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Microlitre polymer droplets deposit solid conical structures, via a novel
bootstrap drying mechanism, over arange of initial conditions.
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Abstract

Sessile droplets of agueous poly(ethylene oxidd)tism, with average molecular
weight of 100kDa, are monitored during evporativgmh at ambient conditions over
a range of initial concentrations. d~or all droplets with ¢=3%, central conical
structures, which can be hollow and nearly 50%etathan the initial droplet, are
formed during a growth stage. Although the fornmatiof superficially similar
structures has been explained for glass-formingrpefs using a skin-buckling model
which predicts the droplet to have constant surfaea during the growth stage (L.
Pauchard and C. Allaifurophys. Lett., 2003,62, 897-903), we demonstrate that this
model is not applicable here as the surface arglaoiwn to increase during growth for
all cp. We interpret our experimental data using a pregodrying and deposition
process comprising the four stages: pinned dryiegeding contact line; “bootstrap”
growth, during which the liquid droplet is liftegpon freshly-precipitated solid; and
late drying. Additional predictions of our modatciuding a criterion for predicting
whether a conical structure will form, compare farably with observations. We
discuss how the specific chemical and physical grigs of PEO, in particular its
amphiphilic nature, its tendency to form crystalirspherulites rather than an
amorphous glass at high concentrations and its aloas surface tension values for
Mw = 100 kDa may be critical to the observed dryingcpss.
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Introduction
The behaviour of complex fluids under non-equilibni conditions is of everyday
relevance in hair washing (dilution and shear afamtantsy % food preparation
(temperature changes, shearing and diluting of siong etc3 * and ink-jet printing
(drying of colloidal suspensions§, to list just three examples. Investigation oftsuc
processes from a fundamental perspective may leagproducts with greater
functionality, improved efficiency, lower costsr@duced environmental impact.
When the drying liquid is a complex fluid contaigimixtures or suspensions,
the behaviour can be complicated, so various mexpérimental systems are used.
Deegan et.dlinvestigated the formation of the familiar two-dinsional coffee-ring
stain using a model system of very dilute microesps suspended in water. They
concluded that enhanced evaporation along the giopatact line, due to a contact
angle less than 90 must be fed by outward flow of water from the tcerof the
droplet. Suspended patrticles, such as coffee grarescarried to the periphery in the
flow and deposited at the edge leading to the likeypattern. Recently, Hu and
Larson showed that ring-formation can be disruptethe presence of recirculating
currents caused by Marangoni flowParisse and Allain investigated the changing
profile of droplets of concentrated suspensionthayg dry, observing a gelled three
dimensional deposit (“foot”) near the drop edge alihprogressively grows inwards.
Alain and Pauchard used the model system of the branched aqueousmpoly
dextran to investigate the additional complexitibat arise as polymer solutions
evaporate. In this case, the increase in polymacamtration at the droplet’s edge,
due again to the outward flux of water, resulte@iphase change: on the surface of
the liquid droplet a glassy skin with spherical cggometry formed which was
flexible and permeable, but also incompressiblethem evaporation of water within
the droplet led to the glassy cap deforming andking, the various shapes of which
have been analysed theoreticHllyAnother model system is that of a mixture of a
hydrophobic and a hydrophilic liquid, investigategd Rowanet.al.*2. These droplets
initially dried to a flat puddle with a contact éinthat was pinned but that rapidly
retreated later causing a nearly spherical drapléball up” from the puddle — an
effect driven by an increase in the surface tensisnthe hydrophilic component

evaporated first, thus increasing the contact aofylee solution.
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Important to understanding all these observatians|, also to this work, is the
interplay of surface forces which lead to the obsércontact anglé, measured at the
contact line between the tangent to a droplet'asarand the substrate. Ideallyis
determined uniquely by the balance of the threewpse surface tensions between
solid, liquid and gas regions respectively. (Thensaresult can also be found by
consideration of surface energies.) These surfacsidn values are affected by the
nature of the solid surface and the concentratfdhe solution. In practice however,
the contact angle can cover a range: the minimuoreygust before the contact line
retreats towards the liquid is called the recediogtact angle; the maximug as the
contact line starts to expand away from the lig@idhe advancing contact angle;
between these extremes, the contact line remaat®rsdry. As often happens, the
contact line can become pinned to microscopic oleowar defects on the substrate
leading to a receding contact angle of only a fegrdes. The pinned drying scenario
leads to outward flows within the droplet.

In this work we investigated the drying of poly{gene oxide) (PEO) solutions
which, unlike dextran, is a linear (non-branchealymer and does not exhibit a glass
transition but rather precipitates a solid phaseidlly as semi-crystalline spherulites)
at high concentrations. We were particular inte@sb see which behaviour PEO
would exhibit during drying, forming a buckled skilke dextran, or with pinned

drying and ring-stain formation as seen in partstispensions.

Experimental method

Solutions were prepared using polymer with an ayeermolecular weight W =
100,000 (Sigma Aldrich 181986) and calculated raditigyratior® rg = 10nm giving

an overlap concentration cx 4% wt. Solutions spanning a range of initial
concentrations «cfrom 1% to 45% by mass were mixed by hand usisgliéid, de-
ionised water and were left to equilibrate foresdt 24 hours before use. Mechanical
mixing methods were avoided (vortex mixer, cengé&uor sonicator) to prevent
possible damage to the polymer. The solutions, artiqular at the higher
concentrations, appeared slightly cloudy due tollsamalisolved clusters, which can
be removed with filtration. However, as the clustdo not seem to affect the nature

of the drying, the results presented here areeafbopmed with unfiltered samples.
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For each measurement, a droplet with V ~ulb0vas placed onto a glass
microscope slide, first cleaned with isopropanolréonove dust and grease. The
droplet was dispensed over several seconds ush@ralton 710 microlitre syringe
through a 0.2mm radius needle. Despite the largarstates in the needle (~ 109s
no significant differences in drying behaviour veeen when compared with droplet
deposited less controllably by pouring, so we assuihe polymer molecules are
undamaged. The droplet was then left to evaponat@n observation chamber
(measuring 0.6m by 0.75m by 0.94m) at ambient ¢am$ where the temperature
was monitored to within 0.5°C. The chamber was icigffitly large that droplet
evaporation did not change the humidity of the mmnent. A digital camera and
diffuse light source (from Kriss) placed eitheresaf the droplet in the chamber were
used to record the drying process. Care was tak@hate the slide horizontally and
to reduce convective air currents around the dtogie to the light source; two
effects which can interfere with the depositiongass. Digital images of the drying
droplet were recorded at 10 second intervals amdlysed using Kriss Drop Shape
Analysis software. At early times when the drogatface was smooth, the profile
was fitted using the Young-Laplace equatfoand values for the droplet base radius
r, height h, volume V, surface area A and contagiead were extracted. However,
once deposition began and the liquid droplet wasng on solid deposit, the Young-
Laplace equation could no longer be used to mdaethtire surface. Instead, the two
dimenstional droplet profile was extracted from tieeorded images using ImageJ
software (from US National Institutes of Healthdahe surface area A and volume V
of rotation calculated numerically in Matlab usithgg maximum point on the profile
to define the vertical axis of rotation. Uncerta@stin V and A due to droplet
asymmetry were quantified by halving the differebetween the contributions from
the profile on either side of the rotation axisg @me very sensitive to variations in the

position of this axis, caused by changes in theimam point.

Results

Figure 1 shows time-sequence images for four vabfes, indicating the drying
stages (discussed below) and the shape of the deg@bsits, which vary repeatably
with ¢,. Videos of the process are also available in theetEonic Supplementary

Informatiorl (Videos 1-4). Low concentration droplets & 3%) leave a disk-like
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deposit of solid PEO with diameter equal to thdiahidroplet base radius and
thickness from surface profilometfyof around 100m. Changes in colour and
optical transmission indicate that the polymer @mtation varies across the disk,
suggesting that pinned drying and ring-stain foramabccur at these concentrations.
For ¢=3%, in addition to the thin disk, there is a sa&bosit usually at or near the
centre of the disk. Below 12% the deposit is sduaiimetres in height, with steep
rough surfaces. Fop e 12% the deposit is smoother and conical, the edgending
almost to ¢ for co = 45%, with the thin disk continuing beyond. Inmso “failed”
experiments, the deposit falls over during formatidue usually to an inclined
substrate or air currents within the chamber. Oedan such experiments are not
included in the subsequent analysis and discusbmmnall ¢z 3%, the final structure
is a rough white deposit, which, when viewed fronderneath, often shows a hollow

region in the very centre adjacent to the glase=hp.
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Fig.1 Snapshots illustrating the drying process for thtgpat four values ofoc The
grey boxes indicate stages 2 and 3, during whiehdtioplet height increases. Videos
can be found in the web supplenient
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Fig. 2 Measured normalised properties of a drying dropléi ¢, = 25% as a function

of time. Values of contact anglé are obtained using Kriss drop shape analysis
software to fit the Young-Laplace equation to thepiet profile, and become
meaningless when the droplet is no longer onlyidigiyalues of height h, surface
area A, base radius r and volume V are calculayeauimerically integrating digitised
droplet profiles. The linear extrapolation of \sisown as a thin line, and the intercept
on the t-axis givegtUncertainties in A and V are due to asymmetrapthts.

Fig.2 shows values of V, A, r, h aftlextracted from the recorded images of a
drying droplet with g = 25%. The values V, A and h are normalised byr tingial
values, \§, Ap and h respectively, and r by its maximum valyg. Before deposition
begins (around t = 4000s in Fig 2), values caledlatsing our routine to numerically
integrate the droplet profile were indistinguisteallom those determined using the
commercial DSA software which fits the Young-La@aequation, so we plot only
the values from numerical integration, as theseasse reliable after deposition has
begun. Within the first few minutes, the dropletesgals slightly as seen by an increase
in rand A and a decrease in h afd-or the following hour the droplet loses volume
linearly, while the contact line is pinned so r e#ns constant as h and A decrease. As
in other work®, we extrapolate the linear portion of V to intgtéhe time axis and
use this value to define the time it would takedhaplet to dry to zero volume, t
VO

@
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Experimental times can be normalised ptotcompensate for uncontrolled variations
in initial droplet volume and relative humidity @fie chamber. During this initial
period when the volume loss is constant and A deing, the average evaporative
flux across the interface must be increasing, whhpredicted to occur ag
decreasés™

After just over an hour (t=3620s) h reaches itgdst value Ri, at time tin.
From this point the contact line begins to cont{actecreases) causing h, A afitb
increase, while the volume continues to reducesitalat a slower rate than initially.
Around fifty minutes later (t=6520s) significant pesition in the centre begins so
values of @ from DSA processing become meaningless, r remaorstant, V
continues to decrease and A and h continue toasetevith h slowing down and then
accelerating again. After another ten minutes (798} h reaches its maximum value
hmax at time kax. The deposit then contracts slowly for up to thme@re hours until

changes become imperceptible, but we chose totbmilate stage data from Fig. 2.
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Fig.3 Normalised surface area of drying droplets catedlausing numerical
integration of droplet profiles extracted from daji images, plotted against
normalised time t§t For clarity, curves are offset vertically. Errbars represent
uncertainties due to asymmetric droplets, in paldicat later times when the highest
point of the profile (and therefore the axis of atain) is no longer central.
Occasionally the uncertainties increase (e.g. onc8#se close to t/pt= 0.5) due to
bright reflections from the top of the droplet leagito a cusped profile and a peak
position which jumps around. For comparison, theeunpcurve shows data for the
skin buckling model with dextrahin which the surface area remains constant during
the growth phase.
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In Fig.3 we compare the evolution of A/for seven representative values gf c
alongside literature data for dexttnwith error bars determined as described above.
The short bursts of high uncertainty in the eardytpf several of the curves are
caused by the illuminating light reflecting frometbop of the droplet and confusing
the image processing routine which then finds dilpravith a slight cusp. This cusp
leads to the maximum point on the profile jumpiragibontally a few pixels, giving
noticeable differences in A between the two sided therefore large uncertainties.
As the droplet dries further, the reflected liglt longer appears at the top of the
droplet so the image processing routine extractigect profile and the errors reduce
again. At later times, the uncertainties are duthétrue asymmetrical shape of the
deposit. We see a very early increase in surfaea as the droplet spreads, followed
by a period in which A steadily decreases. Everhiwibur realistic error bars, all
concentrations show a significant increase in serfarea during the time when the

droplet height is increasing.
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Fig.4 Normalised values of.t, and fax the time when the droplet height reaches a
minimum and maximum respectively. Error bars are ttuuncertainties in the exact
time of the extrema and in the extrapolation teedaine the normalising valueg. t
The straight line fit through the,t data has y-intercept fixed at 1 and gives an x-
intercept of 50% (EQq.3).

In Fig. 4 we plot the variation of normalisedizt and t,ax with initial

concentration € The vertical error bars combine uncertaintiegshi@ exact time at
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which the extrema occur and in the extrapolatedevaf t. Both the tin and fax data
show a steady decrease afcreases.

Fig.5 shows thegcdependency of normaliseghfiand hax values. Both values
increase with concentration but in different masnéy,, shows a smooth increase
above 3%; hax has a steep initial increase, rising from Ogat 2%, to over 1 at,=
8%, and then remaining roughly constant at 1.35.
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Fig.5 Normalised minimum and maximum heights for a raofymitial concentration
values ¢. The dash-dot line is a prediction faoghusing previously determined value
of cnin=50% (EQ.7). The straight dashed lines are guidldiset eye for hax values.

Finally, we use the volume data altand fax to calculate the overall droplet

concentrations at these times using

V
Cmin/max :VCO : ' (2)
min/max

In Fig.6 we plot gin and Gax values which show no clear dependency @rvalues
of cnmin have an average oﬁ =49+ 8% and values of &y despite greater
uncertainties due to difficulties in determiningwme at later times, are less scattered

and have an average qf,, = 73+ 6%.
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Fig.6 Droplet concentration when the droplet height isnamimum (G,,) and a

maxima (&ay. Gnin Values are scattered around an average ©#8%9which is in
agreement with the reported saturation concentratfioPEO solutions g ~50%".
Cmax Values, despite greater uncertainties due tocditfes in determining volume
precisely, are scattered around an average6%?3

Analysisand Discussion

Buckling Skin M odel

The time course of the droplet height plotted ig.Fiand for all other samples (a slow
initial decrease followed by a rapid increase}imilar to published measurements on
dextrart®, which are well explained by the model of a buuiliskin with constant
surface area. However, this mechanism does notagth our observations. Firstly,
our data for the temporal evolution of A/Apresented in Fig.3 show, for all
concentrations, a noticeable increase in surfaea during the growth phase, even
within our significant uncertainties. Secondly, PE® known to crystallise into
spherulites at high concentratiohsather than form an amorphous glass. Thirdly, a
glassy skin covering the droplet would preventdh@ving deposits from falling over

during drying, in contradiction with what is se@nour “failed” experiments.
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Stage 1: pinned drying Stage 2: dewetting

Stage 3: bootstrap deposition Stage 4: final shrinking

Fig.7 Schematic drawing of the proposed four dryingesad hin lines indicate liquid
surfaces, thick regions represent solid depositsgriéss within each stage is from
solid black to dashed dark grey to dotted light/gre

Four-stage Deposition M odel

To understand the observed drying process, we devah alternative model, in
which we identify four distinct drying stages, inding a novel “bootstrap” stage. The
model is described below and graphically in Figolpwed by discussion of specific
predictions.

Stage 1. During Stage 1 the droplet shows typical pinnedtacnline drying
behaviour with a constant droplet radius r. To amcmdate the reducing droplet
volume, h andf both decrease but typically remains above the receding contact
angle (measured in separate experiments to be @réfnfor ¢ = 15%). The
evaporation rate is greatest at the contact lineviged 6 < 90°), and is sustained by
solvent within the droplet flowing radially outwa’dlevidence of which is provided
in Video 5 in the E§). When the droplet concentration reaches saturatip semi-
crystalline spherulites are precipitated, in whicé water molecules are tightly bound
through hydrogen-bonding to the polyrifeso are not able to participate in outward
flow. Consequently, the contact line can not ren@mimed and must retract. At this

time the droplet height reaches its minimum valygg with concentration gp.



Accepted for publication iRPhys.Chem.Chem.Phys, 2010, DOI: 10.1039/b922727|

Stage 2. During Stage 2 the contact line of the remainirgili, initially a flatish
puddle, retracts, driven by the large differenceveen the actual contact angle and
the equilibrium contact angle: the droplet in Figith ¢, = 40%, approachingsghas
@~ 90°, but at the start of Stage 2 when the canaton for all droplets is alsa.& 6

is much lower due to pinning in Stage 1. This eavetting transition and as shown
in Fig.2, there is an observed decrease in r acigase in surface area. Although an
increase in A will result in a corresponding in@ean surface energy, measurements
to quantify the surface tension lowering propertigfs PEG® show a maximal
reduction for polymers with molecular weight of 82 close to those used here.
Provided evaporation is slow compared to the spédte retracting contact line, h
will increase rapidly, reminiscent of behaviour sewith liquid mixture$’. The
receding contact line leaves behind a thin layedrgfpolymer, similar to the gelled
foot reported in previous studies of dense parsdspensioris Stage 2 finishes when

Areaches a value aroutk 80° and the contact line stops retreating.

Stage 3. As shown in Fig.2 and observed for other samplespritinues to increase
even though the radius of the deposit r remainstemn. In fact, the observed kink in
the h data is another indicator for the transibetween Stage 2 and 3. During Stage 3
the liquid droplet, at concentration,£ coexists with solid spherulites at cspher.
Continuing evaporation, via constant contact angtele®, leads to a diminishing
liquid phase in place of further spherulites, whiech deposited in a ring at the contact
line. The remaining liquid droplet is fenced in asgueezed upwards by the growing
deposit, as illustrated in Fig.8. We call this mss “bootstrap building” to
encapsulate how the droplet seems to push itsefargs. Fig.8 shows snapshots of
this process for a droplet with=10% and ESIVideo 2 for g=8%. Eventually, the
liquid droplet is entirely supported by the depasitl loses contact with the substrate
leaving behind a solid structure, which when vieViresin underneath (ESI Video 5)
or carefully cut open, is seen to be partially bwll Stage 3 ends when all liquid
phase has precipitated as spherulites and thelbuesplet concentration iSsghes At
this time ax the overall structure reaches its maximum height Hror the sake of
clarifying the distinctions between the stages, igreore the effects of evaporation

during Stage 2; in practice there is nearly alwayexlap of Stages 2 and 3.
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Fig.8 Time-sequence taken during stage =10%) showing a liquid droplet being
raised by the solid deposit. Time between imag@9ss

Stage 4. During Stage 4, the solid structure formed at thd ef Stage 3 shrinks
slowly by up to 10% in height as the remaining watéthin the spherulites
evaporates. For larger initial concentrationsX@30%) a small amount of liquid can
be trapped inside the solid cone which is thenedrithrough the top by the shrinking
structure, resulting in the eruption seen at tirE2000s in Fig.1 for £= 30% and
40% and in ESIVideo 4. Stage 4 ends when the droplet is comiplets. During
this stage, the forces generated by the shrinkigtsire stuck to the coverslip can be

sufficiently strong to cause the glass coverslipgad upward.

Predictions of Four-stage model
The model presented above lends itself to variopermental verifications. Details

of such tests are discussed.

Values at minimum and maximum height. The model allows prediction of the
value of several parameters (including time, catregion and height) when the
droplet reaches minimum and maximum height. Firstipredicts that the minimum

height should occur at the same concentration loc@a at ga: Fig.6 shows the
measured average value to Qe =49+ 8%, in agreement with the literature value

of Csar~ 50%'°. The model also predicts that the concentratich@maximum height

should be independent of and occur atsghes Which is also confirmed in Fig.6 where
the value is calculated as_, = 73+ 6%.

Secondly, the normalised values @f tan be calculated by first integrating Eqg.1
to find V(t) (assuming volume loss continues ainitial rate which from Fig.2 seems

reasonable), and then by combining with Eq.2 te giv

b 7~ % 3)
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Fig.4 shows that this equation gives a good fitthe t,, data and provides a
consistent estimate ofng= Gar as the intercept on the x-axis at 50%. Applying a
similar analysis to thenix data is more complicated, as the assumption regparete
of evaporation is no longer valid.

Finally we can find kin(co), provided we make the additional assumption tinat
droplet has the shape of a spherical cap, so itenecan be written as

-1
V=g (X7 +3X) (4)
in terms of base radius r and the ratio X
h 7
X =—=tan—. 5
. an2 ()
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Fig.9 “Phase diagram” depicting whether or not a givamgle, characterised by its
initial contact angle and initial concentration, abserved to form a central solid
deposit. The theoretical curve (Eq.8) separatesb@@aviours: above and to the right
are samples in which the concentration reachg®0% first; for samples below and
to the left, the contact angle reaches the recedihge, g ~ 3° first.

We then combine Eq.2 and 5 to write the unknows X terms of known parameters

3
xmin

£3X,, =2 (X34 3X,) = 2D, ©

sat

in which the r terms cancel as the droplet is pihdering Stage 1 and D is a constant.
This depressed cubic can be solved fgf,Xand then normalised byoXo give the

analytical expression fordu(Co):
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Taking an initial contact angle of 70° ang:& 50%, we obtain the curve in Fig.5

which agrees well with the experimental data. Weeanrently working on the theory

to predict the behaviour ofh(Co).

Nature of the deposit. We propose a simple argument to predict whetheivang
droplet will form a tall solid deposit or a flats#i. For most droplets studied,
depinning at the end of Stage 1 occurs due todgheantration of the droplet reaching
Csat from which point the droplet proceeds to Stagen@ farms a tall central deposit.
However, there is an alternative scenario: a dtopikk also depin when the contact
angle falls below the receding contact angf& measured to be around 5° for a
droplet with concentration of 15%. In this case thioplet concentration will be less
than gz:and Stage 2 does not take place. The contactdingcts as the concentration
increases, but bootstrap building does not occamdJEQ.5 to write X in terms of
we define a critical concentration, dependentipand & only:
3

o= e | ®
For g>cit the droplet forms a tall deposit; faj<c,i the droplet forms a thin deposit.
To test this prediction, we deliberately prepareoptets with low & by pipetting a
large droplet and then removing much of the liquiiese samples were analysed
before and after drying to measufig and to check whether they formed a conical
central deposit or not. The results from all pregi@xperiments and these additional
low & samples are plotted on Fig.9. The curve is a @idEg.8 using &=50% and

4=3° and shows good agreement with the experimebtgrvations.

Conclusions

From our experimental study of drying droplets gueous poly(ethylene oxide)
solutions we conclude that the shape of the fioldl leposit (either tall, conical and
often hollow, or flat and circular) depends semsiiy on both the initial droplet
concentration and the initial contact angle. Desmuperficial similarities with
previous studies using dextran solutitnim which the deposit shapes were attributed

to buckling of an incompressible glassy polymenskie demonstrate that a different
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mechanism must be at work here as the surfacecaresastently increases during the
growth phase.

To rationalise our observations, we propose a ftage drying and deposition
process, including a novel bootstrap stage durihglwvthe liquid droplet is lifted up
on freshly precipitated solid. We argue that drtspleach a minimum height when
they first begin to precipitate solid spherulitegien their concentration reaches a
saturation value, determined here to be in goodeagent with the literature value of
50%. We propose that whether a given droplet faramscal central deposits or not is
controlled by which occurs first: the concentratr@aching saturation or the contact
angle dropping below the receding contact anglés Thterion agrees well with our
observations. As PEO is a common laboratory polyméh varied industrial
applications (e.g. as a food addifieén the preservation of wooden artefatend in
protein crystallisatiof?), understanding its drying behaviour could havacpical or
technological implications.
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"Electronic Supplementary I nformation (ESI) available on www.scivee.tv

Videos 1 to 4 show typical drying behaviour of difint concentration droplets. The
duration of each experiment was approximately 2fioand the size of each droplet
initially around 7%l and the distance across the image approximatatyni. Timings
given in the captions below are given relativeht Yideo files, to aid identification of
the various stages and processes. It is also usefuéwing the files in Quicktime
(ver 7.5) to use the Jog/Shuttle control in A/V tols.

Video 1 (http://www.scivee.tv/node/168%2&hows drying of a sample withh = 5%

and exhibits pinned drying (stage 1) for aroundftist 5 seconds, before depinning
when the contact angle becomes lower than the meshseceding contact anglé,
Stage 2 and bootstrap building do not take place.

Video 2 (http://www.scivee.tv/node/168%3hows drying of a sample witly = 8%.

This exhibits pinned drying (stage 1) for around finst 5 seconds, at which point the
contact line depins and the droplet undergoes atieg transition (stage 2) until 9
seconds. At this time the contact angle remainsteon at just over 90 degrees, and
the droplet climbs on top of the solid deposit, tist@p building (stage 3). At 11
seconds the outer surface appears completely solil the maximum height is
reached. Stage 4 drying follows as the solid sisépely shrinks. The base radius of
the final cone is less than a quarter of that efitfitial droplet.
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Video 3 (http://www.scivee.tv/node/168%468hows drying of a droplet withy c= 25%

and again exhibits stage 1 pinned drying for thst % seconds. However, the solid
deposit is already much thicker for this droplet #he contact angle is increasing
(stage 2) deposition occurs simultaneously (stag&t8 maximum height is reached
at 10 seconds from which point, late stage dryistgde 4) accounts for the slow
decrease in height. The final cone has half the badius of the initial droplet.

Video 4 (http://www.scivee.tv/node/168% 8hows drying of a droplet withy c= 40%

and has a very short stage 1, around 1 secondcditact angle increases until 3
seconds and bootstrap deposition (stage 3) comstinagl 4 seconds. However, there
is still liquid inside the structure at this poimthich is ejected as stage 4 begins. The
base radius of the final cone is around three gumthat of the initial droplet.

Video 5 (http://www.scivee.tv/node/168%48was recorded using an inverted

microscope (Nikon Eclipse TE2000-S) witkk Bbjective lens. The images measure
5mm across and the frame rate is increased bytarfat 300. The bright specks in
the droplet are small clusters of polymer that wiaubt dissolve, and help to visualise
the flow within the droplet. Pinned drying (stagedtcurs for the first 5 seconds,
during which there is clear evidence for reciraolaflow at the contact line, with the
liquid near the base flowing radially outwards amolving inwards above. As the flow
at the edge ceases, a bright region of solid depppears behind the retreating liquid
droplet (stage 2). There is no longer evidencesoirculation flow within the droplet.
At 14 seconds, the deposit has reached its maxihmight at the end of stage 3 and
final drying begins. A wide solid ring has been dgfed with a liquid region in the
centre. From around 18 seconds, darker lines appehe bright deposit, indicating
completely dry areas and at 24 seconds, the celquatl region begins to dry

(darken) and by 40 seconds, the structure is hollow



