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Photo degradation kinetics of insensitive munitions constituents
nitroguanidine, nitrotriazolone, and dinitroanisole
in natural waters
T

A B S T R A C T

Herein the matrix eﬀects on the kinetics of aqueous photolysis for the individual munitions constituents of IMX101: nitroguanidine (NQ), dinitroanisole (DNAN), and nitrotriazolone (NTO) are reported along with the environmentally relevant kinetics and quantum yields. Photolysis potentially represents a major degradation
pathway for these munitions in the environment and further understanding the complex matrices eﬀects on
photolytic kinetics was needed. Aqueous systems are of particular interest due to the high solubility of NQ
(3,800 ppm) and NTO (16,642 ppm) compared to the traditional munitions trinitrotoluene (TNT, 100.5 ppm)
and 1,3,5-trinitro-1,3,5-triazine (RDX, 59.9 ppm). Environmental half-lives (and quantum yields) were found to
be 0.44 days (1.0 × 10−2 ), 0.83 days (3.2 × 10−4 ), and 4.4 days (5.9 × 10−5 ) for NQ, DNAN, and NTO, respectively,
under natural sunlight. In laboratory experiments using nominally 300 nm bulbs in a merry-go-round style reactor in DI water the relative rate of photolysis for the three munitions constituents followed the same order
NQ > DNAN > NTO, where DNAN and NTO reacted 57 and 115 times more slowly, respectively, than NQ. In
the various environmentally relevant matrices tested in the laboratory experiments NQ was not signiﬁcantly
aﬀected, DNAN showed a faster degradation with increasing ionic strength, and NTO showed a modest salinity
and pH dependence on its rate of photolysis.

1. Introduction
Increasing soldier safety by mitigating unintended detonation of
munitions by replacing legacy munitions, such as trinitrotoluene (TNT)
and 1,2,3-trinitro-1,3,5-triazine (RDX), with insensitive munitions has
been underway for numerous years [1]. Insensitive Munition eXplosive,
IMX-101, is a mixture of nitroguanidine (NQ), 2,4-dinitroanisole
(DNAN), and 5-nitro-1,2,4-triazol-3-one (NTO), which exhibits decreased shock sensitivity when compared to legacy munitions. Environmental fate concerns of the constituents are partially based on the
aqueous solubility of NQ and NTO being 33.8 and 165.6 times more
soluble than TNT, respectively [2,3]. Initial toxicity assays showed both
of these constituents to be relatively nontoxic, particularly when the
NTO was buﬀered to circumneutral pH [4,5]. DNAN is only slightly
more soluble than TNT (2.75 times) and shows a reduced toxicity
compared to TNT both before and after photolysis [3,4].
Issues have arisen during subsequent toxicity studies showing the
mixture, IMX-101, to increase in toxicity upon exposure to environmentally relevant UV light where the photolyzed mixture has

roughly equivalent toxicity to photolyzed TNT [4,6]. The increased
toxicity was found to be due primarily to the NQ component, whereas
the NTO and DNAN exhibited modest increases in toxicity. Further
studies in the photolysis of these munition constituents focused mainly
on the degradation product identiﬁcation [7–15], with only four detailed reports on the kinetics and quantum yields of the constituents’
photolysis [12–15]. To understand and better predict the environmental fate of the munitions we sought to determine the environmental
half-lives and elucidate the matrix eﬀects these munitions are likely to
encounter in aqueous environments.
Although standard methodologies do make use of natural organic
matter, which behaves as a triplet sensitizer to induce photolysis, and
pH for molecules readily ionized under environmental conditions, they
do not account for ionic strength. The pH of the solution could exhibit
eﬀects on molecules susceptible to nucleophilic substitution, which do
not have suﬃciently appreciable pKa values to warrant pH adjustments,
such as nitro aromatics [16–18]. The photolytic rate for TNT has also
been shown to be directly correlated with ionic strength [19]. With
these examples in mind, all munition constituents were tested in

environmentally relevant aqueous mixtures for photolytic activity and
quantum yields.

MHRW and had a conductivity of 12.89 mS/cm. Humic acid solutions
were prepared in accordance with EPA method 835.5270 and measured
to be 5 ppm by UV–vis analysis and 3.33 ppm by TOC analysis to ﬁnd
the organic matter to be roughly 67% carbon. Acetate, phosphate, and
borate (pH 4, 7, and 10, respectively) were prepared in accordance with
The Handbook of Chemistry and Physics [22].

2. Methods and materials
2.1. Reagents
All reagents were used as received. NQ (containing 25% H2O as a
stabilizer), Pyridine (≥99.9%), and 4-nitroacetophenone (98%), sodium phosphate monobasic dihydrate (≥99.9%), sodium acetate
(> 99%), boric acid (99.9999%), humic acid sodium salt (batch
number 02022PA) were obtained from Sigma Aldrich. DNAN (98%)
was obtained from Alfa Aesar. NTO (military grade) was obtained from
BAE Systems. Triﬂuoroacetic acid (Optima HPLC grade) was obtained
from Thermo Scientiﬁc. Acetonitrile (HPLC grade), methanol (HPLC
grade), sodium chloride (99.8%), and sodium hydroxide (98%) were
obtained from Fisher Scientiﬁc. NQ standards were obtained from
Restek and DNAN and NTO standards were made from the chemicals
listed above. Any water used throughout the experiment was puriﬁed
by a Milli Q water puriﬁcation system giving a resistivity of > 18.2 M
Ω cm.

2.4. Laboratory photolysis experiments
Laboratory photolysis studies were conducted inside a Rayonet
Photochemical Reactor (Southern New England Ultraviolet Co., Model
RPR-1000) equipped with sixteen 14 W bulbs emitting primarily at
300 nm (RPR-3000A, Fig. S3) where the samples were rotated in a
carrousel (RMA-500) revolving at 5 RPM to expose each sample to an
averaged irradiance minimizing bulb-to-bulb diﬀerences in radiative
output and fan cooled to ensure solution temperatures did not exceed
35 °C. The ﬂux from the bulbs was measured by ferrioxalate actinometry and found to be 1.38 ± 0.16 × 10−5 milli-Einsteins cm−2 s−1
using Ferrozine™ instead of the typical phenanthroline complex to decrease equilibration time (see SI for in depth discussion) [12,22].
Nominally 1 part-per-million solutions of NQ, DNAN, and NTO were
prepared in the various matrices by dilution of the stock solutions of the
individual munitions in DI water in which the ﬁnal volume of the experimental solution comprised < 0.1% of each stock to avoid signiﬁcant dilution of the matrices. The concentration of each solution was
determined by comparison with standards made in house for NTO and
DNAN or against a commercially available standard for NQ (Restek) by
HPLC. 5.00 mL of IM constituent solution was added via micropipette to
a series of quartz test tubes (Technical Glass, 1.18 cm ID) which were
arranged in the outer ring of the carousel. Irradiation times were
carefully controlled with timer controller (The Control Co., 5090) and a
sample taken by removing a tube at each interval. Degradation was
monitored by HPLC (See Fig. S8–10).

2.2. Instrumentation
An Agilent Cary-8454 UV–vis was used for determining molar absorption coeﬃcients in quartz cuvettes. An Agilent 1200 Series HPLC
system equipped with a quaternary pump, Agilent 1200 Series Diode
Array Multiple Wavelength Detector, and Synergi 4 μm Hydro-RP 80 Å
C18 with polar end-capping column (250 × 4.6 mm; Phenomenex) was
used for sample analysis. Bruker Daltonics Data Analysis software was
used for peak integrations. Each munition required a separate HPLC
method; however, all injection volumes were 50 μL and all mobile
phases were isocratic. For NQ (ret time = 4 min), the mobile phase was
100% water at a ﬂow rate of 1.1 mL/min. For DNAN (ret time = 14.6
min), the mobile phase consisted of 55-45-5% water-acetonitrile- aqueous triﬂuoracetic acid (0.1% v/v) at a ﬂow rate of 1.1 mL/min. For
NTO (ret time=3.9 min) the mobile phase consisted of 85-10-5% wateraqueous triﬂuoracetic acid (0.1% v/v)-acetonitrile at a ﬂow rate of
1.1 mL/min. For PNAP (ret time = 3.85 min), the mobile phase was
25–75% water-methanol at a ﬂow rate of 1.1 mL/min.

2.5. Environmental photolysis experiments
Outdoor photolysis experiments were conducted in accordance with
EPA method 835–2210 using quartz test tubes with Teﬂon lined septum
screw caps (LuzChem, 11.11 mm ID, ∼13 mL capacity) on a matte
black sample holder to incline the sample 30° from the horizontal with
the top of the samples pointed due North. All samples were prepared in
the laboratory prior to transport to an experimental ﬁeld stand (∼20′
high) covered in foil. In the quantum yield determinations, samples
were prepared under a red laboratory light to avoid photolysis of the
PNAP-PYR actinometer solutions.

2.3. Preparation of solutions
NQ, DNAN, and NTO were dissolved separately in water to make
stock solutions. The concentrations were conﬁrmed by HPLC with the
respective calibration curves: NQ from commercial standard, DNAN
from pure solid, and NTO from the military grade solid. Representative
calibration curves for the 3 munitions (Fig. S4–6) were linear over the
ranges tested (0.01–20 ppm for NQ, 0.1–100 ppm for DNAN, and
0.025–50 ppm for NTO). These solutions were suﬃciently concentrated
such that the volume added to the various matrices, preparation described below, would comprise less than 1% of the ﬁnal volume in the
diﬀerent matrices (i.e. [IMs] > 100 ppm). The p-nitroacetophenonepyridine (PNAP-PYR) actinometer was used for quantum yield calculations. Three separate PNAP-PYR solutions were prepared, one for
each munition. The concentration of PNAP was 10 μM for each munition’s actinometer. The concentration of pyridine in each actinometer
was calculated based on the corresponding munition’s half-life. These
calculations as well as the actinometer preparation are outlined in
standard methodology [20]. Pyridine concentrations for NQ, DNAN,
and NTO were 0.04655 μM, 0.0570 μM, and 0.0395 μM, respectively.
Moderately Hard Reconstituted Water (MHRW) was prepared in
accordance with standard methods [21]. Artiﬁcial seawater was prepared from Crystal Sea Marine Mix Salt in accordance to bioassay
standards and had a conductivity of 25.93 mS/cm. The brackish water
was prepared by mixing equal volumes of artiﬁcial seawater and

2.6. Computational chemistry
The experimental results for NTO photolysis raised discussion points
warranting validation of some of the properties and structure of the
molecule. The various tautomers and isomers of NTO were optimized
and evaluated using Gaussian16 [24] with MP2 method [25] and a ccpVTZ basis set [26]. Solvation eﬀects were taken into account implicitly
through the CPCM model [27] using a dielectric of 78.135 for water.
Frequency calculations were done in order to determine the thermal
contributions to the energy. NMR spectra was predicted via the GIAO
method [28]. NBO analysis [29] was performed on the optimized
structures to characterize the bonding nature. Heteroaromaticity was
calculated by the HOMA method [30] as well as using Dr. Bird’s uniﬁed
aromaticity index and associated resonance energy [31a,31b].
3. Photolysis rate theory and calculations
Estimation of the maximum rate constant, Eq. (1), and minimum
half-life, Eq. (2), were used to determine the applicability of the IMX101 constituents for further testing.
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k = Φλ ∑ εcλ Lλ

(1)

Where Φλ is the quantum yield as a function of wavelength, which in
the instance of estimating maximum rate constants, was assumed to be
unity, εcλ absorption coeﬃcient values (M−1 cm−1) from the experimental determination of the molar absorption coeﬃcient were averaged about a given wavelength (e.g., ε297.5 = (ε297 + ε298)/2 ) or taken as
the molar absorption coeﬃcient when the wavelength was an integer
value, and the average solar radiation at Earth’s surface Lλ were taken
from the EPA method 835–2210.

t1/2 = ln2/ k

(2)

Where k was the theoretical maximum rate constant determined in Eq.
(1), for minimum half-life calculations, or the experimentally determined rate constant, for deﬁnitive half-life determinations.
To determine the quantum yield of the individual munition constituents, Φc , relative to the PNAP-PYR actinometer the rate constant, k ,
of the photolysis of the individual constituents was determined experimentally using Eq. (3),

− kt = ln[c ]t /[c ]0

Fig. 1. UV–vis absorption coeﬃcient spectra of IM constituents NQ (red),
DNAN (black), and NTO (blue). Error bars represent the standard deviation for
molar absorption coeﬃcients determined at 3 diﬀerent concentrations. The
gray shaded area represents the emission range of the laboratory light source
(full width half height) and the yellow line indicates the maximal energy,
shortest wavelength, of sunlight reaching Earth’s surface.

(3)

coeﬃcients averaged over 3 concentrations (NQ, 15, 10, 7.5 ppm;
DNAN, 20, 10, 5 ppm; NTO, 15, 10, 7.5 ppm). For DNAN and NQ the
solvent was high purity water, and for NTO a dilute phosphate buﬀer
was used to maintain the pH circumneutral for each spectra. The
standard deviation of the molar absorption coeﬃcient are also plotted.

Where [c ]t and [c ]0 are the analytically determined concentrations at the
time the sample was taken and the initial experimental concentration,
respectively. The rate constant, k , was determined by linear regression
of the plot ln[c ]t /[c ]0 against time measured in days.
To determine the concentration of pyridine in the PNAP-PRY actinometer Eq. (4) was used to ﬁrst estimate the quantum yield, Φa ,
necessary to closely match the rate constants of each IM constituent.

Φa = k / ∑ εaλ Lλ

4.2. Outdoor photolysis experiments
Outdoor photolysis experiments of the three munition constituents
and the determination of their quantum yields is shown in Fig. 2. The
slopes of the lines in Fig. 2B deviate from unity due to poor estimation
of the rate constants and half-lives of the IM constituents based on
preliminary outdoor photolysis tests.

(4)

Where k was the experimentally determined rate constant for each individual munition constituent in the preliminary experiments and
∑ εaλ Lλ was the constant 551 taken from the EPA method 835–2210.
With the estimated quantum yield for the actinometer, Eq. (5) was used
to determine the concentration of pyridine needed.

[PYR] = Φa/0.0169

4.3. Matrix eﬀect experiments

(5)
To probe the eﬀects environmentally relevant matrices would exhibit on the rates of photolysis, experiments were conducted in a laboratory setting. A photochemical reactor with a carousel allowed for a
more direct comparison of the matrix eﬀects, due to the diﬃculty in
making comparisons for experiments conducted under diﬀerent solar
irradiation conditions and the logistical challenge of undertaking many
experiments simultaneously. The photolysis for the IM constituents in
the laboratory followed ﬁrst order kinetics in each matrix, and the rate
constants for each of the munitions in the various matrices is shown in
Table 1.

To determine the quantum yields of the individual munition constituents from simultaneously irradiated samples of munition and
PNAP-PYR actinometer Eq. (6) was used

Φc = kc / ka ×

∑ εaλ Lλ /∑ εcλ Lλ × Φa

(6)

Where kc and ka are the experimentally determined rate constants from
plots derived from Eq. (3), ∑ εaλ Lλ is again the constant 551 from the
EPA method, ∑ εcλ Lλ is the value calculated in Eq. (1) for each munition
constituent, and Φa is the concentration dependent quantum yield of the
actinometer determined for each IM constituent in Eq. (5).
Quantum yields for the indoor experiments were also estimated for
the indoor exposures using Eq. (7)

Φc = k [IM ]0 V /(I × F × SA)

4.4. Computational NTO results

(7)

In order to evaluate the preferred isomeric topology of NTO eight
diﬀerent protonation schemes were modeled to evaluate all plausible
combinations of hydrogen locations around the primary molecular
structure. Full results can be found in the SI (Tables S1 and S2). The 3
lowest energy forms are depicted in Fig. 3 with ‘a’ being the preferred
protonation below it’s pKa value of 3.7, ‘b’ the preferred protonation in
neutral and basic conditions, and ‘c’ being the secondary isomer in
acidic conditions. Isomer ‘c’ is 3.0 kcal/mol disfavored compared to
isomer ‘a’ and accordingly even in acidic conditions less than 1% of
NTO molecules are expected to be in protonation state ‘c’ at room
temperature. According to both the Bird and HOMA methods isomer ‘a’
is somewhat less aromatic than the anionic isomer ‘b’. As pH is lowered
the distribution NTO forms switches from primarily ‘b’ to primarily ‘a’
thus we expect a decrease in aromaticity in more acidic conditions,
which may explain the retardation of the photolytic kinetics at lower
pH values.

Where k is the rate constant, [IM]0 is the starting molar concentration
of the IM constituent, V is the volume irradiated, I is the radiant ﬂux
determined by ferrioxalate actinometry, F is the fraction of light absorbed by the IM constituent at the initial concentration from the BeerLambert Law F = 100 − %T = 10−εlc , and SA is the surface area of the
reaction vessel exposed to irradiation.
4. Results
4.1. Tier 1 testing
The UV–vis spectra for each of the three constituents were recorded
in triplicate at multiple aqueous concentrations to determine the molar
absorption coeﬃcient, and are depicted in Fig. 1. All spectra were recorded in triplicate at a given concentration and the molar absorption
3

Fig. 2. A) Pseudo-ﬁrst order kinetic curves of NQ (red), DNAN (black), and NTO (blue), B) Pseudo-ﬁrst order kinetic plot of IMs plotted against PNAP-PYR actinometer solutions irradiated simultaneously for quantum yield determinations. Pseudo-ﬁrst order plots were utilized to extract the rate constant, but concentration
plots are available in the SI (Fig. S7).

lower pKa of the molecule [23]. As the concentration of NTO increases
in the cuvette, the pH is lowered resulting in a new equilibrium distribution despite the use of a buﬀer solution. The theoretical minimum
half-lives for each IM constituent were suﬃciently low (i.e., < 30 days)
to warrant further photolysis testing.
In the initial outdoor experimentation to estimate the photolysis
kinetics of all three munitions were expected to follow a 1st order approximation. This was not clearly evident in the preliminary tests due to
cloud cover during the NQ experiment, and poor estimation of sampling
intervals based on literature regarding the other two constituents. The
quantum yield value for DNAN, 1.1 × 10−4 [12], corresponds to a halflife of 1.8 days using Eqs. (1 and 2) and substituting 3390 for the
∑ εaλ Lλ term in Eq. (1), whereas the published half-life was 0.70 days
[12]. Literature reports show NTO is recalcitrant towards photolytic
degradation [11]. The preliminary experiments for the three munitions
gave rate constants 0.484, 1.17, and 0.811 day−1 for NQ, DNAN, and
NTO respectively. Control samples wrapped in foil resulted in no appreciable decrease in concentration for any of the IM constituents due
to thermal reactions (e.g., hydrolysis). These rate constants corresponded to pyridine concentrations of 46.6 mM, 57 mM, and 39.5 mM
for each of the PNAP-PYR actinometers for NQ, DNAN, and NTO respectively, using Eqs. (4 and 5). The deﬁnitive determination of the
kinetics and quantum yields were conducted from June 9 to June 13,
2018 for DNAN and NTO and from June 25 to June 30, 2018 for NQ
(Fig. 2).
From the experimentally determined rate constants in the deﬁnitive
tests it was found the half-lives of the IM constituents to be 0.44, 0.83,
and 4.4 days for NQ, DNAN, and NTO respectively. Although each

Table 1
Rate constants of IMX-101 constitutents photolysis in diﬀerent matrices. All
rate constants are psuedo-ﬁrst order with units of min−1. Rate constants were
determined as the negative slope of the linear line through the average of 3 data
points (ln[IM]t/[IM]0) at each sampling interval (Fig. S11–43). Errors were
calculated by linear regression and taken as the standard error of the slope.
Matrix

NQ

DNAN

NTO

DI H2O
humic acid
MHRW
brackish
artiﬁcial ocean
1 M NaCl
0.1 M NaCl
0.01 M NaCl
pH 4
pH 7
pH 10

1.17 ± 0.05
0.445 ± .020
0.988 ± .028
0.989 ± 0.042
1.04 ± 0.05
1.19 ± 0.03
1.10 ± 0.03
1.12 ± 0.03
1.07 ± 0.04
1.04 ± 0.05
1.19 ± 0.03

0.0206 ± 0.00023
0.00842 ± 0.00035
0.0199 ± 0.0002
0.283 ± 0.005
0.438 ± 0.017
0.520 ± 0.006
0.138 ± 0.003
0.0352 ± 0.0008
0.0250 ± 0.0012
0.0198 ± 0.0002
0.0240 ± 0.0003

0.0102 ± 0.0005
0.0105 ± 0.0005
0.00763 ± 0.00018
0.0131 ± 0.0006
0.0255 ± 0.0008
0.00768 ± 0.00037
0.0143 ± 0.0010
0.0102 ± 0.0005
0.0384 ± 0.0032
0.00768 ± 0.00037
0.0105 ± 0.0006

5. Discussion
Using the molar absorptivity above 290 nm for each IM constituent
the theoretical minimum half-lives (Eqs. (1 and 2)) were estimated,
which for summer at 30 °N (the latitude closest to the experimental
station for which data is available) were 6.2 × 10−3 , and 0.20 × 10−3 ,
and 0.32 × 10−3 days for NQ, DNAN, and NTO, respectively. The
standard deviation in the UV–vis spectra were greater for NTO when
compared to the other two munition constituents, potentially due to the

Fig. 3. Lowest energy protonation states of NTO with ‘a’ being the preferred protonation in neutral and basic conditions, ‘b’ is anionic and the preferred protonation
below pH 3.7, and ‘c’ being the secondary isomer in neutral and basic conditions.
4

experiment was set outside for 5 days, DNAN was not present in a detectable concentration ([DNAN] < LOD) after the ﬁrst 3 days and NQ
after 4 days. When compared against their respective actinometer solutions the quantum yields for each of the IM constituents was found to
be 1.0 × 10−2 , 3.2 × 10−3 , and 5.9 × 10−5 for NQ, DNAN, and NTO respectively. The half-life and quantum yield of NQ is in excellent
agreement with the value matching those determined previously
[13,14], but the quantum yield of DNAN is 29 times greater than literature value [12]. The value found in the literature was determined in
a solar simulator, at possibly a greater than recommended test chemical
concentration and determined by calculations involving manufacturer
supplied irradiance data [12]. The literature value for the quantum
yield of DNAN is likely underestimated, as irradiance data supplied by
manufacturers may diﬀer from experimentally determined values [33].
Additionally, the photolysis of NTO warrants further study. These
experiments were carried out in accordance with EPA method
835–2210 which is the standard way to determine direct photolysis and
results indicate NTO does directly photolyze. This is in contrast to
previous literature that has reported that the molecule does not undergo direct photolysis, but is susceptible to degradation by hydroxyl
radicals or other reactive oxygen species (ROS) generated from photocatalysis and the Fenton reaction [11]. The rates of degradation by
the ROS may be overestimated in light of the direct photolysis of NTO
determined in this study; however the overestimation is undoubtedly
slight due to the three order of magnitude greater starting concentrations than in the present study.
Based on the experimental results for the various matrices tested,
little eﬀect on the rate of NQ photolysis was observed, with the exception of the experiments conducted in the humic acid solution. The
retardation of the reaction kinetics in humic acid solutions has been
reported by others and is likely due to the competition for photon absorption [13,14] and evidence NQ degrades via the singlet excited state.
The lack of any signiﬁcant diﬀerence in the photolytic rate in the other
matrices tested is due to the poor coordination with ionic constituents
and the negligible pKa of the molecule.
Conversely, the other two IMs exhibited relatively large changes in
their photolytic rates in diﬀerent matrices. NTO has a greater rate
constant near its pKa (3.7) due to a much greater proportion of the
molecule being protonated [32]. The protonated NTO is shown to exhibit less aromatic character through computational examination of the
natural bonding orbitals, and this decreased stability leads to a greater
rate of degradation in comparison to the anionic form of NTO. The
rather modest increase in the rate of photolysis at pH 10 over the rate at
pH 7 is possibly due to coordination of the hydroxide with the ring
allowing for a substitution of the nitro group on the excited molecule
through an SNAr* mechanism. The increased rate is not due to base
catalyzed hydrolysis, as the average concentration of the t = 0 samples
of the three trials was found to be constant within experimental error at
1.27 ± 0.006 ppm. All three replicates of the photolysis were done
from the same stock solution prepared prior to any photolysis experiments, and if hydrolysis were occurring the concentration would have
diminished in the stock solution. The pH dependence on photolytic
rates was observed by others [15], however, direct comparisons to
these results is hampered by the diﬀerent experimental parameters
employed (radiation sources, temperature, reaction vessel, etc.). There
was no rate enhancement due to the presence of organic matter as a
triplet sensitizer observed in the present study in contrast to a literature
report [15], which is likely due to the much lower concentration of
organic matter employed in the present study (5 ppm DOM/3.33 ppm
TOC compared to 60 ppm OC).
The pH eﬀects of DNAN were much more modest than for NTO. Like
NQ, DNAN is not readily ionizable [34]. The rate was enhanced for
DNAN when a salt matrix was utilized. In the initial experiments using
the synthetic MHRW, brackish, and artiﬁcial seawater the increase in
the trend was immediately observed. To probe this eﬀect further, experiments were conducted in NaCl solutions to reduce the number of

confounding factors as the artiﬁcial seawater has many diﬀerent ionic
constituents (the NaCl matrix was also used for the other IMs, but no
signiﬁcant enhancement or retardation of the rates were found). Coordination of ionic constituents with electron deﬁcient aromatic rings is
a known phenomenon, and will bring the ion in proximity to facilitate
the substitution of either the methoxy or nitro groups on the photoexcited DNAN [35]. The rate enhancement was found to be linear over
the concentrations of NaCl used, particularly over from 0–0.1 M where
the rate increased by a factor of 0.171 for every 0.01 increase in NaCl
molarity; however, this data set is not complete as only four deﬁnitive
concentrations of NaCl (0–1 M) were used. A deviation from linearity
was observed when incorporating the highest concentration, possibly
be due to the saturation of the ring systems with the anions. If this is the
case, there is potentially a maximum achievable enhancement due to
the salinity of the solutions. The rate of DNAN photolysis was not enhanced by the humic acid, and the reaction was roughly half the rate of
the DI H2O experiments. It is possible DNAN, at least to a small extent,
reacts from its triplet state. Previous indirect photolysis experiments did
not show any signiﬁcant change in the rate, but a much greater concentration of humic acid was used than in the present study [15]. If the
triplet-triplet transfer was favored by the roughly 10 fold increase in
humic acid concentration this could have oﬀset the competition for
photons leading to a decreased degradation rate observed here.
Direct comparisons to published literature can be made from the
experiments with DNAN due to the similarity of light sources employed
(1.4 × 10−4 milli-Einsteins cm−2 s−1 literature, 1.38 × 10−4 milliEinsteins cm−2 s−1 present study). DNAN was previously found to
photolyze under UV-B irradiation (predominately from 280 to 315 nm
based on FWHM from manufacturer information (see Fig. S3) at a rate
of 6.57 ± 0.15 d−1 [12], whereas in the present study the rate constant was 29.7 ± 0.3 d−1. The discrepancy between the published
results and the present study is likely due to the diﬀering reaction
vessels and photochemical reactor designs. In the present study light
entered quartz test tubes from all sides as samples rotated in a carousel
and in the literature account light only entered from a single side of a
quartz cuvette (not accounting for scattering by the reactor’s unpolished surfaces), where the ratio of the given surface areas for the reaction vessels is 5.4. This factor very nearly accounts for the diﬀerence
in the rate constants.
Direct comparison to the published result for the quantum yield of
DNAN under UV-B irradiation, ΦUV − B = 3.7 × 10−4 , is not possible due
to the method in which this result was calculated; however, using the
results from their ferrioxalate actinometry experiments in equation and
experimental parameters (e.g., surface area) in Eq. (7) these values can
be estimated. The values can only be estimated due to the rather favorable overlap of the emission spectrum from the irradiation source
and an absorption maximum for DNAN in the same range where the
average molar absorption coeﬃcient and standard deviation is
10406 ± 640 M−1 cm−1 (this is not the case for NQ nor NTO where
the standard deviation represents an error of roughly 100%). With the
above caveat in mind, the quantum yields for the published data and
the present study, respectively, are 2.41 × 10−4 and 2.93 × 10−4 .
The discrepancies between the present study and the published literature for the photolysis of DNAN would also beneﬁt from a third
party investigation. Although the half-life of the molecule found here,
0.83 d, is in good agreement with the previous study, 0.7 d, there is a
factor of 29 times greater quantum yield measured here for the outdoor
experiments. This diﬀerence is likely due to the means in which the
value was calculated based on radiometry in the UV range rather than
simultaneously exposing an actinometer solution [12]. Comparison of
the UV-B quantum yield of DNAN with the aforementioned study gave
comparable results with the measured value here being 22% greater,
likely due to slight diﬀerences in the emissions from the irradiation
sources, reactor design, and reaction vessels.
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The environmentally relevant rate constants and half-lives of the
three IM constituents NQ, DNAN, and NTO have been determined using
natural sunlight and a laboratory photochemical reactor ﬁnding direct
photolysis of the IM constituents to be rapid. The quantum yields of
these compounds were also determined with excellent agreement
compared to literature values for NQ, disparate values for DNAN, and
the ﬁrst reported values for NTO were measured. Further understanding
of the environmental fate of these IM constituents was undertaken by
incorporation of environmentally relevant matrices, particularly important for the highly water soluble NQ and NTO. The magnitude of the
rate constants varied in the laboratory experiments from those conducted under solar irradiation due to the laboratory source emitting
from ∼280–315 nm greatly increasing the number of photons absorbed
by NQ (see Fig. 1). Salt concentrations were found to dramatically increase the rate of photolysis for DNAN, and NTO was sensitive to
changes in pH due to its lower pKa. NQ was not found to have signiﬁcant enhancement, but was slower to photolyze when humic acid
was incorporated into the matrix. Further investigations into the photochemical kinetics and quantum yields for NTO and DNAN are warranted based on literature discrepancies, whereas NQ had very similar
kinetics and quantum yield values compared to published results.
Finding values for NTO relevant to the chemical’s fate (i.e., t1/
2 < 30 d) necessitates more study to inform stakeholders of the potential for photolysis at environmentally relevant time scales and concentrations.
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