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39 Section S1. Determining the fraction of light absorption

40 For co-photolysis of two BrC chromophores, the effective quantum yields were calculated 

41 via:

42         ,       (S1)
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44 where k is photolysis rate constants (s-1); ε1 and ε1 are molar absorption coefficients (M-1 cm-1) of 

45 BrC 1 and 2, respectively;  is the optical path (cm); I(λ) is light intensity (Einstein L-1 s-1 nm-1); 𝑙

46 and c1 and c2 (M) are concentrations of BrC 1 and 2, respectively. 

47 Section S2. Correction factor for quantum yield

48 The photolysis rate of 2-nitrobenzaldehyde (2NB), a chemical actinometer 1, was measured in 

49 photolysis experiments under the same conditions with BrC (co-) photolysis in this study. The 

50 photolysis rate constant, k2NB, was calculated by fitting the  vs. illumination time (t) as 
ln ([2𝑁𝐵𝑡]

[2𝑁𝐵0])
51 the following equation:

52  (S3)
ln ([2𝑁𝐵𝑡]

[2𝑁𝐵0]) =‒ 𝑘2𝑁𝐵𝑡    

53 where [2NBt] and [2NB0] are the concentrations of 2NB measured at time t  and 0 min, 

54 respectively. 

55 The quantum yield of 2NB photolysis in our experiments was calculated by the following 

56 equation 2:

57     (S4)
Ф2𝑁𝐵 =

𝑘2𝑁𝐵 𝑐

∑𝐼(𝜆) (1 ‒ 10 ‒ 𝜀(𝜆) × 𝑐 × 𝑙)∆𝜆

58 where c is the concentration (M) of 2NB (0.02 mM); I(λ) is volume-normalized light intensity  

59 (Einstein L-1 s-1 nm-1) of the lamp; ε(λ) is the molar absorption coefficient (M-1 cm-1); and l is the 

60 optical path (2.2 cm in this study).

61 The correction factor for the quantum yield of BrC photolysis is calculated as:
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62  =     (S5)
𝑓2𝑁𝐵,𝑐𝑜𝑟𝑟 =

Ф
Ф2𝑁𝐵

0.41
𝜙2𝑁𝐵

63 where Ф is the intrinsic quantum yield of 2NB (0.41) reported in a previous study.1

64 Section S3. Estimation of atmospheric lifetime for particles containing BrC

65 Generally, the atmospheric lifetimes (τ, s) (Eq. S6) for the BrC chromophores are obtained by 

66 taking the reciprocal of photolysis rate constants (j, s-1), which are calculated by Eq. S7 (Eq.3 in 

67 the main text, Method 1) 3. 

68     (S6)
𝜏 =

1
𝑗

69     (S7)𝑗1 = 3.82 × 10 ‒ 21𝜙∑𝐹(𝜆)𝜀(𝜆)∆𝜆

70 where Ф is the intrinsic quantum yield (dimensionless); F(λ) is wavelength-dependent solar flux 

71 (photon cm-2 s-1 nm-1), shown in Figure S2 (yellow line) 3; and ε(λ) is the wavelength-dependent 

72 molar absorption coefficient (M-1 cm-1).

73 However, for the concentrated particles containing BrC chromophores, there might be light 

74 depletion, especially for the larger particles which have longer light paths. Therefore, another 

75 equation, as below (Eq.4 in the main text, Method 2),2 can be used to take concentration and droplet 

76 size into account.

77         (S8)
𝑗2 =

∑Ф𝑒𝐼(𝜆)(1 ‒ 10 ‒ 𝜀(𝜆) × 𝑐 × 𝑙)∆𝜆

𝑐
78 where I (λ) is the volume-normalized solar intensity (Einstein L-1 s-1 nm-1), which is converted from 

79 solar flux F(λ) with particle size considered; c is the concentration (M); and Φe is the effective 

80 quantum yield, equivalent to the Φ in Eq. S7 if determined from dilute solutions.

81 Using the data obtained in the 0.05 mM and 500 mM of VL in IPA solutions, we estimated 

82 the atmospheric lifetimes of VL with particle radius from 100 nm to 10 µm, as shown in Figure 

83 S7, and the details of processing are shown as follows.

84 S3.1 VL at 0.05 mM (dilute)

85 We calculated the average light-absorbing fractions (fabs) of the sunlight for particles with 

86 0.05-mM VL and a radius of 100 nm, 1000 nm or 10 µm by Eq. S9 (Eq.2 in the main text) below.

87     (S9)
𝑓𝑎𝑏𝑠 =
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∑
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88 where ε(λ) is the wavelength-dependent molar absorption coefficient (M-1 cm-1) for VL within 

89 300–380 nm, as shown in Figure S2 (blue line); c is the concentration (M) of VL; and l is the 

90 optical path (cm), being 10-5, 10-4, 10-3 cm, respectively, for the three particle sizes simulated.

91 The fabs values for 0.05-mM VL particles of 100 nm, 1000 nm and 10 µm (radius, same 

92 hereinafter unless stated otherwise) are much lower than 0.01, which indicates that there is little 

93 shadowing effect for the 0.05-mM scenario for particles containing VL. Therefore, the Φe values 

94 for these particles are very close to the that obtained in dilute bulk solution (0.05 mM), with a 

95 value of 0.002 ± 0.0004. Since there is no difference between Method 1 (j1) and Method 2 (j2) at 

96 low concentrations (< 5 mM) (Figure S5A), we used the simplified equation Eq. S7 (Method 1) to 

97 calculate the j values. The j values for particles of 100 nm, 1000 nm and 10 µm were similar, at 

98 about (1.28 ± 0.29) × 10-4 s-1. The inferred atmospheric lifetime for these cases is 2.17 ± 0.49 h, 

99 independent of particle size.

100 S3.2 VL at 500 mM (concentrated)

101 For particles containing VL of 500 mM, the fabs value for 100-nm particles is 0.04 as calculated 

102 by Eq. S9 and thus there is little shadowing effect, similar to the “dilute” scenario in Section S3.1 

103 above. Therefore, the Φe value is close to that derived from experiments in dilute bulk solutions 

104 (0.05 mM), being 0.002 ± 0.0004. Using Eq. S7 (Method 1), the j value for 500-mM VL in 100-

105 nm particles (radius) was calculated to be (1.24 ± 0.25) × 10-4 s-1, and the inferred atmospheric 

106 lifetime was estimated to be 2.24 ± 0.44 h, similar to that in the 0.05-mM scenario.

107 For 1000-nm particles, however, the fabs value was calculated to be 0.28 using Eq. S9. 

108 Therefore, there is only partial shadowing (light absorbed partly but not depleted) and the Φe value 

109 is still similar to that in dilute bulk solution (0.002 ± 0.0004). Considering the longer light path for 

110 1000-nm particles, the j value was calculated by Eq. S8 (Method 2), where the volume-normalized 

111 solar intensity (I (λ), Einstein L-1 s-1 nm-1) is converted from solar flux (F(λ), photon cm-2 s-1 nm-1) 

112 with particle size considered. The j value for 1000-nm particles with 500-mM VL was calculated 

113 to be (9.72 ± 1.94) × 10-5 s-1. The atmospheric lifetime was thus estimated to be 2.86 ± 0.57 h, 32% 

114 longer than that for the scenario with 0.05 mM VL and 1000-nm particles, which is mainly caused 

115 by the shadowing effect due to a lower volume-normalized photon flux.

116 For 10-µm VL particles, the fabs value is 0.65 as calculated by Eq. S9. The shadowing effect 

117 is significant as the light is almost depleted, and thus the Φe value should be similar to that derived 

118 from experiments using 500-mM bulk solutions (1.48 ± 0.6). The j value for 10-µm particles with 
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119 500-mM VL was calculated by Eq. S8 (Method 2) to be (2.66 ± 1.08) × 10-2 s-1. The atmospheric 

120 lifetime was estimated to be 0.01 ± 0.004 h, two orders of magnitude less than that for 10-µm 

121 particles with 0.05 mM VL, which is mainly caused by the significant sensitizing effect under the 

122 light depletion condition. Note that although the sensitizing effect might play a major role in the 

123 accelerated degradation of VL, shadowing might also contribute indirectly because a high fabs value 

124 will leaves a great portion of VL molecules in the ground state and react with photosensitization-

125 generated reactive intermediates. 
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126 Tables 

127 Table S1 Experimental conditions of aqueous-phase BrC photolysis.

+ VA (mM) + VL (mM) + 4NC (mM) + 4NP (mM)
BrC Concentration 

(mM) Standalone
0.05 0.5 0.05 0.5 0.05 0.5 0.05 0.5

0.02 +
0.05 + + + + +
0.5 + + + + +
2 +

VA

5 +
0.02 +
0.05 + + + + +
0.5 + + + + +
2 +

VL

5 +
0.02 +
0.05 + + + + + + +
0.5 + + + + + + +
2 +

4NC

5 +
0.02 +
0.05 + + + + +
0.5 + + + + +
2 +

4NP

5 +
Note: Each “+” represents an experiment conducted under air-saturated condition. 

128

129 Table S2 Experimental conditions of BrC photolysis in isopropanol (IPA) solutions.

+ VL (mM) + 4NC (mM)BrC Concentration (mM) Standalone
0.05 5 0.05 0.5

0.05 + + +
5 + +VL

500 +
0.05 + +
0.5 + + +4NC
5 +

Note: Each “+” represents an experiment conducted under air-saturated condition.
130
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131 Table S3 Experimental conditions of aqueous-phase BrC photolysis under N2-saturated conditions.

+ VL (mM) + 4NC (mM)BrC Concentration (mM) Standalone
0.05 0.5 0.05 0.5

0.05 +
0.5 +VA
5 +

0.05 + + +
0.5 + + +VL
5 +

0.05 + + +
0.5 + + +4NC
5 +

0.05 +
0.5 +4NP
5 +

Note: Each “+” represents an experiment conducted under N2-saturated condition.
132
133
134 Table S4 Main products of VL photolysis alone or co-photolysis with 4NC.
135

VL 
photolysis Formula Pathway Ion peak m/z 

calculated
m/z 

measured Δ (mDa)

Alone or 
mixed C8H8O4 Hydroxylation C8H7O4

- 167.0344 167.0348 0.4

Alone or 
mixed C16H14O6 Dimerization C16H13O6

- 301.0712 301.0713 0.1

Mixed C14H11NO7 Cross-reaction C14H10NO7
- 304.0457 304.0462 0.5

136
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137 Scheme

138
139 Scheme S1 Possible mechanisms in the photosensitization reactions by vanillin (VL) with phenols, 

140 including itself, and other phenols such as vanillic acid (VA), 4-nitrocatechol (4NC), 4-nitrophenol 

141 (4NP) used in this study, which are all denoted with an unspecific “-R” group on the phenolic ring.
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142 Figures

143
144 Fig. S1 Structures of the BrC model compounds used in this work.

145

146

147
148

149 Fig. S2 Molar absorptivity of vanillic acid (VA), vanillin (VL), 4-nitrocatechol (4NC), and 4-

150 nitrophenol (4NP) and the photon flux of our lamp (orange line) and solar flux3 (yellow line).

151

152

153
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154

155
156
157 Fig. S3 Decay rate constant (k, s-1) of (A) vanillic acid (VA), (B) vanillin (VL), (C) 4-nitrocatechol 

158 (4NC), and (D) 4-nitrophenol (4NP) under three mixing conditions: MP + MP, NP+ NP, and MP 

159 + NP. The circles are data from experiments in aqueous solutions, while triangles are data from 

160 experiments in isopropanol (IPA) solutions. The hollow and solid symbols represent the data for 

161 lower concentration (0.05 mM) and higher concentration (0.5 or 5 mM), respectively. The dashed 

162 and dotted lines are not fitting results and are merely to guide the eyes. The error bars represent 

163 the standard deviations from the results of triplicate experiments.

164
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165

166
167

168 Fig. S4 Effective quantum yield (Φe) of (A) vanillic acid (VA) and (B) vanillin (VL) as a function 

169 of concentration under air- or N2-saturated conditions.

170

171

172

173
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174
175 Fig. S5 Ratio of j1 value to j2 value for BrC concentrations at (A) 0.05 mM, (B) 50 mM, and (C) 

176 500 mM.

177
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178

179
180 Fig. S6 Photolysis rate constant (j, s-1) of (A) vanillic acid (VA), (B) VL (vanillin), (C) 4-

181 nitrocatechol (4NC), and (D) 4-nitrophenol (4NP) in aqueous solutions (in hollow black) under 

182 three mixing cases: MP + MP, NP+ NP, and MP + NP. The estimation assumes particles of 100-

183 nm radius and concentration of 0.02–0.5mM. The circles are data from experiments in aqueous 

184 solutions, while the triangles are data from experiments isopropanol (IPA) solutions. The dashed 

185 and dotted lines are not fitting results and are merely to guide the eyes.

186
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187
188 Fig. S7 Estimation of (A) photolysis rate constant (j, s-1) and (B) atmospheric lifetime (τ, h) of VL 

189 in IPA matrix with different particle sizes. The error bars represent the standard deviations from 

190 the results of triplicate experiments.

191
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