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1. Methods used in the case studies

1.1 Measurements of DRH and ERH for SOM-ammonium sulfate particles generated in the Harvard Environmental Chamber. 

[bookmark: _GoBack]Ammonium sulfate particles coated with SOM were produced in the Harvard Environmental Chamber by condensation of the organic material on to ammonium sulfate seed particles. SOM was produced either by dark ozonolysis in the case of -pinene and -caryophyllene or by photooxidation in the case of isoprene.
For the dark ozonolysis experiments, the setup and conditions of the experiment and the chamber were similar to those used by (Shilling et al., 2008; Li et al., 2011). A solution of -pinene in 2-butanol or -caryophyllene in cyclohexane (see Table S4) was injected into a gently warmed glass bulb using a syringe pump. The solution formed a sessile droplet at the tip of the needle. The droplet evaporated as the bulb was constantly flushed with pure air and the gaseous compounds were injected into the chamber. Ozone was generated outside the chamber. Within the chamber the gaseous compounds underwent reaction with ozone to form SOM under dark conditions.
The isoprene measurements largely followed the conditions and setup of King et al. (2010). Gaseous isoprene was injected into the chamber where it reacted with OH radicals produced from the photolysis of hydrogen peroxide caused by ultraviolet irradiation at 350 nm. A portion of the reaction products condensed on the surfaces of the ammonium sulfate seed particles.
The continuous-flow chamber was operated with a constant flow rate. The temperature and relative humidity inside the chamber were kept at 25 °C and 40%, respectively. The detailed chamber conditions are summarised in Table S4. An Aerodyne HR-ToF-AMS (DeCarlo et al., 2006) was used to determine the composition of the particles. The O:C ratios were obtained by using the high-resolution data from the HR-ToF-AMS and applying the methods described in (Chen et al., 2011).
The DRH and ERH of SOM-ammonium sulfate particles were measured using the 1×3 tandem differential mobility analyzer (TDMA) (Rosenoern et al., 2009; Smith et al., 2011). The 1×3 TDMA takes advantage of the hysteresis between the deliquescence relative humidity (DRH) and efflorescence relative humidity (ERH) to measure the irreversible water uptake of particles, employing three DMAs set to pass particles of the same mobility.
The first DMA (DMAmono) selected monodisperse particles, which were pre-conditioned to a reference relative humidity (RH0). In the case of the efflorescence experiments, particles were deliquesced (exposed to an RH > 80%) prior to RH0 conditioning. Following DMAmono, the flow was split and directed into a reference and test arm, each consisting of two Nafion conditioners, a DMA, and a condensation particle counter (CPC).
In the reference arm, the flow passed to a second DMA (DMA0) without change in RH. Particles entering DMA0 exited in the flow that continued to CPC0 and were counted by that instrument. For a deliquescence test, particles were exposed to an elevated RH (RH+δ) in the test arm before being returned to RH0 and passing through a third DMA (DMA+δ). For an efflorescence test, particles were instead exposed to a lowered RH (RH-δ) before returning to RH0 and passing through the test arm DMA (DMA-δ). In the absence of a phase transition in the test arm, particles entering DMA+δ or DMA-δ exited in the flows that continued to CPC+δ or CPC-δ and were also counted.
Because particles that deliquesced (effloresced) in the test arm had a changed mobility diameter as a result of water uptake (water loss), the particles drifted out of the flow that exited DMA+δ (DMA-δ) and that subsequently entered CPC+δ (CPC-δ). In the case of complete drift, the particle concentration recorded by CPC+δ (CPC-δ) dropped to zero. To test for phase transitions over a range of relative humidity, RH+δ was increased from ~65 to 80% RH during a deliquescence test and RH-δ was decreased from ~40 to 15% RH for an efflorescence test. The value of RH+δ (RH-δ) at which the particle concentration dropped was assigned as the DRH (ERH).
In the case of deliquescence, the 1×3 TDMA measures the conditions at which water uptake occurs. This RH can be lower than the total deliquescence, which corresponds to a condition for which the ammonium sulfate completely dissolves. As a consequence, the results from the 1×3 TDMA represent a lower limit to the total DRH, with the upper limit being the DRH of pure ammonium sulfate (80%). For the isoprene experiments, the difference between the measured DRH and the upper limit to total deliquescence was significant and was represented in Figure 6 using vertical bars.

1.2 Measurements of DRH and ERH during a field study in the Southern Great Plains, Oklahoma, USA.

Measurements were conducted from June 4 to 16, 2007, in the Guest Trailer of the Central Facility at the DOE Atmospheric Radiation Measurement (ARM) site in the Southern Great Plains (SGP) (Sheridan et al., 2001). The site, located at N36° 37', W97° 30', 320 m a.s.l., outside of Billings, Oklahoma (–5 h UTC), was instrumented with multiple trailers to provide a climatological record of light scattering properties of aerosol particles, radiative balance, and meteorological variables. There DRH and ERH values of particles were determined with a 1×3-TDMA. The characteristic quantities org:sulf and O:C ratios were determined with an Aerodyne HR-ToF-AMS. The aerosol particles were introduced to the 1×3-TDMA and HR-TOF-AMS through a 10 m mast outfitted with a ½" (O.D.) copper tube and a PM-2.5 inlet. Further description of the site and the observations of deliquescence and efflorescence using the 1×3-TDMA can be found in reference (Martin et al., 2008). 
The AMS data recorded during the SGP measurements are reported herein for the first time. The aerosol mass spectrometer qualitatively measures total organic and sulfate mass (Jayne et al., 2000; DeCarlo et al., 2006). The mass spectrum was used to determine the org:sulf and O:C ratios without any prior factor analysis (Zhang et al., 2005; Zhang et al., 2007; Jimenez et al., 2009) that separates the total organic content into oxygenated organic and hydrocarbon-like organic material. The analysis protocols are described by (Chen et al., 2011). Our developed parameterisation is for oxygenated organic material. In non-urban environments, such as SGP, the amount of particle-phase non-oxygenated organic material (i.e., oily hydrocarbons or hydrocarbon-like organic material) is less than 17% of the total organic material, with an average of 11% based on past measurements in the Northern Hemisphere (Zhang et al., 2005; Zhang et al., 2007; Jimenez et al., 2009). If one assumes that the amount of hydrocarbon-like material at SGP was 11% of the total organic mass concentration, the calculated org:sulf and O:C values shown in Figure 4 are overestimated and underestimated by only approximately 12% and 11%, respectively.
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Figure S1. Panels (a)–(c) show the data included in the full analysis. The colour maps represent the SRH, ERH, and DRH values and give an overview of the trends in phase transitions. An open circle for SRH indicates that SRH was not observed. In some cases SRH was not probed below 35–40% RH because crystallisation of ammonium sulfate or the organic occurred at lower RH values. An open circle for ERH indicates that these transitions were not observed even for the lowest RH values probed, which was typically less than 2% RH. Phase transitions were measured at temperatures ranging from 290 to 298 K.
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Figure S2. Average liquid-liquid phase separation relative humidity (SRH) as a function of O:C. The average was determined by taking the average of all the SRH data excluding the experiments where SRH was not observed and the organic:sulfate ratio was <0.1 and >15. An open symbol for SRH indicates that SRH was not observed. In some cases SRH was not probed below 35–40% RH because crystallisation of ammonium sulfate or the organic occurred at lower RH values. The dashed line is a second order polynomial fit to the data for O:C ≤ 0.8 (R2 = 0.87). Phase transitions were measured at temperatures ranging from 290 to 298 K.




Supporting Movies

Movie S1. A movie of a mixed 1,2,6-trihydroxyhexane-ammonium sulfate particle (org:sulf = 2.06 and diameter = 21 µm) recorded using 500 magnification as the RH was decreased from 86% to 35% at a temperature of 290  1 K. The ramp rate was approximately 0.6% RH min–1. Initially the particle was completely liquid (1 liquid phase). Next, liquid-liquid phase separation occurred to form a predominately aqueous ammonium sulfate core and organic shell. After liquid-liquid phase separation the aqueous ammonium sulfate core effloresced. A rough indication of the RH during the movie has been included.

Movie S2. A movie of a mixed 1,2,6-trihydroxyhexane-ammonium sulfate particle (org:sulf = 2.06 and diameter = 18µm) recorded using 500 magnification as the RH was increased from 31 to 89% RH at a temperature of 290  1 K. The ramp rate was approximately 0.6 %RH min–1. At the lowest relative humidity the particle contained a solid ammonium sulfate core and a liquid organic shell. After deliquescence, one liquid phase was observed.



Supporting Tables

Table S1. List of the studied organic compounds in the three-component laboratory experiments using optical microscopy. Also listed are the types of studies carried out for each compound. For some of the molecules only SRH was studied because ERH and DRH have been reported previously.

	Compound
	Formula
	Functional groups
	O:C
	Measurement type

	diethyl decanedioate
	C14H26O4
	esters
	0.29
	SRH, ERHb, DRHa

	monomethyl octane-1,8-dioate
	C9H16O4
	carboxylic acid + ester
	0.44
	SRH. ERHb. DRHa

	1,2,6-trihydroxyhexane
	C6H14O3
	alcohols
	0.50
	SRH, ERHb, DRHa

	4-dihydroxy-3-methoxybenzeneacetic acid
	C9H10O5
	carboxylic acid + alcohols + ether + aromatic
	0.56
	SRH, ERHb, DRHa

	2,5-dihydroxybenzoic acid
	C7H6O4
	carboxylic acid + alcohols
	0.57
	SRH, ERHb

	2,2-dimethylbutanedioic acid
	C6H10O4
	carboxylic acids
	0.67
	SRH, ERHb, DRHa

	pentanedioic acid
	C5H8O4
	carboxylic acids
	0.8
	SRH

	6,8-dioxabicyclo[3.2.1]octane-2,3,4-triol
	C6H10O5
	ethers + alcohols
	0.83
	SRH

	propane-1,2,3-triol
	C3H8O3
	alcohols
	1.00
	SRH

	2-hydroxypropane-1,2,3-tricarboxylic acid
	C6H8O7
	carboxylic acids + alcohol
	1.17
	SRH

	propanedioic acid
	C3H4O4
	carboxylic acids
	1.33
	SRH



aThe DRH values studied corresponds to the total DRH, which indicates where ammonium sulfate completely dissolved. 
bWe report only ERH results for which ammonium sulfate was the first solid to crystallise in the three-component particles, as determined by the shape of the efflorescence curve when plotting the ERH as a function of org:sulf ratio (Pant et al., 2004; Parsons et al., 2004). We excluded ERH results if the ERH data increased with an increase in the org:sulf ratio. In this case, efflorescence most likely was due to crystallisation of the organic material (a process that likely does not occur under most atmospheric conditions) (Marcolli et al., 2004). 








Table S2. Results from the optical microscope experiments. The results correspond to three-component particles (i.e., one organic compound, ammonium sulfate, and water). Phase transitions were measured at a temperature of 290  1 K.
	


Organic compound used in the three-component studies
	Composition
( organic : sulfate)
	ERHd
(% RH)
	DRHe
(% RH)
	SRHf
(% RH)

	diethyl decanedioate
(O:C = 0.29)
	0.248
	35.8
	80.4
	Not observeda

	
	0.481
	35.1
	79.9
	97.5

	
	1.443
	33.5
	79.1
	100c

	
	4.380
	36
	80.2
	100c

	
	7.857
	34.1
	79.6
	100c

	monomethyl octane- 1,8 – dioate
(O:C = 0.44)
	0.477
	35.2
	79.6
	100c

	
	1.401
	34.3
	79.4
	100c

	
	2.276
	33.2
	78.7
	100c

	
	4.463
	33.2
	78.4
	100c

	1,2,6-trihydroxyhexane
(O:C = 0.5)
	0.355
	36.7


	82.7
	70.3

	
	0.945
	32.5
	79.7
	69.0

	
	2.127
	34.6
	82.8
	72.5

	
	5.673
	35.6
	81.1
	71.6

	α,4-dihydroxy-3-methoxybenzeneacetic acid
(O:C =0.56 )
	0.516
	40.3
	83.2
	80.1

	
	1.375
	39.8
	84.1
	81.3

	
	3.094
	37.8
	82.5
	79.0

	
	8.252
	0b
	Not measured
	Not observeda

	2,5-dihydroxybenzoic acid
(O:C =0.57 )
	0.244
	33.6
	Not measured
	61.5

	
	0.456
	36.7
	Not measured
	64.2

	
	0.734
	34.2
	Not measured
	62.9

	
	1.109
	32.9
	Not measured
	Not observeda

	
	1.376
	Organic likely crystallised firstg
	Not measured
	Not observeda

	
	2.003
	Organic likely crystallised firstg
	Not measured
	Not observeda

	2,2-dimethylbutanedioic acid
(O:C =0.67 )
	0.422
	32.9
	Not measured
	63.8

	
	0.734
	33.9
	Not measured
	61.5

	
	1.361
	40.3
	Not measured
	Not observeda

	
	1.673
	32.1
	Not measured
	Not observeda

	
	2.128
	Organic likely crystallised firstg
	Not measured
	Not observeda

	
	4.197
	Organic likely crystallised firstg
	Not measured
	Not observeda



aNot observed indicates that liquid-liquid phase separation was not observed for the range of relative humidities probed. In some cases SRH was not probed below 35-40% RH since at RH values less than 35-40% crystallisation of ammonium sulfate or the organic occurred in the three-component particles. 

b0 for ERH indicates that efflorescence was not observed even for the lowest RH values probed which were typically less than 2% RH. 

c100 for SRH indicates that two liquid phases were observed even for the highest relative humidity exposed to the particles, which was 100%  2.5%.

dThe uncertainty in the ERH was typically 2.8%.

eThe uncertainty in the DRH was typically 2.5%.

fThe uncertainty in the SRH was typically 2.5%.

gOrganic likely crystallised first. We excluded ERH results if the ERH data increased with an increase in the org:sulf ratio. In this case, efflorescence most likely was due to crystallisation of the organic material (a process that likely does not occur under most atmospheric conditions).



Table S3. Results from the optical microscope experiments. Listed here are results from three-component particles (one organic compound, ammonium sulfate, and water) where only SRH was studied. Listed below are the organic compounds and concentrations (i.e., org:sulf mass ratio) studied. For all these systems SRH was not observed. In some cases SRH values were not probed below 35–40% RH since at RH values less than 35-40%, ammonium sulfate or the organic in the three-component particles would crystallise (i.e., effloresce). Phase transitions were studied at a temperature of 290  1 K.

	Concentrations (org:sulf mass ratio)

	pentanedioic acid
(O:C = 0.80)
	6,8-dioxabicyclo[3.2.1]octane-2,3,4-triol
(O:C = 0.83)
	propane-1,2,3-triol
(O:C = 1.00)
	2-hydroxypropane-1,2,3-tricarboxylic acid
(O:C = 1.17)
	propanedioic acid
(O:C = 1.33)

	0.464
	0.277
	0.133
	0.222
	0.149

	1.416
	0.563
	0.286
	0.353
	0.342

	4.207
	1.097
	0.558
	0.500
	0.615

	
	2.140
	0.990
	0.667
	1.212

	
	3.134
	1.363
	0.857
	2.728

	
	6.788
	2.622
	1.997
	8.653

	
	12.824
	7.989
	3.314
	

	
	
	
	7.635
	





Table S4. List of experimental conditions used to generate mixed SOM organic-sulfate particles in the Harvard Environmental Chamber. The chamber relative humidity and temperature were 40% and 25°C, respectively. H2O2 was used as precursor for OH radicals. Entries “NA” indicate “not applicable”.

	VOC
	Injected VOC
(ppb)
	VOC solvent (dilution)
	Injected O3
(ppb)
	Injected H2O2
(ppm)
	UV Lights
	Ammonium Sulfate Seed Diameter (nm)
	SOM mass conc'n 
(μg m-3)
	O:Ca

	α-pineneb
	2
	2-butanol (1:600 v/v)
	300
	NA
	Off
	80
	1.63
	0.44

	α-pinene
	20
	2-butanol
(1:600 v/v)
	300
	NA
	Off
	50
	12.2
	0.39

	β-caryophyllene
	13.3
	cyclohexane
(1:2500 v/v)
	50
	NA
	Off
	50
	17.4
	0.35

	isoprene
	200
	NA
	NA
	10-20
	On
	50
	26.2
	0.74

	isoprene
	200
	NA
	NA
	10-20
	On
	70
	43.7
	0.67



aObtained by using the methods described in (Chen et al., 2011).

bReproduced from(Smith et al., 2011).




Table S5. List of the data shown in Figure 6 for SOM organic-sulfate particles generated in the Harvard Environmental Chamber. Entries “NA” indicate “not applicable”.

	SOM Precursor
	org:sulf
	O:Ca
	DRH
(%)
	ERH
(%)

	β-caryophyllene
	0.996
	0.35
	79.5
	NA

	
	12.4
	0.35
	79.0
	NA

	
	33.0
	0.35
	79.5
	NA

	
	0.302
	0.35
	NA
	28.7

	
	10.1
	0.35
	NA
	28.3

	α-pineneb
	0.996
	0.39
	79.2
	NA

	
	3.92
	0.39
	78.6
	NA

	
	12.4
	0.39
	77.3
	NA

	
	33.0
	0.39
	78.5
	NA

	
	0.344
	0.44
	80.1
	NA

	
	1.43
	0.44
	80.4
	NA

	
	3.54
	0.44
	79.7
	NA

	
	0.302
	0.39
	NA
	29.7

	
	2.79
	0.39
	NA
	29.3

	
	10.1
	0.39
	NA
	29.4

	
	136
	0.39
	NA
	29.0

	
	4.36
	0.44
	NA
	30.0

	
	0.483
	0.44
	NA
	29.8

	isoprene
	0.618
	0.67
	78.2
	NA

	
	1.43
	0.67
	76.0
	NA

	
	3.21
	0.67
	73.5
	NA

	
	4.61
	0.67
	71.8
	NA

	
	0.411
	0.67
	NA
	24.4

	
	0.709
	0.67
	NA
	23.1

	
	1.49
	0.67
	NA
	21.2

	
	1.90
	0.67
	NA
	19.8

	
	0.128
	0.74
	79.7
	NA

	
	1.13
	0.74
	77.6
	NA

	
	4.13
	0.74
	72.3
	NA

	
	5.86
	0.74
	69.1
	NA

















aObtained by using the methods described in (Chen et al., 2011).

bReproduced from (Smith et al., 2011).



Table S6. List of the data shown in Figure 4 for atmospheric particles measured in the Southern Great Plains, Oklahoma.

	Type of phase transition observed
	org:sulf
	O:C

	Deliquescence 
(79–77% RH)a
	2.7
	0.67

	
	2.3
	0.64

	
	2.3
	0.57

	
	2.3
	0.55

	
	1.9
	0.56

	
	2.7
	0.55

	
	2.6
	0.50

	
	2.6
	0.51

	
	1.5
	0.56

	
	1.4
	0.55

	
	1.6
	0.51

	
	1.6
	0.50

	
	1.8
	0.47

	
	1.3
	0.50

	
	1.2
	0.53

	
	1.1
	0.56

	
	1.8
	0.59

	
	1.7
	0.61

	
	1.1
	0.57

	
	1.1
	0.54

	
	1.2
	0.56

	Efflorescence 
(30–26% RH)a
	1.4
	0.62

	
	1.9
	0.67

	
	1.9
	0.63

	
	1.9
	0.58

	
	2.2
	0.59

	
	1.9
	0.62

	
	1.9
	0.56

	
	1.9
	0.57

	
	2.1
	0.57

	
	2.3
	0.54

	
	2.5
	0.53

	
	2.6
	0.54

	
	2.7
	0.55






















aData collection and analysis for the Southern Great Plains data set are described in Martin et al. (Martin et al., 2008)  In that study, the occurrence of deliquescence and efflorescence was reported by demonstration of the irreversible nature of hygroscopic growth. The data were not analyzed in the way necessary to provide DRH and ERH values for each individual data point in Table S6. For each individual data point we have information on whether or not the particles effloresced or deliquesced. In addition for a broad time window, we know the range for DRH and ERH (79–77% and 30–26%, respectively).
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