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Anonymous Referee #1

In light of evidence for particle-phase diffusion imposing a kinetic limitation on gas/particle
partitioning and other processes in the atmosphere, studies of diffusion are required to improve
estimates or diffusivity. The aim of this paper is to improve our understanding of the accuracy of
the Stokes-Einstein equation for converting measured viscosities to diffusion coefficients, and to
present new measurements of diffusion coefficients in a system of atmospheric relevance. The
method is well described and shows efforts have been made to minimise error, and references are
given to its previous application. Results are presented very well (the multiple x-axes in figs. 5-8
are very useful) and the discussion is suitably informative and concise. Results are compared to
those from previous studies in a useful and insightful discussion. Overall, the study is suitable for
the journal and is of a good quality. The following are recommended minor revisions:

[1] Clarification of what, if any, method was used to ensure that the weight fraction of sucrose in
subsaturated (with regard to sucrose) samples was maintained between gravimetric preparation
and sealing within slides. It is clear that a controlled RH environment was used to do this for
supersaturated samples, but it is not stated how it was done for subsaturated samples. If no
method was employed could it be shown, either through measurement or theory, that weight
fraction is expected to be maintained between preparation and sealing?

[A1] To address the referee’s question, we will remove from the paper all data corresponding to
subsaturated (with regard to sucrose) samples. This only removes four data points from the
paper and does not change the conclusions of the manuscript in any way.

[2] To show, either through measurement or theory, that there is negligible change to sample
temperature as a result of laser exposure (since this would affect diffusivity).

[A2] Although there could be local heating during the photobleaching step, this is not expected
to affect the measured diffusion coefficient since thermal diffusivity in the samples is orders of
magnitude faster than molecular diffusivity. For example the thermal diffusivity of water is
~1x10° cm? s at room temperature, while molecular diffusion in our experiments is < 1x10®
cm?s™. As a result any local heating during photobleaching will be dissipated to the surrounding
environment on a time scale much shorter than the measurements of molecular diffusion. The
measurements of diffusion coefficients as a function of bleach area support this conclusion. In
these experiments the energy absorbed by the bleached region was varied by three orders of
magnitude. Nevertheless the measured diffusion coefficient was found to be independent of the
amount of energy absorbed by the bleached region. To address the referee’s comments this
discussion has been added to the manuscript (Section 2.2)

[3] To make clear the source of plotted uncertainties. If these are from measurement repeats, this
should be stated.

[A3] For Fig. 5-7, the x-error bars for this work correspond to the uncertainty in the
determination of a, from the hygrometer. The y-errors for this work correspond to 95%
confidence intervals from measurement repeats. This has been made clear in the revised figure
captions.



[4] It seems that uncertainty may be introduced by relative humidity measurements and scatter in
plots used to derive the diffusion coefficient (e.g. fig. 4). If these are not factored into the plotted
error bars, what uncertainty do they introduce?

[A4] For each concentration of sucrose and for each organic dye, the diffusion coefficient was
determined at least times (3 different thin films were used and at least 3 measurements were
carried out on each thin film), and the y-errors for this work correspond to 95% confidence
intervals from these repeats. These y-error bars should include the uncertainty from deriving the
diffusion coefficients (e.g. fig. 4). The x-error bars were introduced to account for the
uncertainty of the relative humidity measurements. In the revised figure captions, we have tried
to make it more clear what the error bars represent in the figures.

[5] Would be useful for comparison (perhaps in the supplement) to have on one plot the
diffusion coefficient vs. water activity relationship for all three dyes and for water from the Price
et al. 2014 study.

[A5] The plot suggested has been added to the revised manuscript (Fig. 9).

[6] Technical point: i) Is the unit for y-axis on figure 4 right? Looks odd.

[A6] Yes, the unit is correct. w(t) = r? + 4Dt, where r is the resolution parameter of the
microscope and D is the diffusion coefficient of the dye. Hence, w has units of pm®.

Anonymous Referee #2

The manuscript describes a novel method, applied to a problem in atmospheric aerosol science
for the first time, to measure the diffusion of organic components with deposited droplets of
aqueous solutions of sucrose at varying water activity and, thus, viscosity. Not only is the
technique a significant new contribution in its own right to study aerosols, but the measurements
that result are extremely useful in contributing to the continuing debate about the diffusion
constants of organic species in viscous matrices in secondary organic aerosol. The manuscript is
well-written and should be accepted for publication once the authors have responded to the
following comments.

[7] To be consistent with all previous work and avoid confusion, |1 recommend that all units for
diffusion constants be either cm2 s-1 or m2 s-1 throughout the manuscript.

[A7] The units for diffusion constants have been changed to cm?s™ in the revised manuscript.
[8] The uncertainty in RH of +/- 2.5 % is quite large. Given the steepness in the viscosity vs

water activity dependence, significant error must be incurred from this. For conditioning as
supersaturated solutions, how long was required for conditioning?



[A8] Conditioning times are reported in the supplemental. To make this clearer in the revised
manuscript we have added the following text (Section 2.1):

“Calculations of the time required for each droplet to come to equilibrium with the surrounding
RH (i.e. conditioning time) is discussed in the Supplement, Section S1 and reported in Tables
S1-S3. Conditioning times used in this work ranged from 30 min to 93 day.”

[9] Page 7: "...independent of the z-direction (i.e. the depth in the thin film), which is a
reasonable approximation in our experiments due to the use of thin films (30-50 um) and the use
a 10x objective lens with a low numerical aperture, which gives a near cylindrical geometry over
a distance of 30-50 um in the z-direct.” It is surprising to me that a 10x objective gives such a
large Rayleigh range in the beam waist. | would have expected the beam to diverge more quickly
than this beyond the focal waist and for the shape to not be of simple cylindrical geometry. Can
the authors back up this claim with some actual calculations for their particular system?

[A9] Based on the referee’s comments it is clear that our discussion on Page 7 has led to some
confusion. The author is right that the geometry is not exactly a cylindrical geometry.
Nevertheless, based on previous work by Deschout et al. it is close enough to a cylindrical
geometry to give accurate diffusion coefficients when combined with Equation 3. To make this
clear this section has been modified to the following:

“Although Eq. 3 was derived with the assumption that the degree of photobleaching is
independent of the z-direction (i.e. the depth in the thin film), Deschout et al. have shown that
Eq. (3) can be used to extract accurate diffusion coefficients when using a 10x objective lens
with a low numerical aperture (0.45) together with thin films (120 um thick), since this
combination gives close to a cylindrical photobleached geometry. In our work we used lower
numerical apertures (0.3-0.4) and thinner films (30-50 um) than Deschout et al.”

[10] Photobleaching recovery: Following on from the last point about the geometry of the
bleached volume, it must be presumed that there is no recovery following photobleaching apart
from that due to diffusion of organic species back into the detection window of this assumed
geometry. It would be helpful to confirm this by carrying out photobleaching recovery
experiments at very low relative humidity in sucrose where the diffusion is most likely entirely
quenched. Have the authors done this?

[A10] Besides diffusion, the only other mechanism of recovery that we can think of is reversible
photobleaching (i.e. photoswitching). To address the referee’s comments, we have carried out the
following experiments: We prepared droplets with sizes between 10-50 pum in diameter
containing sucrose, water and trace amounts of dye (conditioned at 60 % RH), and we
photobleached the dye uniformly throughout the droplet. Next, we monitored the integrated
fluorescence intensity of the entire droplet as a function of time after photobleaching. Since the
photobleaching was performed uniformly on the entire droplet, the dye concentration was
uniform throughout the droplet after photobleaching, which eliminated the possibility of
diffusion due to concentration gradients. Furthermore, since we monitored the integrated
fluorescence intensity of the entire droplet diffusion due to concentration gradients would not be
detected. In these experiments we did see a small recovery (fluorescein =15-40%, Rodamine 6G



= 20% and calcein = 10-20% of the photobleached signal) on a short time scale (recovery time =
< 15 sec, < 50 sec, and < 20 sec, for fluorescein, Rodamine 6G and calcein, respectively). We
attributed this fast recovery to reversible photobleaching, which has been observed previously.
To take this reversible photobleaching into account in the revised manuscript when calculating
diffusion coefficients, we only used data recorded 15 sec, 50 sec and 20 sec after photobleaching
for fluorescein, Rodamine 6G and calcein, respectively.

The discussion above has been added to the revised manuscript (Section 2.3). Note, in the
analysis presented in the original manuscript in several cases we didn’t include data recorded
during this initial fast recover; hence, in several cases the data in the manuscript has not changed.
In cases where the data did chance due to the removal of this fast recovery, the changes were not
significant and did not change any of the conclusions in our manuscript.

[11] Hydrodynamic radius of fluorescein: How confident can the authors be that the
hydrodynamic radius is independent of water activity? This would seem to be quite crucial when
considering the plausibility of the Stokes-Einstein equation for reproducing the diffusion
constants from measured viscosities. Given that many of the estimated diffusion constants
overlap with the measured diffusion constants, it seems possible to me that Stokes-Einstein could
even be considered to be a good representation of the diffusion constants of the organic dyes,
given all of the uncertainties/errors involved (including the uncertainties in RH and the
uncertainties in the viscosity measurements of sucrose solutions).

[A11] The difference between the measured diffusion coefficient and the Stokes-Einstein
predicted diffusion coefficient at a water activity of 0.38 may be partly due to a decreasing
hydrodynamic radius of fluorescein with decreasing water activity (Champion et al., 1997).
However, the hydrodynamic radius is not expected to vary by an order of magnitude when the
water activity is varied from 0.6 to 0.38. Hence, a change in hydrodynamic radius is not
expected to explain the entire difference at a water activity of 0.38. To address the referee’s
comment this discussion has been added to the revised manuscript (Section 3.1).

[12] Given the disparity in sizes of the different fluorescent probes, would the authors expect any
of them to be better represented by Stokes-Einstein behavior, once their sizes are compared with
that of sucrose?

[A12] The hydrodynamic radius of fluorescein, Rhodamine 6G, and calcein are 5.02, 5.89, and
7.4 Angstroms, respectively. The radius of sucrose is roughly 4.5 Angstroms based on the
density of amorphous sucrose. Assuming break-down of the Stokes-Einstein equation only
depends on the ratio of the radius of the fluorescent probe to the radius of the matrix molecules,
we would expect the best agreement for calcein. Unfortunately, the uncertainties in our
experiments are too large to test this relationship. We have added this discussion to the revised
manuscript (Section 3.1).
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Abstract

Diffusion coefficients of organic species in secondary organic aerosol (SOA) particles are needed to predict the growth and
reactivity of these particles in the atmosphere. Previously, viscosity measurements along with the Stokes-Einstein relation
have been used to estimate diffusion rates of organics within SOA particles or proxies of SOA particles. To test the Stokes-
Einstein relation, we have measured the diffusion coefficients of three fluorescent organic dyes (fluorescein, rRhodamine 6G
and calcein) within sucrose-water solutions with varying water activity. Sucrose-water solutions are-were used as a proxy
for SOA material found in the atmosphere. Diffusion coefficients were measured using fluorescence recovery after
photobleaching. For the three dyes studied the diffusion coefficients varyies by 34-5 orders of magnitude as the water
activity varied from 0.38 to 0.808, illustrating the sensitivity of the diffusion coefficients to the water content in the matrix.
At the lowest water activity studied (0.38) the average diffusion coefficients were 4.81.9 x 102 1.56 x 10°-'* and 7.76 x
10" pm®-cm? s for fluorescein, rRhodamine 6G and calcein, respectively. The measured diffusion coefficients were
compared with predictions made using literature viscosities and the Stokes-Einstein relation. We found that at a water
activity > 0.6 (which corresponds to a viscosity < 360 Pa s and Ty/T < 0.81) predicted diffusion rates agreed with measured
diffusion rates within the experimental uncertainty- (T, represents the glass transition temperature and T is the temperature of
the measurements). When the water activity was 0.38 (which corresponds to a viscosity of 3.3 x 10° Pasand a T4/ T of 0.94)
the Stokes-Einstein relation under -predicted the diffusion coefficients of fluorescein, rRhodamine 6G and calcein by a factor
of 95 (minimum 7 and maximum of 980), a factor of 17 (minimum 1 and maximum 165) and a factor of 56 (minimum 7 and
maximum 465), respectively. Thise-observed disagreement is significantly smaller than the disagreement observed when

comparing measured and predicted diffusion coefficients of water in sucrose-water mixtures.
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1 Introduction

Large quantities of volatile organic compounds such as isoprene, a-pinene, and toluene are emitted into the atmosphere
annually. Subsequently, these molecules are oxidized in the atmosphere to form semivolatile organic compounds, which can
condense to the particle phase and form secondary organic aerosol (SOA). Although the exact chemical composition of SOA
is not known, the average oxygen-to-carbon elemental ratio of SOA ranges from approximately 0.2 to 1.0 (Aiken et al.,
2008; Chen et al., 2009; DeCarlo et al., 2008; Hawkins et al., 2010; Heald et al., 2010; Jimenez et al., 2009; Ng et al., 2010;
Takahama et al., 2011). Due to the hygroscopic nature of SOA (Hildebrandt Ruiz et al., 2015; Massoli et al., 2010), an
important component of SOA particles is water. To emphasize this point, in the following we will refer to these particles as
SOA-water particles. —As the relative humidity (RH) varies in the atmosphere from low values to 100%, the water content
(or water activity, a,;) of the SOA-water particles will also vary, from low values to high values to maintain equilibrium with

the gas-phase.

In order to predict properties of SOA-water particles information on the diffusion rates of water, oxidants, and organic
molecules within these particles is needed. For example, information on the diffusion of water within SOA-water particles is
needed for predicting their cloud condensation abilities and ice nucleating abilities (Adler et al., 2013; Berkemeier et al.,
2014; Bones et al., 2012; Lienhard et al., 2015; Price et al., 2015; Schill et al., 2014; Wang et al., 2012; Wilson et al., 2012).
Information on the diffusion rates of oxidants and organic molecules are needed for predicting the heterogeneous chemistry
and photochemistry of these particles (Davies and Wilson, 2015; Grzini¢ et al., 2015; Hinks et al., 2016; Houle et al., 2015;
Kuwata and Martin, 2012; Li et al., 2015; Lignell et al., 2014; Shiraiwa et al., 2011; Wang et al., 2015; Wong et al., 2015;
Zhou et al., 2012). Diffusion rates of organic molecules within SOA-water particles is also needed for predicting growth
rates and size distributions of these particles, as well as the long range transport of polycyclic aromatic hydrocarbons in the
atmosphere (Virtanen et al., 2010; Shiraiwa and Seinfeld, 2012; Shiraiwa et al. 2013, Zaveri et al., 2014; Zelenyuk et al.,
2012). Due to the importance of diffusion within SOA-water particles, many studies have recently focused on this topic
(e.g. (Abramson et al., 2013; Bateman et al., 2016; Kidd et al., 2014; Lu et al., 2014; Marshall et al., 2016; Pajunoja et al.,
2014, 2015; Perraud et al., 2012; Robinson et al., 2013; Saleh et al., 2013; Yatavelli et al., 2014; Zhang et al., 2015)).

In the following we focus on the diffusion of organics within SOA-water particles. To predict diffusion rates of organics
within SOA-water particles, some researchers, including ourselves, have used viscosities of SOA-water particles or proxies
of SOA-water particles together with the Stokes-Einstein relation (Booth et al., 2014; Hosny et al., 2013; Koop et al., 2011;
Powver et al., 2013; Renbaum-Wolff et al., 2013a, 2013b; Shiraiwa et al., 2011; Song et al., 2015, 2016). Given below (Eq. 1)
is the Stokes-Einstein relation for the case of no slip at the surface of the diffusing species within a fluid:

kT
6mRy’

)
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where D is the diffusion coefficient, k is the Boltzmann constant, T is temperature in Kelvin, n is the dynamic viscosity and
Ry is the hydrodynamic radius of the diffusing species. -Studies are needed to quantify when the Stokes-Einstein relation
does and does not provide accurate estimates of the diffusion within SOA-water particles and proxies of SOA-water particles

under atmospherically relevant conditions.

Most previous studies that have tested the validity of the Stokes-Einstein equation have used single-component (and often
nonpolar) matrices (Blackburn et al., 1994, 1996; Chang et al., 1994; Cicerone et al., 1995; Ehlich and Sillescu, 1990; Fujara
et al., 1992; Heuberger and Sillescu, 1996; Rossler and Sokolov, 1996; Rossler, 1990). There have also been a few studies
(partially motivated by applications in food science) that have tested the validity of the Stokes-Einstein equation for
predicting diffusion of organics in organic-water matrices (Champion et al., 1997; Corti et al., 2008a, 2008b; Rampp et al.,

2000; Price et al. 2016). This work has shown that the Stokes-Einstein relation under -predicts the diffusion coefficient of

organics in organic-water matrices close to the glass transition temperature, although the temperature range over which break

down occurs is not completely resolved.

Herein, we expand on the previous measurements of diffusion of organics in organic-water matrices. -Specifically, we
measured the diffusion coefficients of three fluorescent organic dyes within sucrose-water mixtures as a function of a,, and
we have compared the measurements with predictions using the Stokes-Einstein relation. Sucrose-water mixtures were used
as the matrix in these studies for several reasons: 1) the viscosities of sucrose-water mixtures haves been reported for a wide
range of atmospherically relevant a,-values, 2) the oxygen-to-carbon ratio of sucrose (0.92) is in the range of O:C values
observed in oxidized atmospheric particles and 3) the room temperature viscosities of sucrose-water solutions are similar to
the room temperature viscosities of some types of SOA-water particles (e.g. compare viscosities of sucrose-water solutions
from Power et al. (2013) with viscosities of SOA-water particles generated from toluene photooxidation (Song et al., 2016),
isoprene photooxiation (Song et al., 2015) and a-pinene ozonolysis (Grayson et al., 2016)). The organic dyes chosen for
these experiments were fluorescein, rRhodamine 6G and calcein. Shown in Fig. 1 are the structures of these dyes and listed

in Table 1 are their molecular weights (MW) and hydrodynamic radii (Ry).

2 Experimental

Rectangular area fluorescence recovery after photobleaching (rFRAP) (Deschout et al., 2010) was used to measure diffusion
coefficients of the fluorescent organic dyes in sucrose-water mixtures. For these experiments, thin films (3050 pm thick) of
sucrose, water, and trace amounts of fluorescent dye (< 0.5 wt. %) were required. In Section 2.1, the methods used to

generate the thin films are discussed and in Section 2.2, the rFRAP technique is described.



10

15

20

25

30

2.1 Preparation of thin films containing sucrose, water and trace amounts of fluorescent dye

The concentrations of sucrose in the thin films studied ranged from 56-71 to 7192.593 wt. % sucrose, which corresponds to
a,_-values ranging from 0.8093 and-to 0.38. These films were all supersaturated with respect to crystalline sucrose (i.e.
concentrations > 67 wt. % sucrose and a,, < 0.84). Fo-prepare-thin-films-that-were-subsaturated-with-respect-to-crystatine

To prepare thin-these supersaturated films-th

, the following method was used: first, a solution containing 60 wt. % sucrose in water and
trace amounts of dye were prepared gravimetrically; then, the solution was passed through a 0.02 pm filter (Whatman™) to
eliminate impurities (e.g. dust), and a droplet of the prepared solution was placed on a siliconized hydrophobic slide
(Hampton Research); next, the hydrophobic slide containing the droplet was placed inside a flow cell or sealed glass
container with a controlled relative humidity (RH). In cases where a flow cell was used, the RH was controlled using a
humidified flow of N, gas (Bodsworth et al., 2010; Koop et al., 2000; Pant et al., 2004). In cases where a sealed glass
container was used, the RH was set by placing supersaturated inorganic salt solutions with known water vapour partial
pressures (Greenspan, 1977) within the sealed glass containers. The relative humidity was measured with a hygrometer with
an uncertainty of + 2.5 %. The slide holding the droplet was left inside the flow cell or sealed glass containers for an

extended period of time {see-Supplement—section-St-andTFable-Si-t6-S3)-to allow the droplet enough time to come to

equilibrium with the surrounding RH. Calculations of the time required for each droplet to come to equilibrium with the

surrounding RH (i.e. conditioning time) is discussed in the Supplement, Section S1 and reported in Table S1-S3.

Conditioning times used in this work ranged from 30 min to 93 days. Once equilibrium is reached, the activity of water in

the droplet and the gas-phase are equal and a, can be calculated from RH. The wt. % of sucrose in the droplet was then

calculated using the relationship between a,, and wt % sucrose given by Eq. 2 (Zobrist et al., 2011):

1+aw

a,, (T,w) = + (T =T (dw + ew? + fw? + gw?), )

1+bw+cw?2
where T is the temperature of the experiments (294.5 +/- 1.0 K), T® is a reference temperature of 298.15 K, w is the sucrose
weight fraction, a=-1, b=-0.99721, ¢=0.13599, d=0.001688, e=-0.005151, f=0.009607 and g=-0.006142. After the droplet
on the slide was conditioned to a known RH, the droplet was sandwiched between another siliconized hydrophobic slide
producing a film of approximately 30-50 um in thickness, determined by an aluminum spacer (Fig. 2). As-mentioned-abeve;

4
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‘ Hhigh-vacuum grease around the perimeter of the slides provided a seal. The process of sandwiching the droplet was carried

out within a Glove Bag™ (Glas-Col), which was inflated with humidified N, gas. The humidity within the Glove Bag™ was
set to the same RH as used to condition the droplet, to prevent the droplet from being exposed to an unknown—and
uncontrolled RH. Once the thin films were generated and sealed with high-vacuum grease, they were also kept over saturated

inorganic salt solutions (in a sealed container) with RH values equal to the RH used to condition the droplets.

For—the—experimentsEven though the thin—where—thin films were supersaturated with respect to crystalline sucrose,
crystallization was not observed in most cases. This was likely, because the solutions were first passed through a 0.02 um

filter to remove any heterogeneous nuclei that could initiate crystallization and the glass slides used to make the thin films
were coated with a hydrophobic material, which reduces significantly the ability of these surfaces to promote heterogeneous
nucleation (Bodsworth et al., 2010; Pant et al., 2004, 2006; Price et al., 2014; Wheeler and Bertram, 2012). In the few cases

where crystallization was observed, the films were not used in the rFRAP experiments.

The concentrations of the dyes in the thin films were approximately 0.8 mM, 0.4 mM, and 0.3 mM for fluorescein,
rRhodamine 6G, and calcein, respectively. To prepare thin films containing these dyes, fluorescein disodium salt (Sigma-
Aldrich), rhodamine 6G chloride (Acros Organics) and calcein (Sigma-Aldrich) were used. To dissolve calcein in sucrose-
water solutions, small amounts (< 0.5 wt. %) of NaOH were required. Concentrations of the dyes were chosen so that 1) the
concentrations were small enough to not significantly influence the viscosity of the sucrose-water solutions, 2) the
fluorescence signal was large enough to detect in the rFRAP experiments, and 3) the intensity of the fluorescence signal was
linear with concentration of the fluorescent dyes for the range used in the rFRAP experiments. In a separate set of
experiments, the intensity of the fluorescence signal as a function of the dye concentration in sucrose-water films was
measured (see Supplement, Section S2 and Fig. S1-S3). The intensity of the fluorescence signal was found to be linear for
the concentrations of dyes used in our experiments.

2.2 rFRAP technique

The technique of fluorescence recovery after photobleaching (FRAP) is often utilized in the biological and materials science
communities to measure diffusion coefficients in biological materials, single cells, and organic polymers (see refs.
Braeckmans et al., 2003, 2007; Hatzigrigoriou et al., 2011; Seksek et al., 1997; Smith et al., 1981and references therein).
The rFRAP technique is a recently developed version of FRAP (Deschout et al., 2010). In the rFRAP experiments, a small
volume of the thin film was photobleached with a confocal laser scanning microscope, decreasing the fluorescence signal in
the photobleached volume. After photobleaching, the fluorescence in this volume was monitored with the same confocal
microscope for an extended period of time. Due to molecular diffusion of organic fluorescent probe molecules, the
fluorescence in the photobleached volume recovered, and from the time-dependent recovery of the fluorescence signal, the

diffusion coefficient was determined. Additional details are given below.

5
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For the experiments performed using fluorescein and calcein dyes, the rFRAP experiments were performed on a Leica TCS
SP5 11 confocal laser scanning microscope with a 10x, 0.4 numerical aperture (NA) objective and a pinhole setting of 53um.
Photobleaching was performed using a 488 nm Ar laser set at 1.18 mW, and after photobleaching images were acquired with
the same laser line at 2.2 uW. Experiments were performed using Leica FRAP Wizard software, using the “Zoom-In" bleach

mode.

For the experiments performed using rRhodamine 6G, the rFRAP experiments were performed on a Zeiss Axio Observer
LSM 510 MP laser scanning microscope with a 10x, 0.3 NA objective and a pinhole setting of 80 um. Photobleaching was
performed using a 543 nm HeNe laser set at 330 uW. After photobleaching, images were acquired with the same laser line at

4.08 pW laser intensity. Experiments were performed using the Zen 2008 software, using the “Zoom-In" bleach mode.

In all experiments, the exposure time used for photobleaching was chosen such that it resulted in approximately 30 % of the
fluorescent molecules being photobleached in the region of interest (ROI) as suggested by Deschout et al. (2010). Deschout
et al. (2010) previously showed that diffusion coefficients measured with rFRAP were independent of the extent of
photobleaching up to a depletion of 50 % of the fluorescent signal in the ROI.

The geometry of the photobleached region was rectangular, with a length I, and a width |, . Bleached areas ranged from 5 X

y
5 um?®to 36 x 36 um?, depending on the diffusion rates. Smaller photobleached regions were used in cases with slow
diffusion rates to shorten the fluorescence recovery time. The specific bleach sizes used in the experiments are indicated in
Tables S1-S3. In a separate set of experiments, we measured the diffusion coefficient of calcein in a 72 wt. % sucrose thin
film as a function of bleach area. The results show that the diffusion coefficients varied by less than the uncertainty in the
measurements when the bleach size was varied from 1 x 1 to 50 x 50 pm? (Fig. S4), consistent with previous rFRAP studies
(Deschout et al., 2010).

Although there could be local heating during the photobleaching step, this is not expected to affect the measured diffusion

coefficient since thermal diffusivity in the samples is orders of magnitude faster than molecular diffusivity. For example the

thermal diffusivity of water is ~1x10"° cm? s™ at room temperature, while molecular diffusion in our experiments is < 1x10®

cm?® s, As a result any local heating during photobleaching will be dissipated to the surrounding environment on a time

scale much shorter than the measurements of molecular diffusion. The-Mmeasurements of diffusion coefficients as a

function of bleach area (Fig. S4) support this conclusion. In these experiments the energy absorbed by the bleached region
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was varied by three orders of magnitude. Nevertheless the measured diffusion coefficient was found to be independent of the

amount of energy absorbed by the bleached region.
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2.3 Extraction of diffusion coefficients from rFRAP data

Shown in Fig. 3 are examples of images recorded during an rFRAP experiment. Panel A shows an image of the film prior to
photobleaching, and panels B-F show images after photobleaching. All the images after photobleaching are normalized using
an image recorded prior to photobleaching or using an area in each image not influenced by photobleaching. To reduce

5 noise, all images were converted from a resolution of 512 x 512 pixels to 128 x 128 pixels by averaging.

The images recorded during the rFRAP experiments (e.g. Fig. 3) represent fluorescence intensities as a function of position x
and y for different times t after photobleaching. The mathematical description for fluorescence intensity as a function of x, y

and t after photobleaching a rectangular profile with a laser scanning confocal microscope was given by Deschout et al.

10 (2010):
Lx Ly ly ly
Py Ko Ty x5 rty -3
o 5{o (58) - ()5} (59)

where F(x,y,t) represents the fluorescence intensity at positions x and y and at a time t after photobleaching, Fo(x,y) is the
fluorescence intensity at positions x and y prior to photobleaching, Ky is related to the fraction of molecules photobleached in

the rectangle and I, and I, are the lengths of the photobleached rectangle in the x and y directions, respectively. The

y
parameter w is described by the following equation:
15 w(t) =r?+4Dt, @)
where r is the resolution parameter of the microscope and D is the diffusion coefficient of the dye. Although Eq. (3){3) was ///{ Formatted: Font: Not Bold ]

derived with the assumption that the degree of photobleaching is independent of the z-direction (i.e. the depth in the thin

film), {Deschout et al.; (2010)which-is-a—reasonable-approximation-in-our-experiments-due-to-the-use-of thin-films(30

20| of-30-50-pm-in-the-z-direction{(Deschout-etal—2010). Deschout-et-al—have shown that Eq. (3) can be used to extract

accurate diffusion coefficients when using a 10x objective lens with a low numerical aperture (0.45) together with thin films

(120 pm thick), since this combination gives close to a cylindrical photobleached geometry. In our work we used lower

numerical apertures (0.3-0.4) and thinner films (30-50 um) than Deschout et al.

25
Through a fitting procedure, Eq. (3) was used to extract values of w(t) from the fluorescence images recorded after
photobleaching. In the fitting procedure, Ko, w(t) and the location of the center of the photobleached region were left as free

parameters, as well as an additional normalization factor, which usually returned a value close to 1 since the images were

normalized prior to fitting. After values of w(t) were determined from each of the fluorescence images, w(t) was plotted

Formatted: Font: (Default) +Body
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30 versus tsuch as in Fig. 4. A straight line was then fit to this data, and the diffusion coefficient was determined from slope of Formatted: Font: (Default) +Body

the line and Eq. (4). 7486, (Times New Roman), Italic, Font color:
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For each concentration of sucrose and for each organic dye, the diffusion coefficient was determined at least 99 times (3

different thin films were used and at least 33 measurements were carried out on each thin film).

In addition to molecular diffusion, recovery of the signal in the photobleached region can potentially occur by reversible /{Formaned

: Font color:

Auto

photobleaching (i.e. photoswitching), To determine if this mechanism is important, we have carried out the following /{Formaued;

Font color:

Auto

additional experiments; We prepared droplets with sizes between 10-50 um in diameter containing sucrose, water and trace /[ Formatted

: Font color:

Auto

amounts of dye (conditioned at 60 % RH), and we photobleached the dye uniformly throughout the droplet until the

fluorescence intensity was decreased by 30%, Next, we monitored the integrated fluorescence intensity of the entire droplet /[ Formatted:

Font color:

Auto

as a function of time after photobleaching. Since the photobleaching was performed uniformly on the entire droplet the dye

concentration was uniform throughout the droplet after photobleaching, which eliminated the possibility of diffusion due to

concentration gradients. Furthermore, since we monitored the integrated fluorescence intensity of the entire droplet,

diffusion due to concentration gradients would not be detected. In these experiments we did see a small recovery

(fluorescein =15-40%, rodamine 6G = 1615-3940%20% and calcein = 10-20% of the photobleached signal) on a short time /[ Formatted: Font color:

Auto

scale (recovery time = < 15 sec, < 50 sec, and < 20 sec, for fluorescein, rodamine 6G and calcein, respectively). We Formatted:

Font color:

Auto

attributed this fast recovery to reversible photobleaching, which has been observed previously (Mueller et al., 2012; \[Ff’rmaﬁed: Font color:

Auto

Sinnecker et al., 2005), To take this reversible photobleaching into account when calculating diffusion coefficients, we only /[ Formatted:

Font color:

Auto

used data recorded 15 sec, 50 sec and 20 sec after photobleaching for fluorescein, rodamine 6G and calcein, respectively. /[ Formatted

: Font color:

Auto
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3 Results and Discussion
3.1 Diffusion coefficients of the three fluorescent organic dyes in sucrose-water solutions

Shown in Fig. 5 are diffusion coefficients for fluorescein in sucrose-water solutions. Several different x-axes (wt.% sucrose,

a,, Ty/T, and viscosity) are included to put the results in context. Fhe-water-activitiesfor-samples-subsaturated-with-respect
to-sucrose—were—calewlated—usingEq—2)—T, and T are the glass transition temperature and temperature of the matrix,
respectively. Ty was calculated from wt. % sucrose using the relationship between Ty and wt. % sucrose given in Champion
et al. (1997). Viscosity was calculated from a,, using viscosity data (Migliori et al., 2007; Power et al., 2013; Quintas et al.,

2006; Telis et al., 2007) parameterized as a function a,,

Fig. 5 illustrates that the diffusion coefficient of fluorescein in sucrose-water solutions is strongly dependent on a,, with the
diffusion coefficient varying by almest-approximately 56 orders of magnitude as a,, varied from 0.38 to 6:880.80. This
strong dependence of the diffusion coefficient on a, is, because water acts as a plastizer in sucrose-water mixtures — as the
water content in the matrix increases the viscosity of the matrix decreases (Power et al., 2013). At the lowest a,, studied, the

average diffusion coefficient of fluorescein was 4-81.9 x 105 pm®cm?s™,
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To test the Stokes-Einstein relation, in Fig. 5 the measured diffusion coefficients for fluorescein are compared with diffusion+— Formatted: Don't adjust space

coefficients calculated with the Stokes-Einstein relation and previous viscosity measurements of sucrose-water solutions
(Migliori et al., 2007; Power et al., 2013; Quintas et al., 2006; Telis et al., 2007). To calculate the diffusion coefficients, a
hydrodynamic radius of 5.02 A was used for fluorescein based on measurements of fluorescein diffusion coefficients in
water (Mustafa et al., 1993). At a, > 0.6 (which corresponds to a T¢/T < 0.81 and a viscosity < 360 Pa s) the measured
diffusion coefficients are consistent with the predicted diffusion coefficients. At a water activity of 0.38 (which corresponds
to a T,/T value of 0.94 and a viscosity of approximately 3.3 x 10° Pa s) the Stokes-Einstein equation under_-predicts the
diffusion coefficient by a factor of approximately 95 (minimum factor of 7 and maximum factor of 980 if the uncertainties in

the measured diffusion coefficients and the predicted diffusion coefficients are considered),

The difference between the measured diffusion coefficient and the Stokes-Einstein predicted diffusion coefficient at a water

between Latin and Asian text, Don't
adjust space between Asian text and
numbers

///{ Formatted: Font: 10 pt, Not Highlight ]

activity of 0.38 may be partly due to a decreasing hydrodynamic radius of fluorescein with decreasing water activitvk,,,/[ Formatted: Font color: Auto ]

(Champion et al., 1997). However, the hydrodynamic radius is not expected to vary by an order of magnitude when the

water activity is varied from 0.6 to 0.38. Hence, a change in hydrodynamic radius is not expected to explain the entire

difference at a water activity of 0.38.,

Shown in Figs. 6 and 7 are diffusion coefficients of rRhodamine 6G and calcein in sucrose-water solutions. Diffusion
coefficients of these two dyes also depended strongly on a,,. For rRhodamine 6G, the diffusion coefficient appears to vary by
rmore-than—7-5more than 4 orders of magnitude as a,, varies from 0.38 to 6-880.80. - For calcein, the diffusion coefficient
varied approximately 35 5-orders of magnitude as a,, was varied from 0.38 to 0.8880. - At the lowest a,, studied (0.38) the
average diffusion coefficient for rRhodamine 6G and calcein were 1.61.5 x 10°-* and 7.67.7 x 10°-* pm*-cm?® s7,

respectively.

Also included in Figs. 6 and 7 are diffusion coefficients calculated using the Stokes-Einstein relation and viscosities of
sucrose-water solutions reported in the literature (Migliori et al., 2007; Power et al., 2013; Quintas et al., 2006; Telis et al.,
2007). When calculating diffusion coefficients using the Stokes-Einstein equation, hydrodynamic radii of 5.89 A and 7.4 A
were used for rRhodamine 6G and calcein, respectively, based on measured diffusion coefficients of these dyes in water
(Miller and Loman, 2008; Tamba et al., 2010). Figs. 6 and 7 show that, similar to fluorescein, the measured diffusion
coefficients are consistent with the predicted diffusion coefficients at a, > 0.6 (which corresponds to T,/T < 0.81 and a
viscosity < 360 Pa s). On the other hand, at a water activity of 0.38 (which corresponds to a Ty/T value of 0.94 and a
viscosity of approximately 3.3 x 10° Pa s), the Stokes-Einstein equation appears to under_-predicted the diffusion
coefficients: For rRhodamine 6G, the measured diffusion coefficient is greater than the predicted diffusion coefficient by a

factor of approximately 17 (minimum factor of 1 and maximum factor of 165 if the uncertainties in the measured diffusion

9
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coefficients and the predicted diffusion coefficients are considered). For calcein, the measured diffusion coefficient is greater
than the predicted diffusion coefficient by approximately 56 (minimum factor of 7 and maximum factor of 465 if the

uncertainties in the measured diffusion coefficients and the predicted diffusion coefficients are considered).

The hydrodynamic radius of fluorescein, fRhodamine 6G, and calcein are 5.02, 5.89, and 7.4 Angstroms, respectively (Table

1). The radius of sucrose is roughly 4.5 Angstroms based on the density of amorphous sucrose. Assuming break-down of the

Stokes-Einstein equation only depends on the ratio of the radius of the fluorescent probe to the radius of the matrix

molecules, we would expect the best agreement for calcein. Unfortunately, the uncertainties in our experiments are too large

to test this relationship.,

3.2 Comparison with previous measurements of organics or organometallics in sucrose-water matrices.

In Table 2, we summarize previous studies that tested the Stokes-Einstein relation using organics or organometallics in
sucrose-water mixtures. Champion et al. (1997) measured diffusion coefficients of fluorescein in sucrose-water solutions at
temperatures ranging from 20 °C to -15 °C, and Corti et al. (2008) measured diffusion coefficients of fluorescein in sucrose-
water solutions at approximately 20 °C. The results from Champion et al. (1997) indicate that the Stokes-Einstein relation
under -predicted diffusion coefficients for T/T = 0.9, while good agreement is observed at smaller T¢/T values. The results
from Corti et al. (2008) show disagreement between measured and predicted diffusion coefficients for T¢/T = 0.7 and good
agreement at smaller Ty/T values. Longinotti and Corti (2007) measured the diffusion of ferrocene methanol in sucrose-water
solutions. Their results indicate that the Stokes-Einstein relation under -predicts diffusion coefficients for T,/T = 0.8, while

good agreement is observed at smaller Ty/T values. -More recently, Price et al. measured diffusion coefficients of sucrose in

sucrose-water solutions at 296 K (Price et al., 2016). Theirre results suggest disagreement for T,/T = .88, based on an

__—| Formatted: Font: 10 pt, Font color:
Text 1

Formatted: Font color: Text 1

Formatted: Font: 10 pt, Font color:
Text 1

///{ Formatted: Font color: Text 1

|
|
|
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analysis similar to the one discussed in Section 3.1 {Priceet-al-2016),

///{ Formatted: Subscript

\\{ Formatted: Font: Times New Roman

In our studies with fluorescein, rRhodamine 6G and calcein, breakdown of the Stokes-Einstein relation is observed at a To/T
value of approximately 0.93 and no indication of breakdown is apparent at a Ty/T value of approximately 0.81. Ata Ty/T
value of 0.87 there is some indication of breakdown in our studies since the measured average diffusion coefficient for
fluorescein and rRhodamine 6G is outside the 95% prediction intervals. These observations are consistent with the results
from Champion et al._and Price et al., -and the Ty/T values where we observed breakdown is only slightly higher than the
values based on Corti et al. (2008) and Longinotti and Corti (2007).

3.3 Comparison with the diffusion of water in sucrose-water solutions

Compared to the fluorescent organic dyes studied here, larger disagreement has been observed between measured and

predicted diffusion coefficients for water in sucrose-water mixtures (Power et al., 2013; Price et al., 2014). To illustrate this
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point, in Fig. 8 the diffusion coefficients of water in sucrose-water solutions measured by Price et al. (2014) are shown and
compared with predicted diffusion coefficients for water in sucrose-water solutions based on the Stokes-Einstein relation and
viscosity measurements. The measurements by Price et al. are in good agreement with other measurements at a,, > 0.3
(Davies and Wilson, 2016; Price et al., 2014; Rampp et al., 2000; Zobrist et al., 2011). To predict the diffusion coefficients
of water in Fig. 8, a hydrodynamic radius of 1.41 A was used (Pang, 2014). Fig. 8 shows that even at a water activity of 0.6,
the Stokes-Einstein relation under -predicts the diffusion coefficient by a factor between approximately 10 and 1000. At a
water activity of 0.38, the Stokes-Einstein under -predicts the diffusion coefficient of water by a factor of approximately 10°
to 10°. For the case of small molecules like water, other relations besides the Stokes-Einstein relation may be needed (Essam,
1980; Marshall et al., 2016; Molinero et al., 2003; Murata et al., 1999). —In Fig. 9, the measured diffusion coefficients of

fluorescein, rRhodamine 6G and calcein are compared with the diffusion coefficients of water measured by Price et al.

(2014). In all cases the diffusion coefficients are a strong function of water activity, and the diffusion coefficients of water

are much larger than the diffusion coefficients of the organic fluorescent dyes.

4 Summary and Conclusions

Using rFRAP, we measured diffusion coefficients of three fluorescent organic dyes (fluorescein, rRhodamine 6G and
calcein) in sucrose-water solutions for water activities > 0.38 (which correspond to viscosities < 3.3 x 10°Pa's and T,/T <
0.94). The diffusion coefficients of the organic dyes depended strongly on the water activity, with the diffusion coefficients

varying by approximately 435-57 orders of magnitude as a,, varied from 0.38 to 0.808.

The measured diffusion coefficients were compared to diffusion coefficients calculated using the Stokes-Einstein relation
and viscosities from the literature. For all three dyes studied, the Stokes-Einstein relation predicts diffusion coefficients in
agreement with the measured diffusion coefficients when a,, > 0.6 or when the solution viscosity is < 360 Pa s and Ty/T <
0.81._—In contrast, at a,, = 0.38 or when the solution viscosity equals 3.3 x 10° Pa s and T T = 0.94, the Stokes-Einstein
relation under -predicted the diffusion coefficients of fluorescein, rRhodamine 6G and calcein by a factor of 95 (minimum 7
and maximum of 980), a factor of 17 (minimum 1 and maximum 165) and a factor of 56 (minimum 7 and maximum 465),

respectively.

The range of Ty/T values over which we observed break-down of the Stokes-Einstein relation is broadly consistent with
previous measurements that tested the break-down of the Stokes-Einstein relation using organics or organometallics in

sucrose-water mixtures. Compared to the fluorescent organic dyes studied here, larger disagreement has been observed

11
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between measured and predicted diffusion coefficients of water in sucrose-water mixtures (Power et al., 2013; Price et al.,
2014). At a water activity of 0.38, the Stokes-Einstein under_-predicts the diffusion coefficient of water by a factor of
approximately 10° to 10°. The results presented here should be useful for developing corrections for the Stokes-Einstein
equation and making estimations of diffusion rates of organic molecules in secondary organic aerosol particles found in the

atmosphere.
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Table 1. The molecular weights (MW) and hydrodynamic radii (Ry) of the fluorescent organic dyes used in this work.

Organic dye MW (g/mol) | Ry (A)

Fluorescein 332 5.02 (Mustafa et al., 1993)
Rhodamine 6G 443 5.89 (Miller and Loman, 2008)
Calcein 622 7.4 (Tamba et al., 2010)

Table 2. Summary of results from previous studies that tested the break-down of the Stokes-Einstein relation using organics

or organometallics in sucrose-water mixtures.

Matrix Diffusing molecule T4/T where break-down | Reference
is clearly discernable
Sucrose-water fluorescein = 0.9 (Champion et
al., 1997)
Sucrose-water fluorescein = 0.68-0.78 (Corti et al,
2008a)
Sucrose-water ferrocene methanol =038 (Longinotti
and Corti,
2007)
Sucrose-water sucrose = 0.88 (Price et al.
2016)
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5 Figure 1. Molecular structures (neutral forms) of the three fluorescent organic dyes used in this work: fluorescein (A),
rRhodamine 6G (B) and calcein (C).

25



Sucrose-water film with dye

z . .
A I Aluminum spacer Aluminum spacer
X
y 220 pm
—‘ v 30-50 pm
< — - 22 mm -
Siliconized glass cover slide
High vacuum grease
Sucrose-water film
~2 mmin diameter
B l—»x High vacuum grease
y
Aluminum spacer——» «———Aluminum spacer

< 22 mm »

Figure 2. Side view (A) and top view (B) of a thin film containing sucrose, water, and a fluorescent dye sandwiched
5 between two hydrophobic glass slides as prepared for use in rFRAP experiments.
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photobleaching

Figure 3. Images recorded during an rFRAP experiment using a thin film composed of 66 wt. % sucrose solution (a,, =
0.785) and trace amounts of rhodamine 6G (0.4 mM). (A)lmage recorded before photobleaching, (B) image recorded
immediately after photobleaching a 36 x 36 um? area and (C-F) are images recorded at time (t) of 520, 1050, 3100 and
7300 seconds after photobleaching, respectively. The orange square in panel (A) represents the 36 x 36 um?area selected for
photobleaching.
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Figure 4. Plot of w(t) versus time for rhodamine 6G in a 66 wt. % sucrose solution (a,, = 0.785). The red line is a linear fit
to the data. The diffusion coefficient was determined from the slope of the line.
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Figure 5. A comparison of measured diffusion coefficients of fluorescein in sucrose-water films from this work (red stars)<—[ Formatted: Line spacing: single

with predicted diffusion coefficients based on measured viscosities of sucrose-water solutions and the Stokes-Einstein
equation from Power et al. (2013) (blue squares), Migliori et al. (2007) (blue crosses), Telis et al. (2007) (blue circles) and
Quintas et al. (2006) (blue triangles). The x-error bars for this work correspond to the uncertainty in the determination of a,,

from the hygrometer. The y-errors for this work correspond to 95% confidence intervals from measurement repeats. Several //{ Formatted: Font: 10 pt

different x-axes (wt.% sucrose, a,, T¢/T, and viscosity) are included to help put the results in context. T represents the
temperature of the experiment (294.5 K) and T, represent the glass-transition temperature of sucrose-water solutions.
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Figure 6. A comparison of measured diffusion coefficients of rhodamine 6G in sucrose-water films from this work (red
stars) with predicted diffusion coefficients based on measured viscosities of sucrose-water solutions and the Stokes-Einstein
equation from Power et al. (2013) (blue squares), Migliori et al. (2007) (blue crosses), Telis et al. (2007) (blue circles) and
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different x-axes (wt.% sucrose, a,, Ty/T, and viscosity) are included to help put the results in context. T represents the
temperature of the experiment (294.5 K) and T, represent the glass-transition temperature of sucrose-water solutions.
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Figure 7. Comparison of measured diffusion coefficients of calcein in sucrose-water films from this work (red stars) with
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from Power et al. (2013) (blue squares), Migliori et al. (2007) (blue crosses), Telis et al. (2007) (blue circles) and Quintas et

al. (2006) (blue triangles). The x-error bars for this work correspond to the uncertainty in the determination of a,,_from the ///{ Formatted: Font: 10 pt, Not Bold

hygrometer. The y-errors for this work correspond to 95% confidence intervals_from measurement repeats. Several different
x-axes (Wt.% sucrose, a, T¢/T, and viscosity) are included to help put the results in context. T represents the temperature of
the experiment (294.5 K) and T, represent the glass-transition temperature of sucrose-water solutions.
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Figure 8. A comparison of measured diffusion coefficients of water in sucrose-water films from Price et al. (2014) (red
stars) with predicted diffusion coefficients based on measured viscosities of sucrose-water solutions and the Stokes-Einstein
equation from Power et al. (2013) (blue squares) Migliori et al. (2007) (blue crosses), Telis et al. (2007) (blue circles) and
Quintas et al. (2006) (blue triangles). Several different x-axes (wt. % sucrose, ay, Ty/T, and viscosity) are included to help
put the results in context. T represents the temperature of the experiment (294.5 K) and T, represent the glass-transition
temperature of sucrose-water solutions.
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Figure 9, A comparison of the measured diffusion coefficients of fluorescein (green circles), rRhodamine 6G (blackx<% Formatted: Font: Bold

triangles) and calcein (red squares) with the measured diffusion coefficients of water by Price et al. (2014) (blue diamonds). Formatted: Normal
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