
Extended Data Figures and Tables  

 

Extended Data Fig. 1 | Chemical structures of currently studied OPFR parent compounds and 

transformation products. a, 9 OPFR parent compounds. b, 11 identified OPFR transformation products 

in GAPS-MC field samples. TCEP-1 and TCPP-25 are difficult to distinguish from each other since they 

have identical chemical formula (Supplementary Information). 



 

Extended Data Fig. 2 | Generalized mechanism for the photooxidation of atmospheric OPFRs. 

Photooxidation reactions proceed predominantly via 3 main channels: a, OH addition to the substituents 

attached to the phosphate center (channel 1), b, OH addition to the phosphate center (channel 2), and c, 

Photodecomposition of early-generation products (channel 3). Generalized examples for chlorinated and 

non-chlorinated OPFRs are shown above. Detailed mechanisms for TCPP (a chlorinated OPFR) and 

EHDP (a non-chlorinated OPFR) are shown in Supplementary Figs. 2 and 3. 



Extended Data Fig. 3 | Mass chromatograms and spectra of 6 OPFR transformation products in 

OFR lab samples and GAPS-MC field samples. This information is used in the identification of a, 

TCEP-1 or TCPP-25, b, TCEP-10, c, TCEP-21, d, TCPP-9, e, TCPP-21, and f, TCPP-38. TCEP-1 and 

TCPP-25 cannot be distinguished from each other since they have identical chemical formula 

(Supplementary Information). Detailed product information, including chemical formula, retention time, 

measured m/z, isotopic ratio, detection frequency, and volume normalized signal intensity, are 

summarized in Supplementary Tables 2 and 4.  



Extended Data Fig. 4 | Mass chromatograms and spectra of 4 OPFR transformation products in 

OFR lab samples and GAPS-MC field samples. This information is used in the identification of a, 

TDCPP-14, b, TBEP-36, c, TPhP-6, and d, TPhP-8. Detailed product information, including chemical 

formula, retention time, measured m/z, isotopic ratio, detection frequency, and volume normalized signal 

intensity, are summarized in Supplementary Tables 2 and 4. 



Extended Data Fig. 5 | Persistence results for OPFRs and their transformation products. a, 

Modelled overall persistence for 3 chlorinated OPFRs (TCEP, TCPP, and TDCPP) and their products. b, 

Modelled overall persistence for 6 non-chlorinated OPFRs (TBEP, TPhP, EHDP, TCP, TEHP, and DPhP) 

and their products. c, Relative persistence for 3 chlorinated OPFRs and their transformation products 

(parent compound = 1). d, Relative persistence for 6 non-chlorinated OPFRs and their transformation 

products. Dark red, light red, dark blue, and light blue represent chlorinated parent OPFRs, chlorinated 

OPFR products, non-chlorinated parent OPFRs, and non-chlorinated OPFR products, respectively. Note 

that a higher overall persistence indicates a higher persistence in the multimedia environment. 

Compounds marked with ★ are those identified in megacity field samples. 



 
Extended Data Fig. 6 | Octanol-air (KOA in logarithm) and octanol-water (KOW in logarithm) 

partition coefficients of OPFRs and their transformation products at pH of 7. Dark red, light red, 

dark blue, and light blue represent chlorinated parent OPFRs, chlorinated OPFR products, non-

chlorinated parent OPFRs, and non-chlorinated OPFR products, respectively. 



 

Extended Data Fig. 7 | Bioaccumulation results for OPFRs and their transformation products. a, 

Modelled bioconcentration factor for 3 chlorinated OPFRs (TCEP, TCPP, and TDCPP) and their 

products. b, Modelled bioconcentration factor for 6 non-chlorinated OPFRs (TBEP, TPhP, EHDP, TCP, 

TEHP, and DPhP) and their products. c, Relative bioaccumulation for 3 chlorinated OPFRs and their 

transformation products (parent compound = 1). d, Relative bioaccumulation for 6 non-chlorinated 

OPFRs and their transformation products. Dark red, light red, dark blue, and light blue represent 

chlorinated parent OPFRs, chlorinated OPFR products, non-chlorinated parent OPFRs, and non-

chlorinated OPFR products, respectively. Note that a higher bioconcentration factor indicates a higher 

potential of bioaccumulation in aquatic organisms. Compounds marked with ★ are those identified in 

megacity field samples. 



 
Extended Data Fig. 8 | Toxicity results for OPFRs and their transformation products. a, Modelled 

oral rat LD50 for 3 chlorinated OPFRs (TCEP, TCPP, and TDCPP) and their products. b, Modelled oral 

rat LD50 for 6 non-chlorinated OPFRs (TBEP, TPhP, EHDP, TCP, TEHP, and DPhP) and their products.  

c, Relative toxicity for 3 chlorinated OPFRs and their transformation products (parent compound = 1). 

d, Relative toxicity for 6 non-chlorinated OPFRs and their transformation products. Dark red, light red, 

dark blue, and light blue represent chlorinated parent OPFRs, chlorinated OPFR products, non-

chlorinated parent OPFRs, and non-chlorinated OPFR products, respectively. Note that a lower oral rat 

LD50 indicates a higher toxicity. Compounds marked with ★ are those identified in megacity field 

samples. 



 

Extended Data Fig. 9 | PM2.5 and OPFR product levels in high-income nations and lower-income 

nations. The national categories (high-income, upper-middle-income, and lower-middle-income nations) 

are determined on the basis of their per capita GNI (gross national income) in June 2019.33 WHO (World 

Health Organization) PM2.5 guideline: 10 μg m–3. For New York, and London, the signal intensities of 

products equal the values shown in the figure × scaling factors. Annual average PM2.5 mass 

concentrations (μg m–3) of megacities in 2018 (expect for Lagos, Nigeria, and Cairo, Egypt) are obtained 

from reference 58. The PM2.5 data for Lagos, Nigeria, and Cairo, Egypt in 2018 are obtained from 

reference 59. Note that Nigeria has become a major importer of e-waste from around the globe,60 which 

is known to contain large amounts of commercial chemicals including OPFRs.61 The global distribution 

of OPFR products in air is clearly skewed to high-income nations, consistent with the positive 

relationship between the sum of parent OPFR concentrations and megacity GDP (gross domestic product) 

as observed previously13 and in this work.



Extended Data Table 1 | Passive air sampling details in the 18 megacities. 

Megacities Latitude Longitude Start date End date 
Exposure 

time (days) 

Average 

Temp (°C) 

Toronto, Canada 43.6590 -79.3956 10-Apr-18 03-Jul-18 84 13.8 

New York, USA 40.7301 -73.9989 03-May-18 01-Jul-18 59 20.7 

Sydney, Australia -33.7962 151.1449 03-Apr-18 03-Jul-18 91 21.6 

Istanbul, Turkey 41.0082 28.9784 12-Apr-18 12-Jul-18 91 20.8 

London, UK 51.4960 -0.1270 13-Apr-18 12-Jul-18 90 14.4 

Madrid, Spain 40.4432 -3.6846 02-Apr-18 02-Jul-18 91 17.6 

São Paulo, Brazil -23.6183 -46.6355 02-Apr-18 02-Jul-18 91 19.3 

Bogota, Colombia 4.6368 -75.0834 04-Apr-18 29-Jun-18 86 14.0 

Buenos Aires, Argentina -33.4378 70.6504 17-Jan-19 28-Feb-19 42 24.6 

Santiago, Chile -34.5581 -58.4867 28-Nov-18 01-Mar-19 93 25.0 

Warsaw, Poland 52.2216 21.0073 04-Apr-18 03-Jul-18 90 16.0 

Kolkata, India 22.5726 88.3639 15-May-18 08-Jul-18 54 30.5 

Beijing, China 39.9042 116.4074 01-Apr-18 02-Jul-18 92 22.0 

Bangkok, Thailand 13.7235 100.5216 28-Mar-18 27-Jun-18 91 31.0 

Tokyo, Japan 35.6895 139.6917 09-Apr-18 09-Jul-18 91 21.0 

New Delhi, India 28.5897 77.2257 09-Jan-19 25-Feb-19 47 15.0 

Lagos, Nigeria 6.5244 3.3792 03-Apr-18 30-Jun-18 88 28.0 

Cairo, Egypt 30.0141 31.4860 01-Apr-18 02-Jul-18 92 27.0 

 

 


