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Drying-mediated patterns in
colloid-polymer suspensions

Seul-a Ryu?, JinYoung Kim?, So Youn Kim? & Byung Mook Weon®?

Drying-mediated patterning of colloidal particles is a physical phenomenon that must be understood
. ininkjet printing technology to obtain crack-free uniform colloidal films. Here we experimentally study
Accepted: 17 March 2017 . the drying-mediated patterns of a model colloid-polymer suspension and specifically observe how the
Published online: 24 April 2017 . deposit pattern appears after droplet evaporation by varying particle size and polymer concentration.
: We find that at a high polymer concentration, the ring-like pattern appears in suspensions with large
. colloids, contrary to suppression of ring formation in suspensions with small colloids thanks to colloid-
polymer interactions. We attribute this unexpected reversal behavior to hydrodynamics and size
dependence of colloid-polymer interactions. This finding would be very useful in developing control of
drying-mediated self-assembly to produce crack-free uniform patterns from colloidal fluids.
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- Drying of a suspension droplet leaves a variety of deposit patterns of solutes'~>. Aslong as evaporation is well con-
. trolled, drying-mediated self-assembly” is ubiquitously applicable to assemble nanoparticles, microparticles, pol-
© ymers, proteins, and other biological molecules for applications in biological science, electronics, chemistry, and
: materials science®'°. Colloidal droplets including micro- and nanoparticles generally leave ring-like stains during
. evaporation, which is known as the coffee-ring effect"!'. As studied, self-pinning by solute confinement at a
three-phase (liquid-solid-vapor) contact region governs droplet evaporation dynamics as a basic requisite for the
. coffee-ring effect'>'*. In inkjet printing technology, the coffee-ring effect is a central problem because it obstructs
. production of crack-free uniform colloidal films® '* 5. Suppression of the coffee-ring effect has been an essential
© topic in recent decade researches'®-! and a variety of feasible methods for crack prevention have been suggested
© to date?»?. A recent work shows a versatile method for crack prevention by adding a kind of short-length poly-
* mers into colloidal suspensions®*. This method is feasible only if polymers can drive gelation of colloidal particles
. with short-range attraction®, so called gelation-driven crack prevention®. Nonadsorbing polymers are useful for
. driving gelation®. Importantly, driving weak gelation by polymer addition into colloidal suspensions would be
dependent upon particle size and polymer concentration®®%’, which has long been studied in terms of phase sep-
aration and gelation in model colloid-polymer mixtures?®-*. For better control of drying-mediated self-assembly
in colloidal suspensions, a deep understanding for hydrodynamics and size dependence of colloid-polymer inter-
actions is increasingly warranted for large-area, highly ordered, and crack-free uniform colloidal films.

In this work, we demonstrate an experimental study on how deposit patterns emerge from evaporating
droplets of colloid-polymer suspensions by varying particle size and polymer concentration. We obtain a phase
diagram for particle size and polymer concentration utilizing a model colloid-polymer system. The model sus-

. pension without polymers shows typical deposit patterns: small colloids tend to make rings and large colloids
' make bumps, as can be seen in Fig. 1. Our important finding for colloid-polymer suspensions is that at high
. polymer concentrations, ring-like patterns appear in suspensions with large colloids, contrary to suppression
. of ring formation in suspensions with small colloids thanks to colloid-polymer interactions. This discrepancy is
. unexpected and important in controlling the final deposit patterns. We discuss the underlying mechanism for
. the reversal deposit patterns in terms of hydrodynamics and size dependence of colloid-polymer interactions.

- Results

A phase diagram for drying-mediated patterns. We experimentally observed deposit patterns with
. varying colloid size (100 nm ~ 10 ym in diameter) and polymer concentration (0~1.0 wt%) from a model col-
© loid-polymer system (see the Experiments), consisting of poly(methyl methacrylate) (PMMA, purchased from
. Phosphorex) colloid and poly(ethylene oxide) (PEO) polymer with the viscosity average molecular weight
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Figure 1. A phase diagram for drying-mediated patterns. Deposit patterns were taken by varying colloid size
(100nm ~ 10 ym in diameter) and polymer concentration (0~1.0 wt%) in a model colloid-polymer system,
consisting of poly(methyl methacrylate) (PMMA) (PMMA concentration is fixed as 0.1% (1 mg/ml)) colloid
and poly(ethylene oxide) (PEO) polymer (the viscosity average molecular weight M, = 1,000 kg/mol) suspended
in water. Deep interpretation about patterns is described in the text.
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M, =1,000kg/mol (Sigma Aldrich 372781) suspended in water. Here the PMMA concentration was fixed as 0.1%
(1 mg/ml). Direct visualization of deposit pattern formation, as demonstrated in Fig. 1, was taken with a digital
microscope (VH-Z100R, Keyence) at a rate of 15 frame per second. The left column of Fig. 1 demonstrates the
deposit patterns for pure polymer solutions without colloids (as marked by pure PEO). As the polymer concentra-
tion increases, the deposit pattern has dim rings. This result is consistent with typical deposit patterns taken from
polymer suspended droplets®!: no stains result from de-pinning dynamics and rings from pinning dynamics®* 3.
The middle two columns of Fig. 1 demonstrate the suppressed coffee-ring effect for colloid-polymer suspensions
with small colloids (as marked as small colloids). Small colloids originally make rings at the perimeter in the
absence of polymers, while they gradually become left randomly inside the droplet as nonadsorbing polymers are
increasingly added into colloidal suspensions. This behavior is well studied as the suppression model?*. The right
two columns of Fig. 1 demonstrate the unexpected result from colloid-polymer suspensions with large colloids
(as marked as large colloids). The right bottom two images show a typical result from evaporative patterns for
large colloids: bump-like stains are formed randomly inside the droplet!'!. However, as the polymer concentration
increases, large colloids move toward the perimeter, resulting to formation of ring-like patterns, which is unex-
pected yet very convincing.

Reverse behaviors for small and large colloids. We were able to observe the reversal deposit patterns
particularly taken from small (100-nm-diameter) and large (10-z:m-diameter) colloids, as demonstrated in Fig. 1.
As well known, small colloids tend to move toward the perimeter in the absence of polymers, leaving ring-like
patterns'®, while they stay at the whole part of the droplet, as polymer is added, which is known as the suppressed
coffee-ring effect'®. Contrary to small colloids, large colloids show the reverse deposit behaviors: they tend to stay
randomly inside the droplet in the absence of polymers, making bump-like patterns, while they move toward the
perimeter as polymer is added.

The suppressed coffee-ring effect for colloid-polymer suspensions made of small colloids is a consequence of
interplay between hydrodynamics and colloid-polymer interactions (particularly the colloid flocculation can be
induced by the depletion effect of polymer chains®). In the absence of polymers, coffee-ring-induced hydrody-
namics determines evaporation and deposit dynamics, resulting in the ring-like deposit patterns. As the polymer
concentration increases, polymer-induced attraction becomes predominant®**%. Polymers between small colloids
are able to weakly attract neighboring colloids and then enable neighboring colloids to assemble as clusters, as
seen in Fig. 2(a,b), taken from scanning electron microscopy (SEM). It is known that adsorbing polymer chains
can induce the aggregation of colloidal particles during evaporation®'. The resulting colloidal clusters of small col-
loids tend to stay at the middle of the droplet despite the existence of the edge-ward coffee-ring flow™. Evidently
the suppressed coffee-ring behavior of small colloids by polymer addition is seen from direct visualization of
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Figure 2. Colloid-polymer interactions for small colloids. (a,b) SEM images for the center of the dried droplet
with small (100-nm-diameter) colloids without polymers (C,=0wt%) and with polymers (C,= 0.1 wt%).

(c,d) Light scattering experiments. The intensity autocorrelation function g,(t) — 1 versus time, taken from the
diffusing wave spectroscopy (DWS), shows attractive interactions between colloids and polymers. The effective
diameter, taken from the intensity average diameter of the dynamic light scattering (DLS), increases with the
polymer concentration C,.

droplet evaporation of 100-nm-diameter PMMA colloids without PEO polymer (Supplementary Movie 1) and
with PEO polymer (Supplementary Movie 2), as consistent with other observations'®.

The colloid-polymer interactions for small colloids were investigated with light scattering experiments. The
intensity autocorrelation function g,(f) — 1 versus time in Fig. 2(c), taken from the diffusing wave spectroscopy
(DWS), demonstrates that upon addition of the PEO polymer, the autocorrelation decays more slowly, which is
probably as a result of polymer-induced aggregation of colloids. The present analysis is consistent to the previous
work?. The slowed relaxation of the particle dynamics can be attributed to the aggregation of colloids or the
formation of particle clusters. The effective diameter in Fig. 2(d), obtained from the dynamic light scattering
(DLS), also increased with adding PEO polymers. The increased effective particle size resulted from the increased
average size of particle clusters.

The reverse pattern formation for colloid-polymer suspensions with large colloids as found in Fig. 1 is pre-
sumably relevant to the size dependence of the aggression dynamics of colloids with polymer additives'® 1. With
adding polymers with identical molecule weights, small colloids are more favorable to undergo aggregation than
large ones*" ?°. This consideration implies that colloid-polymer interactions for large colloids would become very
weakened and coffee-ring-induced hydrodynamics would become predominant for large colloids, regardless of
polymer addition. We compared the evaporation evolution without and with polymers for large colloids, as seen
in Fig. 3, where the evaporation time ¢ is normalized by the complete drying time #; Interestingly, evaporation
behavior looks similar before 0.8, but becomes significantly different after 0.8 Large colloids tend to stay ran-
domly inside the droplet, leaving the bump-like pattern at ¢, without polymer, while they move toward the perim-
eter, leaving the ring-like pattern at ¢, with polymer (Supplementary Movies 3 and 4). On this basis, we are able
to suppose that hydrodynamics for the final period of evaporation (0.8¢) would be essential to understand the
reversal pattern formation for large colloids.

Discussion

Pattern formation from evaporating colloidal suspensions is an important issue in soft matter science and inkjet
printing technology. Since the coffee-ring effect is a central problem that obstructs crack-free uniform colloi-
dal films, the suppressed coffee-ring effect has been extensively studied. Recently it was reported that polymer
addition into colloidal suspensions could effectively suppress the coffee-ring effect and induce gelation for crack
prevention®. A full understanding of polymer addition into colloidal suspensions is still required for better con-
trol of the coffee-ring effect. In the present work, we show how pattern formation of colloidal suspensions can be
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Figure 3. Evaporation evolution for large colloids. Real-time observations for evaporation evolution of large
(10-pm-diameter) colloids (a) without polymers and (b) with polymers. The evaporation time ¢ is normalized
by the complete drying time #; Evaporation behaviors look similar before 0.8¢;but become significantly different
after 0.8t large colloids tend to stay randomly inside the droplet, leaving the bump-like pattern at ¢, of (a), while
they move toward the perimeter, leaving the ring-like pattern at ¢, of (b).

modified with polymer addition. A phase diagram in terms of particle size and polymer concentration is demon-
strated in Fig. 1. The underlying mechanism about the suppressed coffee-ring behavior for small colloids can be
explained with the polymer-induced aggregation of small colloids in Fig. 2(c,d). To understand the final deposit
patterns of colloid-polymer suspensions for large colloids, we need to consider the roles of polymer additives and
coffee-ring-driven hydrodynamics.

What is the role of polymer addition in colloid-polymer suspensions with large colloids? As mentioned, pol-
ymers would not significantly contribute to attraction between large colloids, but they can make the contact line
strong. This possibility appears in pure polymer suspensions without colloids in Fig. 1. The addition of sufficient
amounts of polymers would be favorable to let the droplet to get pinned strongly. As the ring grows, the ring
width would increase?. This consequence would make the evaporation rate of the droplet for large colloids with
polymers to slow down and the lifetime (equivalently #) becomes longer than that for the droplet in case of no
polymers.

The height-averaged radial velocity of flows is given as 7 = % . W with D* = 242D, Ac/(7p) (where
- T
D,, is the diffusion constant of vapor in air, Ac is the vapor concentration difference between the drop surface and

the surroundings, p is the liquid density, 6(¢) is the time-dependent contact angle, R is the drop radius, r is the
distance from the contact line (fixed to be r=0.5mm for analysis), and (R — r) indicates the distance from the
drop center®®). Considering materials constants for water®® and our observations for 2R [Fig. 4(a)] and 6
[Fig. 4(b)] from side-view images of the evaporating droplet (Supplementary Movies 5 and 6), we estimated the &
value as seen in Fig. 4(c,d). Here the most important finding is that at the final period of evaporation in the inset
of Fig. 4(d), the velocity of suspensions with large colloids and polymers is slightly faster than that in the absence
of polymers. Probably, the faster velocity would enhance the rush behavior of large colloids toward to the perim-
eter, as observed in Fig. 3.

The bottom-view visualization of droplet evaporation of 10-zm-diameter PMMA colloids without PEO pol-
ymer (0.0 wt%) and with PEO polymer (0.5 wt%) was taken with an inverted microscope, as demonstrated in
Fig. 5(a,b) (Supplementary Movies 7 and 8). The bottom radial velocity of flows was measured and summarized
in Fig. 5(c,d), which are consistent with Fig. 4(c,d). The good agreement between estimations [Fig. 4(c,d)] and
experiments [Fig. 5(c,d)] suggests that the long lifetime and the rapid rush behavior for suspensions with large
colloids and polymers would enhance the ring-like pattern formation at the final period of evaporation.

Finally, we discuss three characteristic time scales in the process: adsorption of polymers on the colloid sur-
face, kinetics of bridging flocculation, and evaporation dynamics. The polymer adsorption would be stabilized
by holding the mixed suspensions for a day before experiments. Presumably bridging flocculation and evapora-
tion dynamics would simultaneously depend on the flow patterns during evaporation. The number concentra-
tion must be different at a fixed concentration for small and large colloids. Practically at a few wt% of colloids,
instantaneous adsorption of polymers is expectable®”’. Most importantly, smaller colloids are more favorable for
flocculation®®, presumably induced by their higher number concentration. Flocculation for small colloids would
contribute to the suppressed coffee-ring formation through gelation, while that for large colloids ironically
facilitates the typical coffee-ring formation. As demonstrated in Fig. 5(a), there is no flocculation for large colloids
without polymers, showing the reverse coffee-ring effect at the final period of evaporation (0.8¢,)'°. However, floc-
culation takes place among large colloids with addition of polymers at the final period of evaporation (0.8¢)), as
shown in Fig. 5(b), which delivers large colloids to the contact line and eventually leaves the coffee-ring patterns.
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Figure 4. Hydrodynamics of droplet evaporation with large colloids. (a,b) Time evolution of the base diameter
and of the contact angle taken for suspension droplets of large (10-pm-diameter) colloids without and with
polymers. The complete drying time of the droplet with large colloids is slower with polymers than without
polymers: therefore, the base diameter and the contact angle more slowly decrease with time with polymers
than without polymers. (¢,d) Time evolution of estimated height-averaged radial velocity, taken from ref. 36
and data in (a,b). Here (d) is rescaled from (c) with the normalized time #/¢;for comparison. Inset indicates the
velocity details after 0.8t

Consequently, the drying-mediated deposit patterns would be a consequence of cooperation in flocculation and
evaporation.

In conclusion, our experimental study demonstrates that polymer addition in colloid-polymer suspensions
as model ink materials would significantly contribute to formation of final deposit patterns with intervention of
coffee-ring-driven hydrodynamics and size-dependent colloid-polymer interactions. We show unexpected rever-
sal pattern behaviors between small and large colloids with or without polymer additives. Our finding would be
useful for a deep understanding for the importance of hydrodynamics and colloid-polymer interactions that
would be essential for production of large-area, highly ordered, and crack-free uniform colloidal films.

Experiments

Materials. As model colloids, poly(methyl methacrylate) (PMMA) colloidal particles were used. PMMA
microspheres were originally purchased from Phosphorex with density of 1.19 g/cm® and diameter of 100 nm,
1 pm, 5 4m, and 10 m on average (the particle size of 100 nm and 1 ;zm was checked by SEM images and that
of 5 4m and 10 pm by a digital microscope). The microspheres were originally supplied as 1% solid suspensions
(10 mg/ml) and suspended in de-ionized (DI) water containing a small amount of surfactant and 2 mM of sodium
azide as an anti-microbial agent. For all experiments, the initial concentration of colloids was fixed to be dilute as
0.1% (1 mg/ml) by adding pure water obtained from DI water system (ELGA). Poly(ethylene oxide) (PEO) was
used as model polymers and purchased from Sigma-Aldrich (372781-250G) with the viscosity average molecular
weight M, =1,000kg/mol. By mixing PEO into water and colloidal suspensions with vortex mixer for 30 minutes,
we prepared various colloid-polymer suspensions for experiments. These suspensions were hold for 24hours and
then used in experiments with stabilized suspensions. Microscope cover glasses with 24 x 50 mm (Deckglaser)
were used as flat solid substrates. All substrates were cleaned for 10 minutes with ultrasonic cleaner (UC-10, Lab
Companion) and dried under blow gun.

Evaporation experiments. For visualization of droplet evaporation, the initial drop volume was controlled
to be 1 pl. Prior to evaporation, a 1-pl-volume droplet was delivered from a micro pipette on the substrate. The
top-view image of droplet evaporation for Figs 1 and 3 was taken with a digital microscope (VH-Z100R, Keyence,
Japan) at a rate of 15 frame per second. The side-view image of droplet evaporation, particularly for measurement
of base diameter and contact angle in Fig. 4, was taken with a drop shape analyzer (DSA25, Kriiss, Germany) at a
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Figure 5. Flocculation and hydrodynamics with large colloids. (a,b) Verifying the difference in evaporation
evolution for 10-pzm-diameter colloids without and with polymers. Time evolution of the bottom-view image of
droplet evaporation was taken with an inverted microscope. (c,d) Radial velocity of large colloids, taken at the
position of 0.5 mm from the contact line of the droplet. Here (d) is rescaled from (c) with the normalized time
t/t;for comparison. Inset indicates the velocity details after 0.7¢

rate of 25 frame per second. The bottom-view image of droplet evaporation for Fig. 5 was taken with an inverted
microscope (CKX53, Olympus, Japan) at a rate of 0.5 frame per second. By analyzing each image using Image]
software, the average velocity of colloids was measured at the position of 500 ;zm from the contact line of an evap-
orating droplet. All evaporation experiments were conducted at temperature of 24-26 °C and relative humidity of
45-52%. Evaporation experiments for each condition were repeated five times.

Light scattering experiments. DWS experiments in Fig. 2(c) were performed on a DWS RheoLab II
(LS Instruments) in transmission mode to obtain the autocorrelation function of the dense colloid systems. The
coherent source was a diode laser (with wavelength A =658 nm and the power 30 mW). The samples were meas-
ured at 25+ 0.02°C. DLS experiments in Fig. 2(d) were performed with the BI-200 SM goniometer (Brookhaven
Instruments) using an EM-9865 photomultiplier and a digital correlator (BI-9000AT) for measurement of the
intensity average diameters of colloids with varying polymer concentrations. DWS experiments were repeated
eight times for each condition.

References
1. Deegan, R. D. et al. Capillary flow as the cause of ring stains from dried liquid drops. Nature 389, 827-829 (1997).
2. Deegan, R. D. Pattern formation in drying drops. Phys. Rev. E 61, 475-485 (2000).
3. Kaplan, C. N. & Mahadevan, L. Evaporation-driven ring and film deposition from colloidal droplets. J. Fluid Mech. 781, R2 (2015).
4. Rabani, E., Reichman, D. R., Geissier, P. L. & Brus, L. E. Drying-mediated self-assembly of nanoparticles. Nature 426,
271-274 (2008).
5. Harris, D. J., Hu, H., Conrad, J. C. & Lewis, J. A. Patterning colloidal films via evaporative lithography. Phys. Rev. Lett. 98, 148301
(2007).
6. Routh, A. F. Drying of thin colloidal films. Rep. Prog. Phys. 76, 046603 (2013).
7. Dugyala, V. & Basavaraj, M. G. Evaporation of sessile drops containing colloidal rods: coffee-ring and order-disorder transition. J.
Phys. Chem. B 119, 3860-3867 (2015).
8. Sun, ], Bao, B., He, M., Zhou, H. & Song, Y. Recent advances in controlling the depositing morphologies of inkjet droplets. ACS
Appl. Mater. Interfaces 7, 28086-28099 (2015).
9. Sefiane, K. Patterns from drying drops. Adv. Colloid Interface Sci. 206, 372-381 (2014).
10. Yang, X, Li, C. Y. & Sun, Y. From multi-ring to spider web and radial spoke: competition between the receding contact line and
particle deposition in a drying colloidal drop. Soft Matter 10, 4458-4463 (2014).
11. Weon, B. M. & Je, J. H. Fingering inside the coffee ring. Phys. Rev. E 87, 013003 (2013).
12. Weon, B. M. &Je, J. H. Self-pinning by colloids confined at a contact line. Phys. Rev. Lett. 110, 028303 (2013).
13. Larson, R. G. Transport and deposition patterns in drying sessile droplets. AIChE J. 60, 1538-1571 (2014).

SCIENTIFICREPORTS |7: 1079 | DOI:10.1038/s41598-017-00932-z 6



www.nature.com/scientificreports/

14. Zhang, Y. J,, Liu, Z. T,, Zang, D. Y,, Qian, Y. M. & Lin, K. J. Pattern transition and sluggish cracking of colloidal droplet deposition
with polymer additives. Sci. Chi. Phys. 56,1712-1718 (2013).

15. Choi, Y., Han, J. & Kim, C. Pattern formation in drying of particle-laden sessile drops of polymer solutions on solid substrates.
Korean J. Chem. Eng. 27,2130-2136 (2011).

16. Weon, B. M. & Je, J. H. Capillary force repels coffee-ring effect. Phys. Rev. E 82, 015305 (2010).

17. Yunker, P. ], Still, T., Lohr, M. A. & Yodh, A. G. Suppression of the coffee-ring effect by shape-dependent capillary interactions.
Nature 476, 308-311 (2011).

18. Cui, L. et al. Suppression of the coffee ring effect by hydrosoluble polymer additives. ACS Appl. Mater. Interfaces 4, 2775-2780 (2012).

19. Sowade, E., Blaudeck, T. & Baumann, R. R. Inkjet printing of colloidal nanospheres: engineering the evaporation-driven self-
assembly process to form defined layer morphologies. Nanoscale Res. Lett. 10, 362 (2015).

20. Zhang, W, Yu, T,, Liao, L. & Cao, Z. Ring formation from a drying sessile colloidal droplet. AIP Adv. 3, 102109 (2013).

21. Kim, H. et al. Controlled uniform coating from the interplay of Marangoni flows and surface-absorbed macromolecules. Phys. Rev.
Lett. 116, 124501 (2016).

22. Anyfantakis, M. & Baigl, D. Manipulating the coffee-ring effect: interactions at work. ChemPhysChem. 16, 27262734 (2015).

23. Kim, J. Y., Cho, K., Ry, S., Kim, S. Y. & Weon, B. M. Crack formation and prevention in colloidal drops. Sci. Rep. 5, 13166 (2015).

24. Miller, J. B. et al. Phase separation and the coffee-ring effect in polymer nanocrystal mixtures. Soft Matter 10, 1665-1675 (2014).

25. Pandey, R. & Conrad, C. Gelation in mixtures of polymers and bidisperse colloids. Phys. Rev. E 93, 012610 (2016).

26. Jiang, T. & Zukoski, C. E. Role of particle size and polymer length in rheology of colloid-polymer composites. Macromolecules 45,
9791-9803 (2012).

27. Lynch, J. M., Cianci, G. C. & Weeks, E. R. Dynamics and structure of an aging binary colloidal class. Phys. Rev. E 78, 031410 (2008).

28. Tuinier, R., Rieger, J. & Kruif, C. G. Depletion-induced phase separation in colloid-polymer mixtures. Adv. Colloid Interface Sci. 103,
1-31 (2003).

29. Washington, A. L. et al. Inter-particle correlations in a hard-sphere colloidal suspension with polymer additives investigated by Spin
Echo Small Angle Neutron Scattering (SESANS). Soft Matter 10, 3016-3026 (2014).

30. Poon, W. C. K. The physics of a model colloid-polymer mixture. J. Phys.: Condens. Matter 14, R859-R880 (2002).

31. Senses, E., Black, M., Cunningham, T., Sukhishvili, S. A. & Akcora, P. Spatial ordering of colloids in a drying aqueous polymer
droplet. Langmuir 29, 2588-2594 (2013).

32. Mamalis, D. et al. Effect of poly(ethylene oxide) molecular weight on the pinning and pillar formation of evaporating sessile droplets:
the role of the interface. Langmuir 31, 5908-5918 (2015).

33. Tuinier, R., Fan, T. & Taniguchi, T. Depletion and the dynamics in colloid-polymer mixtures. Curr. Opin. Colloid Interface Sci. 20,
66-70 (2015).

34. Pandey, R. & Conrad, C. Dynamics of confined depletion mixtures of polymers and bidispersed colloids. Soft Matter 9,
10617-10626 (2013).

35. Jung, J., Kim, Y. W,, Yoo, J. Y., Koo, J. & Kang, Y. T. Forces acting on a single particle in an evaporating sessile droplet on a hydrophilic
surface. Anal. Chem. 82,784-788 (2010).

36. Marin, A. G., Gelderblom, H., Lohse, D. & Snoeijer, J. H. Order-to-disorder transition in ring-shaped colloidal stains. Phys. Rev. Lett.
107, 085502 (2011).

37. Gregory, J. & Barany, S. Adsorption and flocculation by polymers and polymer mixtures. Adv. Colloid Interface Sci. 169, 1-12 (2011).

38. Moudgil, B. M., Behl, S. & Prakash, T. S. Effect of particle size in flocculation. J. Colloid Interface Sci. 158, 511-512 (1993).

Acknowledgements

This research was supported by Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education (NRF-2016R1D1A1B01007133) and also supported by Nano
Material Technology Development Program through the National Research Foundation of Korea (NRF) funded
by the Ministry of Science, ICT, and Future Planning (NRF-2016M3A7B4905624).

Author Contributions

B.M.W. designed and supervised the research. S.R. and J.Y.K. conducted the evaporation experiments and
analyzed the data. S.Y.K. supervised the light scattering experiments. All authors discussed the results and wrote
the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/541598-017-00932-z

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

Y License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 1079 | DOI:10.1038/s41598-017-00932-z 7


http://dx.doi.org/10.1038/s41598-017-00932-z
http://creativecommons.org/licenses/by/4.0/

	Drying-mediated patterns in colloid-polymer suspensions

	Results

	A phase diagram for drying-mediated patterns. 
	Reverse behaviors for small and large colloids. 

	Discussion

	Experiments

	Materials. 
	Evaporation experiments. 
	Light scattering experiments. 

	Acknowledgements

	Figure 1 A phase diagram for drying-mediated patterns.
	Figure 2 Colloid-polymer interactions for small colloids.
	Figure 3 Evaporation evolution for large colloids.
	Figure 4 Hydrodynamics of droplet evaporation with large colloids.
	Figure 5 Flocculation and hydrodynamics with large colloids.




