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Section S1. ACSM, MARGA and Aethalometer 

Table S1. Instruments    

 

 

Phase 

Gas Particulate 

CI-APi-LTOF 

ACSM 

√ 

× 

× 

√ 

MARGA √ √ 

Aethalometer (AE33) × √ 

 

ACSM 

An online Time-of-Flight-Aerosol Chemical Speciation Monitor (ToF-ACSM, Aerodyne Research 50 

Inc., US, hereafter ACSM) was deployed to measure nitrate, sulphate, ammonium, chloride and organic 

at the same site with a PM2.5 aerodynamic lens and standard vaporizer. Particles first went through a 

PM2.5 cyclone and then a 3-m steel tube before being analyzed by ToF-ACSM. The ionization efficiency 

(IE) and relative ionization efficiency (RIE) of Cl were obtained by calibrations with pure standards of 

ammonium nitrate and ammonium chloride. It should be noted that the Cl measured by ACSM was non-55 

refractory chloride compounds such as ammonium chloride. Yet, a high correlation was observed 

between Cl measured by aerosol mass spectrometry and automated ion chromatography method such as 

particle into liquid sampler (PILS), which measured total water soluble Cl in previous studies  

(Canagaratna et al., 2007). It suggested that the non-refractory Cl measured by ACSM could explain 

large proportion of particulate Cl in the urban environment. In addition, the contribution of crustal 60 

materials was relatively low during the winter season (He et al., 2001; Yu et al., 2013), further supporting 

that its contribution to refractory Cl should be minor during our sampling period. 

 

MARGA 

The Monitor for AeRosols and Gases (MARGA, Metrohm AG Inc., Switzerland) is an online analyzer 65 

that semi-continuously measures water-soluble gases (i.e. HCl, HONO, HNO3, SO2, NH3) and chemical 

composition of aerosols (i.e. Cl-, NO3
-, SO4

2-, Na+, NH4
+, K+, Mg2+, Ca2+) at an hourly temporal resolution 

using ion chromatography. The ambient sample containing gaseous species and PM2.5 particles passes 

through a wet rotating denuder (WRD). WRD has two concentric glass cylinders coated with absorption 

solution (H2O2), which causes the gas diffuse into aqueous film (Keuken et al., 1988; Otjes et al., 1993; 70 

Rumsey et al., 2011). The samples are analyzed by using cation and anion ion conductivity detectors (IC, 

Metrohm AG Inc., Switzerland). The analytical accuracy was controlled by internal standard LiBr, which 

is injected simultaneously and then mixed with the sample. In addition, to verify the accuracy of HCl 

concentration, an external standard test was conducted by replacing the absorption solution with a known 

liquid anion standard containing Cl- (sigma-aldrich, multielement ion chromatography anion standard 75 

solution, containing F-, Cl-, NO3
-, PO4

3-, SO4
2-) every week. 

 

Aethalometer (AE33) 

Black carbon (BC) mass concentrations were measured by the aethalometer (Model AE33, Magee 

Scientific Inc., USA). Particles first went through a PM2.5 cyclone and the aerosol sample were collected 80 

continuously through spots on the filter tape. Two measurements are obtained from the loaded and 

unloaded spot, which from same air stream, with different rates of accumulation of the aerosol sample. 

The transmission of light was measured at 7 different wavelengths. AE33 calculates the instantaneous 

concentration of optically absorbing aerosols from the rate of change of the attenuation of light 
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transmitted through the particle-laden filter (Drinovec et al., 2014) and then provide the compensated 85 

particle light absorption and BC concentration. In this study, aerosol particles are continually sampled on 

filter and the optical attenuation is measured with high time resolution. 
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Section S2. A typical raw mass spectrum and high-resolution peak 

fittings of interested compounds 

 
 

Figure S1. Reagent ions signal of NO2
-, NO3

- and HNO3·NO3
-. 135 

 

 

 
Figure S2. (a) High resolution peak fitting of 35Cl- and 37Cl-, which has the same ratio (35Cl-:37Cl- = 3:1) as 

isotopic abundances of the chlorine elements; (b) High resolution peak fitting of 79Br and 81Br-, which has 140 

the same ratio (79Br-:81Br- = 1:1) as isotopic abundances of the bromine elements. 
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Figure S3. High resolution peak fitting of 35Cl-·HNO3 (or H35Cl·NO3

-) (a), 37Cl-·HNO3 (or H37Cl·NO3
-) (b), 145 

79Br-·HNO3 (or H79Br·NO3
-) and 81Br-·HNO3 (or H81Br·NO3

-) (c). 

 

 

 

 150 

 

 

 

 

 155 

 



6 
 

 Section S3. Cluster stabilities 

Initial geometries of molecules were generated by performing a molecular mechanics (MMFF) 

conformer sampling using the Spartan 18’ program (Benson et al., 2008). All molecules and clusters 

studied here had only one possible conformer geometry. The molecules were optimized using density 160 

functional methods at the ωB97X-D/aug-cc-pVTZ level (ωB97X-D/aug-cc-pVTZ-PP for bromide 

containing molecules) and ultrafine integration grid with the Gaussian 16 program(Yu et al., 2017). 

Bromide pseudopotential definitions were taken from EMSL basis set library (Wang et al., 2017; Wilson 

et al., 1999). Single-point calculations on the optimized geometries were carried out at the DLPNO-

CCSD(T)/def2-QZVPP level using the ORCA program version 4.0.0.2 (Neese, 2012; Riplinger and 165 

Neese, 2013) to provide the accurate final energies used to calculate the cluster binding enthalpies. The 

predicted sensitivities were derived by inputting the calculated binding enthalpies into the model 

presented in Iyer et al. (Iyer et al., 2016). 

 

                170 

 

Figure S4. (a) The enthalpy of HCl·NO3
- formed by HNO3+Cl- and NO3

-+HCl and (b) the enthalpy of 

HBr·NO3
- formed by HNO3+Br- and NO3

-+HBr calculated at the DLPNO-CCSD(T)/def2-QZVPP// B97X-

D/aug-cc-pVTZ-PP level of theory.  



7 
 

 175 
Figure S5. Excellent correlation (r = 0.88) between NO2

- concentrations and O2
- (with 1095 valid data) 

during observation periods.  
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Section S4. Laboratory experiment of HCl and HBr observation  

In order to quantitively confirm HCl and HBr can be detected by CI-APi-LTOF, 1 ml liquid standard 

HCl (Gaosheng, 36%) and HBr (Macklin, 48%) were diluted in 1000 ml MILLIPORE
®
 ultrapure water, 

respectively, which correspond to 1.2×10-2 mol L-1 HCl and 8.6×10-3 mol L-1 HBr. Then, 10 ml diluted 

HCl and HBr were mixed as sample and evaporated sample flow was carried by zero air at 1L min-1 into 210 

CI-APi-LTOF controlled by switch valve shown as Figure S6. After the injection of gaseous HCl and 

HBr, the signals of Cl-, Br-, Cl-·HNO3 (or HCl·NO3
-)  and Br-·HNO3

 (or HCl·NO3
-) started to increase 

(Figure S7), confirming that the HCl and HBr can be detected as Cl-, Br-, Cl-·HNO3 (or HCl·NO3
-) and 

Br-·HNO3 (or HBr·NO3
-) in CI-APi-LTOF. 

 215 

 
Figure S6. Schematic of experiment set up. 

 
 

Figure S7. Cl-, Br-, Cl-·HNO3 (or HCl·NO3
-) and Br-·HNO3 (or HBr·NO3

-) signal measured by CI-APi-220 

LTOF. 
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Section S5. Calibration factor 230 

The HCl and HBr were measured by a NO2
--based chemical ionization long time-of-flight mass 

spectrometer (CI-APi-LTOF). Direct calibrations for HCl and HBr were not available. In order to 

calibrate HCl concentration, we adopt the ambient HCl concentrations measured by MARGA for about 

4 days (02.09.2019 to 06.09.2019) to indirectly calibrate the CI-APi-LTOF. Time profile of HCl 

concentration from MARGA and normalized signals of HCl by sum of NO2
- and O2

- ion from CI-APi-235 

LTOF was depicted in Figure S8. From Figure S8a, it shows similar variation of the data from two 

different instruments and then plotting HCl concentration measured by MARGA versus HCl normalized 

signal measured by CI-APi-LTOF shown in Figure S8b. Data from MARGA correlates well with HCl 

normalized signal (r = 0.73). Thus, the obtained calibration factor for HCl is 2.84×1012 cm-3.  

 240 

 
 

Figure S8. (a) Time series of normalized HCl signal measured by CI-APi-LTOF and HCl concentration 

measured by MARGA during calibration period and (b) Correlation (r = 0.73) between HCl concentration 

measured by MARGA and normalized HCl signals measured by CI-APi-LTOF.  245 
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Section S6. The effects of atmospheric temperature and the abundance 
of gaseous HNO3 on HCl and HBr concentrations. 

  

  250 
 

Figure S9. (a) Daily mean concentration of particulate chlorine and gaseous HCl, (b) Diurnal variation of 

HCl and particulate Cl concentration and (c) Diurnal variation of chloride gas to particle ratio.  
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Section S7. Source identification 255 

 

 
 

Figure S10. (a) Good correlation (r = 0.67) between hourly mean particulate Cl concentrations and black 

carbon (BC); (b) Correlations between HCl (r = 0.82), HBr (r = 0.60) daily mean concentrations and BC 260 

during observation periods from 1st Feb to 31st March, 2019. 
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Section S8. The calculations of OH concentration and production rate 
of atomic Cl and Br. 

OH concentration:  270 

In this work, there are no direct measurement of JNO2 and no direct measurement of OH radical 

concentration during observation periods. As shown in Figure S11a, the model well predicted (r = 0.97) 

the JNO2 from 21st May to 10th June, 2019. Then the JNO2 during this study was predicted using model. 

According to Xu et al. (Xu et al., 2015) estimated the OH radical concentration considering both 

photolysis rate (JO1D and 𝐽𝑁𝑂2
) and NO2 concentration (𝐶𝑁𝑂2

) based on formula E(1). 275 

 

𝑐𝑂𝐻 =
4.1×109×(𝐽𝑂1𝐷)0.83×(𝐽𝑁𝑂2)0.19×(140𝑐𝑁𝑂2+1)

0.41𝑐𝑁𝑂2
2 +1.7𝑐𝑁𝑂2+1

    E(1) 

 

While in winter and spring, Beijing, it has been found that the OH radical concentration is linearly 

correlated with photolysis of ozone (Liu et al., 2020; Tan et al., 2019) (JO1D), [OH] = JO1D×2×1011 280 

molecules cm-3, which the estimated OH concentrations were comparable according to equation E(1) 

shown in Figure S11b. Thus, OH radical concentration has been used based on the calculation results by 

Tan et al (2018) in this study. 

 

 285 
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Figure S11. (a) Excellent correlation (r = 0.97) between measured and predicted JNO2 from 21 May to 10 

June, 2019; (b) Calculated diurnal curve of OH concentration based on Tan et al., (2018) and Xu et al., 

(2017) from 1 February to 31 March, 2019. 290 
 

 

Production rates of atomic Cl and Br: 

In order to determine the impacts of gas particle partitioning of HCl and HBr on atmospheric oxidation 

capacity and particulate chloride and bromine, an accurate measurement of gas phase HCl and HBr are 295 

required to assess the production rate of Cl and Br atoms via direct OH oxidation of HCl and HBr. The 

Cl· and Br· can be formed via the reactions (R (S1) and R (S2)) of HCl and HBr with OH.  

𝐻𝑂 + 𝐻𝐶𝑙 → 𝐻2𝑂 + 𝐶𝑙.      R(S1) 

𝐻𝑂 + 𝐻𝐵𝑟 → 𝐻2𝑂 + 𝐵𝑟 .     R(S2) 

Thus, 𝐶𝑙. and 𝐵𝑟 . radical production rate 𝑃𝐶𝑙  and 𝑃𝐵𝑟 can be calculated based on formula E(2) and E(3), 300 

respectively. 

𝑃𝐶𝑙 =  𝑘𝐶𝑙 × [𝐻𝐶𝑙] × [𝑂𝐻]       E(2) 

𝑃𝐵𝑟 =  𝑘𝐵𝑟 × [𝐻𝐵𝑟] × [𝑂𝐻]      E(3) 

 

Where, rate coefficient kCl =1.7×10 -12×exp(-230/T) cm3 molecule-1 s-1 over the temperature range 200-305 

300 K and kBr = 6.7×10-12×exp(155/T) cm3 molecule-1 s-1 over the temperature range 180-370 K 

(http://iupac.pole-ether.fr.). [HCl] and [HBr] stand for HCl and HBr concentration. 
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