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Environmental significance

Transformation products of organic contaminants are a growing concern, with the
potential for the products to be more toxic than the parent compounds. Rubber derived
compounds are a group of chemicals that highlight this issue with 6PPD-Q, a
transformation product of 6PPD, being acutely toxic to coho salmon. Our study
examines the stability of rubber derived compounds across 15 different storage
conditions, and identifies transformation products that are formed during the storage.
The results will help reduce the number of false positives for environmental
transformation products and increase confidence in quantitation of samples that were
previously stored.
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Abstract

Rubber derived compounds (RDCs) are a growing environmental concern. Several
chemical classes of RDCs are known for their transformation potential, making the
quantification of these compounds in samples difficult if not run directly after sampling.
We performed a targeted stability study with 23 standards in a mixture of 31 rubber
derived compounds placed in different solvent conditions at three temperature points in
order to gauge the long-term stability of the compounds in various storage conditions.
Methanol at -20 C° was found to be the best solvent for storage, while acidified DI water
was the least stable. Our study indicates that the addition of glutathione at or below 12.3
pMg/mL does not prevent transformation of PPDs at relevant concentrations. Six
compounds that showed loss during the targeted study were investigated using high
resolution mass spectrometry to determine what transformations were occurring.
Transformations for 2,2,4-trimethyl-2,4-hydroquinoline primarily formed 2,4-
dimethylquinoline while 4-ADPA, 4sDPA, and HMMM involved a breakdown of the
parent compound. Interestingly, MBT showed negligible loss indicating that the previous
degradation was due to inter-compound interactions rather than the solvent they’re
stored in. Finally, the 31 standard mix was investigated using high resolution mass
spectrometry with 91 unique features identified whose formations likely originate from
reactions between RDCs. These results showcase the degradation and transformations

that can occur for samples awaiting analysis at various storage conditions.

1 Introduction

With an estimated 82 million motor vehicles sold in 2024' worldwide, the number of tires

in use expands yearly. While the exact composition of tires varies due to different
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brands and intended use of tires (passenger, commercial, weather specific), tires are in
general rubber and filler?, with up to 12%3# of the tire weight made up of additives.
These additives include accelerants, antioxidants, antiozonants, and vulcanizers®. Over
time, these additives migrate into the environment via tire wear particles®-'6, with one
study finding over 145 compounds with the capability to leach out of tires'”. The most
infamous of these compounds is 6PPD, an antiozonant added to tires to prevent ozone
cracking®. When exposed to ozone it converts to transformation product (TP) 6PPD-Q'8
which is acutely toxic to coho salmon in the pacific northwest. Tire leachates have been
found toxic to multiple aquatic organisms'®-2' and other biological assays?2-2¢ with
further research beginning to narrow down the specific compounds that cause this

toxicity.

Research has shown that many RDCs are inherently unstable?’-3°, Some of them are
designed to protect rubber tires against environmental aging processes, such as
oxidation831.32 hydrolysis,33 and photolysis. However, this instability makes
quantification of these compounds difficult, leading to speculation surrounding reports of
RDC concentrations. Attempts have been made to stabilize these compounds by
protecting them with antioxidants34, such as glutathione. Other reports3® indicate that at
cold temperatures in pH 2 medium 6PPD is stable for up to four weeks. No study has
yet to explore and report data on whether these conditions sufficiently protect PPDs
from transformation, posing questions regarding the stability of the various compound
classes that make up RDCs, and if one storage condition could benefit one class but

negatively affect another. Furthermore, if RDCs transform into more stable products,
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future monitoring activities may focus on stable TPs rather than just the parent

compounds.

To better understand how different storage conditions affect samples containing RDCs,
we conducted a targeted study to observe the stability of 23 RDCs in 15 different
storage conditions. These conditions were based on organic/aqueous solvents,
temperature of storage, and the chemical properties of studied RDCs (e.g., amines and
guanidines are sensitive to pH). We then conducted Non-Targeted Analysis (NTA) using
high resolution mass spectrometry (HRMS) on several RDCs that degraded over the
course of the targeted study to identify RDC TPs produced under different storage
conditions. Finally, we conducted NTA on the standard mixture of 31 RDCs in five
solvent conditions stored at room temperature. Through these approaches, we aim to
determine optimal storage conditions for samples containing RDCs and to understand
TP formation in stored samples, which in turn will increase the accuracy of future
quantitative studies by reducing false positives. Moreover, this work highlights the role
of environmental factors such as temperature and acidity and how they impact the
formation of TPs in simplified conditions leading to a better understanding of RDC

interactions.

2 Materials and Methods

2.1 Chemicals

Standards for the RDCs were purchased from a variety of sources which can be found

in Table S1. Optima grade water, formic acid, methanol and hydrochloric acid were all
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purchased from Fisher Scientific (Pittsburg, PA USA). Glutathione was purchased from

TCI America (Portland, OR USA).

2.2 Solvent Conditions for Targeted Degradation Experiments

Degradation experiments were performed on mixtures of RDC standards in different
solvent conditions. Five solvents (methanol, DI water, DI water acidified to pH = 2,
methanol with 12.3 pg/mL glutathione, and DI water with 12.3 pg/mL glutathione) were
prepared in duplicate in 10mL volumetric flasks before being transferred into 20mL
amber vials with ~10mL of ambient atmosphere in the headspace. Each flask was
spiked with 1.0 mL of a 2,500 ng/mL native standard mixture and 0.2 mL of a 5,000
ng/mL isotopically labeled internal standard mixture with a final concentration of 250
ng/mL and 100 ng/mL, respectively. The final concentration for the glutathione solution
was 12.3 ug/mL matching previous publications34. Standard mixtures can be found in
Table S2. Samples were stored in darkness at three temperatures: 22.2 C° (room
temperature, RT), 4 C° (refrigerator, RF) and -20 C° (freezer, FZ). Samples were only

removed from these conditions to prepare aliquots for analysis.

2.3 Solvent Conditions for Individual Standard Degradation
Experiment

Degradation experiments were also performed on individual RDC standards in different
solvent conditions to investigate transformation products. Five RDCs were chosen
based on degradation in targeted experiments. 2-mercaptibenzothiazole (MBT),
hexamethoxymethylmelamine (HMMM), 4-nitrosodiphenylamine (4s DPA), 4-

aminodiphenylamine (4-ADPA), 2,2,4-trimethyl-2,4-hydroquinoline (TMQ), and
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oligomeric-TMQ samples were prepared in triplicate in 10mL volumetric flasks before
being transferred into 20mL amber vials. MBT and 4-ADPA samples were prepared in
DI water, while HMMM, 4s DPA, TMQ and oligomeric-TMQ were prepared in DI water
acidified to pH = 2. Each flask was spiked with 0.8 mL of a 25,000 ng/mL native
standard and 0.2 mL of a 5,000 ng/mL DPG-d10 standard with a final concentration of
2,000 ng/mL and 100 ng/mL, respectively. Samples were stored at 22.2 C° in a dark

space.

2.4 Targeted and Non-Targeted Stability Timepoints
The targeted analysis sampling points were Day 0, 1, 2, 8, 14, 21, 29, 43, and 71. The

first three sampling points were clustered around the period expected for many of the
PPD-related materials to transform831-33_ Continued points were taken to examine the
long-term stability of other rubber derived compounds. Non-target sampling points were
Day 0, 2, 23, and 33, chosen based on results of the targeted study while the non-target
sampling point for the standard mixture was taken on day 159 after all other analyses

had been completed.

2.5 Instrumental Analysis

2.5.1 Targeted Analysis

Samples were analyzed using high-performance liquid chromatograph (Agilent 1200
series) coupled triple quadrupole tandem mass spectrometer (Thermo Fisher Scientific
TSQ Altis). Chromatography was performed using an Agilent InfinityLab Poroshell 120
EC-C18 column (2.1 x 50 mm, 2.7 ym) fitted with a C18 (2.1 mm, 2.7 ym) guard
column. The column compartment was set to 45 C° with an injection volume of 1 pL.

Mobile phases were water with 0.1% formic acid (A) and methanol with 0.1% formic
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acid (B) with a flow rate of 0.6 mL/min. Gradient and electrospray ionization details can
be found in Table S3. The mass spectrometer was run in multi-reaction monitoring
(MRM) mode with 42 precursors with a cycle time of 0.8 seconds. Precursor and

product ion details can be found in Table S4.

2.5.2 Non-Targeted Analysis

Samples were analyzed using an ultra-high-performance liquid chromatograph (Thermo
Fisher Scientific Vanquish Flex) coupled to a quadrupole-orbitrap mass spectrometer
(Thermo Fisher Scientific Exploris 240 Orbitrap). Chromatography was performed using
an Agilent Zorbax RRHD Eclipse Plus C18 column (2.1 x 100 mm, 1.8 um) fitted with an
C18 guard column (2.1 mm, 1.8 pym). The column compartment was set to 45 C° with an
injection volume of 1 pL. Mobile phases were water with 0.1% formic acid (A) and
methanol with 0.1% formic acid (B) with a flow rate of 0.4 mL/min. Gradient and
electrospray ionization details can be found in Table S5. The mass spectrometer was
run in full scan mode and data dependent mode. Details for each mode can be found in
Table S6. An exclusion list was created before each sequence by running a methanol
solvent blank twice, averaging the spectrum, and adding any masses over 1e6 to the

exclusion list.

2.6 Data Processing
2.6.1 Targeted Quantitation

Collision energy was optimized for each standard via direct infusion to yield two high-
intensity product ions for quantitation and qualification. Compounds were identified by
retention time and MS/MS transitions. Quantitative analysis was performed using

Skyline-daily (Version 25.1.1.206). A ten-point calibration curve (0.1, 0.5, 1.0, 5.0, 10,
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25, 50, 100, 250, and 500 ng/mL) was prepared using a standard mixture to quantify
across four orders of magnitude. The peak area of the quantitative product ion was
ratioed with their corresponding isotopically labeled internal standard and plotted
against the analyte concentration. Calibration points were excluded if the accuracy of
the calculated value was outside 15% of the theoretical value. Limits of detection (LOD)
were calculated by equation 1. Limits of quantification (LOQ) were calculated by
equation 2. Whenever a negative limit of detection was calculated, the lowest viable

calibration point was chosen as the LOD, with the LOQ three times that value.
LOD = Blank + 3 x Standard Deviation (1)
LOQ=LOD x 3 (2)

To account for concentrations under LOD/LOQ when calculating percent difference, the
LOD was divided by two with the resulting value3® used in place of the original value.
Percent difference was calculated by equation 3 using the day 0 normalized

concentration data (ng/mL) and the day 71 normalized concentration data (ng/mL).

Percent Difference = | ((Day 71 — Day 0)/ Day 0) * 100 | (3)

2.6.2 Non-Targeted Analysis

Compound Discoverer (Version 3.3.3.200) was used to process the raw data files. Only
features with a peak area ratio 5 times that of the blank and possessing MS2 spectra
were considered for identification. Prioritization was given to features that were intense
across multiple samples. Features not identified with Compound Discover were
investigated with in silico tools via SIRIUS CSI:Finger ID37-39 (Version 6.3.0) and

MetFrag*® (Version 2.6.8) for further structural elucidation.
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2.6.4 Inter-/Intra-Day Precision

Precision was determined by running samples at two concentration levels, 5 ng/mL and
100 ng/mL, on the same day (n=5) and over several days (n=3). The results are

expressed in relative standard deviation (%RSD) and can be found in Table S7.

3 Results and Discussion

3.1 Targeted Stability Study
3.1.1 Isotopically Labeled Internal Standard Pairings

We first evaluated the validity of internal standard pairings, because most RDCs are still
‘emerging” contaminants and do not have isotope labeled standards, and we had to rely
on a small subset of isotope labeled standards. The outliers (Figure 1a) stem from the
behavior of the isotopically labeled standard chosen to normalize the peak areas of the
native standards. Initial pairings of isotopic labeled standards were based on
physiochemical properties and structural similarities. These pairings were not always
successful. Instability in the isotopically labeled standards led to two types of problems
when paired with native standards. TMQ paired with TMQ-d4 displays the first type of
issue, with TMQ-d4 increasing sharply over one condition where TMQ did not. This led
to an artificial decrease in normalized peak area for TMQ which was mitigated by
switching to an isotopically labeled standard that was more stable. MBT paired with
MBT-d4 display the second issue where both standards decreased over the course of
the experiment. This masked the degradation of MBT when looking at the normalized
peak area and was only caught when checking over the raw peak areas. All standards
were eventually paired to either 6PPD-Q-d5 or DPG-d10 as the two matched the raw

peak area trends of the RDCs well. Care must be taken when choosing isotopic labeling
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pairings, as the above examples show that the “ideal” pairings can alter data depending
on the design the study. All compounds matched to 6PPD-Q-d5 saw a sharp increase of
raw peak area on day 71. While the raw peak area of 6PPD-Q-d5 increased as well, the
-20 C° in water sample increased at a reduced slope and the 22.2 C° in acidified water
saw no increase at all. This caused the normalized peak area of DPPD, 4-
phenylazodiphenylamine, and N-phenyl-1-naphthylamine to increase artificially which
affected their calculated concentrations. 6PPD-Q day 0 data was <LOD and an outlier
when compared to the other 6PPD-Q data points. All analyses using 6PPD-Q utilize day

1 data.

3.1.2 Optimal Storage Condition and Compound Class Trends
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Figure 1: Day 0 and Day 71 percent difference for all quantitative compounds (n=21)
grouped by experimental condition (a) and Day 0 and Day 71 percent difference for all
quantitative compounds (n=21) across each experimental condition (b). Compounds
that immediately degraded in the initial conditions sometimes showed low percent
differences. To account for this, any compound that fell below 45% of the expected 250

ng/mL value was flagged. These compounds and conditions can be found in Table S8

and are marked with yellow circles on Figure 1b.
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We observed the lowest percent change for all compounds in methanol stored at -20 C°
in the dark, with a median 3.5% difference (SD = 4.2%) over the 71-day period. (Figure
1a.) Temperature had less of an effect on stability than we initially expected, with most
stability being dictated by solvent condition rather than the temperature of storage.
However, several compounds (TMQ, MBT, IPPD) demonstrate a trend in certain

conditions where higher temperatures lead to a larger percent difference (Figure 1b.).

The most stable compound classes were benzothiazoles and diphenyl guanidine
(Figure 1b). These compounds are typically added into rubber as accelerants for the
vulcanization process. Benzothiazoles had a median 5.8% difference (SD = 2.9%)
across all conditions, while diphenyl guanidine had a median 4.6% difference (SD =
3.4%) across all conditions. This stability, alongside leaching behavior and abundance
in rubber particles, may play a role in their environmental prevalence as many studies

have identified these compound classes in their samples#1-44,

Antioxidants and their derivatives were most active for transformation, with every
antioxidant showing drastic difference in at least one solvent condition. The most
common solvent for transformation to occur was pH = 2, indicating the incompatibility of
acidified mediums for storage. Two TPs of antioxidants, DTPD-Q and 4-HDPA,
transformed in similar conditions. 6PPD-Q was the exception, remaining stable across

all conditions. Trends amongst PPDs are explored more below.

3.1.3 Compound Trends
6PPD and DTPD used a semi-quantified method (peak areas normalized to an

isotopically labeled internal standard) due to accuracy issues with the calibration curve.
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Calibration points failing to meet the 15% accuracy criterion resulted in calibration
curves with fewer than five acceptable points, precluding quantitative analysis. For
these compounds, normalized peak areas were reported instead of absolute
concentrations and as such were not included with the rest of the quantitative data.
Trend data can be seen in Figures S1 and S2. Solvent conditions affect DTPD and
DPPD stability, with methanol conditions remaining inactive compared to water
conditions, which showed transformation. Both solvent and temperature conditions
affect 6PPD stability. DI water and pH = 2 conditions led to transformation regardless of
temperature (median 99% difference, SD = 0.13%). The stability in solvents with the
addition of glutathione, regardless of solvent, was dictated by temperature with 22.2 C°
solvent conditions experiencing more transformation (median 99% difference, SD =
0.033%) in contrast to -20 C° (median 68% difference, SD = 12%). Methanol solvent
conditions were likewise affected by temperature with 22.2 C° conditions experiencing a
72% difference while -20 C° conditions only experienced a 2.6% difference. IPPD
showed a similar transformation profile to 6PPD. The differences between 6PPD/IPPD
and DTPD/DPPD may be due to slight structural differences with DTPD/DPPD having
an additional benzene ring, while 6PPD/IPPD have branching alkyl chains. Notably, the
stability of PPDs did not improve when using modified matrixes (addition of glutathione
at 12.3 ug/mL, acidification). It is possible that glutathione can protect individual RDC
standards and this protection is being masked by other interactions within the RDC
mixtures. It is also possible that glutathione did protect the PPDs from ozonation and
they transformed via another pathway, but this was not examined within our study.

Recent publications have seen more success with protecting PPDs with the antioxidant
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shield method*S. The 12.3 pug/mL of glutathione used in this study is not sufficient for
protection in RDC mixtures and concentrations below 12.3 pug/mL will likely see similar

results.

Exceptions are found for most active and inactive groups. While most benzothiazoles
were found to be inactive for transformation, MBT was found to be active in DI water
conditions (median 98% difference, SD = 3.3%). The reactivity of MBT compared to the
other MBTs may be due to the strong nucleophilic nature of the additional sulfur
attached to the benzothiazole backbone. The other BTH compounds were TPs or
impurities of other vulcanizing agents, NCBA and 2-amino-BTH from CBS and 24MoBT
from OBS“6. This transformation led to less reactive products (we hypothesize either by
steric bulk or lessened nucleophilicity) which no longer react in the conditions we tested.
Several of these compounds are commonly found in tire leachate'”47-4% and have been

considered markers for tire contamination#6.50,

One group of antioxidants remained inactive to transformation during the experiment.
Dicyclohexyamine and n-cyclohexyl-n-methylcyclohexanamine remained inactive
(median 7.3% difference, SD = 4.4%) across all conditions. We postulate that the lack of
the amine group in the para position (compared to compounds like 4-ADPA) lessens the

reactivity of the compounds.

In addition to antioxidant TMQ, its analog 2,2,4-Trimethyl-1,2,3,4-tetrahydroquinoline
was included to investigate the role that small structural differences may have on
transformation. The two compounds exhibit different stability in the matrixes. While TMQ
transforms in low pH conditions, 2,2,4-Trimethyl-1,2,3,4-tetrahydroquinoline does not.

The only structural difference between the two is a double bond between the three and
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four positions on TMQ. This bond is the site of transformation for several TPs,
discussed further in 3.2.1. Structures of both compounds and their trends over the

experiment can be found in Figure S3.

3.1.4 Selected Compounds for Transformation Study

In addition to PPDs and their transformation products, five rubber derived compounds,

4-ADPA, MBT, 4s DPA, HMMM, and TMQ, were also shown to degrade over time

(Figure 2).
—l— 4-ADPA - DI Water —@— 4-ADPA - pH2 Water
300 —&— MBT - DI Water ~ —w— MBT - pH2 Water
—&—4s DPA - DI Water —4— 4s DPA - pH2 Water
—»— HMMM - DI Water —@— HMMM - pH2 Water
—k— TMQ - DI Water —@— TMQ - pH2 Water
250
200
T T T S N N N
£ 1501
=]
=
100 4
50 4 !
|
04 @O = o, = 8
T T T T T T T T
0 10 20 30 40 50 60 70
Days

Figure 2: Five rubber derived compounds (4s DPA, 4-ADPA, MBT, TMQ, and HMMM)
that showed drastic decrease over a 71-day period in two conditions (DI water and DI

water adjusted to pH = 2. Any point that was <LOQ was plotted with no color fill.

Page 16 of 37
View Article Online
DOI: 10.1039/D5EM01025J


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em01025j

Page 17 of 37

w_wapenAcgeseAriicl e Puhisied oni3 Rebiuary ,2026..Dopwnlgaded an2/25/2026 100550 MM =~ o o N v b1 A W N -

k\s _ IS aTﬁ c@is‘ﬁc&seﬁ'uﬁaerué d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d ICEI_’I‘Ce<.D

A A DDA DMDMDSDDA
OWoONOULL A WN=O

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

Environmental Science: Processes & Impacts

View Article Online
DOI: 10.1039/D5EM01025J

These compounds are structurally diverse, except for 4-ADPA and 4s DPA which only
differ in a single functional group. Despite this, the conditions under which these
compounds transform still differ. The roles that these RDCs play for tire production all
vary as well. Their uses include vulcanization accelerants (MBT), curative agents with
activated silica (HMMM), and antioxidants (4s DPA, 4-ADPA, and TMQ)>%'. RDCs can
be present as both parent compounds and TPs of other RDCs, for example, while 4-
ADPA and 4s DPA are additives used during manufacturing, they are also TPs of
6PPD. The lack of structural similarity and compound role between these five
compounds indicate that there is not a clear trend specific to structural configurations
nor use in tire manufacturing for this degradation. The exact mechanisms behind the
degradation of these RDCs were not fully confirmed within this study. Later NTA
experiments (section 3.2) revealed demethylation occurred in both HMMM and TMQ,
while hydrolysis occurred in 4-ADPA, 4sDPA, and MBT. 4-ADPA was only examined
under neutral conditions so the degradation pathway for acidic conditions remains
unexplored. Given the structural similarity to 4sDPA it is plausible that hydrolysis was

the cause behind the degradation.

3.2 Non-Targeted ldentification of TPs from Single Standards

3.2.1 Feature Prioritization for TPs

Non-Target analysis was performed on solutions of individual standard compounds
stored in water and pH = 2 water at 22.2 C° over 33 days to investigate TP formation.
Features possessing MS2 spectra with peak area ratios of sample to solvent blank of

greater than or equal to 5 were considered for further analysis. Feature prioritization
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was done for each standard per day by sorting by the peak area and adding the top six

features into a list to focus on the most abundant transformation products.

Initial prioritization yielded 65 total features across all six standards, with this number
decreasing to 36 after in-source fragments were identified and removed. Of the 36
features of interest, 21 were determined to be TPs, and 15 were determined to be fast
forming TPs or impurities. These classifications were determined via the change in peak
area over the course of the experiment. Impurities showed no change in peak areas,
fast forming TPs/impurities decreased from the day 0 peak area, and TPs increased
over the entire experiment or decreased after an initial increase. Compound annotations
were assigned based on the Schimanski schema®? (Figure 3) and can be found in Table

S11.
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Example Level 1 Identification: 2,4-dimethylguinoline

100 Experimental
Euﬁgwen 158.0064
50 4
%\ 115.0542
£ 91.0542 | 157.0885
= o 02235'?385 l 143.0729
E 0 A | | ISR NSO
N 51.0229
g 65.0385 9173541 143.0729
B 115.0541 157.0885
z
'50 T \
-
N
158.0963
_100_\\|||\|||||||||\\\
0 20 40 60 80 100 120 140 160 180
m/z
Example Level 2 Identification: 6QDI
=] Literature Match 183.0915
100
> 166.0650
2 50 |
g
£ 267.1854
8o Lo oy | |
= 85.1010 156.0793 [
g N\ 267.1850
]
S50 | (L L
N
166.0651
~1001 183.0020
100 150 200 250
m/z
Example Level 3 Identification: TP 387
iExperimental
1004 387.2796
80 1
% 60
5
b= H Neutral loss of 173.120 (TMQ Monomer)
o 40 - Neutral loss of 56.0626 (C4H8)
Q
N |
= \
£ \ 214.1590 B ]
S 20
4
158.0965 |
NN | cw il 4
100 150 200 250 300 350
m/z

View Article Online
DOI: 10.1039/D5EM01025J


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em01025j

w_wapenAcgeseAriicl e Puhisied oni3 Rebiuary ,2026..Dopwnlgaded an2/25/2026 100550 MM =~ o o N v b1 A W N -

k\s _ IS aTﬁ c@is‘ﬁc&seﬁ'uﬁaerué d?ea&fve%oﬁm&s‘ﬂttﬁ%uﬁbn%.dﬁnﬁorf‘é’d ICEI_’I‘Ce<.D

A A DDA DMDMDSDDA
OWoONOULL A WN=O

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

Environmental Science: Processes & Impacts

Page 20 of 37

View Article Online
DOI: 10.1039/D5EM01025J

Figure 3: Examples of TPs across three confidence levels seen across the two data
sets. 2,4-dimethylquinoline was shared between both data sets while 6QDI and TP 287

were exclusive to the mixed standard set and the single standard set respectively.

3.2.2 4-ADPA

While 4-ADPA transforms in both DI water and pH = 2 water conditions, DI water was
chosen because of its relevance to environmental conditions. Out of the six TPs for 4-
ADPA, we confirmed only 4-hydroxydiphenylamine (4-HDPA) with level one confidence
(Figure 4, Figure S6). Other transformation products such as TP 396 and TP 363 share
a common fragment, m/z 167.072, with 4-ADPA. Their larger molecular size suggests
formation via aggregation, though the exact mechanism was not explored further. Other
TPs lack fragmentation similarities with 4-ADPA and we believe them to have more

unique structural transformations.

3.2.3 4s DPA

In acidic conditions, 4s DPA transforms quickly with most changes in peak area
occurring over the first two days (Figure 2). The resulting products are 4-aminophenol
and 4-nitrophenol (Figure 4), produced via acid hydrolysis (addition of hydroxyl groups
on benzene ring). We also identified numerous impurities/fast forming TPs within the
solution (on Day 0), including 4-ADPA (Level 2b) and a likely positional isomer at a later
retention time (Level 3). Both TPs decrease over the initial few days until they are no
longer detectable on day 23 sampling point. We also identified a second positional
isomer pair, TP 183a and TP 183b. Their fragmentation patterns are identical (Figure

S4), and share similarities to 4-ADPA in the higher m/z region of the MS2 spectra (m/z
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fragments 167.0728 and 139.0542) leading to compound elucidation to focus on the

diphenylamine backbone.

3.2.4 MBT

While the quantitative portion of the study indicated that MBT decreases in aqueous
conditions, we saw minimal loss over the course of the transformation study. We
identified two TPs, TP183d and 2,2-dithiobis(benzothiazole) (MBTS) (Figure 4).
However, the formation of these TPs does not explain the large losses seen during the
quantitative study. We hypothesize that the loss of MBT in the targeted portion of the
study to be due to inter-compound interactions within the mixture of 31 compounds
rather than transformations caused by the matrix. This highlights that cross-reactivity in
mixtures of compounds may contribute to TP formation not seen in solutions of
individual standards, and therefore has important implications for the transformations of
real-world samples. TP183d is formed via a hydrolysis mechanism (addition of hydroxyl
group on thiol group) and increased in peak area over the first three sampling points
before decreasing in peak area on the day 33 sampling point, suggesting a potential
secondary transformation process. 2,2-Dithiobis(benzothiazole) is formed via oxidation,
consistent with other studies®3-55, over the first two sampling points before decreasing in
peak area over the second two sampling points. Five other compounds that coeluted

with MBT were identified with a level 5 confidence.

3.2.5 HMMM

The molecular structure of HMMM contains a melamine core modified with
methoxymethyl groups attached to each amine. Transformation for HMMM begins with

each methoxymethyl group demethylated®6. The resulting TPs are smaller in mass and
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elute earlier, suggesting greater polarity. Described above, the demethylation of a
methoxymethyl group results in TP 377 and TP 363 which were only found on the day 0
sampling point. No new TPs were seen on day 2. TPs found on day 23 and day 33 were
eluting earlier and were closer to the melamine core in structure. TP 183c remained
near constant across both points. Rather than the TP being stable, the likely cause of
the constant peak area is the rate of degradation from larger TPs match the rate at
which TP 183 is transforming into smaller species. The final TPs seen in the study
included N-(methoxymethyl)-1,3,5-triazine-2,4,6-triamine (MonoMMM), methylene

melamine, and melamine (Figure 4).
3.2.6 Monomer-TMQ

TMQ transformed over the course of the study to 2,4-dimethylquinole (2,4-DMQ, Level 1
ID) via demethylation at the 2-positions on TMQ and was the major TP of TMQ
monomer. This is to the best of our knowledge, the first evidence revealing 2,4-DMQ as
a TP of TMQ (Figure 4). We identified two other TPs, TP 359 and TP 361. TP 359’s
poor MS2 spectrum hindered structural identification, but the larger molecular mass
indicates that it is likely an aggregation product similar TP 361. TP 361 is a possible
aggregate which was identified as a hydrolyzed TMQ-dimer though the position of this

functional group remains ambiguous.
3.2.7 Oligomeric-TMQ

We identified 4 different oligomers alongside TMQ monomer in an oligomeric-TMQ
standard of unknown chain length. We expected that the degradation of the oligomeric-

TMQ would lead to an increase in monomer TMQ. However, the peak area for
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monomer TMQ decreased over the course of the study suggesting oligomeric-TMQ
produced different TPs. Moreover, the oligomers do not seem to break down at all. Two
TPs, TP 331 and TP 507, are two oligomers whose end terminal monomer TMQs were

converted to 2,4-DMQ (Figure 4).

(a (b) (c) | NH,

N:_-._O AN~
., \N( HoN N NH,
N /Or 7:»\ /—H N NH;
SRS - e
N __zN
HQ. o
OH W/p

(d) (e) (f)

-
oy

(D
9,
A\

w_wapenAcgeseAriicl e Puhisied oni3 Rebiuary ,2026..Dopwnlgaded an2/25/2026 100550 MM =~ o o N v b1 A W N -

L\s _ IS aTt\I c@is‘ﬁc&seﬁ'uﬁaer‘% d?ea?f?’ve"éoﬁ‘m&s\ﬂttﬁ%uﬁbn%dﬁnﬁorf‘é’d |ce|_”|‘ce<.3

40

41 Figure 4: High confidence transformation products for (a) 4-ADPA, (b) 4s DPA, (c)
42 HMMM, (d) MBT, (e) Oligomeric-TMQ, and (f) TMQ

43

po 3.3 Non-Targeted Study of Standard Mixture

j? 3.3.1 Prioritization of Features

jg Non-Target analysis was performed on solutions containing 31 compounds stored in
g? five conditions (methanol, water, water adjusted to pH = 2, methanol with glutathione
52

53 addition, and water with glutathione addition) at 22.2C over 159 days to investigate
54

gg transformation product formation. Features possessing MS2 spectra with peak area
57

o L1
o O


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em01025j

w_wapenAcgeseAriicl e Puhisied oni3 Rebiuary ,2026..Dopwnlgaded an2/25/2026 100550 MM =~ o o N v b1 A W N -

k\s _IIIT)S aTﬁ C@ i S\ﬁ c&se?]" Ul%efué d?ea?ﬁ" ve"éoﬁfm&s‘ﬂ ttﬁ%uﬁbn%. dﬁ nﬁorf‘é’d EIJCEI_"I‘CéD

A A DDA DMDMDSDDA
OWoONOULL A WN=O

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

Environmental Science: Processes & Impacts

Page 24 of 37

View Article Online
DOI: 10.1039/D5EM01025J

ratios of sample to solvent blank of greater than or equal to 5 were considered for
further analysis. Initially, we found a total of 253 features across the 5 solvent types.
Removing in-source fragments, adducts, and glutathione related features reduced the

number of features to 138.
3.3.2 NTA Feature Comparison and Storage Artifacts

We overlayed the potential TP features in the mixture experiment and single standard
experiments (Figure 6) to identify shared features. 47 features were found in both data
sets including melamine, methoxymethylmelamine, 4-amiophenol, 2,4-DMQ, TP183d,
and 2,2-dithiobis(benzothiazole). Of these shared features, 28 were confirmed TPs, 18
were fast forming TPs/impurities, and 2 were impurities (Table S9). The majority
stemmed from parent compounds TMQ (13 features) and 4-ADPA (14 features). The
shared TPs are likely due to common transformations such as hydroxylation and may
be seen in environmental samples. However, the complexity of environmental matrixes

may preclude the formation of such TPs.
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Mixed Standard Solutions:
91 Unique Features

47 Shared
Features

———

Single Standard Solutions:
131 Unique Features; 75
features from Poly-TMQ

Figure 5: Venn diagram of the single standard data set compared to the mixed
standards data set. Once features only found in oligomeric-TMQ standard were

removed, single standard solutions only had 56 unique features compared to 91 unique
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g Each data set contains unique features with the mixed standards containing 91 unique
jg features, and the single standards containing 131 unique features (Figure 5). Since the
j? 91 mixture-exclusive features are likely reaction products from different rubber

gg additives, they remain poorly characterized but may have environmental significance.
g; After further examining the 131 single standard features, we found 75 of them stem

ﬁi from oligomeric -TMQ. It is likely that some of these features are isomers, or in-source
g% fragments, but due to poor chromatic resolution and complexity of the oligomeric
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standard further investigation was not carried out. With over a third of all features
stemming from only five compounds, many environmentally prevalent TPs may stem
from only a handful of RDCs. Features from both datasets were compared with a third
dataset generated by McMinn et al.%” to check for environmental occurrence. 20% of the
single standard features (8 of 40) were seen in the environmental samples, exclusively
stemming from MBT and oligomeric-TMQ. Only 6.4% of the mixed standard features (9
of 141) were seen in the environmental samples, with the majority being artifacts of

storage.

3.3.3 Feature Trends and Identifications

Trends relating to weight and retention time were examined as many features could not
be assigned structures. Comparing the standards (median RT of 6.37 and median MW
of 211) with the features (median RT of 7.19 and median MW of 296) shows a trend of
increasing molecular weight and retention time. While this may involve smaller additions
such as the addition of oxygen or a methyl group, we see some cases where parent
compounds are aggregating together with minimal structural changes. This can occur
between a single compound or between two or more compounds with the most
frequently seen being MBT, and 4-ADPA. This is no surprise given the instability seen
by these compounds in previous experiments. Feature 351 and feature 516 are two
examples of aggregation between two compounds unique to the mixed standards. Both
have a 4-HDPA backbone to which one (feature 351) or two (feature 516) MBTs attach
to. For both features, the most intense fragment peaks are those corresponding to the
neural loss of MBT (Figure 6). Features 381b and 545 are examples of aggregation

between the same compound (4-ADPA). 318b consists of a 4-ADPA dimer with the
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addition of an oxygen, while 545 is a 4-ADPA trimer. For both features, the most intense
fragment peaks are those corresponding to the neural loss of benzene rings and
phenylamine radicals in line with losses seen from 4-ADPA (Figure S5). Moreover, both
solvents (water and methanol) with glutathione addition contained feature 361 and
feature 490, bicyclic amines that linked with fragments of glutathione. Future work
utilizing antioxidants as stabilizing agents should be wary of transformations between
said antioxidants and the target chemicals. Additional insights were that water
conditions saw the addition of carboxylic acid and ketone functional groups, while

acidified water conditions saw modifications to the benzothiazole compound class.

No MBT related TPs were identified in water conditions only, despite interest stemming
from a lack of transformation found in section 3.2.4 of this paper. MassQL?%8 was used to
identify compounds that contained MBT indicators (neutral loss of 166.986 or a product
ion with a m/z 167.993). After false positives were removed, 12 features were identified
with two shown in Figure 6. They were found mainly in methanol and water conditions
simultaneously, or alone in pH = 2 conditions. It is possible that the TPs were filtered out

and thus were not seen during feature elucidation.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em01025j

A D w w wapenAcesehrticlePullisaedoniZ3 kebjuan 2026\ Dol aded ani2/25/2026 100550 AMs — 0 0o N v L1 D W N =
- © O_ﬁ%aﬁc@is‘ﬁc%seﬁ'uﬁaerué CreatdCommons RitfbutibrS.dUriportéd Deence™

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SVWoONGOOULBDWN_OOVONOULDWN

(2)

@ @ >
S S 2

Normalized Intensity

B
o

20

Environmental Science: Processes & Impacts

Page 28 of 37
View Article Online
DOI: 10.1039/D5EM01025J

()

Normalized Intensity
Py @ o =
=) =1 =} 1=

hs]
(=]

0

B Experimental (b) [BE xperimental
166.9856 1004 273.9989
=
S 80
7}
=
g 60
E 246.0040
S Charged MBT 191.9935
Neutral Loss of 166.986 Neuiral Loss of 166.956
109.0104 165.9777 332,963 201 1460213 \
65.0385 \123.01 \167'993
11 ||‘i \‘ T = : | ol I|| | N : : ‘“0'9%50
100 150 200 250 300 50 100 160 200 250 300 350 400
miz m/z
[EExperimental (d) [EExperimental
184.0756 100 182.0598
2
3 80
2 349.0452
£
o
@ 60 1 charged MBT
T 154.0649
£
s ¥
S40 167.9934
Neutral Loss of 166.986
Neutral Loss of 166.986 Neutral Loss of 166.986
, 128,061 129.0696 185.0835 204
770385 1280817 129.0697 516.0325
\ 95.0481 ] 154.0680 351.0624 ‘ ( ‘
L b “Iu\ .Lll — - - 4 0 1l |‘|1IJ L ‘| I -
50 100 150 200 250 300 350 100 200 300 400 500
m/z miz

Figure 6: Mass spectra of four MBT related TPs, (a) 2,2-dithiobis(benzothiazole), (b)

Feature 440, (c) Feature 351, and (d) Feature 516. The neutral losses/charged ions of

MBT are displayed in orange on the figure.

After structural annotations were complete, 1 level 1 compound, 10 level 2a features, 26

level 3 features, 61 level 4 features, and 41 level 5 features were identified. Level 1

identifications are confirmed by standard reference, with 2,4-DMQ being the sole

identification. Level 2a are confirmed by a spectral library match or via matching

literature. Examples of these identifications are 6QDI, methoxymethylmelamine, and 4-

(4-methylanilino)phenol. Level 3 identifications are supported by in silico fragmentation

and manual structure elucidation. See Table S10 for all features and their annotations.
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4 Limitations, Conclusions, and Future Work

Due to resource limitations, samples were run in experimental duplicates, preventing
more rigorous statistical analysis. Inclusion of acetonitrile as a solvent condition would
have provided a look into the differences of stability for RDCs in protic vs aprotic
solvents. This may be important for future work as the two most common solvents used

for 6PPD analysis are methanol and acetonitrile.

Another limitation within this study was the ambient atmosphere in the headspace
above each sample. With each aliquot taken the atmosphere in the headspace was
renewed, increasing the oxygen availability in our experiment. These conditions likely
played a role in the degradation of the various antioxidants and in the formation of
transformation products such as 2,2-dithiobis(benzothiazole). If samples are stored
under anoxic conditions (inert gas or no headspace) we would expect a reduction in the
formation of transformation products which rely on oxidation. Some RDCs could also
see a decreased rate of degradation, but other degradation pathways could mask this

occurrence.

Our multi-month study of RDCs in 5 matrix conditions at three different temperatures
revealed that storing samples in methanol at temperatures < -20 C° are most stable
over long periods of time. Acidification results in rapid transformation of numerous
RDCs, thus should be avoided if possible. Addition of glutathione failed to prevent
degradation of PPDs and resulted in TPs between RDCs and glutathione fragments.
Quantification of certain rubber derived compounds such as PPDs will be difficult unless

they are reconstituted in an organic solvent or ran immediately after sampling.
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Between the two non-targeted datasets, 42 features were identified at level 3
confidence or higher. 2,4-DMQ was identified as a TP of TMQ with level one
confidence. Transformations unique to each standard mix were seen, with 91 features
exclusive to mixed standards while 56 were exclusive to single standards excluding
oligomeric-TMQ. Features unique to the mixed standards likely stem from reactions
between RDCs. While this work was completed in simplified conditions, these

understudied TPs may have environmental relevance.
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