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Abstract  12 

Phase transitions of particles are importance because it could influence reactive gas 13 

uptake, multiphase chemical reactions pathway, ice and polar stratospheric cloud 14 

formation. The traditional understanding assumes that phase transitions are 15 

thermodynamically equilibrium, yet this is not the case at the molecular level. Current 16 

understanding can not account for these phenomena, since the interaction with water 17 

vapor induces modifications in both the composition and local chemical 18 

microenvironment of aerosols. Our findings demonstrate that these inconsistencies can 19 

be reconciled through elucidation of the microscopic dynamic processes governing 20 

phase transformation for aerosol. We propose a novel method which is accurate in 21 

determining the phase transition point and identification of micro-dynamics phase 22 

transition processes for ammonium sulfate aerosols by using two-dimensional 23 

correlation spectroscopy. During efflorescence transition processes, we measured the 24 

phase transition point at 39% ± 0.8% (RH), and its start and end points at 41%± 0.8% 25 

(RH) and 36%± 0.8% (RH), respectively. We also explore that there are four distinct 26 

micro-dynamics steps during the efflorescence processes.  Initially, there was a 27 

gradual loss of liquid water for the solution droplets. Subsequently, it formed the 28 

supersaturated ammonium sulfate (AS) particles. Furthermore, hydrogen bonds 29 

between liquid water and sulfate dissociate, reducing liquid sulfate concentration. 30 

Sulfate and ammonium ions in the bulk phase gradually approach each other, further 31 

expelling residual water. The efflorescence occurs and forms crystal/solid AS. 32 

Eventually, the remaining liquid water molecules eventually detach from the AS 33 

system, completing the liquid-to-solid phase transition. This method will help improve 34 
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comprehending of the transport and deposition of inhaled aerosol. Moreover these 35 

insights will spur fundamental research into the formation and transformation 36 

mechanisms of atmospheric aerosols. 37 

Keywords:  38 

phase transitions 39 

micro-dynamics mechanism 40 

efflorescence processes 41 

supersaturated ammonium sulfate 42 

 43 

Introduction 44 

The phase state of aerosols governs their physical, chemical, and optical properties, 45 

thereby exerting significant impacts on the environment, climate system, and human 46 

health(Shiraiwa et al., 2017) (Meng et al., 2024), (Poschl, 2005) . It alters the phase of 47 

temperature changes in addition to the effects of relative humidity and particle size 48 

effects.(Martin, 2000; Shiraiwa et al., 2017),(Xie et al., 2017). Phase transitions of 49 

aerosol could affect reactive gas uptake, multiphase chemical reactions pathway, ice 50 

and polar stratospheric cloud formation (Martin, 2000). 51 

It has long been assumed that aerosol phase transition behaviors are 52 

thermodynamic equilibrium and may be achieved in a short amount of time. For 53 

example, the deliquescence of particulate matter. The particle should take up some 54 

amount of water to establish thermodynamic equilibrium upon increasing humidity. 55 

Currently, the phase transition behaviors of aerosol have been extensively investigated 56 

by a diversity of methods. For example, the environmental scanning electron 57 

microscope (ESEM)(Treuel, Pederzani, & Zellner, 2009), the hygroscopic tandem 58 

differential mobility analyzer (H-TDMA)(Gao, Chen, & Yu, 2006), the electrodynamic 59 

balance (EDB)(Cohen, Flagan, & Seinfeld, 1987), and microresonator mass 60 

sensor(Zielinski et al., 2018). These methods can diagnosis the phase transition 61 

processes of particles by measuring the particle size, shape and other physical 62 

parameters. they have been recognized as some main parameters during the phase 63 

transition processes of aerosol particles(Cheng, Su, Koop, Mikhailov, & Poschl, 2015; 64 

Gao et al., 2006).  65 

On molecular level, the phase transition processes are not thermodynamic 66 

equilibrium, since molecular-scale dynamics inherently deviate from thermodynamic 67 
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equilibrium conditions. The interaction with water vapor induces modifications in both 68 

the composition and local chemical microenvironment of aerosols. But conventional 69 

Fourier transform infrared (FTIR) spectroscopy lacks the capability to observe these 70 

transformations and quantify the water uptake and evaporation kinetics of ambient 71 

aerosol. Moreover, the overlapped and time resolution restrict its development to be a 72 

certain range in the hygroscopic or nucleation property of aerosols. In order to study 73 

the complicated physical or chemical transition processes of aerosol, two-dimensional 74 

correlation infrared spectroscopy (2D-IR) has been used (Wei et al., 2022), (Chen, 75 

Teng, Qian, & Yu, 2019).  76 

In contrast, the molecular-scale dynamical processes governing aerosol phase 77 

transitions remain hitherto uncharacterized due to the difficulty in measuring the 78 

intermolecular interaction of the efflorescence transition processes. This is very much 79 

necessary to realize the homogeneous nucleation of atmospheric aerosol. So a precision 80 

determination methodology was developed to track complex spectral changes and 81 

analysis the micro-dynamics phase transition mechanism of aerosol. During the 82 

efflorescence transition processes, we examine the intermolecular interactions and 83 

identify phase change points and keep an eye on complicated spectrum changes by 84 

coupling a relative humidity (RH) controlling system and 2D-IR. This study could 85 

provide critical insight about redefining atmospheric heterogeneous chemistry. 86 

1. Instruments and Methods  87 

1.1 The samples and measurement System 88 

Samples: In this study, all aerosol samples were generated from Ammonium Sulfate 89 

(AS) solution using an aerosol generator. The concentration of AS solution was 4.0 g/L. 90 

The experiment system：The experiment system mainly includes a humidification 91 

system and an in situ FTIR system which has been described in ACP (Wei et al., 2022). 92 

The phase transition processes of the aerosol were measured by transmission FTIR 93 

spectroscopy (Tensor 27, Bruker Optics, Germany). One end of the sample cell is 94 

provided with a radius of 3 cm zinc selenide (ZnSe) substrate and the other end is the 95 

same ZnSe substrate containing aerosol samples. The spectral resolution is 4 cm−1 and 96 

a repeat time of 1 scan. The humidification system is used to provide a certain RH for 97 

the aerosol samples. It consists of dry and humidified N2. The humidified N2 was 98 

supplied by the high purity water vapour. By adjusting the volumetric ratio between 99 

these two N2 streams, we could obtain a specific RH. Its accuracy is ± 0.8 % for a 0 ～100 
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100 % RH range, and its time resolution is about 30 second. The AS aerosols were 101 

humidified or dehumidified at a rate of 1% min-1 within the range of 20% to 90% (RH).  102 

In this study, the aerosol samples with electrical mobility diameter about 300 nm were 103 

deposited on ZnSe substrate. 104 

1.2 The two-dimensional correlation infrared spectroscopy analysis 105 

method 106 

1.2.1 Generalized two-dimensional infrared (2D-IR) correlation spectroscopy  107 

The two-dimensional (2D) correlation spectral function can be represented as follows: 108 

𝑋(𝜈1, 𝜈2)  = < 𝑦̃(𝜈1, t) ∙ 𝑦̃(𝜈2, t) > =  𝛷(𝜈1, 𝜈2)  +  𝑖𝛹(𝜈1, 𝜈2) 109 

Here, 𝑦̃ represents a set of the dynamic spectra that are functions of both spectral 110 

variables (ν1 and ν2, corresponding to the spectral wavenumber of compounds the 111 

vibrations wavenumbers) and the external perturbation variable (relative humidity, 112 

RH). The synchronous ( 𝛷(𝜈1, 𝜈2) ) and asynchronous ( 𝛹(𝜈1, 𝜈2) ) correlation 113 

intensities, corresponding respectively to the real and imaginary components of the 114 

complex cross-correlation function, quantitatively describe the coordinated and 115 

sequential changes in spectral intensities at wavenumbers ν₁ and ν₂ (Chen et al., 2019; 116 

Isao Noda & Ozaki, 2014). In this study, we use the synchronous correlation maps to 117 

diagnose if the spectral intensities at different wavenumbers vary simultaneously, and 118 

the asynchronous correlation maps are use to identify the occurrence sequential order 119 

of the intermolecular interactions. In the synchronous correlation maps, the positive 120 

and negative correlations indicate simultaneous and opposite changes of the spectral 121 

intensities observed at the wavenumber pair (ν1, ν2), respectively. In asynchronous 122 

correlation map, positive cross-peaks suggest that spectral intensity variations at 123 

frequency ν1 precede those at ν2, whereas negative cross-peaks imply the inverse 124 

temporal sequence, with changes at ν2 leading those at ν1. 125 

1.2.2 Perturbation-correlation moving window two-dimensional (PCMW2D) 126 

correlation infrared spectroscopy 127 

    PCMW2D correlation infrared spectroscopy serves as a powerful tool for 128 

recognizing characteristic spectral variation along the perturbation variable axis(Isao 129 

Noda, 2025; I. Noda, Park, & Jung, 2025), (Morita, Shinzawa H Fau - Noda, Noda I 130 

Fau - Ozaki, & Ozaki, 2006). This technique generates complementary synchronous 131 

and asynchronous 2D correlation spectra, visualized as contour maps with spectral 132 

variables (e.g., wavenumber) plotted against perturbation parameters (e.g., relative 133 
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humidity), enabling precise identification of transition points and critical regions. 134 

Consequently, PCMW2D proves particularly valuable for elucidating complex 135 

environmental processes through its distinctive analytical capabilities. In the resulting 136 

2D-IR spectra, red-colored regions indicate positive correlation intensities, whereas 137 

blue-colored regions denote negative correlation intensities. Within synchronous 138 

correlation maps, these positive and negative correlations correspond to enhanced and 139 

diminished spectral intensity variations along the perturbation gradient, respectively. 140 

The asynchronous spectra reveal more nuanced behavior: positive correlations signify 141 

convex spectral intensity profiles along the perturbation axis, while negative 142 

correlations indicate concave profiles. Specifically, positive asynchronous correlation 143 

intensities manifest as convex curvature in RH-dependent FTIR spectral variations, 144 

with negative intensities conversely reflecting concave variation patterns. 145 

To obtain a credible result, linear baseline corrections and smooth were performed 146 

in the regions of 1000–1500cm−1 and 2500–3550cm−1 for all infrared spectra before 147 

calculations and the analysis. These regions almost cover the absorption features of all 148 

identifiable functional groups of interest are selected for analysis. Then we normalize 149 

all pre-processed infrared spectra into 2D-IR spectra developed by Kwansei-Gakuin 150 

University, Japan (Isao Noda & Ozaki, 2014).  151 

2. Results and discussion 152 

In this study, the spectra were collected with a 1% (RH) at intervals. For liquid water, 153 

crystal/solid AS, and aqueous AS, their infrared absorption peaks are mainly observed 154 

in 3550-2500 cm-1 and 1500-1000 cm-1 regions (Onasch et al., 1999; Wei et al., 2022), 155 

(Juan J. Nájera, Percival, & Horn, 2009), (Miñambres, Sánchez, Castaño, & 156 

Basterretxea, 2010). For clarity, the spectra and the detailed assignments of the infrared 157 

spectra bands are listed in table 1. 158 

Table 1. The detailed infrared spectra bands assignments of AS aerosol appearing in 159 

RH-dependent FTIR 160 

Compounds 

state 
species 

Peak position 

Wavenumber/cm-

1 

Ref 

liquid water O-H stretching 3600-3100 

(Onasch et al., 

1999; Schlenker 

& Martin, 2005), 

(Cai, Luan, Shi, 

& Zhang, 2017) 

Crystal/solid AS  NH4
+ deformation ～1417 (Onasch et al., 
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 (ν4-NH4
+) 1999)，(Juan J. 

Nájera et al., 

2009)，

(Miñambres et al., 

2010), (Zhu, 

Pang, & Zhang, 

2022) 

SO4
2- stretching ～1112,～1083 

aqueous AS 

NH4
+ deformation 

(ν4-NH4
+) 

～1463 
(Juan J. Nájera et 

al., 2009)，

(Miñambres et al., 

2010) 
SO4

2- stretching ～1097 

2.1 Humidity-dependent FTIR spectra of AS aerosols upon 161 

efflorescence 162 

In Fig. 1(A) shows the RH-dependent FTIR spectra of AS in 3600-2550 cm-1 163 

region upon efflorescence. The intensities of the stretching vibration of O–H groups at 164 

∼3400 cm-1 decrease and its wavenumber does not red or blue shift during the whole 165 

efflorescence processes. When RH decreased from 90% to 80%, the intensities of the 166 

stretching vibration of O–H groups at ∼3400 cm-1 decrease. It can be deduced that it is 167 

a gradual loss of liquid water for the AS solution droplets upon efflorescence. When 168 

RH (from 80% to 41%) decreases below the efflorescence point, the intensities of the 169 

stretching vibration of O–H groups at ∼3400 cm-1 continue decrease, while aqueous 170 

AS droplets undergo persistent water evaporation and become AS supersaturated state. 171 

The intensities decrease at ∼3400 cm-1 will terminate when RH decreased from 41% 172 

to 36%. It means all condensed-phase water is driven and the hydration networks 173 

breakdown. AS aerosol would change to fully crystal/solid state at 36% (RH). It 174 

indicates the efflorescence phase transition of AS aerosol would be from liquid to 175 

supersaturated state, ultimately reaching crystal/solid phase. 176 
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 177 

 178 

Fig.1 Humidity-dependent FTIR spectra of AS particles upon efflorescence from 65% to 179 

32 at a rate of 1%RH. (A) 3600-2550cm-1; (B) 1500-1000cm-1.  180 

SO4
2- acts as a "structure maker" due to its tetrahedral configuration, facilitating 181 

hydrogen bond formation with surrounding water molecules. Similarly, NH4
+ 182 

contributes to water structure stabilization through its tetrahedral geometry and 183 

hydrogen bonding capacity (Dong et al., 2007). Based on the shifting of the SO4
2- and 184 

NH4
+ mode in the FTIR spectra as a result of the phase transformation. In Fig. 1(B) 185 

shows the RH-dependent FTIR spectra of AS in 1500-1000 cm-1 region upon 186 

efflorescence. The ν3-SO4
2- bands at 1097 cm-1 and 1084 cm-1 correspond to the 187 
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aqueous and crystal/solid state, respectively. And the ν4-NH4
+ bands at 1463 cm-1 and 188 

1417 cm-1 correspond to the aqueous and crystal/solid state, respectively. As relative 189 

humidity (RH) decreased from 90% to 42%, both of the intensities at 1094 cm-1 and 190 

1463 cm-1 gradually diminished, indicating progressive water loss from the droplet 191 

solution. When RH decreased from 41% to 36%, a distinct phase transition occurred 192 

between 41% and 36% (RH), characterized by an abrupt shift in the ν4-NH4
+ peak 193 

position from 1463 cm-1 to 1417 cm-1, accompanied by a sharp intensity increase, 194 

signaling the onset of anhydrous crystal formation. The same trend has been observed 195 

with sulfate, namely: an abrupt shift in the ν3-SO4
2- peak position from 1097 cm-1 to 196 

1084 cm-1, accompanied by a sharp intensity increase. Complete crystallization was 197 

achieved at 36% (RH) when the intensities at 1084 cm-1 and 1417 cm-1 were constant. 198 

So the crystallization threshold of AS was identified at 41% (RH) and completed at 199 

36%(RH), consistent with prior studies (Cai et al., 2017; Cziczo & Abbatt, 1999; J. J. 200 

Nájera & Horn, 2009). Comparable behavior was observed in the O-H stretching 201 

vibration modes, where absorption peak intensities exhibited analogous humidity-202 

dependent variations for ammonium and sulfate ions in aqueous AS also gradually 203 

decrease. But these absorption peaks of ammonium and sulfate ions do not disappear 204 

but instead exhibit a red shift(Zhu et al., 2022). The reason is that when the AS 205 

transitions from liquid to crystal/solid state, the surrounding environment of the 206 

ammonium and sulfate ions change.  207 

2.2 PCMW2D Correlation Analysis of AS aerosols upon efflorescence 208 
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Synchronous                             Asynchronous 210 

 211 

Synchronous                             Asynchronous 212 

Fig.2 (A)Synchronous and (B)asynchronous PCMW2D spectra in the 1502-1000 cm-1 region 213 

during the efflorescence process of AS aerosol; (C)Synchronous and (D)asynchronous 214 

PCMW2D spectra in the 3550-2501 cm-1 region during the efflorescence process of AS aerosol. 215 

Red and blue means a positive and negative correlation value, respectively. 216 

 217 

To accurately determine the exact DRH of AS, we further analysis the PCMW2D 218 

spectra. Fig.2(A) gives the synchronous PCMW2D spectra in 1502-1000 cm-1 region 219 

during the efflorescence process of AS aerosol. As can be seen, (1084 cm-1, 39%) and 220 

(1417 cm-1, 39%) show red color, which is a positive correlation peak, indicating that 221 

crystal/solid sulfate and ammonium ions concentration increased at 39%(RH). While 222 

(1097 cm-1, 39%) and (1463 cm-1, 39%) are negative correlation peaks, indicating that 223 

liquid sulfate and ammonium ions concentration diminished. Combined with one-224 

dimensional FTIR spectroscopy, the hydrogen bonds for SO4
2- with water molecules 225 

and NH4
+ ions with water molecules are dramatically disrupted. So liquid sulfate and 226 

ammonium ions changed to crystal/solid sulfate and ammonium at 39% (RH). This 227 

means the efflorescence phase transition point is 39%± 0.8% (RH). It is consistent with 228 

the findings of Takahama et al. (2007)(Takahama, Pathak, & Pandis, 2007), Yeung et 229 

al. (2009) (Yeung, Lee, & Chan, 2009), who measured the deliquescence point of AS 230 

at 38～40%(Xu, Imre, McGraw, & Tang, 1998). Therefore, this method can be used to 231 

analyze the aerosol phase change process. 232 

Fig.2(B) is the same as (A) but the asynchronous PCMW2D spectra. (1084cm-1, 233 
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41%) shows red as a positive correlation peak, and (1084cm-1, 36%) shows blue as a 234 

negative correlation peak. It demonstrated that the 1084 cm⁻¹ band intensity rose 235 

convexly and concavely by 41% and 36%, respectively. Notably, the asynchronous 236 

correlation at 1084 cm⁻¹ shifted from positive to negative (implying a linear increase) 237 

at approximately 39% (RH). This suggests a sharpened intensification of the 1084 cm⁻¹ 238 

band near the 39% (RH). (1097cm-1, 36%) showed red, which was a positive 239 

correlation peak, and (1097cm-1, 41%) showed blue, which was a negative correlation 240 

peak. It indicated the 1097 cm-1 band intensity concavely and convexly decreases at 241 

41% and 36%. (1417cm-1, 41%) showed red, which was a positive correlation peak, 242 

and (1417cm-1, 36%) showed blue, which was a negative correlation peak. (1463cm-1, 243 

36%) showed red, which was a positive correlation, and (1463cm-1, 41%) showed blue, 244 

which was a negative correlation. Therefore, we can infer that 39% is the maximum 245 

phase transition point for supersaturated AS, while 41% and 36% correspond to the 246 

initial and termination points of the change of its liquid to the crystal/solid state, 247 

respectively. 248 

In order to clearly analyze the variation of infrared absorption peaks at 1084 cm-249 

1, 1097 cm-1, 1417 cm-1 and 1463 cm-1, we listed the two-dimensional correlated 250 

infrared absorption peaks in Figure 2 and gave them in Table 2. Positive and negative 251 

values of the infrared absorption peaks in the two-dimensional correlated infrared 252 

synchronous and asynchronous spectra, and the variation of the absorption peaks 253 

inferred according to the PCMW2D reading rules. Liquid sulfate and ammonium ion 254 

concentration convex decrement at 41%, linear decrement 39%, at last concave 255 

decrement at 36%. And the crystal/solid sulfate and ammonium show the opposite 256 

trend. 257 

Table 2. The positions and symbols of the peaks, the transition RH determined upon 258 
efflorescence from Fig. 2 259 
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 260 

Fig.2(C) and (D) are the same as (A) and (B) but in the region of 3550-2501cm-1. 261 

From the synchronous correlation spectrum, it can be seen that (3400 cm-1, 39%) 262 

appears red, which is a positive correlation peak. From the asynchronous correlation 263 

spectrum, it can be seen that (3400 cm-1, 41%) and (3400cm-1, 36%) appears blue and 264 

red, respectively. there is a negative and positive correlation peak, respectively. 265 

Therefore, we can infer that the efflorescence phase transition point was 39%. The 266 

liquid AS began to lose water at 41%, and crystallization occurred at 39%. At last, AS 267 

particles completely turned into crystal/solid state and the condensed water has 268 

completely disappeared at 36%. 269 

Therefore AS is in a supersaturated state when RH is above 41%(Dong et al., 270 

2007). With the humidity reduction from 41% to 36%, the liquid water molecules 271 

around the liquid sulfate ions and ammonium ions begin to precipitate slowly, occurs 272 

obvious efflorescence at 39% (RH), when the humidity is reduced to 36%, the liquid 273 

water molecules around the sulfate ions are completely replaced by ammonium ions, 274 

and the AS particles change from liquid state to crystal/solid state, so the efflorescence 275 

phase transformation process completed. 276 

2.3 Generalized 2D-IR correlation spectra analysis of AS aerosols 277 

upon efflorescence  278 
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  279 
Synchronous                             Asynchronous  280 

Fig. 3(A) synchronous and (B) asynchronous 2D-IR correlation spectra of AS aerosol in the 281 

1500-902 cm-1 region upon efflorescence. Red and blue color represent positive and negative 282 

correlations, respectively. RH ranges is 90～20% (RH), red and blue means a positive and 283 

negative correlation value, respectively. 284 

 285 
Fig.3 shows the generalized 2D-IR correlation spectra of AS particles upon 286 

efflorescence. In the synchronous 2D-IR correlation spectra, four strong auto-peaks are 287 

observed at (1097, 1463) cm⁻¹, (1417, 1463) cm⁻¹, (1097, 1417) cm⁻¹, and (1084, 1463) 288 

cm⁻¹, indicating significant changes in these infrared absorption bands during the 289 

efflorescence phase transition. The positive cross-peak at (1097, 1463) cm⁻¹ indicates 290 

that the absorbance variations at these wavenumbers exhibit consistent directional 291 

trends - i.e., crystal/solid sulfate (SO₄²⁻) and ammonium (NH₄⁺) increase 292 

simultaneously, while liquid sulfate and liquid ammonium decrease. Conversely, three 293 

negative cross-peaks - (1417, 1463) cm⁻¹, (1097, 1417) cm⁻¹, and (1084, 1463) cm⁻¹, 294 

which mean that the absorbance variations at these wavenumbers are oppositely 295 

directed. This implies that liquid water content in AS aerosol decreases, water 296 

molecules surrounding sulfate and ammonium ions are progressively lost, causing 297 

these ions to move closer together. Consequently, their IR absorption bands 298 

undergo red shifts from 1097 cm⁻¹ to 1084 cm⁻¹ and 1463 cm⁻¹ to 1417 cm⁻¹. So liquid 299 

sulfate and ammonium would change to crystal/solid sulfate and ammonium. It would 300 

result in the increase of crystal/solid sulfate and ammonium concentrations upon 301 

efflorescence. 302 

(A) (B)
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In the asynchronous 2D-IR correlation spectra, seven strong auto-peaks are 303 

present. Among them: (1417, 1463) cm⁻¹, (1097, 1463) cm⁻¹, (1084, 1417) cm⁻¹, 304 

and (1097, 1084) cm⁻¹ exhibit positive auto-peaks. While (1097, 1417) cm⁻¹, (1084, 305 

1463) cm⁻¹, and (1084, 1097) cm⁻¹ show negative auto-peaks. Since asynchronous 306 

spectra reflect differing rates of spectral changes, the sequence of molecular bond 307 

transformations during efflorescence can be deduced as: (1084 cm⁻¹) > (1097 cm⁻¹) > 308 

(1463 cm⁻¹) > (1417 cm⁻¹) (where ">" denotes that the preceding band changes before 309 

the subsequent one). 310 

By correlating the absorption band positions of SO₄²⁻ and NH₄⁺ in different 311 

states with the 2D-IR transition sequence, we infer that the increase in crystal/solid 312 

sulfate and decrease in liquid sulfate do not occur simultaneously. Instead, the 313 

efflorescence mechanism processes in two main distinct steps: at initial stage, 314 

crystal/solid sulfate concentration rises as liquid water is lost from the supersaturated 315 

AS particles. Then at secondary stage, hydrogen bonds between liquid water and 316 

sulfate dissociate, reducing liquid sulfate concentration. Sulfate and ammonium ions 317 

in the bulk phase gradually approach each other, further expelling residual water. 318 

Eventually, efflorescence occurs completely, forming crystal/solid AS. Further, 319 

Combined the sequence changes upon efflorescence we conclude that NH4
+ ions are 320 

rich around the AS surface(Tian, Byrnes, Han, & Shen, 2011).  321 

2.4 The micro-dynamic mechanism during efflorescence process 322 

The two-dimensional correlation infrared spectroscopy results further confirm at the 323 

molecular level that the microscopic dynamics during the phase transition process of 324 

AS particulates. During the efflorescence process, the formation of crystal/solid sulfate 325 

initiates the AS efflorescence mechanism. Specifically, the crystal/solid sulfate 326 

undergoes an increase pattern of first slow, then fast, and finally slow again, while the 327 

liquid sulfate particles exhibit a decrease pattern of first fast, then slow, and then fast 328 

again. Following this, the crystal/solid ammonium ions experience a similar slow-fast-329 

slow increase trend, while the liquid ammonium ions decrease. Eventually, the liquid 330 

water completely detaches from the particles, resulting in the formation of crystal/solid 331 

ammonium sulfate. This phenomenon occurs because, in aerosol solutions, anions tend 332 

to accumulate more readily on the particle surface(Chamberlayne & Zare, 2020). Thus, 333 

as humidity decreases, the reduction of liquid water concentration around the surface 334 

sulfate ions leads to the formation of crystal/solid sulfate 335 
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Based on the two-dimensional correlation infrared spectroscopy (2D-COS) 336 

analysis of ammonium sulfate (AS) fine particles, the microscopic kinetic evolution 337 

during the efflorescence phase transition of AS particles was elucidated at the 338 

molecular level. The complete microscopic kinetic mechanism of sulfate (SO₄²⁻) and 339 

ammonium (NH₄⁺) ions is illustrated in Figure 4. 340 

 341 

Fig 4 Schematic view of the micro-dynamic mechanism during efflorescence process 342 

Initially, the supersaturated liquid surface of AS fine particles loses water 343 

molecules(Dong et al., 2007), leading to the formation of crystal/solid sulfate ions, 344 

which triggers the AS phase transition. This occurs because sulfate anions 345 

preferentially accumulate at the droplet surface. Subsequently, as more water 346 

molecules surrounding liquid-phase sulfate ions are gradually lost, the sulfate ions 347 

transition into the crystal/solid phase, accompanied by a gradual blue shift in the sulfate 348 

absorption peak. Concurrently, water molecules surrounding liquid-phase ammonium 349 

ions in the bulk phase are also progressively lost, allowing NH₄⁺ ions to migrate closer 350 

to SO₄²⁻, ultimately forming crystal/solid AS. As humidity further decreases, the 351 

remaining liquid water molecules eventually detach from the AS system, completing 352 

the liquid-to-solid phase transition. Thus, the entire transformation process from liquid 353 

AS to crystal/solid AS is driven by sequential dehydration, ion reconfiguration, and 354 

crystallization. 355 

3. Conclusions 356 

In this work, a precision determination methodology was developed to analysis the 357 

phase transition mechanism of particles by coupling a RH controlling system and 2D-358 

IR. We measure the phase transition efflorescence point at 39% ± 0.8% (RH). Which 359 

confirms that this method is accurate in determining the phase transition point. 360 

By correlating the absorption band positions of sulfate in different states with 361 

the 2D-COS-derived transition sequence, we infer that the increase in crystal/solid 362 
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sulfate and decrease in liquid sulfate do not occur simultaneously. Instead, the 363 

efflorescence mechanism divided in four steps：(1) at initial stage (RH: from 90% to 364 

80%)：when RH decreased from 90% to 80%, the intensities of these peaks decrease. 365 

It can be deduced that this tendence upon efflorescence can be explained by a gradual 366 

loss of liquid water for the solution droplets. (2) at second stage (RH: from 80% to 367 

41%)：  When RH decreased from 80% to 41%, aqueous AS droplets undergo 368 

persistent water evaporation and become AS supersaturated state. (3) at third stage (RH: 369 

from 41% to 39%). When RH decreased from 41% to 35%, as more water molecules 370 

surrounding from the supersaturated AS particles surface are gradually lost, the sulfate 371 

ions transition into the crystal/solid phase, accompanied by a gradual blue shift in the 372 

sulfate absorption peak. hydrogen bonds between liquid water and sulfate dissociate, 373 

reducing liquid sulfate concentration. Sulfate and ammonium ions in the bulk phase 374 

gradually approach each other, further expelling residual water. 375 

Eventually, efflorescence occurs completely, forming crystal/solid AS. Concurrently, 376 

water molecules surrounding liquid-phase ammonium ions in the bulk phase are also 377 

progressively lost, allowing NH₄⁺ ions to migrate closer to SO₄²⁻, ultimately forming 378 

crystal/solid AS. (4) at last stage (RH: from 39% to 36%): As humidity further 379 

decreases, the remaining liquid water molecules eventually detach from the AS system, 380 

completing the liquid-to-solid phase transition. Thus, the entire transformation process 381 

from liquid AS to crystal/solid AS is driven by sequential dehydration, ion 382 

reconfiguration, and crystallization.  383 

While the efflorescence properties in this study are consistent with earlier reports, 384 

the application of 2D-IR spectroscopy has enabled the elucidation of more 385 

sophisticated structural evolution patterns and the precise sequence of hydrogen-386 

bonding rearrangements among NH4
+, SO4

2-, and H2O. These findings deepen the 387 

mechanistic understanding of aerosol phase transitions at the molecular scale, which 388 

could advance predictive models for inhaled particle behavior. Additionally, the 389 

distinct bonding characteristics observed in AS droplets may inspire new research 390 

directions in atmospheric heterogeneous chemistry. 391 
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