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Abstract. Homogeneous nucleation of ice within aque- 1 Introduction

ous solution droplets and their subsequent crystallisation is

thought to play a significant role in upper tropospheric icelce clouds that form in the Earth’s upper troposphere (UT)
cloud formation. It is normally assumed that homogeneousare known to play a significant role in the planet’s radiation
nucleation will take place at a threshold supersaturation, irrebudget and climate (Liou, 1986), but mankind’s impact on
spective of the identity of the solute, and that rapid growth ofthese clouds is uncertain (Denman et al., 2007). Ice clouds
ice particles will follow immediately after nucleation. How- in the UT also influence the entry of water vapour into the
ever, it is shown here through laboratory experiments thastratosphere by acting as a cold trap (Jensen and Pfister,
droplets may not readily freeze in the very cold tropical 2005), and they provide a surface on which chemical species
tropopause layer (TTL, typical temperatures of 186—-200 K).may adsorb and react (Abbatt, 2003). A quantitative knowl-
In these experiments ice crystal growth in citric acid solution edge of the fundamental ice nucleation and crystallisation
droplets did not occur when ice nucleated below#8K.  processes of these clouds is essential in order to understand
Citric acid, 2-hydroxypropane-1,2,3-tricarboxyllic acid, is a and predict their impact on the Earth’s atmosphere and cli-
molecule with similar functionality to oxygenated organic mate.

compounds which are ubiquitous in atmospheric aerosol. It An important mechanism of UT ice cloud formation

is therefore thought to be a sensible proxy for atmospherigs through the homogeneous freezing of aqueous solution
organic material. Evidence is presented that suggests citrigiroplets. Homogeneous freezing is a multi-step process; it
acid solution droplets become ultra-viscous and form glassyhegins with nucleation of ice which then triggers ice crys-
solids under atmospherically relevant conditions. Diffusionta| growth and the resulting agueous brine may also crys-
of liquid water molecules to ice nuclei is expected to be verytgjlise to form a crystalline solute phase or phases (Murray
slow in ultra-viscous solution droplets and nucleation is neg-and Bertram, 2008). Ice crystal growth may then continue
ligible in glassy droplets; this most likely provides an expla- by deposition from the vapour phase until the water vapour
nation for the experimentally observed inhibition of ice crys- sypersaturation is relaxed and ice particles exist in equilib-
tallisation. The implications of ultra-viscous and glassy so-rium with the surrounding atmosphere. In a landmark pa-
lution droplets for ice cloud formation and supersaturationsper Koop et al. (2000) showed that homogeneous nucleation
inthe TTL are discussed. in aqueous solution droplets only depends on water activ-
ity (a,) for a wide range of solution droplets. The water
activity of droplets at equilibrium equals the relative humid-
ity (with respect to liquid water, Rl of the surrounding
atmosphere (i.ez,,=RH,,/100, at equilibrium). Hence the
homogeneous freezing threshold can be defined in terms of
RH,,; this greatly simplified the description of homogeneous
freezing in cloud formation models. However, recent obser-
vations of very high supersaturations both in and out of very
cold ice clouds in the tropical tropopause layer (TH11-
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cold ice cloud formation (Jensen and Pfister, 2005; Peter et In the present experimental study, the crystallisation of

al., 2006; Jensen et al., 2005; Gao et al., 2004). aqueous citric acid (2-hydroxypropane-1,2,3-tricarboxyllic
In general, ice nucleation in aqueous inorganic systemsacid, GHgOy7) solution droplets have been investigated us-

sistent with the water activity criterion (Koop, 2004; Mur- for two main reasons. First, it contains one hydroxyl (OH)
ray and Bertram, 2008). However, very few studies exist inand three carboxylic (COOH) functional groups and there-
which homogeneous freezing has been measured in aqueoif@® has similar functionality to many compounds in atmo-
organic solution droplets (Prenni et al., 2001; Wise et al.,spheric aerosol. Indeed, it has been observed as a minor

2004; Zobrist et al., 2006) and none have been performed fofomponent of atmospheric aerosol (Saxena and Hildemann,
conditions relevant to the TTL (i.e<200 K). 1996; Falkovich et al., 2005). The second reason for choos-

ing citric acid for these experiments is that the physical prop-
fine aerosol in the troposphere (McFiggans et al., 2005).emes. of aq.ueou.s.cnnc acid sol_utlons.havg already been char-
: . A acterised since itis a common ingredient in food and pharma-
Much of this organic material is oxygenated and COOH, . Lo o
ceutical products. The properties include the glass transition

OH and C=0 functional groups are ubiquitous (Graber andtemperature (Maltini et al., 1997).

Rudich, 2006; Saxena and Hildemann, 1996). In-situ single R ] . o .
particle mass spectrometry measurements of UT aerosol con- 11€ Objective of this laboratory investigation was to in-

firm that oxygenated organic material is usually present, and/éStigate the impact of an oxygenated organic compound
in some cases organic material is the dominant component dlévant to the Earth's atmosphere on the nucleation and
aerosol (Cziczo et al., 2004a, b; Murphy et al., 2006, 1998:9rowth of ice crystals in aqueous droplets. In order to do
Zobrist et al., 2006). An important property of oxygenated this, drqplets of known composn_lon were fr_ozen within an
organic compounds is their ability to form extensive hydro- X-ray diffractometer. The resulting diffraction patterns of

gen bonding; therefore molecules of relatively large masgN€ droplets were used to determine the phase change tem-
may be soluble in water. peratures and also the quantity of ice that crystallised. It

was found that the crystallisation of ice is incomplete be-

| It is Vlvf.” known in thet.foo?hirldtl;stryd?jr.}tc_j theffield of bi; 4OW ~197 K. Itis shown that this inhibition of crystallisation
ological tissue preservation that the adailion ot oxygenateqg likely to be related to the high viscosity and glass

:)rg:rt1|ctﬁor?pountQS, Sl]fd: as sug?;s, IZ aqu”eozuosozolu;lt? N €88 mation in citric acid solutions at temperatures relevant for
ead to the formation of glassy solids (Angell, )- ©S€ihe TTL. Finally, the implications of highly viscous or glassy

glassy solids form at temperatures which are relevant to theéolution droplets for UT cloud formation are discussed.
Earth’s atmosphere. A glassy solid is a solid in which the

arrangement of its constituent molecules lacks long range or-
der, i.e. they are amorphous rather than crystalline. Glassy
solids form if a liquid is cooled to a sufficiently low tem- 2 Experimental
perature so that the molecules effectively cease to diffuse

and become locked in a “liquid-like” amorphous state. TheTne experimental technique was recently described in detail
threshold temperature where an ultra-viscous liquid beCOfne%l\/lurray, 2008) and will only be summarised here. In order
glassy is known as the glass transition temperatfie (The  {o investigate the crystallisation process and inhibition of ice
viscosity of a substance at glass transition is on the order o{;rysta"isaﬂon in solution droplets, a powder X-ray diffrac-
10 cP, some 14 orders of magnitude larger than that of Watometer equipped with a cold stage was employed. Aqueous
ter at room temperature. The impact of highly viscous andsp|ytion droplets of between 0 and 61.2wt% (volume me-
glassy solution droplets on the Earth’s atmosphere and clougdijan diameter between 5—L0n) were suspended in an oil
formation is at present unknown. matrix containing lanolin. These emulsions were placed on
There is mounting evidence that organic-rich aerosol ina cold stage within the diffractometer. The temperature of
the atmosphere behave differently to sulphate aerosol. Czthese emulsified aqueous droplets could then be altered in a
iczo et al. (2004a) found organic-rich particles preferentially controlled way, therefore the temperatures of phase changes
remain unfrozen. DeMott et al. (2003) used a thermal dif-and also the phases that formed were determined. Samples
fusion chamber at 229K and a single particle mass specwere cooled at an average rate aEBK min~—! to 173K,
trometer to show that aerosols composed of organics frozevhile monitoring the 2=40° Bragg peak for ice crystalli-
at a significantly higher saturation threshold than sulphatesation; thus freezing temperatures were determinded. At low
aerosol. In a set of expansion chamber experimeriiblét  temperature (173 K) the full diffraction pattern was measured
et al. (2005) found that soot composed of 40% organic carbetween 2=20 and 50, which covers all major peaks in both
bon nucleated ice inefficiently even at an RHrelative hu-  cubic and hexagonal ice. Ice crystallisation was also mea-
midity with respect to hexagonal ice) of 190%; this is well sured on warming by increasing temperature at an average
above the nucleation threshold defined by the water activitramp of 5£1 Kmin—1. Ice crystallisation on warming is re-
criterion (RH,~160%). ferred to as warm ice crystallisation. An average ramp of

Organic material accounts for up to 70% of the mass of
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140.1 K min~! was used to determine ice melting tempera- . . . . .

tures.
A number of advantages of employing emulsified sam- |h a)10.8 wt%, T, =229+6 K |
ples were listed by Murray (2008); one advantage is that he h+c
c

there is no significant preferred crystallographic orientation
when ice crystallises in emulsified samples. Orientation of
crystals results in changes in the relative intensities of the
diffraction peaks and can complicate interpretation of the
resulting diffraction data. Rietveld refinements of frozen

L ) : ; +
emulsified solution droplets (which crystallised to hexago- htc
nal ice, letovicite and sulphuric acid tetrahydrate) conclu- -
sively demonstrate that the crystallographic orientation of hii h

each frozen droplet is random and that there is no overall
preferred orientation (Murray and Bertram, 2008).

The rate of transfer of heat evolved during crystallisation
to a droplet’s surroundings should be considered when inter-
preting data from emulsified samples. Heat transfer calcula-
tions (see Murray and Bertram, 2006; Murray et al., 2005)
show that when crystal growth and resulting latent heat re-
lease is rapid, such as in pure water, droplets will heat up
more when suspended in gas than if in an oil matrix. How-
ever, ice crystallisation and corresponding heat release in mi-

b) 40.4 wt%, T, =209+ 6 K |

Diffraction intensity / a.u.

crometer sized concentrated solution droplets (in which ice ] c)49.2wt%, T, =199+ 6 K
I. forms) is slow relative to heat dissipation in either oil or i L
gas and these droplets do not heat up significantly. Hence, "W‘“%

the results presented here for concentrated solution droplets, ]
where crystallisation is relatively slow, are directly relevant
to the atmosphere. -

d) 54.4 wt%, T, = NA (T = 191 K)

Yoot

e)58.2wt%, T, = NA (T =184 K) |

Mt

25 30 35 40 45 50
Diffraction angle (26) / Degrees

3 Results and discussion

3.1 Diffraction patterns of frozen droplets

Examples of typical diffraction patterns of citric acid solu-

tion droplets which had been cooled to 173K at 5Kmlin  Fig. 1. Examples of diffraction patterns of citric acid solution
are shown in Fig. 1. There are clearly some very strongdroplets recorded at 173 K. Regions of the diffraction patterns in-
differences between these patterns. Pattern 1a is of frozefiuenced by the cell construction materials have been removed. The
10.8wt% solution droplets which froze at 226 K. This predicted ice nucleation temperaturdg ) were determined using
pattern is consistent with previous diffraction patterns of athe method outlined in Sect. 3.2.

mixture of cubic ice (icd,) and hexagonal ice (ick) (Mur-

ray and Bertram, 2006, 2007a, b; Murray et al., 2005). Pat-

terns 1b and c are of more concentrated solution dropletshe impact of stacking faults, an analysis of the size of ice
which froze at 2026 and 1926 K, respectively. In these crystallites based on peak widths has not been attempted.
patterns several of the peaks unique to hexagonal ice are ab- A strong solute dependence of the ice phase has been ob-
sent and the patterns are consistent with/jcaith stacking  served in the past, with (NbisH(SOy)2 freezing to icel.
faults (Murray et al., 2005). The hexagonal peak-a8° re- below 200 K, whereas a similar amount of iewill only
mains in these cubic ice patterns, whereas it is clear from théorm below 183K in NHHSO, solution droplets (Murray
absence of other hexagonal peaks that no bulk hexagonal icend Bertram, 2007b; Murray and Bertram, 2008). It seems
crystallised. This feature is thought to be related to stackinghat citric acid solution droplets have an even greater propen-
faults in the cubic structure (Murray et al., 2005). All of the sity to freeze to the metastable ice Ic than QMH(SOs)2
peaks can be attributed to ice and it is concluded that no citdroplets, with a threshold-20 K higher. The issue of ice

ric acid phases crystallised. Stacking faults are also knowrphase in organic solution droplets has been addressed in a
to cause some broadening of Bragg peaks and also asymmeeparate manuscript (Murray, 2008) and will not be discussed
try in Bragg peaks. In the absence of a method to quantifyfurther here.
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Fig. 2. State diagram for the citric acid-water system. The mea-

sured ice melting temperatures (red open triangles) and the freez-

ing temperatures (filled green circles) are reproduced from Mur- Freezing temperatures have been recorded for droplets
ray (2008). The melting temperatures are compared with literatureyith concentrations up to 49.2wt%. Insufficient ice crys-
values; green open squares (Apelblat, 2003) and blue stars (Taylogg|jised in droplets of higher concentration to identify a freez-
1926). The temperatures at which ice crystallisation was observeqing temperature (the technique for measuring crystallisation
on warming are plotted as black open circles. The solid green "netemperatures with XRD is sensitive 4al0 wt% of the over-

is the predicted ice nucleation temperature based on the relationshi%I mass of the droplets changing phase). Ice crystallisation
between the freezing and measured melting point depressions; se P 9ing p ) y

Fig. 3 and the text for details. was not observed in droplets 8#9.2 wt% on cooling, butin

some cases ice crystal growth was detecte@gt)211+6 K

as the droplets were warmed at 5K min 7,, was measured

The patterns shown in F|g 1d and e are that of drop|et§)etween 49.2 and 54.4wt%. For concentrations between

of 54.4 and 58.2wt% citric acid, respectively, which were 54.4 and 58.2 wt%7’, was not determined, however, ice did
cooled to 173K at the standard rate of 5 K minThe major ~ Crystallise on warming at some temperature below the ice-
ice peaks at@=40 and 47 (Common to both icd, and ice |IC]U|d equilibrium curve and;,, could then be determined.
1) are absent, indicating that no bulk ice crystallised. ThereThe fact that ice crystallised on warming droplets of between
is a hint of an ice peak aw224°, which indicates that there 49.2 and 58.2 wt% indicates that nucleation of ice took place
is limited crystalline nature and that ice nucleation may haveat some lower temperature, but crystal growth rates only be-
begun, but did not continue. The inhibition of crystallisation came comparable to the warming rate at around 211K or

will be discussed at length later in this paper. above. X-ray diffraction is insensitive to hanometer-sized
crystals, and therefore insensitive to critical clusters, hence
3.2 Phase changes in the citric acid-water system the lack of Bragg diffraction peaks only indicates that bulk

ice crystals did not form. These droplets formed what is re-
The temperatures at which freezinf{, ice crystallisation  ferred to as X-ray amorphous materials, i.e. material lack-
on warming ) and ice melting T;;) occurred are plot-  ing bulk ice crystals which have diffraction patterns that lack
ted in Fig. 2. This diagram is referred to as a state diagramgjstinct Bragg diffraction peaks, but in which nanocrystalline
rather than a phase diagram, since both equilibrium and kijce may exist. This nanocrystalline ice then provided the seed
netically controlled phase changes are shown. Previous medrom which larger ice crystals grew at higher temperatures.

surgments o, of C.'mc acid solutions are also plotted and . Droplets with concentrations of 59.6 and 61.2 wt% did not
are in agreement with those from the present study. In addi-

tion. th i qf g t t ¢ ; crystallise on cooling to 173K or on subsequent warming,
1o, IN€ MeMng and reezing temperatures of pure water ar?ndicating that nucleation of ice did not occur in these very
consistent with literature values.

concentrated solution droplets. These droplets most likely
formed true glassy solids (i.e. an amorphous solid with the

Atmos. Chem. Phys., 8, 5423433 2008 www.atmos-chem-phys.net/8/5423/2008/
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absence of any crystalline or nanocrystalline ice) before they P N T T T TN T

became sufficiently supersaturated for nucleation, hence nu- 1.0 -
cleation was inhibited and they therefore did not crystallise ]~ ¢rvstal
on cooling or warming. This will be discussed in more detail ><8 _growth
; X 0.8+ inhibited” — . L
in Sects. 3.3 and 3.4. > 1 . E

It has been shown in the past that the homogeneous freez-§ ] ——i
ing temperature depression of an aqueous soluiBp=Ty g 0.6 e -
(Pure HO)—Ty (solution) increases in direct proportionto & { =%
the melting point depressionT;,,=T7,, (Pure HO)—T,, (so- 8 o4l L
lution). This is true for a wide range of inorganic (De- & ]
Mott, 2002) and organic solutions (Zobrist et al., 2003). Fig- § ] i
ure 3 shows that citric acid solution droplets behave in a g 0.2 4 (NH)HSO, -
similar manner, with a slope, (AT¢/AT,,), of 2.24+0.06. . ; e Citric acid solutions | [
Literature values for smaller solute molecules (e.gS&h, 1 : X (max) L
NaCl, KCI, etc.) have. values of between 1.4-2.2, while O'O_-. ',%H_H ——————————
larger more complex molecules capable of extensive hydro- 180 190 200 210 220 230 240
gen bonding have values up to 5.1 (Zobrist et al., 2003). Ice nucleation temperature (T ) / K

Zobrist et al. (2003) suggest that the more extensive hydro-

gen bonding between oxygenat_ed organic molecules and wasig. 4. The fraction of water in solution droplets which crystallised

ter, compared to many inorganic solutes, leads to larger valto ice (Xjce) when cooled to 173K at a rate of 5 K mih, expressed

ues of. as a function of ice nucleation temperature. Data for citric acid is
If it is assumed that the delay between nucleation and crysplotted as blue filled circles. AXjce value of 1 indicates all water

tallisation is negligible for the points shown in Fig. 3, it can crystallised and a value of 0 indicates none crystallised. The nucle-

be said that the measuredr’s is the same as the nucleation ation temperature was determined using the relationship between
. : . : the ice freezing and ice melting point depression A&, =AAT,,,

point depressionAT,). Hence, the relationship7,,=x . . S

AT, (A=2.24+0.06) can be used to estimafe in the cases wherex2.24+0.06, see text for details). The solid red line is the

h f . t ob d. but wh . tall maximum Xjee in citric acid solution droplets; i.e. it is th&jce
where freezing was not observed, but where ice crysta Iseqor ice in equilibrium with an aqueous citric acid brine at 173K

on warming andr,, was measured. In Fig. 2, valuesBf  35suming there are no kinetic limitations to ice crystallisation and
based on this relationship have been plotted for citric acidie citric acid does not crystallise to a solid citric acid pha%ge
concentrations from 0 to 58.2 wt%, whefg was measured s also plotted for ammonium bisulphate solution droplets using an
experimentally. identical experimental procedure (green open triangles).

3.3 Inhibition of ice crystallisation

of 1 indicates 100% of the water crystallised and 0O indicates
In Fig. 4, the fraction of water which crystallised to ice 0% of the water crystallised.
(Xice=Micel (Mice+Miiq), whereMice is the mass of ice and The maximum fraction of water that can crystallisg.t
Mijq is the mass of water in the aqueous phase, is plot{max)) in aqueous citric acid solution droplets, assuming
ted as a function of ice nucleation temperatufg)( Xice there are no kinetic limitations to ice crystal growth and
was determined by measuring the area under the ice peathat the solute phase does not crystallise, is shown in Fig. 4.
at 2=40 in the full diffraction patterns recorded at 173K When ice crystallises in a solution droplet it will exist in equi-
(such as those in Fig. 1). Peak areas were determined bljbrium with aqueous brine if there are no kinetic limitations
fitting a Gaussian profile to the pertinent peak using a leastto crystal growth. Hence some fraction of water will nec-
squared routine and integrating the area under the fitted proessarily be in the aqueous phase afg (max) will there-
file. This technique was used in the past to deconvolute overfore be less than unity when ice forms in a solution. In the
lapping peaks (Murray and Bertram, 2007b). The area ofexperiments presented here, citric acid was not observed to
this peak,/40, was then normalised to the weight fraction of crystallise, hence when ice formed it was always internally
water in the solution dropletdyn,o0, and the weight frac- mixed with aqueous citric acid solution. If ice was in equi-
tion of solution in the oil phaseWs, i.e. the normalised librium with aqueous citric acid when the full diffraction pat-
peak arealso=140/WH,0/Wso. The normalized peak area terns were measured at 173 K, then the concentration of this
of the frozen solution droplets was then divided by the valuesolution would dictateXjce (max) for a particular initial so-
for frozen pure water droplets in order to obtain the frac- lution concentration. The determination of the ice-liquid line
tion of water crystallised, i.eXjce=L40(solution)L4o (pure  in Fig. 3 is described in Appendix A, and it was found that
H,0) and since diffraction intensity is proportional to mass the concentration of an aqueous citric acid brine in equilib-
Xice=Micel(Mice+Miig). Itis assumed here that 100% of wa- rium with ice at 173 K was 83.0 wt%. The increase in aque-
ter in pure water droplets crystallises to ice. Hence, a valueous phase concentration from the initial solution before ice

www.atmos-chem-phys.net/8/5423/2008/ Atmos. Chem. Phys., 8, 5433-2008
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from the full diffraction patterns which were collected over
30-40 min at 173 K). This is an important finding since it is

280 laa b lesa s laaaadosaaboaaalosaalaaaal,

270-; generally assumed that ice will nucleate and grow in aque-
260 3 ous droplets under conditions relevant for the Earth’s tropo-
E sphere. In fact, ice crystallised readily in MHSO, solu-

250 4 .
E tion droplets at temperatures well below 197 K (open green
240 4

triangles in Fig. 4), in agreement with previous experiments
(Koop et al., 1999; Murray and Bertram, 2008). The freezing
of citric acid solution droplets clearly contrasts with that of
NH4HSO, droplets and may have important implications for
ice cloud formation in the TTL region. These implications

230

Temperature / K
N
N
o

S
LA AR R AR AN LA R LA AR LA RARRY LALRY LAR)

200 3 o T are discussed later in this paper.
190y =- Fito T, e . . _ _
q - Constantx,, |.0.1" & 3.4 The formation of highly viscous or glassy solution
1803 102 10%, » droplets
170 '"'I""I""I""I""-I’""I""I""I"
0 10 20 30 40 50 60 70 80 The experiments presented here show that ice crystallisation
Composition [wt% Citric acid] is inhibited in citric acid solution droplets at ice nucleation
I — T T T T T temperatures below 196 K. It is suggested here that these
o 1 2 3 5 7 10 15 20 30 solution droplets become highly viscous or even glassy and
Composition [mol% Citric acid] crystallisation is therefore inhibited. Unfortunately, no di-

rect measurements exist of diffusion in low temperature citric
Fig. 5. State diagram including glass transition temperatures andacid solution droplets. However, the glass transition temper-
mean diffusion distances for the citric acid-water system. The blackature (Tg) for several pertinent concentrations of citric acid
solid line is an estimate of the ice-liquid equilibrium line based on splution have been measured and fitted (Malltini et al., 1997);
water activity data; see Appendix A for details. The experimentalthese are plotted in Fig. 5. ThE, provides a useful ref-
data for melting, freezing and ice crystal growth on warming from erence temperature from which viscosity and diffusion can
Fig. 2 have been included for comparison as grey symbols. Thg, . oqtimated at higher temperatures. The measured and fit-

predictedT;, line from Fig. 2 is also included as a solid green line. ted T.’s have been used to estimate the root mean square
Literature data for the glass transition temperature measured by dif- 8 q

ferential scanning calorimetry together with a parameterisation fordiStance water molecules diffuse in 60si{o) and lines of
this data are shown as red open diamonds and a dot-dashed lin€onstanty,o are plotted in Fig. 5. The derivation of;,0 is
respectively. The dotted grey lines are lines of constant mean diffudescribed in Appendix B.
sion distancex,0) of water molecules and are taken from Murray ~ The lines of constanty,o in Fig. 5 (values are in microm-
(2008) (see Appendix B for a summary of how these lines wereeters) provide a useful means by which to gauge if a droplet is
determined). The labels indicate the root mean square distance (mjikely to crystallise. The exact relationship between diffusion
crometers) water molecules are expected to diffuse in 1 min. Theyng crystal growth is complicated. However, it is true that if
dot-dot-dashed green line rgpre_sents the approxn_ngte I_m_utlng Valuchzo is much smaller than the dimensions of the droplets
of tzo (0.094m) belpwlwhlch ice crystal growth is |nh|plted ata then ice will not readily crystallise.
cooling rate of 5K min~, whereas the dashed orange line repre- ,qhaction of Fig. 5 shows that in general, molecular dif-
sents thecy,o (0.009um) below which ice crystal growth is esti- fusion d d ticall tration i d
s ) usion decreases dramatically as concentration increases an
mated to be inhibited at a cooling rate of 0.5K min temperature decreases. It is clear from Fig. 4 that the crys-
tallisation did not occur below 1976 K in droplets which
were cooled to 173K at a rate of 5Kmih This corre-
formation to the final concentration after ice formation is due sponds to a diffusion distance of 0.0én in Fig. 5 and de-
to water being removed from the aqueous phase to form icefines x,0 below which crystallisation at a cooling rate of
hence theXice (Max) was quantified. 5Kmin~! is limited by diffusion. Crystallisation only oc-
Inspection of Fig. 4 reveals that the experimentally de-curs on warming these solution droplets (at 5 K minwhen
termined values o¥jce are significantly smaller thaice XH,0>0.09um. The xy,o contour forxp,0=0.09um is
(max), in all cases except for very dilute solution or pure plotted as a green dot-dot-dashed line in Fig. 5 and repre-
water. This indicates that there is some kinetic limitation sents the limiting condition for crystal growth for a warming
to ice crystal growth. In factXice drops dramatically be- or cooling rate of 5 K mint. At temperatures above this line,
low 19746 K, indicating that crystallisation of ice is strongly crystal growth is rapid on the minute timescale, whereas at
inhibited below this temperature when cooled at 5Kndin  lower temperatures ice crystal growth is slow.
No detectable bulk ice crystallised in these droplets (i.e. less Droplets were cooled at a rate of 5 K mihin these exper-
than 3% of the available water crystallised, as determinedments, which is significantly faster than typical cooling rates
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leading to cirrus cloud formation (0.0007 to 0.7 K min 4 Atmospheric implications and summary
Jensen et al., 2005). The threshold of 197 K, below which
ice crystallisation becomes inhibited at a cooling rate of The primary conclusion from this experimental study is
5K min~1, will shift to lower temperatures for slower cool- that ice does not necessarily crystallise in aqueous solution
ing rates. If an air parcel is cooling at 0.5 Kmih then the  droplets even if they are sufficiently supersaturated for homo-
time available for crystal growth will be a factor of ten greater geneous nucleation. The growth of ice crystals in citric acid
than in the experiments with cooling at 5K mih Hence, it droplets is much slower below 196 K than in ammonium
can be stated that crystallisation will only become inhibited bisulphate (or sulphuric acid) solution droplets and does not
when xy,0>0.009um (the orange line in Fig. 5) and that occur when cooled at 5K mirt. It is argued that crystalli-
this corresponds to 8, of 192 K. sation is limited by slow diffusion in these highly viscous or

In droplets of 59.6 and 61.2 wt% no crystallisation was ob- glassy solution droplets. Itis predicted that ice crystal growth
served on cooling to 173K, leaving them at 173K fo40 is limited below~192 K at an atmospherically relevant cool-
minutes or on warming them at 5K mih. It appears that ing rate of 0.5K mim. Nucleation does not occur in solu-
the nucleation of ice itself was inhibited. Inspection of the tion droplets where sufficient supersaturation for nucleation
predicted nucleation temperature of ice in citric acid dropletsis only attained below the glass transition temperature; in the
in Fig. 5 reveals that the nucleation temperature interceptsase of aqueous citric acid this threshold i3-480 K. This
T, at around 58.5wt% and 180 K. This is consistent with thework extends that of Koop et al. (2000) who showed that the
measurement showing that nucleation does not take place itemperature at which ice nucleates homogeneously is a func-
59.6 and 61.2wt% solution droplets; in fact, these dropletstion of water activity only. Here, it is argued that solution
most likely formed glassy solids. Hence, the point where theviscosity plays a critical role in i) the growth of ice crystals
homogeneous freezing temperature and glass transition tenwithin solution droplets and ii) the nucleation of ice.
perature intercept represents a limit of nucleation. At higher The inhibition of ice crystallisation may have important
concentrations than 58.5 wt%, the solution only becomes sufimplications for cloud formation in the tropical tropopause
ficiently supersaturated for homogeneous nucleation at temlayer where temperatures are regularly as low~ds86 K
peratures below the glass transition, hence nucleation of ic€Zhou et al., 2004). If the crystallisation of ice is inhibited
did not occur. within atmospheric aqueous solution droplets in an ascend-

In an investigation of freezing in aqueous%$0, solu- ing air mass, then the humidity will exceed the limit defined
tion droplets Koop et al. (1998) found that droplets of con- by the water activity criterion (Koop et al., 2000). In fact,
centration greater than 26.7 wt% did not crystallise on cool-field measurements appear to show extreme supersaturations,
ing, but did on warming at 10K mirt between 165 and with RHy; in excess of 200% with no apparent ice cloud
172 K. Bogdan et al. (2006) made a similar observation information (Jensen et al., 2005). These very high supersatura-
31.5wt% HSO, solution droplets, although the crystallisa- tions were observed in air that was below 190 K. This is in the
tion on warming at 3K min! took place at~156 K. This  temperature range where organic acids, similar to citric acid,
behaviour is similar to citric acid solutions, except that crys- might inhibit ice crystallisation, but where sulphate aerosols
tallisation occurred at much lower temperatures in aqueousvould be expected to freeze readily and lead to cloud for-
H,SOy. This indicates that diffusion becomes rapid, in com- mation. It is suggested here that very high supersaturations
parison to ramp rate, at much lower temperaturesi8®4 might from in any cold air mass where the aerosol contains
solutions than in citric acid solutions. In fact, the glass tran-sufficient oxygenated organic material to inhibit ice crystalli-
sition measured by Bogdan (for 31.5wt% %0, droplets)  sation. Unfortunately, no composition data were obtained on
was at~142K; this is about 14 K below the temperature at the aerosol in this layer of very high supersaturation observed
which the droplets crystallised when warming at 3K miin by Jensen et al. (2005). However, particles sampled nearby
Given that crystallisation becomes rapid in$0, solutions  were composed of typical sulphate-organic mixtures (Jensen
at temperatures well below those typical for the Earth’s tro-et al., 2005).
posphere, ice would be expected to form in these aerosols ef- Atmospheric aerosols contain a massive range of organic
ficiently and in accord with the water activity criterion (Koop species (Saxena and Hildemann, 1996) usually internally
et al., 2000). In citric acid solution droplets ice formation mixed with sulphate (Murphy et al., 2006), hence real aque-
may occur at a slower rate or may even be inhibited. ous droplets will have a range of viscosities. The ubiquity of

It is well known that7, of aqueous solutions depends carboxylic, hydroxyl, carbonyl and other functional groups,
strongly on the solute type. In fact, Zobrist et al. (2008) which are capable of hydrogen bonding, in the organic frac-
have very recently demonstrated ttat for a number of  tion of aerosol suggests that many oxygenated organic so-
aqueous inorganic solutions are much lower than for a numiutes will have a similar impact on freezing to citric acid. It
ber of atmospherically relevant organic acid and polyol solu-is possible some will slow crystal growth even more dramat-
tions. They conclude that agueous organic droplets may fornically than citric acid, while others will behave more like sul-
glasses in the atmosphere. This is consistent with the resulighate aerosol. Further experiments are required to test crys-
of the present study. tallisation in other aqueous oxygenated organic solutions and
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dation coefficient or a lower water content at equilibrium rel-
ative to inorganic aerosol, resulting in smaller droplets which
are less likely to freeze. An alternative explanation for the
observation is that organic-containing droplets are highly vis-
cous at sufficiently low temperatures and therefore i) do not
take up water as efficiently as aqueous sulphate droplets and
i) even if ice does nucleate, crystal growth rates are slower
than in sulphate droplets.

In order to fully assess the impact of ultra-viscous lig-
uids and glassy solids on cloud formation, further research
is needed. This should include measurements of ice crys-
tallisation in solution droplets with solutes other than citric
acid, water uptake into viscous droplets and cloud chamber
simulations in order to follow a more atmospherically rele-
vant temperature-RH trajectory. Nevertheless, in this paper
0 10 20 30 40 50 60 70 80 90 it has been shown that droplets which contain a solute of sim-

Citric acid concentration / W% ilar functionality to many molecules ubiquitous in the tropo-
sphere appear to become highly viscous or glassy under TTL

Fig. Al. Water activity data as a function of citric acid concentra- conditions and crystallisation of ice can be inhibited.
tion. See Table Al for data sources and a key to the symbols. The

solid line is a polynomial fit between 0 and 85 wt%, and the dashed .

lines represent 95% prediction limits. Appendix A

Water activity

Determination of the hexagonal ice-liquid
also in aqueous organic-sulphate mixtures. equilibrium curve

This study represents a first step in understanding the. = . . :
role of viscosity in cold ice cloud formation. While it is The ice-liquid curve has been described in terms of solution

clearly shown that ice crystallisation can be inhibited in citric ater activity () between 150 and 273K and is indepen-

acid solution droplets, it should be noted that the trajectoryOlent of solute type_ (seg Eqs. 1 _a_nd_ 2 in Koop et al., 2(_)00)'
In order to plot the ice-liquid equilibrium curve as a function

through the temperature-composition phase diagram is ver)/q L ! i . T
different in the experiments presented here and for droplets iff! €itric acid solution concentration (as it is in Fig. 5) the
the atmosphere. In the experiments presented here, solutidff aionship betweea,, and solution concentration must be
concentration is fixed by locking droplets in an oil emulsion Known. Values ofz,, as a function of citric acid concentra-
and droplets are then cooled. However, aerosols in an atmdlon are plotted in Fig. Al and a list of data sources is given

spheric air parcel will take up water to become more dilute as" Table Al. Some of the sources of data quote values,of

they cool down, only freezing when they become sufficientlyWhiCh are plotted in.Fig. Al unaltered (Levien, 1955; Maffia
dilute and cold. However, in the case of citric acid solution &1d Meirelles, 2001; Peng etal., 2001). Apelblatetal. (1995)

droplets this will involve starting with highly concentrated duOte the difference in vapour pressure between pure water
solution droplets on the right hand side of Fig. 5 which may and an aqueous citric acid solution. These data were used
already be highly viscous or glassy. If droplets start off in to derivea,, using the known vapour pressure of pure water
a highly viscous or glassy state then it is unlikely that they (Murphy and Koop, 2005). As mentioned above, there is a
will take up water and dilute. Hence, the droplets may nc)tdlrect relationship betweean, and ice melting temperatures.

become sufficiently dilute for ice to nucleate homogeneously 1€NCe, melting temperatures can be used as a measuye of
within them. Using Egs. (1) and (2) from Koop et al. (2000), water activity

On account of both the inhibition of ice crystallisation and was detepr\m|r|1t()e|d frggwog:.e_rmelltlnglézrgper%tt;res frﬁ m the Iit-
the likely limited uptake of water into highly viscous organic erature (Apelblat, » laylor, ) and from the current

acid solution droplets, it seems probable that ice crystallisa—eXper'memS_' .

tion should be preferred in atmospheric droplets rich in sul- The d_ata n Flg. Al betwee_n 0 and .85 wi% have been pa-
phate. In fact, in a single particle mass spectrometry study Ofameterlsed using a polynomial equation of the form

cirrus ice crystals and aerosol (mentioned intheintroduction)aw — A+ Be+CP+ DB+ Ec*+ Fc® (A1)
Cziczo et al. (2004a) found that sulphate preferentially parti-

tioned to the ice phase over organic material. In a modellingwhere ¢ is the concentration inwt% andA=1,
study, Karcher and Koop (2005) suggested reduced water upB=—2.3900x 103, C=1.5000x 104, D=—6.1599x 1076,
take into organic aerosol might explain this observation. Re-E=8.7490x 10~ and F=—5.1132x10"10, Uncertainty in
duced water uptake might be caused by a smaller accommadhe higher concentration data 85 wt%) increases, possibly
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Table Al. Literature data used to determine the relationship betwgesind citric acid solution concentration.

Temperature range/K  Concentration range/wt%  Reported quantity Reference Points in Fig. A1
298.13-319.33 8.94-59.51 PH,0 (Apelblat et al., 1995) Red filled squares
298.15 4.99-49.48 ay (Maffia and Meirelles, 2001) Pink filled triangles
289.15 0.00-93.89 ay (Peng et al., 2001) Green filled diamonds
298 3.7-61.99 ay (Levien, 1955) Blue crosses (X)
260.9-273.1 0.19-47.45 T (Taylor, 1926) Blue hollow stars
273.14-262.45 0.013-46.4 T (Apelblat, 2003) Orange hollow pentagons
250.7-272.2 10.83-58.21 T This study Black hollow circles

due to the very high viscosity of extremely concentratedIn Fig. 5, lines of constant mean diffusion distance for water
citric acid solution, and this data was therefore not includedmolecules £+,0=0.001, 0.01, 0.1 and Am) are plotted for
in this fit. a time period of 60 s. In this calculation,o was assumed

In order to determine the dependence of the ice-liquidto be identical in citric acid solutions to supercooled water
equilibrium temperature on concentration, it is assumed thaat 244 K ¢1,0=0.944, given thatDy,0=1.9x10"10m2s1
ay is independent of temperature. Water activity for aque-and n=10cP (Debenedetti, 1996)) ang, was taken as
ous citric acid solutions are plotted for temperatures rangingl0** cP.
from 250.7 to 319.33K in Fig. A1l. There is not a strong
dependence of,, in this temperature range; if there were AcknowledgementsThe author thanks D. Wright for help runnin_g
the results would be scattered around the line of best fit. Alhe X-ray diffractometer and A. K. Bertram, T. Koop, S. Dobbie,
significant dependence af, at lower temperatures can not O. Mohler anq T. L_elsner for ht_elpful discussions and B. K. James
be ruled out; however, similar assumptions have been mad{%?r proofreaglnng this manuscript. The_ author acknowledges the

AT atural Environment Research Council (NE/D009308/1) and the

and justified in the pe}st for oth.e'r aqueous sy'stems (Koop e&chool of Chemistry for funding.
al., 2000). The ice-liquid equilibrium curve in Fig. 5 was
therefore calculated using Eg. (A1) and Egs. (1) and (2) fromggited by: D. Cziczo
Koop et al. (2000).
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