
Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2012, 8, 5923

www.rsc.org/softmatter PAPER

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 d

e 
V

ig
o 

on
 1

5 
Ju

ne
 2

01
2

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2S

M
25

50
0F

View Online / Journal Homepage / Table of Contents for this issue
Confined drying of a complex fluid drop: phase diagram, activity, and mutual
diffusion coefficient†

Laure Daubersies, Jacques Leng and Jean-Baptiste Salmon*

Received 2nd March 2012, Accepted 14th April 2012

DOI: 10.1039/c2sm25500f
We describe a drying setup where a liquid drop of a molecular mixture is confined between two circular

plates and left to evaporate in a controlled manner. The direct observation of the drying kinetics in such

a confined geometry, which includes the measurement of the volume of the drop against time and the

monitoring of a series of nucleation events, permits the reconstruction of a rough phase diagram for the

case of an aqueous triblock copolymer solution. Accurate estimations of the phase boundaries are

obtained thanks to spatially-resolved Raman spectroscopic measurements of the temporal evolution of

the solute concentration field within the drop. The comparison of such measurements with a theoretical

model describing the drying kinetics of binary mixtures [L. Daubersies and J. B. Salmon, Phys. Rev. E,

2011, 84, 031406] yields estimations of the activity of the solution and of its mutual diffusion coefficient

against the solute concentration.
1 Introduction

The elaboration of phase diagrams is an important day-to-day

task in physical-chemistry with direct and economical implica-

tions in many industrial realms (formulation of cosmetics,

foodstuffs, chemical enhanced oil recovery, etc.). Building such

a diagram is in principle simple and tedious and consists of

mixing chemicals, usually by hand, and monitoring the state of

the mixture. For the high-throughput production of samples,

robots that can handle hundreds to thousands of samples a day

have become popular; they can also help in the automation of the

analysis, but they suffer from a high price and severe limitations

when it comes to manipulating pastes, powders, and very viscous

liquids. Alternative continuous technologies are currently being

developed, as for instance microfluidics (especially in the field of

protein crystallization),1–4 but are not yet mature and remain

quite challenging to implement elsewhere than in specialized labs.

Here, we present a simple method—the drying of a drop of

a complex fluid in a confined geometry5–7—that permits one to

quantitatively reconstruct a phase diagram, and to estimate

thermodynamic and kinetic information. This method allows the

exploration of a given out-of-equilibrium route from dilute up to

very concentrated regimes with great simplicity: it indeed consists

of watching a solution left to dry between two circular and
Univ. Bordeaux/CNRS/RHODIA, LOF, UMR 5258, 178, Avenue
Schweitzer, F-33600 Pessac, France. E-mail: jean-baptiste.
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† Electronic Supplementary Information (ESI) available: We provide
two movies. Movie 1 shows the whole sequence of drying related to
Fig. 2. Movie 2 shows buoyancy-driven flows evidenced using
fluorescent tracers seeded in the solution (Fig. 8). See DOI:
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transparent wafers. Confinement not only casts specific kinetics

to evaporation but also facilitates the use of analytical tools for

the observation. In that sense, this drying setup bypasses most of

the difficulties related to the drying of sessile drops.8–13 More-

over, the precise analysis of such experiments, and its compar-

ison with a recent model describing drying in such confined

geometries,14 allows the estimation of both the activity of the

mixture (i.e. the driving force of evaporation), and its mutual

diffusion coefficient (that governs the relaxation of concentration

gradients).

We give below the experimental details required to correctly

set up the confined drying experiments, especially regarding the

drying time scales and the wetting properties of the cell. We

then show on a commercial aqueous block copolymer solution

(which turns out to be extremely difficult to manipulate at mass

fractions above fm z 30%wt.) that microscopy is sufficient to

estimate semi-quantitatively the phase boundaries for this lyo-

tropic copolymer. We then confirm and refine this result with

time- and space-resolved Raman spectroscopy leading to the

temporal evolution of the concentration field of the solute

within the drop, and which yields a better accuracy for the

phase boundaries (<1–5%). We also evidence buoyancy-driven

flows coming from the gradients of solute that develop within

the drop, and use recent results from ref. 15 to show that in our

confined experiments, diffusion still dominates (over convec-

tion) the transport of the solute. Finally, we compare our

measurements to our recent model14 to estimate the activity and

the mutual diffusion coefficient of the solution against concen-

tration. Such thermodynamic and kinetic data permit one to

describe quantitatively (and thus to predict) both the drying

kinetics and the temporal evolution of the concentration field of

the solute within the drop.
Soft Matter, 2012, 8, 5923–5932 | 5923
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2 Drying of confined drops

In a typical experiment, a small drop of an aqueous solution, at

an initial volume fraction f0 of a non-volatile solute, is squashed

between two circular wafers (radius Rw) (see Fig. 1).
5 This drop is

left to dry at ambient conditions, i.e. at the temperature and

humidity of the room. For a confined drop (h � Rw, with h the

distance between the two wafers), this two-dimensional geometry

yields neat observation conditions, and permits the assumption

of a simple model for the drying kinetics.5,14 Such a theoretical

description has been already investigated in depth for the case of

simple binary mixtures (colloidal dispersions and molecular

solutions, see ref. 14), and we give below a brief overview on the

mechanisms at work. Evaporation occurs through the vapor

removal by diffusion only, from the drop meniscus to the edge of

the wafers (Fig. 1). The drying kinetics can be derived on the

basis of this evaporation flux coupled to the mass conservation of

the solvent across the meniscus. The temporal evolution of

the normalized area a(t) ¼ [Ri(t)/Ri(t ¼ 0)]2 ¼ [Ri(t)/R0]
2 is

given by:5,14

da

ds
¼ a

�
f*
�� ae

blnðabÞ ; (1)

where b ¼ (R0/Rw)
2, and a(f*) � ae is the driving force of

evaporation, i.e. the difference between the chemical activity

of the solution close to the solvent–air interface [at a solute

volume fraction f ¼ f*, a(f*)] and the relative humidity at the

edge of the drying cell (ae). s ¼ t/sd, with sd the evaporation time

defined as:
Fig. 1 Schematic view of the confined drying cell (perspective and top

view). Typical sizes are Rw ¼ 4 cm, h z 145 mm, and the glass wafers are

coated with a thin layer of PDMS. A drop of z1 mL of water (initial

radius R0 z 1.5 mm) dries completely in a couple of hours at room

temperature (ae is the external humidity). On the top view, we also

illustrate the discrete positions probed with Raman microspectroscopy

(dotted line). Such a line-scan is iterated periodically in order to map the

spatio-temporal map of the Raman signature during the course of drying.

The gray scales illustrate the concentration gradients of the solute inside

the drop, and of the solvent in the vapor phase. f* is the concentration of

solute at the interface Ri(t); g indicates gravity.

5924 | Soft Matter, 2012, 8, 5923–5932
sd ¼ R2
w

4 ~Dnsc*s
; (2)

where ~D is the diffusion coefficient of vapor in air, vs the molar

volume of water, and c*s the molar concentration of the saturated

vapor of the solvent in air. Note that sd is proportional to R2
w

which illustrates how the geometry helps in defining a specific

drying time scale, and also directly scales with the thermody-

namics (nsc
*
s) and the transport properties of the solvent in the gas

phase ( ~D).

During the solvent evaporation, and thus the decrease of the

drop area, the concentration of the non-volatile solute increases

within the drop, and concentration gradients develop at the

receding meniscus. The temporal evolution of the concentration

field within the drop can be calculated in the case of quiescent

drops, thus excluding Rayleigh–B�enard–Marangoni instabilities

often observed in other drying experiments.16,17 Concentration

fields within the drop are governed by the relaxation of

the concentration gradients that develop during drying

according to:14

vsf ¼ 1

r
vr

"
r
D̂ðfÞ
Pe

vrf

#
for r\

ffiffiffi
a

p
; (3)

where D̂(f) ¼ D(f)/D0 with D0 the mutual diffusion coefficient

at f ¼ 0, and D(f) the mutual diffusion coefficient of the

mixture (in the reference frame of the volume-averaged velocity);

r ¼ R/Ri(t), and Pe is a unitless number given by:

Pe ¼ R2
0

D0sd
: (4)

Pe is a P�eclet parameter as it compares the typical relaxation

times of concentration gradients by diffusion (R2
0/D0) and the

drying kinetics (sd). The conservation of the non-volatile solute

gives the following boundary condition:14 �D(f*)vRf)R¼Ri(t)
¼

f* _Ri, where f* is the concentration of solute at the interface.

Using the dimensionless units, this boundary condition becomes:

a
�
f*
�� ae

2
ffiffiffi
a

p
b lnðabÞ ¼ � D̂

�
f*
�

Pe

vrf
*

f*
at r ¼ ffiffiffi

a
p

; (5)

and permits one to solve eqn (1) and (3).

For low P�eclet numbers (more precisely for Pe < �2blog(b)14),

i.e. for the relaxation of concentration gradients faster than that

of the drying kinetics, solute concentration within the drop

remains homogeneous during drying. In that regime, the

instantaneous concentration of solute is given by f(t) z f0/a(t),

and the measurement of the temporal evolution of the drop area

a(t), permits the estimation of the activity of the mixture thanks

to eqn (1). For large P�eclet numbers (Pe >�2blog(b)), significant

concentration gradients develop close to the receding meniscus.

In this case, the comparison of the measurements of the temporal

evolution of the concentration field f(r,t) to the model described

above14 should permit estimations of both the activity and the

mutual diffusion coefficient.

In the following, we present systematic experiments performed

on drops of a complex fluid, a water soluble block copolymer. By

combining different techniques (simple microscopy and spatially

resolved Raman spectroscopy), we demonstrate that we can

build quantitatively the phase diagram of the solution
This journal is ª The Royal Society of Chemistry 2012
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undergoing drying, and estimate its activity and its mutual

diffusion coefficient. We also evidence (thanks to fluorescent

tracers seeded in the solution) buoyancy-driven flows due to the

radial gradients of density that develop in the drop. We however

demonstrate following ref. 15 that these flows do not significantly

influence the transport of the solute, and that we can safely use

eqn (1)–(3) to estimate both the activity and the mutual diffusion

coefficient from the drying kinetics.
3 Materials and methods

3.1 Block copolymer solution

We used a water soluble non-volatile block copolymer, Antarox

P104, as a model system for our detailed study but we also

investigated other non-volatile solutes, including mixtures of

industrial surfactants, proteins, poly(ethylene glycol), glycerol,

etc. Antarox P104 is a triblock copolymer made of poly(ethylene

oxide) PEO and poly(propylene oxide) PPO, schematized as

(PEO)n(PPO)m(PEO)p with n ¼ 25, m ¼ 68 and p ¼ 25 as the

number of components of a block.18,19 Following the usual

nomenclature, Antarox P104 stands for a paste with 3 kg mol�1

of PPO blocks and a 40% weight fraction of PEO blocks. Despite

an extensive research of the literature, we did not find any

accurate data concerning the activity or the mutual diffusion

coefficient of this aqueous solution. In the following, we also

assume that the aqueous mixture is simple, i.e. that its density

is a linear combination of that of the two pure phases,

r(f) ¼ rw(1 � f) + rpf, with rw ¼ 103 kg m�3 for water, and

rp ¼ 1.04103 kg m�3 for P104. The mass fraction fm of the solute

can be calculated from its volume fraction f according to:

fm ¼ rpf

rpfþ rwð1� fÞ: (6)

Antarox P104 is of special interest for its phase diagram that

exhibits a rich sequence of mesophases. At room temperature,

four different textures occur upon an increase of concentration:20

isotropic (micelles), cubic, hexagonal, and lamellar phases, and

possibly a pure phase at very high concentration. The last

textures (hexagonal and lamellar) are birefringent and distinc-

tive. In the following, we compare our experiments with the

experimental values of the phase boundaries extrapolated from

the work of Wanka et al.20 Note also that this aqueous block

copolymer solution does not absorb and does not scatter light

strongly in the concentration range investigated.
3.2 Confined drying

In the following experiments, drops (volumes in the 0.5–2 mL

range) of the aqueous solution (initial mass fraction fmz 1–20%

wt.) are squeezed between two circular glass wafers with radii of

4 cm, and left to dry at ambient conditions (Fig. 1). The inner face

of each wafer is previously coated with a thin layer (z20 mm) of

poly(dimethylsiloxane) (PDMS, Sylgard 184, The Dow Cie). It

confers an hydrophobic environment for the aqueous solution

(contact angle of a drop of water on PDMS in air z110�) which
permits the prevention of line pinning and the subsequent

complex phenomena.6 The distance between the two wafers is

controlled by three spacers of thickness hz 145mm(actually three
This journal is ª The Royal Society of Chemistry 2012
little pieces of a coverglass slide), which are positioned close to the

edge of the cell. External humidity ae is measured using a standard

hygrometer, and lies in the ae¼ 0.2–0.5 range (temporal variation

during an experiment �2%). Experiments presented here have

been performed at room temperature (T ¼ 23–25 �C).
3.3 Optical microscopy

We use standard optical stereo-microscopy (Olympus SZX12,

objective DF PLAPO 1.2X PF2) with a large field of view (a few

mm) to image the course of drying, with crossed polarizers. The

latter are actually not perfectly crossed in order to keep some

light for the subsequent image analysis while still providing

information as to the possible birefringency. During typical

evaporation kinetics (z3 h), images are collected on a computer

thanks to a CCD camera (Hamamatsu C4742-95). Pictures are

taken at a moderate frequency (z1/60 Hz), leading to hundreds

of images in order to grasp the kinetics. Subsequent custom-

made image processing gives access to the area against time and

also to the many nucleation events.
3.4 Image processing

Using simple image processing, we can extract the instanta-

neous area of the drop A(t) (see e.g. Fig. 3a). We proceed via

thresholding to detect the dark meniscus and deduce the area

inside the external border of the meniscus, which we ascribe to

A(t). The main inaccuracy in the determination of the volume

of the drop V(t) comes from the thickness em(t) of the meniscus

(em(t) z 50 mm determined thanks to image analysis and

corresponding to the radial thickness of the dark rim that is

easily noticeable on the recorded images, see Fig. 2 for

instance). For confined drops [h � Ri(t)], the exact volume is

approximated well by V(t) z hA(t). For small drops, and more

specifically at the end of the drying, we correct this over-

estimate by considering that the air–solution interface has

a parabolic shape, and by calculating its volume (thanks to the

measured values em(t)). We thus correct the rough volume hA(t)

using the volume of the meniscus, and we get estimates of V(t)

with a better accuracy. In the following, the radius Ri(t) of the

drop is calculated according to V ¼ pR2
i h, and we consider

em(t) as the errorbar on Ri(t).
3.5 Fluorescent microscopy

Upon seeding the solution of interest with fluorescent markers,

we can get access to the liquid motion inside the drop (e.g.,

velocimetry, tracking). We use carboxylated poly(styrene)

beads of 1 mm in diameter from Invitrogen (fluorospheres

doped with a fluorescein-like dye emitting at z520 nm)

dispersed at a low volume fraction (z10�4%) in our solution.

The fluorescence is excited with a mercury lamp mono-

chromated at excitation (z490 nm) and the collected light is

also filtered out. In practice, we use pseudo streak-like imaging,

which consists of superimposing several pictures taken at small

time-lapses dt. The superimposition of the pictures permits one

to evidence the movements of the tracers due to convection for

instance.
Soft Matter, 2012, 8, 5923–5932 | 5925
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Fig. 2 Sequence of the drying of a 1.5 mL drop at room temperature with initial concentration fm¼ 10%wt. Its initial radius isR0z 1.8mm. Acquisition

times of the pictures obtained are shown in the top left corners. The last picture corresponds to the drop at the end of the drying. This sequence has been

obtained between the analyzer and the crossed polarizer. The white arrows point at a boundary between the two isotropic phases that is hard to see.†
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3.6 Raman spectroscopy

Raman microspectroscopy has proven useful to probe the

chemical nature and the composition of solutions in micro-

systems.21,22 A Raman microspectrometer provides a way to

record light scattered inelastically only (the Raman signature),

from micrometer-sized regions of a sample, coincident with the

illuminated laser spot, so that the Raman spectra originating

from this precise region can be recorded without significant

contributions from out-of-focus zones. Here, we use it to probe

a small volume inside the drying cell [O (2 � 2 � 30) mm3] on

several points on a line making up one radius of the drop (Fig. 1),

and iterate this analysis repeatedly in time up to the complete

evaporation of the solvent in order to obtain a spatio-temporal

cartography of the Raman signature during the drying kinetics.

Measurements are performed with a Jobin-Yvon LabRamHR

spectrometer equipped with an argon-ion laser emitting at

514.5 nm and a grating (600 lines/mm). Spectra are acquired with

an objective of moderate numerical aperture (Nikon 50�, NA ¼
0.45) and long working distance (13 mm), using a moderate

confocal pinhole (diameter 1000mm),with an acquisition time of 1

s in the 2500–3800 cm�1 spectral range. A complete acquisition of

a line across the radius of the drop lasts about 20–30 s as compared

to the drying kinetics which lasts typically for a couple of hours. It

yields about 30 data points per radius, and induces a slight

misdetermination of the actual position in the drop of about

10 mm.

The raw spectra contain several contributions despite

confocality: that of the solution and of PDMS. A systematic

algorithm for signal post-treatment—developed before23 and

outlined in the appendix—is used to extract the signal of the

solution only which permits one to obtain the concentration of
5926 | Soft Matter, 2012, 8, 5923–5932
the solute in the solution (�1% accuracy for f < 60–70%, �5%

above). We thus get access to the concentration field inside the

drop anywhere in space and time during the course of drying.

4 Results

A drop of the aqueous solution of the block copolymer under

study (at an initial concentration f0) is left to evaporate at room

temperature in the confined geometry (Fig. 1). We monitor the

drying kinetics using video microscopy, i.e. the temporal evolu-

tion of the decrease of the drop area a(t). During the course of

drying, we observe a series of nucleation and growth events of

textures as the concentration within the drop increases. Using the

approximation of homogeneous drying (only valid for low P�eclet

numbers, see Section 2), we correlate the occurrence of the

successive mesophases to the approximate concentration f(t) z
f0/a(t), thus yielding quantitative estimates of the phase

boundaries of the complex fluid under study. These estimates

deviate significantly from published values especially at high

concentrations,20 thus suggesting that concentration gradients

within the drop are not negligible. We thus use time- and space-

resolved Raman spectroscopy to measure with accuracy the

concentration field of the solute within the drop during drying.

These measurements permit the refinement of the positions of the

observed phase boundaries, and also the quantitative estimation

of both the activity and the mutual diffusion coefficient of the

solution against the solute concentration.

4.1 Global analysis of the drying

4.1.1 A series of phase transitions.We first monitor the global

aspect of the whole drop using a stereo-microscope equipped
This journal is ª The Royal Society of Chemistry 2012
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with crossed polarizers. In the following, we describe the phases

we observe and use interchangeably the words phase or texture to

describe them.

Fig. 2 shows a series of snapshots taken during typical drying

kinetics during which we observe a succession of phase transi-

tions. Seen from the top, the squeezed drop displays essentially

a dark meniscus and the kinetics start with the shrinkage of the

drop volume upon solvent evaporation. At a given time, a front

appears from the edge of the drop (t1 z 129 min) and propagates

inward. This front, which separates non birefringent phases

(isotropic), eventually reaches the center of the drop. Later on

(t2 z 155 min), a new front develops, propagates inwards,

and carries a slightly birefringent texture. Later on again

(t3 z 180 min), a strongly birefringent phase appears. Eventually

(t4 z 200 min), an ultimate isotropic phase develops.†

4.1.2 Phase diagram. In the first step, we assume that the

distribution of the solute is homogeneous inside the drop (regime

of low P�eclet number, Section 2). The conservation of the (non-

volatile) solute leads to its instantaneous volume fraction f(t) ¼
f0/a(t) (a(t) is estimated from simple image processing, see

Fig. 3a and Section 3). Eventually, from Fig. 2 we note the time ti
at which the i-th new texture appears and we correlate it to the

calculated mass fraction to build the approximate phase

diagram, see Fig. 3b. We acknowledge with image analysis only

that the copolymer under study displays five different phases as a

function of the concentration: isotropic 1/ isotropic 2/ birefrin-

gent 1/ birefringent 2/ isotropic 3 and we estimate the concen-

trations at which the phase changes appear (Fig. 3b): fm¼ 25.4�
1.7, 37.2� 1.3, 51.8� 3.6, and 75.8� 5.6%wt. (errors come from

the dispersion obtained from several experiments performed for

different initial conditions R0, f0 and ae). This simple and direct

analysis therefore provides semi-quantitative information in

reasonable agreement with the published phase diagram:20 the

phases are actually micellar/cubic/lamellar/hexagonal/

unidentified.

Note also that the estimated values are in very close agreement

for the micellar / cubic / lamellar phase boundaries found in

the literature (fm ¼ 25 � 2 and 40 � 2%wt.20), but deviates
Fig. 3 Drop ofz1 mL, initial concentration fm ¼ 3%wt. (a) Area versus

time A(t) and its error bar. (b) Concentration fm(t) estimated thanks to

the assumption of homogeneous drying (see text), and corresponding

qualitative phase diagram. Each grey area represents a different phase

domain, ti corresponds to the time at which the i-th new texture appears,

from the observation of the sequence of drying (e.g. see Fig. 2).

This journal is ª The Royal Society of Chemistry 2012
significantly at higher concentrations for the lamellar /

hexagonal / unidentified phase boundaries (fm ¼ 65 � 3, and

88 � 3%wt.20). These discrepancies may come from slight

differences between the block copolymer we studied and that

investigated in ref. 20 (their molecular weights indeed slightly

differ). However, we demonstrate later using time- and space-

resolved Raman spectroscopy that these discrepancies mainly

come from non-negligible concentration gradients within the

drop, thus suggesting that the assumption of homogeneous

drying is not strictly valid (moderate P�eclet numbers, Section 2).

These concentration gradients also imply that the average

concentration calculated when the new texture appears always

underestimates the concentration at the edge of the drop. In the

case of the first transition (micellar / cubic), the average

concentration calculated when the front between the two textures

disappears at the center of the drop, is close to fm ¼ 25.4 � 1.7%

wt. suggesting that concentration gradients may remain

moderate in this range of concentration.

4.1.3 Drying kinetics: evidence for the non-ideality of the

solution. We now use the actual kinetics to go a step further and

evidence the effect of the chemical activity of the solution on

drying. The non-volatile solute may indeed have an impact on

the vapor–solution equilibrium, which in turn modifies the

evaporation kinetics,5,14 as obvious in eqn (1) where the activity

of the solution indeed dictates the evaporation rate.

In order to evidence the non-ideality of the solution, we

compare the drying kinetics of our solutions to that of

pure water. For pure water (or for an ideal solution), eqn (1) is

easily solved with a constant driving force a(f*) � ae ¼ 1 � ae,

leading to:5,14

(1 � ae)t ¼ sd[ab(ln(ab) � 1) � b(lnb � 1)]. (7)

Complete drying of the droplet thus occurs at time sdb(1� ln(b))/

(1� ae). This permits one to give another physical explanation to

sd: it corresponds to the time needed to empty an initially full cell

(b ¼ 1) under steady evaporation (and at zero external humidity

ae ¼ 0). When the time t is plotted against a* ¼ ab(lnab � 1), we

expect a straight line with a slope sd/(1 � ae) for pure water;

any discrepancy should be attributed to the manifestation of the

non-ideality of the mixture [see eqn (1)].

We obtain the behavior of Fig. 4a where the straight line

evidences that the solution dries up like pure water at the early

stages, until it suddenly stops drying. Equivalently, another

representation is given in Fig. 4b where we rescaled several

drying kinetics ba(t)—obtained for several initial conditions (f0,

R0 and ae)—against sR ¼ (1 � ae)t/sd + 1 + b(lnb � 1). We notice

that all the curves collapse onto a master curve (black line in

Fig. 4), i.e. that of pure water, until we observe a sudden

discrepancy with a(sR > sf) ¼ af ¼ const.; it permits the unam-

biguous determination of the end of the drying sf.
From this rescaling, we extract two pieces of information.

First, as the solution evaporates exactly like pure water in the

early stages, we extract the drying time sd, and therefore an

estimate of ~D, the diffusion coefficient of water in the vapor

phase [see eqn (2)]. We obtain ~D ¼ (2.9 � 0.1)10�5 m2 s�1,

assuming vs ¼ 1.810�5 m3 mol�1 and cs ¼ 1.4 mol m�3, from

averaging ten different experiments, and which compares well
Soft Matter, 2012, 8, 5923–5932 | 5927
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Fig. 4 (a) Drop of 1 mL, initial concentration fm ¼ 3%wt. a* ¼
ab(lnab � 1) is plotted versus time t. The grey area corresponds to the

regime of an ideal solution, and the white part to the deviation from

ideality. The black line corresponds to the case of an ideal solution. (b)

Rescaling ab against sR of several experiments performed at different

initial conditions (b, ae, f0). The arrow points to the time of the end of the

drying sf for a given experiment. The black line corresponds to the case of

an ideal solution.

Fig. 5 Raman mapping of the concentration within a drop during

drying (initial concentration fm ¼ 10%wt, initial radius R0 z 1 mm). (a)

Space–time plot of the concentration, the gray scale codes the mass

fraction fm. (b) Concentration profiles in the drop at t¼ 7, 51, 76, 86, 95,

104 and 127 min.
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with literature data.24 Then, the drop rapidly stops drying at tz
sf, suggesting that the solution activity drops to the external

humidity ae at sf [eqn (1)]. We can estimate the concentration ff

at the end of the drying by the volume conservation of solute, i.e.

ff ¼ f0/af. We obtain ff ¼ 85 � 4.4%wt. averaged over several

experiments (the error corresponds to the standard deviation on

these data), regardless of the initial conditions (b, f0): there is

thus no kinetic effect. Note also the drying kinetics is not

expected to stop when all the water has evaporated (f ¼ 100%),

but at a concentration for which the activity of the mixture

reaches the external humidity ae.

To summarize, the global analysis of the drying kinetics (i.e.

thanks to classical video microscopy only) yields qualitatively the

phase diagram of a complex fluid. These data also permit the

evidence of the non-ideality of the mixture at high concentra-

tions. Our estimates of the phase boundaries differ significantly

from the data found in the literature,20 pointing out the presence

of non-negligible concentration gradients inside the drop during

drying. This thus suggests that the relaxation of the concentra-

tion gradients occurs on times scales close to the drying kinetics

sd (regime of moderate P�eclet number, see Section 2). Simple

estimates of Pe, from the measurements of sd and with a mutual

diffusion coefficient D0 in the 0.01–110�9 m2 s�1 range, indeed

suggest that we may have explored regimes of moderate P�eclet

numbers (with the important assumption thatD(f) does not vary

strongly with concentration).
5928 | Soft Matter, 2012, 8, 5923–5932
To go a step further, we perform time- and space-resolved

Raman spectroscopy to get access to the local concentration field

f(R,t) during drying. These local measurements improve the

estimations of the phase diagram, and permit the estimation of

both the activity and the mutual diffusion coefficient of the

mixture.
4.2 Local analysis of the drying: Raman imaging

We use Raman spectroscopy to obtain a quantitative measure-

ment of the concentration anywhere inside the drop, at anytime.

To do so, we use a confocal Raman microscope setup, collect

pointwise the spectra inside the drop along a radius, and iterate

the procedure in time (see Section 3 for details). We then extract

the concentration of the solute using a procedure described in ref.

23 which consists of comparing the spectra with a library. Upon

minimization of the difference between the experimental data

and the library, we find the best agreement which translates into

a concentration within 1–5%wt. accuracy (details of the signal

processing are provided in the appendix).

Typical results of these Raman investigations are displayed in

Fig. 5, where Fig. 5a is a spatio-temporal map with the abscissa

corresponding to the spatial position R in the drop and the

ordinate to the time t; the grayscale coding shown in the insert

gives the concentration in terms of the mass fraction fm. Fig. 5b

corresponds to several representative concentration profiles

plotted againstR. We observe in Fig. 5a the drying kinetics of the

drop with (i) a receding meniscus, (ii) shallow concentration

profiles, and (iii) accurate values of f anywhere in the drop. We

can better see that in Fig. 5b that the concentration gradients

indeed exist but remain weak at low fractions (fm < 30%wt.). The

average concentrations calculated on the basis of the profiles

exemplified in Fig. 5b thus correctly give an approximate

concentration of �5%wt. Above 30%wt., larger concentration

gradients develop, and eventually disappear at the end of the

drying (fm z 95–100%wt.).
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm25500f


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 d

e 
V

ig
o 

on
 1

5 
Ju

ne
 2

01
2

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2S

M
25

50
0F

View Online
To get accurate values of the phase boundaries, we extract the

concentration f* at the edge of the drop, at the precise moment

when a phase appears. We thus now correlate the observation of

the microscopy, see Fig. 2 for an example, and the precise

measurements of the concentration, see Fig. 5, to construct the

phase diagram of our solute. Within the experimental accuracy,

we now acknowledge a good agreement with the full phase

diagram published elsewhere:20 isotropic/cubic/hexagonal/

lamellar at fm ¼ 28 � 2, 46 � 2, and 68 � 2%wt., with errors

estimated from the dispersion over 4 experiments performed

for different initial conditions f0 and b (literature data: 25 � 2,

40 � 2, and 65 � 3%wt.20).
4.3 Towards estimates of thermodynamic and kinetic

information on the mixture

4.3.1 Activity. We can now estimate the activity of the

mixture against the concentration using our combined

measurements of f(R,t) and a(t). Indeed, the activity of the

solution is the driving force for evaporation and governs the

drying kinetics according to eqn (1). The experimental derivative

of a(t) thus leads to the activity of the mixture, plotted against

the measured values of the concentration at the interface f*, as

shown in Fig. 6a. The different symbols correspond to four

experiments performed at different initial conditions b, f0, and

ae. The main dispersion comes from the numerical derivative of

the experimental data. These data evidence the following

expected behavior: the activity is almost constant and equal to

one for f < 0.7, and decreases significantly above it, down to 0.

We now use the classical Flory–Huggins theory25,26 to analyse

our experimental data a(f) vs. f. In such a model, the activity of

the polymeric solution is given by:

lnðaÞ ¼ lnð1� fÞ þ
�
1� 1

r

�
fþ cf2; (8)

where r is the number of polymer segments (115 in our case), and

c the polymer–solvent interaction parameter. This equation
Fig. 6 (a) Evolution of the activity a(f*) of the aqueous P104 solution vs.

the concentration at the interface f*. These data are computed from the

experimental data and thanks to eqn (1). The solid line corresponds to the

Flory–Huggins theory, eqn (8), with c ¼ 0.6. (b) Estimates of the mutual

diffusion coefficient D(f*) against the concentration at the interface f*,

from the comparison of the experimental data to eqn (5). The two plots

display several experiments (performed for different b, f0) highlighted by

different markers, and using different gray scales.

This journal is ª The Royal Society of Chemistry 2012
nicely fits our experimental data with c z 0.6, as shown in

Fig. 6a. This value is in very close agreement with the measure-

ments of Gu and Alexandridis,27 on similar block copolymer

aqueous solutions (P105 and F127, c z 0.59). Our experimental

data however display a significant dispersion, mainly coming

from the numerical derivative of the experimental measurements

a(t) vs. t. To get more accurate estimates, especially at high

concentrations, we could perform experiments with drops with

larger initial radii and larger initial concentrations f0. Such drops

would permit the exploration of the regime of high concentration

f with larger drop area a(t), and thus with less experimental

inaccuracy.

4.3.2 Mutual diffusion coefficient. Our combined measure-

ments of the temporal evolution of f(R,t) and a(t) also permit the

estimation of the mutual diffusion coefficient of the mixture

against the concentration.14 Indeed, the conservation of the non-

volatile solute during the evaporation of the solvent, leads to the

boundary condition eqn (5), which writes as using real units

�D(f*)vRf)R ¼ Ri(t)
¼ f* _Ri, and relates the temporal evolution of

a(t) to the local diffusive flux at the interface, and thus to the

value of D(f). The spatial extent of the concentration gradient is

given by xzD(f)/ _Ri, the natural length scale balancing diffusion

and convection of the meniscus.14 Such experimental determi-

nation is however tricky, and leads to a significant dispersion, as

we have to compute numerically the spatial derivative of the

concentration field f(R,t) at R ¼ Ri(t) and the temporal deriva-

tive of a(t). Nevertheless, this procedure leads to the data dis-

played in Fig. 6b for several experiments performed at different

b and f0. The experimental estimates of D(f) vs. f first evidence

values around D z 10�10 m2 s�1, thus close to the values for

molecular mixtures. Second, it seems that the curves D(f) vs. f

share a common trend: D first increases up to z2 � 10�10 m2 s�1

for f z 0.5, and decreases down to 0.2–0.8 � 10�10 m2 s�1 at

higher concentrations. Moreover, we do not observe the

dramatic fall on the mutual diffusion coefficient as usually seen

for polymer solutions at high volume fractions.28 This is not due

to the limited spatial resolution of our optical measurements, as

the concentration gradient is not expected to be strongly local-

ized at the droplet meniscus at the end of drying: the velocity of

the droplet meniscus indeed slows down considerably, e.g. Ri z
0.01 mm s�1 for t > 100 min in Fig. 3, thus leading to x > 100 mm

for D > 10�12 m2 s�1. We however believe that the spatial deriv-

ative of the measured concentration profiles, combined with the

very slow kinetics at the end of drying (and thus the large

experimental inaccuracy on the temporal derivative of a(t)) lead

to a significant dispersion of the values of D(f). We plan to

perform experiments with larger drops at higher initial concen-

trations to get more accurate data D(f) vs. f.

4.3.3 Inverse modelization of the experiments. Thanks to our

global and local analysis of the drying kinetics (a(t) and f(R,t))

we managed to estimate the activity of the mixture and its mutual

diffusion coefficient against concentration. We now illustrate the

self-consistency of our approach and solve the equations

describing drying [eqn (1)–(3)] with our experimental estimates of

a(f) and D(f). This allows us to compute the temporal evolution

of the concentration field f(R,t) and of a(t), and to compare it to

our measurements.
Soft Matter, 2012, 8, 5923–5932 | 5929
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Fig. 7 shows such a comparison between the full experimental

data (on a given experiment) and the numerical computation of

the model. More precisely, we use the generic Flory–Huggins law

with c ¼ 0.6 to account for the evolution of the activity, and for

simplicity a constant mutual diffusion coefficient D ¼ 10�10 m2

s�1. A similar strategy was adopted by Doumenc and Guerrier to

model the drying of a solution in a moving meniscus for polymer

solutions.28 The numerical computation matches well the

experimental data (both a(t) and f(R,t)) up to complete drying,

without any adjustable parameters, thus validating our experi-

mental approach. Slight differences can be seen, especially at the

end of drying, on the temporal evolution of a(t), and the esti-

mated gradients of concentration. We believe that these

discrepancies mainly come from the probable evolution of D(f)

with concentration f that may lead to higher concentration

gradients at high f and to a significant decrease in the evapo-

ration kinetics.
Fig. 8 Streak-like velocimetry: the picture shows a sum of ten successive

pictures that evidences the movement of fluorescent tracers inside the

drop (water + polymer at initial concentration fm¼ 3%wt., drop of initial

radius R0 z 1 mm, tracers of 1 mm in diameter).†
4.4 Buoyancy-driven convection

We demonstrated recently that buoyancy-driven convection is

not negligible in such experiments.15 Indeed, drying induces

radial gradients of concentration in the confined drop, thus

leading to differences of density orthogonal to the gravity, that

yield in turn buoyancy-driven flows15 (see Fig. 1). In the

following, we first evidence these flows thanks to simple veloc-

imetry experiments on fluorescent tracers seeded in the solution.

We then explain why such a convection has a negligible effect on

our previous analysis based on the assumption of a quiescent

drop during drying [eqn (1)–(3)].

Fig. 8 represents a superimposition of ten successive images

and highlights the trajectories of the fluorescent tracers: a radial

motion which is actually circulatory.† We obtain exactly the same

results with different aqueous solutions: glycerol, polyethylene

glycol, in similar experimental conditions.15 We also evidence

using simple microscopy that this convection stops when the

most viscous phases appear at high concentration, pointing out
Fig. 7 Comparison between a given experimental data set (�) and the

theoretical model (-). We use the Flory–Huggins law (c ¼ 0.6) to account

for the activity and D ¼ 10�10 m2 s�1. (a) Temporal evolution of the

normalized area a(t). (b) Concentration profiles f(R,t) inside the drop at

different times t ¼ 7, 51, 76, 86, 95, 104 and 127 min.

5930 | Soft Matter, 2012, 8, 5923–5932
the important role played by the viscosity. The magnitude

of these flows (estimated from simple tracking) is of the order of

1 mm s�1.

The magnitude of buoyancy-driven flows in a confined

geometry (for a simple binary mixture of constant viscosity h)

can be estimated within the lubrication approximation by

a balance between buoyancy and viscous dissipation:15
Fig. 9 Libraries of spectra of water–polymer mixtures against wave

number v and mass fraction fm. (a) Normalization by the contribution of

water in the 3200–3600 cm�1 range, and (b) by the contribution of the

copolymer in the 2500–3200 cm�1 range. (c) Raman spectrum of pure

PDMS measured independently, and a typical Raman spectrum of the

mixture collected in the confined drop (arbitrary units). PDMS displays

well-defined peaks at 2905 and 2965 cm�1.

This journal is ª The Royal Society of Chemistry 2012
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Uz0:008
df

Ri

r0 gh3

h
: (9)

df is the typical concentration gradient along the distance Ri,

and r0 the variation of density with concentration (for our

mixture r0 ¼ rp� rw¼ 40 kg m�3). This relation accounts well for

our measurements with h z 1 mPa s, df z 0.01–0.1 and Ri z
1 mm (see Fig. 5). Astonishingly, we demonstrated in ref. 15 that

such flows have a negligible influence on the concentration

gradient that generate them, as soon as the Rayleigh number

defined by Ra ¼ Uh/D, remains moderate (more precisely

Ra < O (1), D being the mutual diffusion coefficient of the

mixture). When this condition is fulfilled, diffusion over the

height h indeed dominates buoyancy-driven convection, and

since there is no net radial flow rate (
Ð h
0
dzurðzÞ ¼ 0), the relax-

ation of concentration gradients along the radial direction is

driven mainly by diffusion (see ref. 15 for a detailed discussion on

this striking result). We can thus safely use eqn (1)–(3) to describe

the drying kinetics, as in our experiments Ra ¼ Uh/D < 1: the

buoyancy-driven convection does not influence significantly the

transport of the solute f, but convects efficiently less mobile

species, such as the colloidal fluorescent tracers seeded in the

solution.
5 Conclusions and outlooks

We investigated in detail the drying kinetics of a complex fluid

from a confined drop. This geometry provides neat conditions

for the evaporation of the solvent, thus yielding the possibility to

model precisely the drying kinetics from simple equations of

transport. This method, simply based on a controlled concen-

tration rate induced by drying, can be useful to investigate highly

viscous complex fluids that are difficult to handle at high

concentrations. We show that the measurements of the temporal

evolution of the concentration field of solute, and that of the

drop area, allow us to measure the activity and the diffusion

coefficient of the mixture, and importantly to get quantitative

estimates of its phase diagram. According to our knowledge it is

difficult to access such information from such experiments of

drying as unavoidable Rayleigh–B�enard–Marangoni instabilities

often occur.16,17 Our experiments provide original out-of-equi-

librium routes from dilute up to dense states without a large free

surface often leading to Marangoni flows. Moreover, this

confined geometry also permits the neglection of buoyancy-

driven flows in the analysis of the drying kinetics. Yet these flows

still exist and can strongly mix colloids dispersed in the complex

fluid. This may be an innovative way to get uniform concentra-

tion of colloidal species within highly concentrated polymeric

liquids. We also plan in the near future to get estimates of the

activity and the diffusion coefficient of complex fluids using an

even more confined geometry called microfluidic evaporators.29–31

These original tools permit us to reach steady out-of-equilibrium

concentration profiles in a nanolitre microfluidic chamber. The

precise shape of such profiles depends finely on the evaporation

from the permeable microfluidic channel, and on the osmotic

compressibility of the mixture.30 Precise measurements of

concentrations as done in the present paper thanks to Raman

imaging, would a priori lead to very precise estimates of the

collective diffusion coefficient. We believe that it is may be an
This journal is ª The Royal Society of Chemistry 2012
interesting way to identify subtle out-of-equilibrium effects in

very concentrated phases of co-polymers: we imagine for

instance to reveal the link between the collective diffusion coef-

ficient and the orientation of the organized mesophases.

Appendix: signal treatment of Raman spectroscopy

We recall here the main steps needed to extract the concentration

from the Raman spectra, as detailed in ref. 23 for the case of

glycerol–water mixtures, and in ref. 32 for the case of H2O–D2O

mixtures. The roadmap is the following: (i) get a library of the

spectra to be analyzed; (ii) compare an experimental spectrum

with every single spectrum of the library; (iii) deduce the

concentration of the unknown sample. Although simple, this

procedure includes delicate steps that are described below.

5.1 Spectra library

We first prepare a set of 21 samples ranging between fm ¼ 0 and

100%wt. in vials. We then collect the Raman spectra directly

inside the vials using the same setup described in Section 3. In the

present case (PEO/PPO copolymer), we collect the data in the

2500–3800 cm�1 range, which makes them fairly distinctive of the

species we study. In this range the vibrational frequencies asso-

ciated with the OH stretching modes in liquid water lead to

a broad peak at 3200–3500 cm�1, whereas the polymer contri-

bution corresponds to well-defined peaks at 2880 and 2940 cm�1.

All the spectra are then corrected from a linear baseline and

normalized by the maximum value in the 3200–3600 cm�1 range

(by the water contribution), or in the 2500–3200 cm�1 range (the

copolymer contribution). The two corresponding libraries of

spectra are displayed in Fig. 9a and b. We actually interpolate

linearly these libraries in order to improve the resolution in the

concentrations of our library, going from a step of z5% to 1%.

5.2 Raw data analysis

We collect spectra of the polymer–water mixture in the drying

cell as described in Section 3. Our wish is to determine precisely

the corresponding concentration. The main difficulty in doing so

comes from the fact that although working in a confocal mode,

we nevertheless collect some intensity from the walls of the

drying cell. They are made of glass and PDMS, the latter having

a significant contribution in the spectral range corresponding to

the copolymer (intense peaks at 2905 and 2965 cm�1, see Fig. 9c).

Note that PDMS does not display any significant Raman

signature in the spectral range of the water contribution

(3200–3800 cm�1).

Our analysis procedure is the following. We first correct the

measured spectra from a linear base line as done previously for

the data displayed in the two libraries. We then perform two

different normalizations. First, we normalize the data in the

3200–3600 cm�1 range (by the contribution of water), and

subtract our experimental signal to the library of spectra

displayed in Fig. 9a. The resultant spectrum is then compared to

that of pure PDMS with a least-square minimization. The

absolute minimum of this procedure thus tells us which of the

subtracted spectra is the closest to PDMS. Put another way,

we have determined to what concentration in the library the

spectrum can be added to that of the PDMS to best describe our
Soft Matter, 2012, 8, 5923–5932 | 5931
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experimental results. This leads to the linear combination of the

PDMS spectrum and of one of the library spectra that best fits

the raw data. For larger concentrations of polymer (and thus

lower concentrations of water), the normalization of the spectra

by the water signal leads to larger uncertainties. We thus perform

a normalization of the measured spectra by the contribution of

the copolymer, in the 2500–3200 cm�1 range. Such a normaliza-

tion is only correct for high concentrations fm, as the PDMS

signature becomes negligible compared to that of the copolymer.

The resultant normalized spectrum is then fitted using a least-

square minimization, by one of the spectra of the library dis-

played Fig. 9b.

These two different normalizations yield estimates of the local

composition of the mixture with a precision level of about �1%

for fm < 60–70%wt., and up to 5% at higher concentrations

(error bars displayed in Fig. 5 and 7 account for these uncer-

tainties). It is important to mention that such measurements of

the concentration of the mixture do not depend on the optical

configuration of the setup (objective, focus, etc.), and are there-

fore very robust.
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