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Supplement

S1 Experiments:

S1.1 Chemicals and Reagents

The chemicals purchased from Sigma Aldrich are as followings: glyoxal (GL, 40 wt% solution),
ammonium sulfate (AS, > 99%), monoethanolamine (MEA, > 99%). Sulfuric acid (> 98%) and sodium
hydroxide (> 96%) were purchased from Guangzhou Chemical Reagent Factory (Guangzhou, China).
High-purity deionized water (18.2 MQ cm) (Millipore Corp., USA) were used for dissolution and

dilution.
S1.2 Mass spectrometry and chromatographic conditions

The selected chromatographic column was Hypersil GOLD C18 (100 X 2.1 mm, 1.9 um). The injection
volume was 1 pL and the eluents were ultrapure water (eluent A) and acetonitrile (eluent B). The flow
rate of mobile phase was 0.25 mL min-! with a gradient descripted as follows: First, starting with 2% B
for 2 min, increasing to 95% B at 15 min, isocratic elution for 3 min, then decreasing to 2% B in 0.1 min
and finally maintain 2% B to 20 min. Mass spectrometry detectors were equipped with a HESI source
and set under the parameters as listed followingly: 4 kV spray voltage, 30 units of sheath gas flow, 10
units of auxiliary gas flow, 320 °C capillary temperature and 350 °C auxiliary gas heater temperature.
MS mode was set with a scan range of 50-750 m/z with a resolution of 70000. While in MS? mode, the

resolution was 17500.
S1.3 Detailed description of rate constants

The rate constant (k) with the AG* value was calculated using Conventional Transition State theory (TST)

(Eyring, 1935; Galano and Alvarez-Idaboy, 2009; Gao et al., 2014; Ji et al., 2022) as follows:

T gy A
k= o= exp(—-) (S1)

where kg and / are the Boltzmann and Planck constants, respectively; AG* represents the activation
energy of the reaction with the thermodynamic contribution corrections and solvent cage effects taken
into consideration, and o represents the reaction path degeneracy.

To simulate realistic conditions in the solution, the solvent cage effect, which was proposed by Okuno

(Okuno, 1997), is incorporated into the free volume theory. Gibbs free energy is corrected by the
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expression as follows:

AGEY = AGY, — RT{In[n10*"P] — (n-1)} (S2)
where AGy, is the Gibbs free energy of the reaction in the solution and » denotes the molecule number
of the reaction. According to expression (2), the cage effects in the solution cause a decrease in the Gibbs
free energy by 2.54 kcal mol™! for bimolecular reactions occurring at 298.15 K.

Thus, the apparent rate constant (k) obtained from the diffusion-limit effect (Collins and Kimball, 1949)

can be calculated by the formula as follows:

_ kg
kithkq

(S3)
where the £ is the thermal rate constant from expression (1). The diffusion-limited rate constant (kq) for
a bimolecular reaction is calculated as follows:

kp = 4nRDABNA (S4)
where R is the reaction distance, Na denotes the Avogadro number; and Dag is the mutual diffusion
coefficient of the reactants A and B, which is the sum of diffusion coefficients of reactants A and B (Da

and Dg), i.e., Dag = Da + Dg (Truhlar, 1985). D4 and Dg are estimated from the Stokes—Einstein approach

(Einstein, 1905) listed in expression (5):

p= 28T (S5)

6mna
where kg is the Boltzmann constant, T is the temperature, # denotes the viscosity of the solvent, which is

water in our case (7 = 8.9 x 10" Pa s), and « is the radius of the solute.
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Figure S1. Experimental procedures.
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Figure S2. The MAC values of 1M (a) AS, (b) GL, (c) MEA and (d) MEA-AS solutions placed in dark over a time scale of 15 d.
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Figure S3. The MAC values for AS-GL (a and b), MEA-GL (c and d) and MEA-AS-GL (e and f) mixtures at the

initial pH of 3 and 4 over a time scale of 15 d.
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initial pH of 3 and 4 in the wavelength range of 250 - 350nm over a time scale of 15 d.
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Figure S5. The extracted ion chromatograms of all reaction products for MEA-GL mixture at the initial pH of 3 and
4.
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Figure S6. The extracted ion chromatograms of all reaction products for AS-GL mixture at the initial pH of 3 and 4.
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Figure S7. The extracted ion chromatograms of all reaction products for AS-MEA-GL mixture at the initial pH of 3
and 4.
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Figure S12. MS? spectrums for m/z (a) 113.071, (b) 141.066, (c) 159.076 and (d) 171.076 with parent ions and fragments labeled on peaks (red). A few fragments with low intensity are removed.
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Figure S13. The optimized geometries of SPs including products (a), TSs (b) and ClIs(c) in MEA-GL mixture. The

structures were visualized by CYLview 1.0b software (Cylview).
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Figure S14. The optimized geometries of SPs including products (a), TSs (b) and CIs(c) in AS-GL mixture.
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Table S1. Structures and corresponding formulas, measured m/z values and fragments of products generated in

MEA-GL, AS-GL and MEA-AS-GL mixtures.

Measured
Fragments
Formulas m/z values Structures Mixture Name
(+HY)
(+HY)
A AS-GL
C3HaN, 69.045 - N” NH IMLas
=/ MEA-AS-GL
20 AS-GL
C4HaN20 97.040 69.045 ICas
N7 NH MEA-AS-GL
\—/
97.040 HOOH
C4HsN202 115.050 AS-GL HICas
69.045 N "NH
\—/
H
81.045 N
CsHeNy 135.067 E —& ] AS-GL Blas
108.056 N N
H
127.050 oH
CsHsN20s 145.060 109.040 NﬁNJ\/OH AS-GL HGlas
81.045
H
N N
135.066 > 1
CsHsN4O2 193.072 N N AS-GL GBIlas
81.045
HO
0
69.045
CsHsN2O 113.071 NAONOH MEA-AS-GL IMLwmaAG
95.061 \—/
123.055 L0
CeHsN202 141.066 97.040 NJ:N/\’OH MEA-AS-GL ICmaG
69.045 \—=/
141.066 HO. OH
CeH10N203 159.076 97.040 NIN’\/OH MEA-AS-GL HICMmAG
69.045 \=/
103.039 o
C7H11N203 171.076 113.071 Oy N/,\N/\/OH MEA-AS-GL Glmac
69.045 =/
74.061
O\iﬂ o MEA-GL
C4HoNO3 120.066 56.050 RSN AHAMEA
H MEA-AS-GL
102.055
56.050 o MEA-GL
C4HINO, 102.055 IAAINAOH [AmEA
74.060 MEA-AS-GL
74.060 HO OH MEA-GL
C4HNO3 120.066 56.050 SN Dy
OH MEA-AS-GL
102.055
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Measured

Fragments
Formulas m/z values Structures Mixture Name
(+HY)
(+HY)
113.071 @ MEA-GL
C7H13N20» 157.097 HO A~ o N~OH IMLuiea
69.045 \—=/ MEA-AS-GL
141.065 o
CsHi3N>0 185.092 97.040 @f MEA-GL IC
sH13N203 . . HO OH MEA
~SONTINTY MEA-AS-GL
113.071 \—/
157.097 HO. _.OH
CsHisN20 203.102 113.071 @I MEA-GL HIC
sH15N204 HO\/\N’ N/\/OH MEA
69.045 =/

*The fragments are ordered by intensity in descending and the ones with the most abundant intensity are written in

bold.
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Table S2. Average pH values of all reaction systems with initial pH 3 or 4 over a time scale of 15 d.

Reaction AS-GL  AS-GL MEA-GL MEA-GL MEA-AS-GL MEA-AS-GL

Time (d) (pH3) (pH4) (pH3) (pH4) (pH3) (pH4)

Initial pH 3.01 4.02 3.01 3.97 3.03 3.99
1 2.55 2.64 2.22 2.32 1.81 1.93
2 2.39 2.46 2.00 1.98 1.71 1.81
3 231 2.37 1.85 1.87 1.62 1.75
5 2.21 2.26 1.69 1.67 1.51 1.65
7 2.15 2.20 1.59 1.65 / 1.60
9 2.09 2.14 1.52 1.55 1.56 1.59
11 2.07 2.12 1.55 1.56 1.54 1.53
13 2.03 2.08 1.50 1.55 1.52 1.53
15 2.03 2.07 1.47 1.48 1.49 1.55

Table S3. The activation barrier energies (AG?), the reaction energy (AGr), and the rate constants (k) for the
protonation pathways from N-containing CIs. Herein, the units of energies and rate constants are kcal mol™! and M-

sl respectively.

Reactions AGH AG: k
MEA-GL mixture:
GL + MEA — Addmea 6.3 6.4 2.68 x 108
Addmea — AHAMEA 15.2 -13.9 38
Clmeal + SO4> — AHAMEA + HSO4 4.5 217 1.27 x 10°
CImeAS + SO4> — HAMmea + HSO4 2.3 -5.3 1.16 x 10°
CImeA8 + SO4> — PICMmEA + HSO4 17.5 -0.2 1.74
AS-GL mixture:
GL + NH3; — Addas 8.6 5.8 5.78 x 106
Addas — AHAas 18.2 -11.9 5248 x 107!
Clas] + SO4* — AHAAs + HSO4 -3.4 -7.0 1.41 x 10°
Clas5 + SO4> — HAas + HSO4 -5.3 -7.5 1.40 x 10°
Clas8 + SO4* — PICas + HSO4 -5.0 -12.4 1.34 x 10°
Clas10 — Clasl1 3.9 335 303 107
b8.35 x 10°
Clasll +SO4> — ICas + HSO4 -0.6 -42.5 1.59 x 10°
MEA-AS-GL mixture:
CImaG5-1 + SO4* — HAagm + HSO« -6.7 -8.3 1.23 x 10°
CImaG5-2 + SO4* — HAwmac + HSO« -0.8 -4.4 1.23 x 10°
CImaG8 + SO+ — PICmacG + HSO4 -5.4 -11.3 1.26 x 10°
Clvac10 — Clwagl1 5.0 -32.8 150
1.29 x 10°
Clmacgl1 + SO — ICmac + HSO« 1.6 -394 1.61 x 10°

Calculated via *Kisthelp or ®script.
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