B⇌C, in our case A and C are CMZ-OH•, CMZ-OH-O2

•, 
CMZ-OH2

•+ and CMZ•+, depending on the reaction (Fig. 2). Entries for 
[B] are either [O2], [OH− ] or [H+]. We take the reactions of the order 1, 
meaning only 1 species participates, thus: 

K→ =
[C]

[A] × [B]
(3)  

Wherein K→ = k→/k← is the equilibrium constant. Via variation in B 
(pH/pO2) we study the effect of redox on the transformation pathway to 
specific intermediates and toxic products. Ring-opening (e.g., of struc-
ture 1) is not a significant pathway and not meditated by pH/O2 (Section 
3.4, Fig. 5A). 

2.2. Calculating equilibrium constants 

As values for K for O2 addition for structure 1ox affect the extent of 
ring opening (Fig. 2), we obtained it via thermochemical calculation and 
experiment. We similarly obtained values for rate constants K for 

addition of OH− /H2O (1anox): 

K→ =
k→

k←
(4 -1)  

wherein k→ and k← are forward and backward rate constants. We 
evaluated calculated k→ and k← by comparison to literature data. For 
calculating k we applied Arrhenius using activation energies ΔG‡ (from 
literature) and ΔΔG‡, obtained via linear-free-energy-relationships [65], 
e.g. for the forward reaction: 

k→ = A⋅e
− ΔG‡→+ΔΔG‡→

R⋅T (4)  

ΔΔG‡
→ = σPFΔΔGPF + σCSΔΔGCS

λM

Fc
(5)  

We obtained free energies ΔΔG via frontier molecular orbitals (FMO) 
and thermodynamic cycle as described by the models by Nolte et al. (2), 
details in [65]. For example, k→ for reaction between the biradical O2 
and CMZ-OH•, we computed the charge transfer (“resonance”) energy 
ΔGCS as 1/(ELUMO(CMZ-OH-O2•)-ESOMO(CMZ-OH-O2•)), and ΔGPF as 1/(ESOMO 

(O2)-ESOMO(CMZ-OH•)) - ΔGCS, where SOMO is the singly occupied mo-
lecular orbital. Fig. 2–2 visualizes the method based on orbital energies 
for addition of radicals onto imidazole: 

2.3. Experimentation 

We ascertained calculated k and K values via experiments. We pre-
pared aqueous (Millipore-Q) solutions saturated with O2/N2O gas in 
Schlenk-tubes by repeated evacuated to 10mbar and refilled (minimum 
of 3 repeats) with the desired gas. Solutions were transferred from a gas- 
tight syringe (10 ml, Hamilton, SampleLock, Bonaduz,Switzerland) to 
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Fig. 2. Hypothesized radical-mediated degradation pathway for carbamazepine. Horizontal and vertical arrows are equilibration and follow-up reactions, resp. 
While H–abstraction has minor contribution [61], double bonds in heterocyclic rings are most vulnerable place for attack [62–64]. Cation formation facilitates ring 
contraction [52]. Depending on concentrations of O2 and H+, the pathway would result in different end products, with different toxicities. Elimination of water by the 
OH-adduct may be facilitated by H+. We evaluated toxicity by calculating relative equilibrium concentrations of 1ox (‘non-toxic’) versus 1anox (leading to toxic ring 
contracted products) under varying concentration of O2 and H+. 
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quartz cells (6 cm, Hellma, Müllheim, Germany) via a syringe pump. We 
performed pulse radiolysis experiments on a Febetron 705 (Titan Sys-
tems Corp. L-3 Comm., San Leandro, CA, USA) with optical detection 
(details in [67]). We pulse-irradiated solutions with < 50 ns of 2 MeV 
electrons, measuring doses using a thiocyanate dosimeter. 

Irradiation of H2O forms primary spur species with yields G(OH•) 
(molecules per 100 eV absorbed dose), pH 7), G(eaq

− ) and G(H•) of 2.7, 
2.7 and 0.6, respectively, whereby G = 1 equals generation of 
0.1036 mmol of a species per 1 J kg− 1 absorbed energy [68–70]. Solu-
tions were saturated with either N2O (22 mM) to increase the OH• yield, 
or mixtures of O2/N2O. The solvated electron, eaq

− , reacts with N2O to 
yield more OH•: N2O + eaq

− + H2O → N2 + OH• + OH− . Hence, a N2O 
saturated condition yields G = 5.4 for OH•. Reaction of OH• with an 
aromatic unit (top in Fig. 2) produces the hydroxycyclohexadienyl 
adduct of CMZ, i.e., CMZ-OH•. We studied varying concentrations and 
doses of O2 and OH• on kinetic traces. 

3. Results and discussion 

3.1. Toxic concentrations under varying pH/O2 

CMZ-OH• can be in equilibrium with the O2-adduct (CMZ-OH-O2
•), 

the cation (CMZ•+). Technically, CMZ-OH•
open can form a ring-opened 

species, but this is unfavorable (Fig. 5A). We expect CMZ-OH-O2
• to 

contribute least to toxicity, as it is the primary precursor to ring-opened 
products (Fig. 2). Increasing O2 gives more ring-opened products via the 
formation of O2-adducts, epoxide species, diols, etc. (Fig. 2). Conversely, 
decreasing pO2 allows more ring-contracted product formation via e.g., 
radical cations. Experiments verify that low pH favor generating acrid 
(o/i)ne products. Varying pH/pO2 would influence ratios of toxic 
products given in Table 1. 

To quantify toxicity of the CMZ product mix, we calculated ratios of 
toxic over non-toxic products: using 4 values for KH2Oelim, KOH-elim, 
KO2add and Kopen and implementing O2, H+ and H2O (55.5 M) concen-
trations, we obtained equilibrium ‘toxic concentration ratios’ Ktox (Eq. 
2). Coming from a ‘standard’ or ‘benchmarked’ toxicity at pH= 7.5 and 
saturated O2 (Fig. 3), removal of O2 or lowering pH can maximally 
multiply toxicity by a factor 3 (to red entries). Conversely, toxicity might 
be reduced (maximally by a factor 30) by increasing O2, but mostly by 
increasing pH (to green entries). These changes are the result of equi-
librium concentrations of O2-adducts and cations under varying pH/ 
pO2, driven by their affinity K values. 

Values for equilibrium constants K are such that real-world varia-
tions in pH/pO2 give rise to varying toxicities in physiological and 
environmental situations. In the bloodstream [O2]~4–10 × 10− 5 M [71] 
but lower under high altitude. Thus, CMZ use under high altitude may 
require stricter safety [72]: lower blood oxygen would deteriorate CMZ 
activity [73]. In the anaerobic stomach, the local pH~2 allows 3 times 
higher values of ring-contracted products via cations were 

ROS-mediated degradation in play [74,75], Fig. 3. Baseline pO2 in the 
luminal intestine is as low as 10− 6 M [57]; 70–80% of all lymphocytes 
reside in the GI tract [76], binding ring-contracted products. We find it is 
not a coincidence that all (neuro/immunological) CMZ side effects 
involve lower pH/O2: skin (pH=4.7–5.7), bone marrow (pH=6.7–7.1) 
[77,78], lymph node pockets (pH~6.3–6.4 [79,80]) and the synaptic 
gap [81,82] are acidic. Among tissues, bone marrow and skin [O2]≤
2 × 10− 5 M) can be low in O2 [80,83]. 

Aeration during photocatalytic treatment of organic matter produces 
CO2 and organic acids depleting O2 and acidifying water (CO2 + H2O → 
2H+ + CO3

2− ) [84–86]. This promotes toxicity (formation of 
ring-contracted products) by a factor of ~3 [87], matching our result 
(factor 3, Fig. 3). Indeed, presence of CO2 promotes forming compounds 
with higher toxicity [87]. Surface water contains up to 3 × 10− 4 M O2, 
porewater of ‘anaerobic’ peatland soil contains as low as ~1 × 10− 6 M 
O2 [88]. The difference profoundly influences the CMZ transformation. 
Sand/peat soils and grassland meadows are generally more acidic 
(pH=4.5–5.5); decrease in pO2 therein would deteriorate toxicity even 
more (diagonal in Fig. 3). Reducing pH (7.8→7.1), elevated CMZ 
toxicity to clams (survival; oxidative stress) by a factor 1–2 over single 
stressors (i.e., low pH or CMZ alone) [89], matching our results (Fig. 3). 

3.2. Radical cations – interaction with OH−

Importance of EHOMO of CMZ-OH• (Fig. 5A) shows that the forward- 
and backward reactions are driven by enthalpic product formation. 
ΔGCS during the transition state (Eq. 2) appears not significant [90]. To 
obtain k and K for addition/elimination of OH− by hydroxylated CMZ 
(CMZ-OH•, EHOMO = − 9.4 eV) we used the model in Fig. 5A. The SOMO 
of the doublet cation radical (CMZ•+) interacts with the highest occu-
pied molecular orbital (HOMO) of the singlet OH− to form a new bond: 
the HOMO of CMZ-OH•. EHOMO and structure of CMZ-OH• are within 
model applicability domain (Fig. 5A). Based thereon, we calculate k→ 
= 108.3 M− 1s− 1, k← 104.5 s− 1 for addition of OH− to the cation, and 
elimination of OH− , respectively. 

Under O2-free (N2O-saturated) conditions the CMZ-OH• radical de-
cays to a species with a higher value of ʎmax, > 375 nm. ʎmax increases 
over time (Fig. 4A); we observed a buildup around 425 nm: the wave-
length generally attributed to a radical cation [61,90–94]. Radical 
cation absorptivity is indeed generally lower than that of OH-adducts 
[91], Fig. 4B. The buildup takes ~10 µs, which agrees (ln(2)/10− 5 s− 1, 
Fig. 4A,B) with our predicted k←. We thus deem k values reliable. Ac-
cording to Eq. 3, the values imply an equilibrium constant K for elimi-
nation of OH− is 104.5/108.3 = 10− 3.8 M. For simultaneous elimination 
of OH− and ring-closure by purines K = 10− 4.4 M was reported [95]: 
slightly lower, probably due to extra entropic cost. 10− 3.8 M means that 
equilibrium dictates (Eq. 4, for pH~7.4) 10− 3.8M/10–(14–7.4)M = 630 
times more CMZ•+ than there is CMZ-OH•:  

KOHelim / [OH− ] = [CMZ•+] / [CMZ-OH•] = 630 (at pH~7⋅4)               (6)  

3.3. Radical cations – interaction with H2O 

Dependency of radical cation formation on H+ concentration sug-
gests protonation of the OH-adduct might be a precursor step, followed 
by elimination of H2O [90]. Even if H+-catalyzed (e.g., 10− 4.4 M) H2O 
elimination is fast (109 s− 1), H2O elimination (CMZ-OH• + H+ → CMZ+

+ H2O) does not outweigh OH− elimination 104.5 s− 1: multiplying k 
~1 × 109 M− 1s− 1 [61,90] with [H+] = 10− 7.4 M gives 40 s− 1, implying 
40 s− 1 for H2O elimination forming CMZ+ (pH7.4) [90], not signifi-
cantly competing with formation of CMZ+ via OH− elimination (104.5 

s− 1). Thus, kelimH2O,OH-= kelimH2O⋅[H+] + kelimOH-= kelimOH- (pH>4.5) 
[96]. When pH is ~3 units lower, H2O elimination may start competing: 
~10− 4.4 × 109 = 104.6 s− 1 (Fig. 5). 
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Fig. 2–2. Equilibrium constants (K) for radical (R) addition onto the imidazole 
group of histidine. x-values are closed-shell orbital energies of imidazole radical 
adducts localized on β-carbon atoms. y-values are K values for radicals (R). Data 
from [66]. 
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Fig. 3. Heat map plot of toxicity (Eq. 9), given as Ktox/(1 +Ktox). With pH on the vertical y-axis and pO2 on the horizontal x-axis. Red: increased toxicity, green: 
reduced toxicity. ‘Standard conditions’ are pH = 7.4; pO2 ~3 × 10− 4 M. With minimal toxic products: toxicityKtox→0 = 0. (Non-)toxic concentrations are equal when 
Ktox is 1: toxicityKtox→1 = 0.5. Effects double (goes to 1) when Ktox goes to infinity: toxicityKtox→∞ = 1. 
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A power law (kH2O = 3 ×10− 16 × kOH−
2.02 (R2 = 0.996 [90]) shows that 

addition of H2O onto the cation is slower 1.9 × 101 M− 1s− 1. The power 
law implies that the overall H2O elimination involves 2 H2O molecules: 
an additional acid/base reaction. The pKa of CMZ-OH2

•+ is ≲ 0 [90,94, 
104], as its reduction potential is ~1 eV higher than CMZ-OH• [105, 
106]. Thus, in toxicological and environmental situations, [CMZ-OH2

•+] 
is negligible compared to [CMZ-OH•]. Absorption attributable to OH2

+

adducts are not usually observed, thus half-lives of OH2
+ adducts are 

short [90]. Elimination of H2O may be stepwise, with first fast depro-
tonation (H+ elimination); then elimination of OH− occurring2 by 
kOH-elim= 104.5 s− 1. Then the equilibrium constant K for elimination of 
H2O is 104.5 / 1.9 × 101 = 1.7 × 103 M. In H2O (55.5 M) under equi-
librium it implies: 1.7 × 103 / 55.5 = 30 times more CMZ•+ than there is 
CMZ-OH2

•+. This value is lower than 630 (K for elimination by 
CMZ-OH•); thus 30 is the limiting ratio [CMZ•+]/[CMZ-OH(2)

•(+)] at high 
(er) pH where OH− attacks the cation, Fig. 5B.  

KH2Oelim / [H2O] = [CMZ•+] / [CMZ-OH2
•+] = 30(all pH)                     (7) 

K values by Moro at a high pH limit show a ratio of 10 (303 M− 1 

×10− 1.5 M) [104], corroborating our value of 30, though Moro did 
specify elimination of OH-. Governed by fast pKa/pH equilibration, the 
CMZ-OH2

•+concentration increases with acidity via [CMZ-OH2
•+] 

= ([CMZ-OH•] × [H+]) / 10− pKa but in H2O the ratio 
[CMZ-OH2

•+]/[CMZ•+] stays the same. 
A ratio of 30 at room temperature means ΔG = − 2.5 × ln(30) 

= − 8.5 kJ/mol and favorable and enthalpy-controlled elimination. 
− 8.5 kJ/mol equates to (π) ‘bond’ energies between H2O and aromatic 
cations [55,107–109] which, upon elimination, break to release en-
tropy, offsetting enthalpy increase [110]. In addition to orbital energies, 
we might expect steric factors and charge to affect K (Figs. 5A and 2–2), 
moreso for structures [111] more complex than CMZ. Underlying data 
(Figs. 5A and 2–2) did not specify the nature of the carbon-oxygen bond 
in OH-CMZ adducts, e.g., π- or σ-adduct [112]. In comparison, energies 
(Figs. 5A and 2–2) are derived based on energy-minimization of struc-
tures and evaluation of electron densities. Considering the strength of 
the regressions, these calculations may be able to evaluate the nature of 
the bonding in (local) equilibria. Given structural similarity (of CMZ to 
structures in Fig. 5A) and broad applicability of frontier molecular 
orbital (FMO) energies (Fig. 2–2) [55,65,108,113,114], we regard pre-
dicted K for radical species of CMZ tentatively reliable. 

3.4. Ring opening/closing 

The CMZ-OH• adduct (2ox) may fragment into a ring-opened prod-
uct. In absence of data, we obtain K for opening/closing from Fig. 5A and 
mechanistic considerations. The regression in Fig. 5A predicts for the 
cumyloxyl radical (EHOMO=− 10.4 eV) and succinimidyl radical (EHO-

MO=− 11.2 eV) K values of 1 and 10− 4 resp., comparable with literature 
K= 0.1 (kclosure≤8 ×107; kopening=7.5 ×108 s− 1 [115]) and experimental 
K≈ 10− 3 [116]. Given the agreement, Fig. 5A is tentatively reliable, and 
predicts for CMZ-OH• (EHOMO=− 9.4 eV) K= 106.0. The high value in-
dicates a high driving force for closure. As sp2 radicals are more reactive, 
closure by sp2 carbon radicals (like CMZ-OH•) is faster (~109 s− 1) than 
for sp3 carbon radicals (104–106 s− 1), reflected by higher bond dissoci-
ation energy of sp2–sp3 than sp3–sp3 [117]. The radical on CMZ-OH• is 
resonance-stabilized by a π (aryl) system, and experiments [118,119] 
indicate slow CMZ-OH• ring opening (to 3ox, Fig. 2). Ring strain and 
electron withdrawing groups can increase cyclization [120,121], more 
favorable and in water, polar or protic solvents [61,100,116,122–124] 
(Fig. 5A [98]). Thus, K= 106.0 for CMZ-OH• ring closure/opening is a 
minimum. As KCMZ–OHopen/closed < < KCMZ•+/CMZ–OH2

+/55.5 (10− 6 << 30) we 
can largely neglect its contribution. 

3.5. Reaction with O2 

While CMZ-OH• breaks down anaerobically, we do not expect 
buildup of CMZ-OH-O2

• at ~375 nm (maximum absorption in Fig. 4A), 
as it has λmax≤ 300 nm. We observe fast decay of the hydrox-
ycyclohexadienyl radical (CMZ-OH•, ʎmax~350–375 nm) at 375 nm 
(10− 6 s). The 375 nm decay does not appear (DT50 ≈1µs) distinct from 
cation formation (1–10µs), matching buildup at 425 nm. We see a stable 
plateau forming via the fast decay. But, were the decay due to cation 
formation, the absorption signal should go to 0, as K= 630 at pH7.4. We 
conclude that the decay cannot be due to cation formation; they are 
separate reactions. As strictly ʎmax(CMZ-H•) ∕=ʎmax(CMZ-OH•) [91] and 
yield of CMZ-H• radicals is too low (10%), decay of CMZ-H• cannot 
explain the (>)20% (0.5/2.5) decrease in spectral absorption. 

The spectrum (~10 μs) indicates that we worked in near O2-free 
conditions, as presence O2 would (further) reduce absorption at 375 nm, 
and increase absorption (hydroxycyclohexadienyl-O2 radical ~ 
500 M− 1cm− 1 [125]) ~290–300 nm [126,127]. Based on energetics, we 
expect the k for addition of O2 to CMZ-OH• to be near the diffusion limit. 
For CMZ-OH•: ESOMO= − 4.9 eV and for the CMZ-OH-O2

•-adduct: ESO-

MO= − 5.4 eV, ELUMO= − 0.45 eV. Using formulas 4,5 [65] and these 
values we calculate kr = 1 × 109 M− 1s− 1. Even at low O2 concentration 

Fig. 5. A. Regressions between log k, log K and EHOMO. The arrow denotes CMZ-OH•. Data for mono/polycyclic aromatics from [90] and [97]. k represents a mix of 
OH-adducts, but we took the major species. Blue data [98,99]: K for a terpene-radical (middle triangle) from e-(ΔH-TΔS))/RT, with ΔH= 27 kJmol-1 [100] and TΔS 
19kJmol− 1 [101–103] for conformational strain weakening intramolecular bonding. B: The position of the equilibrium varying with pH. Kelim = (kH2Oelim + kOH-elim) 
/ (kH2Oadd×[H2O] + kOHadd×[OH-]), where we take kH2Oelim = kprot× [H+] and pH above 4.5, so that Kelim = (kOH-elim) / (kH2Oadd×[H2O] + kOHadd×[OH-]). 
kH2Oadd× [H2O], kOHadd× [OH-] and kprot× [H+] are pseudo-1st order k at specific pH [96]. 

2 the elimination rate is [CMZ-OH2
+] × kH2Oelim + [CMZ-OH] × kOH-elim, but 

as [CMZ-OH] > > [CMZ-OH2
+], elimination rate is [CMZ-OH] x kOH-elim 
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(1 μM [128–130]) the expected decay of the CMZ-OH• is ~1 × 106 s− 1; 
indeed, we found the decay of 1 × 106 s− 1 (DT50 ≈1 μs), Fig. 6. This 
affirms the k for CMZ-OH• + O2 → CMZ-OHO2

• of ~1 × 109 M− 1s− 1. The 
value agrees with experiments for O2 addition on polycyclics in which 
the unpaired electron resides on carbon: 108.7–9.0 (naphthalene, 8-meth-
ylflavone [131,132]), close to the diffusion limit. 

3.6. Oxygen-adduct stability 

The plateau formation hints to an equilibrium between the CMZ-OH- 
O2
• adduct and the CMZ-OH• + O2 system. The plateau shows that 

addition is reversible, as Fang et al. also found for benzene analogs 
[126]. We compared the height of this plateau with the maximum ab-
sorption height (2:2.5). We see that ~20% of the CMZ-OH• radicals may 
attain a O2 at a concentration of ~1 µM. 1 Gy equates to 0.1036 mmol 
primary radicals per Gy. Thus, irradiating N2O-saturated solutions with 
~7 Gy (G = 5.35) (Fig. 6) forms 3.8 mmol OH•. For a 1 ml cell this 
means 3.8 µM, in line with similar radiolysis experiments [97]. When 
CMZ acts as the sole scavenger of OH•, it means that 20% of ~3.8 µM 
CMZ-OH• radicals attain O2: [CMZ-OH-O2

•] = 0.76 µM. 
Equilibration reduces the O2 concentration from ~1 µM by 0.76 µM 

to ~0.24 µM, and CMZ-OH• to ~3.04 µM. K is defined by Eq. 8:  

K = [CMZ-OH-O2
•] / ([CMZ-OH•] × [O2])                                         (8) 

By which we obtain K = 0.76 / (3.04 × 0.24) = ~1 × 106 M− 1. This 
is higher than values recorded by Fang et al. (0.33–2.6 ×104 M− 1) for 
benzene-derived radicals, indicating a stabilizing contribution of addi-
tional π electrons in CMZ. Substances like O2 prominently interact via 
π-bonding [133,134] with aromatics and d-block complexes [135]. Hard 
Lewis acid/base interactions may strengthen the bond, forming a ‘stable’ 
CMZ•+-O2

•− like system, i.e., (super)oxide anion-cation ionogenic 
bonding [65,136]. O2 ‘traps’ (captures) the CMZ-OH• adduct to limit it 
eliminating OH− . Boltzmann (ΔG = − RT × lnK) gives a value for ΔG of 
− 34 kJ/mol, reflecting polar bonding [109,137]. It also implies 1 × 109 

M− 1s− 1/ 1 × 106 M− 1 = ~1 × 103 s− 1 for the backward reaction, 
comparable to elimination of O2 by adducts of terephthalate (3.4 ×103 

s− 1) [126] and styrene sulfonate (≤4.5 ×103 s− 1) [127] as well as su-
peroxide elimination (~102–3 s− 1) [127,138]. 

4. Uncertainties 

The depth of uncovered side reactions possible affects the accuracy 
of our approach. The nature of intermediate species (Section 3.3) drives 
observed behaviors, and validity of assumptions on kinetics (Methods 
2.3). Central to neuroimmunological responses is the formation of the 

aldehyde 3anox, Figs. 2, 7B. We presumed competing equilibria to drive 
the formation of, e.g., 3anox: thermodynamic control of product forma-
tion. Under various pH/pO2 thermodynamics apparently favors pro-
duction of radical cations (Fig. 3). Lower CMZ-OH• concentrations via 
reaction with O2 reduce cation formation, because elimination of OH− is 
slow (104.5 s− 1). Toxicity then becomes kinetically controlled. Follow-up 
reactions (i.e., after the equilibria) may add to kinetic control. Speeds of 
the respective degradations following the equilibria will affect overall 
toxicity. In absence of O2, the CMZ-OH• decays (104.4±1.1 s− 1), which we 
ascribe to an additive mix of e.g. ring opening/contraction, OOH•

elimination and H-shift, Fig. 2. Ring contraction towards 3anox is fast due 
to resonance stabilization (Fig. 2); closure may be observed ⪅103 s− 1 

(<10− 6 ×~109 s− 1), comparable to decomposition of the peroxyl via 
O2
•− elimination (0.3–1.1 ×103 s− 1 [127]). Termination, bimolecular 

decay, H-shifts and rearrangements occur by 102–3 and ~103 s− 1 [97, 
139,140], Fig. 2. 

As pathways in biological systems are often optimized towards each 
other [141], we have little reason to assume that follow-up reactions 
have substantially different speeds. We tentatively regard these having 
minimal effect: only when a specific follow-up reaction substantially 
outweighs another it may aid fine-tuning our toxicity calculations. 
Structure 1ox (Fig. 2) might rearrange to form an epoxide, which is a 
known precursor to mutagenic response [142], but glucuronidation of 
the alcohol 2ox may detoxify CMZ [143]. Both render aerobic toxicity 
uncertain. At pH< 4 there may be supplemental cation formation via 
H+-catalyzed H2O elimination. Presence of O2 during radical generation 
yields superoxide: H• + O2 → O2

•– + H+; Eaq
– + O2 → O2

•– (2.1 ×1010; 
1.9 ×1010 M− 1s− 1) but reaction with CMZ is too slow to effect kinetic 
traces: kr(O2

•–) = 10− 2.5 ELUMO+3.2 = 105.2±1.0 M− 1s− 1 [108]. Secondary 
buildup at 325 nm (~10− 4 s, Fig. 4) may be e.g., formation of a 
ring-contracted product, CMZ-OH (CMZ-OH-O2

• that eliminated HO2
•). 

Apart from the central CMZ bond, attack elsewhere gives a mix of OH•- 
(and H•-) adducts. The complexity of competing pathways/species re-
quires future (product) analysis. (Side) reactions e.g., production of O2

•– 

(broad λmax=241 nm [144]) complicate observing CMZ-OH-O2
• adducts 

(<300 nm). Limiting bimolecular decay requires low dosing, which 
gives low yields and resolution, warranting alternative techniques. An 
iterative computational-experimental approach aid the way forward. 

5. Outlook 

Toxicities of transformation products (aldehyde, imine, carboxylate 
in Fig. 1) vary by a factor ~300 (Table 1) due to AChR inhibition 
(blocking). The value of Ktox in Eq. 2 characterizes relative concentra-
tions, not pharma/toxicological activity. Considering negligible toxicity 
of 3ox, we can ‘adjust’ Ktox by considering toxicity as a function of 
fractional binding of receptors [145]: 

toxicity induction potential∝
Ktox

Kd + Ktox
(9) 

With Kd as an equilibrium dissociation/binding constant. When 
disregarding (receptor) binding, Kd = 0. We can attribute differences in 
toxicity (Table 1) to binding, Kd in Eq. 9. Anionic residues form a 
(cation) binding site in AChR [146], bound also by tyrosyl via cation-π 
interaction [147,148], positioning the acetylcholine ester optimally in 
the active site [149] to allow hydrolysis [150]. Low (neuro)immuno-
logical pH (e.g., <6 at the synaptic site) produces an (iminium) cation 
(pKa⪆6 [151,152]) binding the AChR 10–100 times (6–11 kJ/mol) 
stronger (lower Kd in Eq. 9), Fig. 7A. Proton exchange and resonance 
stabilize and distribute the cationic (imidinium) charge throughout the 
molecule (Fig. 7B), facilitating cation-π interaction with the AChR 
tyrosyl [148,153]. The iminium reacts with tyrosyl under mild acidity 
[150,154], e.g. cyclizing into an non-planar 8-membered indolo-azocine 
ring (Fig. 7B), with a shapes and structures among those of the most 
powerful AChR-binding toxins in the world [155,156], inhibiting hy-
drolysis of neurotransmitters. Like cationic indoles also drive 

Fig. 6. Absorption (photons cm− 2 Gy− 1) recorded at 375 nm of a solution of 
carbamazepine (300 μM, pH~7.4), saturated with N2O gas, irradiated with 
~10 Gy. Kinetic traces depict ~1 µM O2 (top) and > 1 µM O2 (middle). 
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immunological response [157,158] by targeting (mitochondial) AChR 
[159,160]. 

Predicting transformation products and toxicity facilitates risk 
assessment for 100,000 + substances. In this bigger picture, we pre-
sented a case study for carbamazepine (CMZ), a pharmaceutical with 
ecotoxic and neuro-immunologic side effects. We evaluated toxicity via 
mechanism- and redox-based calculus elucidating complex modes of 
action, covering multiple speciation states and conditions [59,164]. 
Despite aforementioned uncertainties, results are in agreement with 
toxicity assays, demonstrating that our ‘generic’ thermodynamic model 
serves as a bridge between chemistry and (eco)toxicology. We expect the 
equilibrium-based approach useful to evaluate substances and condi-
tions ’similar’ to the current case study by interpolation (Figs. 5 and 7). 
The present case study on CMZ paves the way for toxicity calculus in 
terms of thermokinetics and speciation for other substances. Future ef-
forts should test a broader range of substances and conditions like aro-
matic AChR binders (Fig. 7) to move from single substances to classes of 
substances. Having substantiated the domain of applicability, we 
anticipate implementation in a range of applications, e.g., for lab-field 

extrapolation [165], tackling mixture assessments [166,167], 
food-drug interaction [168] and elucidation of immunological and 
enzymatic variation [23]. In addition, our approach may facilitate 
fine-tuning of drug dosing or detoxification [5,169] to mediate interplay 
between medicinal and toxicological properties. 
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