
                          Zhang, Y., Cai, C., Pang, S-F., Reid, J., & Zhang, Y-H. (2017). A rapid scan
vacuum FTIR method for determining diffusion coefficients in viscous and
glassy aerosol particles. Physical Chemistry Chemical Physics, 19(43),
29177-29186. https://doi.org/10.1039/c7cp04473a

Peer reviewed version

Link to published version (if available):
10.1039/c7cp04473a

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via RSC at http://pubs.rsc.org/en/Content/ArticleLanding/2017/CP/C7CP04473A#!divAbstract  Please refer to
any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Explore Bristol Research

https://core.ac.uk/display/96782503?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1039/c7cp04473a
https://doi.org/10.1039/c7cp04473a
https://research-information.bris.ac.uk/en/publications/a-rapid-scan-vacuum-ftir-method-for-determining-diffusion-coefficients-in-viscous-and-glassy-aerosol-particles(2da0a05c-3943-40b0-b690-b34522976f24).html
https://research-information.bris.ac.uk/en/publications/a-rapid-scan-vacuum-ftir-method-for-determining-diffusion-coefficients-in-viscous-and-glassy-aerosol-particles(2da0a05c-3943-40b0-b690-b34522976f24).html


A rapid scan vacuum FTIR method for determining diffusion coefficients 

in viscous and glassy aerosol particles 

Yun Zhang1, Chen Cai1,3, Shu-Feng Pang1, Jonathan P. Reid2, Yun-Hong Zhang1* 

1Institute for Chemical Physics, Beijing Institute of Technology, Beijing 100081, 

People’s Republic of China 

2School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom 

3Department of Atmospheric and Oceanic Sciences, School of Physics, 

Peking University, Beijing 100871 

 

Graphic abstract 

 

 

Abstract 

We report a new method to investigate water transport kinetics in aerosol particles by using rapid 

scan FTIR spectroscopy combined with a custom-built pulse relative humidity (RH) control 

system. From real time in situ measurements of RH and composition using high time resolution 

infrared spectroscopy (0.12 s for one spectrum), and through achieving a high rate of RH change 

(as fast as 60% per second), we are able to investigate the competition between the gas and 

condensed phase diffusive transport limits of water for particles with mean diameter ~3 m and 

varying phase and viscosity. The characteristic time () for equilibration in particle composition 

following a step change in RH is measured to quantify dissolution timescales for crystalline 

particles and to probe the kinetics of water evaporation and condensation in amorphous particles. 

We show that dissolution kinetics are prompt for crystalline inorganic salt particles following an 

increase in RH from below to above the deliquescence RH, occurring on a timescale comparable 

to the timescale of the RH change (<1 s). For aqueous sucrose particles, we show that the 

timescales for both the drying and condensation processes can be delayed by many orders of 

magnitude, depending on the viscosity of the particles in the range 101 to 109 Pa·s considered here. 

For amorphous particles, these kinetics are shown to be consistent with previous measurements of 



mass transfer rates in larger single particles. More specifically, the consistency suggests that fully 

understanding and modelling the complex microphysical processes and heterogeneities that form 

in viscous particles may not be necessary for estimating timescales for particle equilibration. A 

comparison of the kinetics for crystalline and amorphous particles illustrates the interplay of the 

rates of gas and condensed phase diffusion in determining mass transport rates of water in aerosol.   



1. Introduction 

Atmospheric aerosols affect the earth’s climate directly by scattering and absorbing radiation, 

and indirectly by influencing cloud formation as cloud condensation nuclei.1-7 The uncertainty 

associated with the combined magnitude of radiative forcing from aerosol is recognized as large, 

at part because of a poor understanding of the physical and chemical properties of aerosols.8-10 

Hygroscopicity is an important property of aerosols, impacting on aerosol particle size and 

composition, influencing aerosol phase chemical reactions, and affecting optical properties.11,12 

Many thermodynamic models have been developed to estimate the equilibrium partitioning of 

water and semi-volatile organic components between the gas and condensed phases in atmospheric 

aerosols.13-18 However, an assumption that thermodynamic equilibrium is always achieved may 

not be correct when predicting the properties of viscous or amorphous aerosols due to slow mass 

transport rates arising from slow bulk-phase diffusion. Diffusion in the particle bulk phase could 

also influence the composition of aerosols, particularly the partitioning of semi-volatile organic 

compounds between the gas and condensed phases.19 

The proportion of organic components in atmospheric aerosol can be as high as 30% to 80% 

of total aerosol mass.20,21 The organic-rich phase of atmospheric aerosols can be classified as a 

liquid (𝜂 < 102 Pa·s; where 𝜂 is the dynamic viscosity), a semi-solid (102 Pa·s < 𝜂 <1012 Pa·s) or a 

solid (𝜂 > 1012 Pa·s), depending on ambient conditions and chemical composition.22-25 Indeed, 

Virtanen et al. showed that secondary organic aerosol (SOA) could exist in a glassy phase, while 

other studies suggest that aerosol particles could be characterised as gels or rubbers.26-29 Based on 

the relationship between viscosity and diffusion constant suggested by the Stokes-Einstein 

equation, it might be expected that diffusion constants could be characterised by a similarly wide 

range, depending on the viscosity and phase of the aerosol.24 Such variation could lead to an 

underestimate of the observed aerosol total mass and substantial uncertainties in predicted 

radiative forcing of atmospheric aerosols.21,27,30-32 Thus, obtaining accurate kinetic parameters is 

essential to estimate the time scale for aerosols to response to changes of environment conditions.  

Recently, new experimental methods have been developed to study the diffusion of small 

molecules in aerosol particles and their relationship to bulk phase viscosity.24,33-38 Shiraiwa et al.24 

used a coated wall flow tube to measure the ozone uptake by amorphous protein over wide ranges 

of ozone concentration and RH, and observed a diffusion limited ozone uptake and oxidative 



reaction in amorphous protein. With the electro-dynamic balance method, Zobrist et al.34 measured 

the water uptake and release from a single micrometre-sized aqueous sucrose droplet with change 

of ambient temperature and humidity. These kinetic measurements led to a parameterization of 

diffusion coefficient of water as a function of RH and temperature in sucrose aerosol, showing 

variation by more than 10 orders of magnitude with environmental conditions.40,41 This method 

has now been used to measure water transport kinetics in SOA samples.42  Pope et al.43-46 use 

fluorescence lifetime imaging to study the microscopic viscosity of organic aerosol undergoing 

chemical aging. In measurements on optically trapped droplets, they reported an increase in 

viscosity of squalene droplets upon ozonolysis, with the viscosity range of ~5000 mPa s - ~1014 

mPa s. Price et al.38-40 have developed a confocal Raman approach to infer diffusion constants by 

following with spatial resolution the exchange of H2O by D2O in a sample of cylindrical symmetry, 

reporting diffusion constants of water in sucrose and SOA samples.  

To approach the problem of amorphous aerosol phases from the perspective of viscosity 

rather than diffusion constant measurements, holographic optical tweezers have been used to 

measure the viscosity of micro-particles over a range of 12 orders of magnitude for 

aqueous-sucrose particles.35 Diffusion constant calculated from these viscosities using the 

Stokes-Einstein equation showed large differences to the value directly determined by Zobrist et 

al.34 for highly viscous droplets. Considering the importance of directly investigating diffusion in 

highly viscous aerosols for understanding the physical and chemical properties of atmospheric 

aerosols, there is a need for complementary techniques with high time-resolution and sensitivity. 

We report here an experimental technique combining rapid scan FTIR spectroscopy with a 

pulsed RH control system to measure the timescale for dissolution of crystalline particles and 

water diffusion constants in amorphous particles deposited on a substrate. Previously, we have 

studied mass transfer processes controlled by bulk phase and surface processes in magnesium 

sulphate and magnesium nitrate aerosols.47 In this work, time resolved FTIR spectra of inorganic 

salt particles and sucrose solution particles are reported during a rapid step change in RH (<0.1 s). 

The RH of the gas phase is inferred extremely accurately from the changing intensity of gas phase 

absorption lines. From these spectra, time-dependent mass growth factors of initially crystalline or 

amorphous particles are determined by quantitative analysis of the condensed phase water band 

area in each spectrum. From these experiments, we explore the interplay of gas and condensed 



phase diffusional transport in determining the kinetics of condensation and evaporation of water 

from crystalline and amorphous particles. 

2. Experimental Description 

2.1. Experimental apparatus 

A schematic diagram of the vacuum FTIR experimental setup is shown in Figure 1. The 

sample chamber is a 12 cm length cylinder with an inner diameter of 2.5 cm. It is located inside 

the sample compartment of FTIR spectrometer. Detachable zinc selenide (ZnSe) or calcium 

fluoride (CaF2) hermetically sealed windows are installed at the two ends of the cylinder. The 

windows seal the sample chamber as well as allowing the IR beam to pass through. The sample 

chamber is connected to a pump (2XZ-2B, Shanghai) and water reservoir. Ultrapure water (18.25 

MΩ·cm, ULUPURE, Xi’an) in the reservoir provides the source of water vapour. A thermostatic 

water bath is used to keep the temperature of water constant. The water vapour pressure in the 

sample chamber is controlled by two valves and two taps. The RH and pressure of the sample 

chamber environment are measured by a humidity sensor (Dwyer HU1142, ±2% RH) and a 

differential pressure transmitter (Rosemount 3051, accuracy>0.5%), respectively. The valves, 

humidity probe and pressure metre are controlled by a program which also collects the 

experimental data. 

During the measurement, the sample chamber was first evacuated to around 0.01 kPa to 

collect the IR background spectrum. Then, aerosol particles were nebulized from bulk solution and 

deposited on the ZnSe or CaF2 windows. The images of deposited aerosols shown in Figure 2(a) 

were observed by an optical microscope (XSP-BM, Shanghai) and recorded by a digital camera 

(Nikon-5700). Then, the windows were re-installed onto the sample chamber. The chamber was 

connected to the vacuum pump and evacuated to a pressure of 0.01kPa. By controlling taps and 

valves, the water vapour pressure in the sample chamber was varied, changing to a required value 

and at a particular rate. FTIR spectra were collected synchronously during the change in RH. From 

the vapour phase signals in the IR spectra, the RH was acquired in real-time. Further, from the 

broad underlying condensed phase signatures, the average particle composition was acquired 

synchronously. The analyses of these is described in greater detail later. 

FTIR spectra were recorded by a Vacuum FTIR spectrometer (Bruker, Vertex 80v) with a 

liquid nitrogen cooled MCT detector. During the experiment, the interferometer compartment and 



sample compartment of the spectrometer were evacuated to less than 0.21 kPa by using a pump 

(Adixen, ACP 15) to remove water vapour and CO2 in the IR beam path. The scan rate of 

interferometer can be controlled. In rapid-scan mode, the scan frequency is set as 160 kHz to 

record 9 spectra per second at spectral resolution of 4 cm-1. In low speed scan mode, the scan 

frequency is set as 20 kHz and each spectrum is the average of 16 scans to provide higher 

signal-to-noise ratio spectra. 

2.2. Sample preparation 

An aqueous sucrose solution of 0.1 mol·L-1 (Beijing Chemical Works, A.R., prepared by 

using ultrapure water, 18.25 MΩ·cm-1, from UP Water Purification System, ULUPUER, Xi’an) 

was used to produce droplets from an ultrasonic nebulizer, for deposition onto the ZnSe or CaF2 

windows. The deposited dry particles were in the size range from hundreds nanometres to several 

micrometres according to the images recorded by camera. A typical size distribution of particles 

deposited on the substrate is illustrated in Figure 2(b) along with the corresponding mass 

distribution in Figure 2(c) and contact area distribution on Figure 2(d). Around 70% of the 

particles were in the range ~1 m to ~3 m. 

2.3. Measurements of the RH in real-time from FTIR spectra 

According to Beer-Lambert’s law, 

𝐴𝜈 = 𝜀𝜈𝑏𝑐                    (1) 

where 𝐴𝜈  is the absorbance at wavenumber 𝜈 , 𝜀𝜈  is the molar absorption coefficient 

(dm3 ∙ cm−1 ∙ mol−1) , L is the optical path length (cm) and c is the concentration of sample 

(mol ∙ dm−3). 

For water vapour at room temperature (298 K), the vapour is assumed to behave as an ideal 

gas, thus, 

𝐴𝜈 = 𝜀𝜈𝐿𝑐 = 𝑝 ∙
𝜀𝜈𝐿

𝑅𝑇
                    (2) 

The RH is defined as 

𝑅𝐻 =
𝑝

𝑝0
× 100                    (3) 

Given the gas phase is composed of just water at varying pressure, these equations together 

can be written as 

𝐴𝜈 = 𝑘 ∙ 𝑅𝐻                    (4) 



where, 

𝑘 =
𝜀𝜈𝐿𝑝0

𝑅𝑇
                    (5) 

in which L is the length of sample cell and 𝜀𝜈 is the molar absorption coefficient of water 

vapour. In the present experiment, the peak area of two strong ro-vibrational transitions in a 

vibration band is used to estimate the RH based on a prior calibration. Thus, differences of 𝜀𝜈 of 

different ro-vibrational transition in the IR band are not important in the RH determination 

although different ro-vibrational transitions could be used in principle to determine both the 

temperature and RH in the cell without calibration.  

In the calibration process, the saturated pressure of water vapour p0 as a function of 

temperature, T, is known: at 299 K, the saturated vapour pressure of water p0 is 3.37 kPa. Then for 

a sequence of IR measurements with varying partial pressure of water, p, the corresponding RH 

can be determined. Thus, the absorbance 𝐴𝜈 of a band acquired from collected FTIR spectra can 

be related to the RH over a range in water partial pressure, as shown in Figure 3(a). The band at 

1844.2 cm-1 is selected to provide a measure of the RH and the linear slope k, relating Aν to RH, 

can be determined, as shown in Figure 3(b). Although this band is comprised of two strong 

ro-vibrational transitions of water, at 1844.181 cm-1 and 1844.399 cm-1, these are unresolved in 

our measurements and the combined intensity of both lines is used in the RH calibration. These 

lines fall in a spectroscopic window that does not overlap with the nearest condensed phase 

absorption band below 1700 cm-1. This value of k is then adopted to calculate the value of RH 

during any rapid process, allowing much higher time-resolution measurements of RH from the gas 

phase IR spectra than could be achieved from more conventional measurements of p or RH 

directly. 

3. Results and Discussion 

3.1 Spectral Information 

Spectra of sucrose aerosol particles deposited to ZnSe windows at various RHs are shown in 

different colours in Figure 4. The water vapour absorption bands have been removed through 

applying the subtraction of a reference background spectrum, as we must first subtract the 

presence of the gas phase lines (used to determine the RH). Inset A shows a comparison of spectra 

before and after the subtraction of the water vapour bands. Inset B shows the vapour peak used to 



calculate RH as described in section 2.3, while Inset C shows the band area used to characterize 

the water content of aerosol particles. The broad band from the O-H stretching vibration is centred 

at 3268 cm-1. The weak band around 2900 cm-1 is the stretching vibration absorption of -CH3 and 

-CH2- group in the sucrose molecule. The band around 1640 cm-1 is assigned to the bending 

vibration absorption of water molecule. The bands located between 1500 cm-1 and 800 cm-1 arise 

from lower frequency vibration modes of sucrose and the line shapes are similar to those reported 

in the literature for sucrose existing as a rubber or glassy phase.48 The non-absorbing rise in 

extinction with increase in wavenumber is a consequence of the increase in light scattering by the 

particles deposited on the substrate. As the particle size decreases with decrease in RH, this 

scattering component of extinction becomes weaker consistent with this change in size. In these 

spectra, the -OH groups in sucrose, -OH bonds in water and the interaction between water and 

sucrose molecules together determine the line shape and band area of the O-H stretching band; 

thus, this band cannot be used to determine the water content of aerosol particles quantitatively. 

However, the H-O-H bending vibration band can be attributed to water alone, and this band area is 

used to quantitatively characterize the condensed phase water content of the deposited particles, as 

seen in Inset C. The narrow gas phase lines falling within the integration window 1550 to 1700 

cm-1 can readily be subtracted from the continuous condensed phase line profile. For the 

subtraction, we first collect a single background infrared spectrum of water vapour under the 

same conditions (including temperature, spectral resolution, accumulation etc.) of 

experimental measurements. Then we use the subtraction function in Nicolet OMNIC 8.0 

software to do the subtraction between experimental spectra and single background spectrum 

and remove the water vapour signal from experimental spectra. In the subtraction the 

background spectrum is multiplied with an adjustment coefficient k, to make sure that the 

intensity of water vapour signal in experimental spectra and background spectrum match with 

each other. This leaves a signal that arises from condensed phase water alone. 

3.2 Measurements of the dissolution timescales of crystalline inorganic salt particles 

In section 2.3, we introduced the method for calculating RH by using water vapour FTIR 

spectra, and Figure 3 has shown this method is reliable when the RH is held constant. In this part, 

we will verify the accuracy of the RH measurement during a pulsed change in RH and use the 

approach to measure the dissolution timescale of crystalline particles to form solution droplets. 



During a RH pulse, the RH can change as fast as 60 % s-1 and no humidity detector can respond so 

promptly. Here we assess the accuracy of the FTIR absorption method for fast RH detection. First, 

the RH was increased slowly and the response of dry aerosol particles measured; in this limit, we 

assume that the particles maintain an equilibrium with the RH at all times and sufficient time is 

allowed for the crystalline particles to transform to a solution phase once the deliquescence RH is 

reached, i.e. the correspondence between the water content of the deposited particles and the gas 

phase RH was recorded as a reference. Then, the deposited aerosol particles were dried and an RH 

change using a more rapid pulse sequence was performed; again, the correspondence between 

water content and RH was recorded and compared to the reference measurement. Consistency 

between these two methods for measuring the hygroscopic response could then be taken as 

confirmation that the RH trends generated over very short time frames and measured by the FTIR 

were accurate and consistent with expectations from the more gradual equilibrium state 

measurements. Alternatively, any delayed response in the condensed phase composition might be 

considered indicative of dissolution kinetics that proceed slower than the timescale for the RH 

change. 

NaNO3, NH4NO3 and MgCl2 were chosen as sample crystalline aerosol because their 

deliquescence RHs vary widely with values of 75%, 63% and 32%, respectively. In Figure 5(a), 

we report the time-dependencies of the RH for the hygroscopic response measurements performed 

under both fast and slow changes in RH for the three inorganic benchmark aerosols. For example, 

for NaNO3, the RH was increased from 0 to 80% in ~1000 s during a slow RH change 

measurement; during the pulsed RH change, it only took 5 s to increase the RH from 0 to 80%, 

with most of the transition in RH occurring over a timescale < 1 s. The variations of water content 

(measured from the integrated condensed phase IR band in the spectrum) with RH (from a gas 

phase absorption line) are shown in Figure 5(b). In each measurement, the water band area at 

different RHs was divided by that at the highest RH to normalize the water content to 1. The 

correspondence between the water content/RH relationship from the slow RH change and rapid 

RH change measurements is remarkable and the deliquescence RHs are within ±1%. The results 

for crystalline particles of NH4NO3 and MgCl2 are similar. Not only do these results demonstrate 

that we can accurately measure the RH in-situ with a time resolution of 0.12 s, even when the RH 

change is as fast as 60% per second, they also confirms that the response in particle composition 



to RH change for these three inorganic systems starting as crystalline particles is extremely rapid. 

Further, we illustrate in Figure 5(c) that for NaNO3, NH4NO3 and MgCl2, the timescale for 

deliquescence during the rapid RH change is less than ~1 s. The fast dissolution process can be 

captured with high resolution and confirms that deliquescence is an extremely rapid process, 

occurring on a timescale that is at least as short as that set by our instrumental limit (~1 s). Thus, 

we conclude that dissolution of atmospheric aerosol particles can be assumed to be instantaneous 

provided the RH increases above the deliquescence RH of the aerosol and, thus, is always rapid in 

the activation of cloud condensation nuclei.49,50 

3.3 Hygroscopicity of sucrose aqueous droplets 

 In our experiment, the ambient RH was kept constant at 65% for 30 minutes after sucrose 

aqueous droplets were prepared to allow droplets to equilibrate to the gas phase. Then, the RH was 

controlled with step-wise decreases and increases, shown as dark cyan line in Figure 6(a), and 

FTIR spectra were collected synchronously. Each step in RH was followed by a constant RH for 

30-180 minutes to allow the droplets compositions to equilibrate. The real time RH was calculated 

as described in section 2.3.  

During the humidity cycles, the mass of solute (sucrose) remains constant, so the droplet 

mass change comes entirely from the absorption/desorption of water from the particle. In FTIR 

spectra, the integrated intensity of the water bending vibrational band, 𝐴̅, is proportional to the 

water content of the aerosol by mass (or number of moles) according to Beer-Lambert’s law.51 

Thus, it is not difficult to relate the change in mass growth factor (GF) of the deposited droplets to 

the change in integrated intensity, 𝐴̅, by 

𝐺𝐹𝑅𝐻𝑎−1

𝐺𝐹𝑅𝐻𝑏−1
=

𝐴̅𝑅𝐻𝑎

𝐴̅𝑅𝐻𝑏
                    (6) 

where 𝐴̅𝑅𝐻𝑎  and 𝐴̅𝑅𝐻𝑏 are 𝐴̅  at RHa and RHb, and 𝐺𝐹𝑅𝐻𝑎  and 𝐺𝐹𝑅𝐻𝑏  are equilibrated 

droplets mass growth factor at RHa and RHb. 

The mass growth factor at 65 % RH, GFRH65%, was determined from literature models as 

shown in Figure 6(b), using the models of Norrish (by transform w/w % water into GF)52 and 

Zobrist et al.34 where 

𝑎𝑤(298.15 𝐾, 𝑤) =
(1+𝑎𝑤)

(1+𝑏𝑤+𝑐𝑤2)
                    (7) 

aw is the water activity, w is mass concentration (g·L-1), 𝑎 = −1, 𝑏 = −0.99721, 𝑐 = 0.13599. 



Then, the GF at any RH was inferred from 

𝐺𝐹𝑅𝐻 = [
𝐴̅𝑅𝐻

𝐴̅𝑅𝐻65%
(𝐺𝐹𝑅𝐻65% − 1)] + 1                    (8) 

At the end of each RH step, the mass growth factors are compared with equilibrate 

predictions in Figure 6(b) estimated from the Norris and Zobrist et al.34 models. For RHs above 

the glass transition (~25% RH), our experimental data overlap with estimations from the literature. 

Below the glass transition (<RH 25%), the mass growth factors are higher than equilibrium 

predictions, indicating that the particles do not reach an equilibrated state on the timescale of the 

measurement. 

3.4 Calculating water diffusion coefficients in sucrose aqueous droplets 

The characteristic relaxation time (𝜏) for the composition or radius of a droplet following a 

step change in RH has been shown to reflect the timescale for bulk phase water diffusion in 

amorphous particles.53 In a heterogeneous system consisting of domains of widely varying 

viscosity and diffusivity, such as the ultra-viscous or glassy aerosol particles described above, the 

timescales for relaxation can vary over several orders of magnitude. Thus, although in any single 

environment the relaxation can usually be represented by single exponential behaviour, the 

relaxation can be strongly non-exponential over the full macroscopic ensemble of domains. 

Recently, Rickards et al.53 reported that   the relaxation of viscous droplets following a 

perturbation in the environmental RH can be described by the Kohlrausch–Williams–Watts 

(KWW) response function, a stretched exponential.54 The time-dependent response in size or 

composition, quantified by the function, H(t), can be expressed as:25 

𝐻(𝑡) ≈ 𝑒𝑥𝑝 [−(𝑡/𝜏)𝛽]                    (9) 

where  is a time constant and  reflects the degree of heterogeneity in the relaxation kinetics 

appearing as the degree to which the shape of the exponential relaxation is stretched at long times 

after the perturbation. In analogous manner to previous measurements of evolving size,53 here we 

fit the time dependent mass growth factor of sucrose aqueous droplets following a change in 

environmental RH to the KWW equation to estimate the characteristic time (𝜏). Specifically, the 

time-dependence is fit to the equation: 

𝐺𝐹(𝑡) ≈ 𝐺𝐹(∞) + [𝐺𝐹(0) − 𝐺𝐹(∞)]𝑒𝑥𝑝 [−(𝑡/𝜏)𝛽]                    (10) 

Here 𝐺𝐹(∞) is the equilibrated mass growth factor at the environmental RH, which can be 



calculated from the thermodynamic model of Zobrist et al.34 𝐺𝐹(0) is the growth factor at time 

zero, the time when the RH reaches the final RH during a RH step, assuming that the RH change 

is much faster that the timescale for the compositional change. Figure 7 shows an example for an 

RH step from 39% to 32%.Further, we define the deviation from the expected instantaneous GF 

dependence as 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
𝐺𝐹𝑒𝑥𝑝𝑡−𝐺𝐹𝑍𝑜𝑏𝑟𝑖𝑠𝑡

𝐺𝐹𝑍𝑜𝑏𝑟𝑖𝑠𝑡
× 100%                    (11) 

to characterize the degree of deviation from the fully equilibrated state. As we can see, in the 

first 20 seconds, as the RH decreases, the deviation increases. Growth factor during this period of 

time cannot be fitted by the KWW equation since droplets experience a continuously changing gas 

phase composition. Our experimental set up allows the RH to reach a steady RH in a short time 

scale. In Figure 7 we illustrate a RH drop from 39% to 32% in less than 20 s. This timescale is 

negligible when compared to the time scale required for such highly viscous droplets to reach 

equilibrium in composition, e.g. more than 2000 seconds after the RH jumped from 39% to 32%. 

By contrast, for dilute droplets, the time scale of RH change can be comparable with the timescale 

for a droplet to equilibrate, e.g. the first two RH steps in Figure 6(a). In this situation, time zero 

was the time when the RH started to change rapidly; the characteristic time 𝜏 obtained from the 

fitted curve is less accurate for these fast processes than for processes involving viscous droplets. 

All the fitted curves were shown in the Supplementary Information and the fitted parameters are 

reported in the Table 1. In order to evaluate the differences of fitting results from variable , we 

also illustrate the fitted parameters when  is set as 1 in Table S1 in the Supplementary 

Information to show the effect of varying  on . It is noted that the difference between  

estimated with or without a limitation of =1 (equivalent to single exponential) is less than 

10 %. 

The characteristic times recorded in this work are shown in Figure 8. The rate of RH change 

can be up to 60 % s-1, but is not always driven this fast; much more accurate smaller changes in 

RH are required rather than such high rates when measurements are performed with viscous 

particles, where the viscosity changes very steeply with RH. The trend in is qualitatively 

consistent with the significant rise in viscosity and expected equilibration times associated with 

selected RH changes. In the high RH/dilute solute limit,  approaches the value of ~1 s, indicating 



fast water transport through the droplet-gas interface and the droplet bulk.  increases significantly 

with decrease in RH as the droplet progresses to an ultra-viscous liquid and eventually to a glassy 

state, exhibiting slower response in size compared to the response of RH. A larger step in RH 

requires a longer time for the size to change. Measurements of condensation and evaporation rates 

between common RH ranges show that the  is smaller for condensation than for evaporation. A 

similar observation has been observed when comparing the evaporation and condensation kinetics 

for water in ultra-viscous and glassy aerosol: loss of water from a viscous particle is slower than 

the dissolution of a viscous core into a condensing lower viscosity shell.55 

In Figure 8(b), different colour circles represent time-constants determined from different 

step changes in RH. Our measurements are based on the relaxation time of droplets following an 

RH jump where the relaxation time constant is the  defined by the KWW equation. During 

relaxation, the concentration of sucrose or water in the condensed phase particles continuously 

changes; measured time constants can be expected to be more reliably reported at a fixed RH 

when the RH jump is only over a small range. The RH jump in experiment 1 is smaller than in 

experiment 2, as seen in Table 1, and, thus, the time constants from experiment 1 can be more 

reliably reported at a fixed RH. Compared to experiment 1 and 2, the sucrose concentration is 

lower as the RH is higher in experiment 3. Thus, the RH change induced was faster, and the time 

resolution of FTIR spectra was set as 0.12 s, higher than the 3.4 s used in experiment 1 and 2. 

Given the complexities of fully accounting for the particle size distribution and the 

non-sphericity of the deposited particles, we do not make any attempt here to provide a rigorous 

model of the water diffusion kinetics. Instead, we compare the time-constants from our 

measurements with diffusional mixing timescales derived from previous measurements of 

diffusion constants provided by Price et al.38-40 and Zobrist et al.34 In these predictions, we use the 

diffusion coefficient estimated from these previous parameterizations at the final RH of the 

measurement, the RH at which the deposited aerosols are relaxing in composition. The 

relationship between the diffusion constant and characteristic relaxation time due to diffusional 

mixing is 

𝜏 =
𝑟2

𝜋2𝐷
                    (12) 

where r is the droplet radius, D is the diffusion coefficient and  is the characteristic time.56 



The droplet radius used in this estimation is 3 m, as shown in Figure 2(a). Excellent consistency 

is observed. Predictions based on the viscosities reported by Power et al35 and the Stokes-Einstein 

equation are also shown. As the sucrose molecule is much larger than water, it is reasonable that 

the binary diffusion constant will be several orders of magnitude higher than estimated from this 

relationship when water is diffusing in a highly viscous or semi-solid organic matrix.24,57 He et al58 

derived the water self-diffusion coefficient from the free-volume model. Their results are close to 

the results of Price et al,38-40 Zobrist et al34 and this work at RH higher than 40%, but deviate from 

these results by several orders of magnitude at RH of 10% which is the RH that glassy state form. 

A possible reason is that the calculation of water self-diffusion coefficient in the free-volume 

model is based on the change of the droplet volume, which is less suitable for high viscous or 

semi-solid bulk phase, when the particle volume is not so sensitivity to water transportation in the 

bulk phase. 

The correspondence between the measurements of relaxation timescales reported here and 

estimates of diffusional mixing timescales using previously published diffusion constants the 

simple use of equation (12), is striking. The comparison suggests the validity of a rather simple 

method for estimating the binary diffusion constants using the time-constant from fitting the 

relaxation kinetics following the RH change. Although we use the KWW equation here, the 

relaxation kinetics could have been fit to a single exponential53 or just a half-time55 as used in 

previous work; these different representations change very little the reported time-constant for the 

process although they provide varying levels of accuracy in representing the time-dependence.53 

We use the KWW equation here as we consider that it provides a more accurate method for 

representing the kinetics of the mass transfer process. The consistency found empirically between 

measured time constants and estimates using the diffusion constant at the final RH of the 

perturbation suggests that the rate limiting process for the equilibration is always governed by how 

fast water exchange can occur between the near surface region of the particle and the gas phase. In 

the very high drying rates that can be achieved in these measurements, the step down in RH leads 

to a step in water activity at the droplet surface that is so fast that all subsequent mass transfer is 

governed by diffusion through this dry outer shell, very similar to typical observations of 

evaporation rates when droplet drying occurs at high Peclet numbers. Then, the subsequent slow 

relaxation in composition can be correlated with the diffusion constant of water through this outer 



viscous shell at fixed composition. When considering the complexities of modelling slow transport 

in atmospheric aerosol, this observation could provide some justification for using simple models 

of equilibration timescale using bulk diffusivities at a single water activity and equation (12) 

rather than modelling the full microphysical detail and heterogeneity at the single particle 

level.59,60 

4. Conclusion 

Highly viscous and glassy aerosol particles are considered to occur widely in the atmosphere, 

particularly for the organic aerosol fraction. Their physical and chemical properties are affected by 

the kinetics of the interaction with environmental water vapour and other chemical species. 

Studies of molecular diffusion process in highly viscous and glassy aerosol particles are important 

for better characterization of aerosol equilibration timescales in the atmosphere. Here we report a 

new method to evaluate the water transport kinetics in particles of varying phase and viscosity 

using Rapid scan FTIR spectroscopy and a home-made pulse RH controlling system. The RH was 

derived from the band intensities in the IR spectra and Rapid scan FTIR spectroscopy offered a 

time resolution as high as 0.12 s. The high RH change velocity, high time resolution of spectral 

acquisition and real time RH measurement ensure that this method is accurate over a wide solution 

concentration range. Using this method, we demonstrate the dissolution timescales of crystalline 

particles are rapid, occurring on a timescale shorter than the timescale for the RH change (<1 s). 

Further, we explore the relaxation process of sucrose aqueous droplets following a step in RH to 

characterise the timescale for mass transfer in amorphous and viscous particles. Measurements of 

water transfer characteristic timescales in sucrose aqueous droplets are reported spanning 4 orders 

of magnitude, from the liquid to the glassy state. The consistency between estimated timescales 

for relaxation in particle composition from accurate parameterisations of diffusion constants and 

the empirical time-constants reported here, suggest that the microphysical detail of mass transport 

and equilibration timescales in viscous particles can, to a first approximation, be justifiably 

neglected when estimating relaxation timescales for ambient particles and that a single gas phase 

RH can be used to estimate relaxation timescale. 
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Table 1. KWW function fitted parameters of RH steps and the diffusion coefficient of water. 

RH / % 𝝉 / s 𝜷 R2  DH2O / m2 s-1 

 Experiment 1  

61-56 12 0.97 0.987  7.6×10-14 

56-50 20 0.83 0.973  4.6×10-14 

44-38 198 0.56 0.949  4.6×10-15 

39-32 131 1 0.976  7.0×10-15 

32-26 341 0.76 0.995  2.7×10-15 

26-20 939 0.71 0.993  9.7×10-16 

20-13 2811 0.63 0.983  3.2×10-16 

13-0 4790 0.72 0.996  1.9×10-16 

0-22 743 0.65 0.999  1.2×10-15 

22-45 39 3.42 0.995  2.3×10-14 

48-0 868 0.58 0.999  1.1×10-15 

 Experiment 2  

59-52 7 1.1 0.996  1.3×10-13 

38-30 80 0.84 0.992  1.1×10-14 

30-18 472 0.51 0.993  1.9×10-15 

18-0 3448 0.79 0.997  2.6×10-16 

 Experiment 3  

58-72 0.6 0.68 0.989  1.5×10-12 

48-64 0.55 0.84 0.992  1.6×10-12 

   



Figure 1. Experimental set-up of vacuum FTIR setup. 

  



Figure 2. Illustration of (a) bright-field images, (b) number percentage, (c) mass percentage and (d) 

absorption area percentage of droplets with different sizes deposited on the substrate. 

   



Figure 3. (a) Offset water vapour spectra (1820-1880 cm-1) over a range in vapour pressure and 

RH estimated from the value of the water partial pressure. (b) Absorbance at 1844.2 cm-1 (black 

filled square) as a function of RH calculated from p (black dashed line). The slope of fitted line in 

(b) is 2.866±0.007×10-4 and R2 = 0.9995. 

   



Figure 4. FTIR spectra of sucrose aerosol particles at various RHs (black: RH=0 % for 24 h; red: 

RH = 1 % for 24 h; blue: RH = 40 %; purple: RH = 60 %; olive: RH = 77 %). (A) Comparison of 

total spectrum (both gas phase and condensed phase shown by black line) and spectrum of 

condensed phase only (once gas phase lines have been subtracted, blue line). (B) Expanded view 

of gas phase line used in the calibration and estimation of RH. (C) Expanded view of the 

condensed phase band used to determine the water content of the particles once the gas phase lines 

have been subtracted. 

   



Figure 5. (a) Time dependence in the RH retrieved from the vapor phase FTIR measurements for 

NaNO3 (square), NH4NO3 (circle) and MgCl2 (triangle) aerosol particle measurements under slow 

RH change (filled points) and pulse RH change (opened points). (b) Normalized water content 

determined for each aerosol sample for the RH trajectories shown in (a). Filled points and opened 

points represent the results of the different experiments reported in (a). (c) Correlation between 

Normalized water content determined for each aerosol sample in (b) and experimental time in (a). 

   



Figure 6. (a) Time dependence of the mass growth factor (blue line, this work; red line, calculated 

from Zobrist’s model;34 black line, calculated from Norrish’s model52) and RH (dark cyan line). (b) 

A comparison of measured mass growth factor (blue points, two sets of experiments in this work) 

versus RH with equilibrated predictions assuming the models of Norrish52 (black line) and Zobrist 

et al (red line).34 

  



Figure 7. (a) A comparison of the expected time-dependence of the mass growth factor following 

an RH step from 39% to 32% (from the model of Zorbrist et al.,34 black opened square), the 

measured mass growth factor inferred from the water band area (black filled square) and the 

deviation (red filled circle) . (b) The time-dependence in the sucrose mass growth factor curve and 

the corresponding KWW fit for the data shown in (a). 

  



Figure 8. Characteristic time for changes in size of sucrose droplet from vacuum FTIR 

measurements presented in two different ways. In (a), different colours represent the characteristic 

time, whilst in (b), different colours represent different RH steps. Characteristic time constants are 

also shown derived from diffusion coefficient of water in sucrose aqueous droplets from Price et 

al.38-40 (black opened triangles), Zobrist et al.34 (black short dotted line), He et al.58 (black solid 

line) and using the Stokes-Einstein equation and the viscosity data of Power et al.35 (black opened 

circles). 

  


