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• Background 
• Creating homopolymer and diblock copolymer bridges 
• Results 

• Effect of diblock copolymer microstructure on break-
up dynamics

Newtonian liquid break-up

• Physics of Newtonian liquid jets and bridges: Plateau, Rayleigh, Eggers, 
Bazilevsky, Renardy, Brenner, Entov, Hinch, Papageorgiou, McKinley, Tripathi, …
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Eggers, Reviews of Modern Physics (1997)



Non-newtonian liquids

• High Mw polymer solutions 

• Shear thickening due to elongational flow.

Clasen, Bico, Entov, McKinley, J. Fluid Mech. (2008)
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W
henadilutepolymersolutionexperiencescapillarythinning,itformsanalmostuniformlycylindrical

thread,whichwestudyexperimentally.Inthelaststagesofthinning,whenpolymershavebecomefully
stretched,the

filamentbecomes
prone

to
instabilities,ofwhich

we
describe

two:a
novelbreathing

instability,originating
from

theedgeofthefilament,and
asinusoidalinstability

in
theinterior,which

ultimatelygivesrisetoablisteringpatternofbeadsonthefilament.W
edescribethelinearinstabilitywith

aspatialresolutionof80nm
inthedisturbanceamplitude.Forsufficientlyhighpolymerconcentrations,

thefilamenteventually
separatesoutinto

a‘‘solid’’phaseofentangled
polymers,connected

by
fluid

beads.A
solidpolymerfiberofabout100nm

thicknessremains,whichisessentiallypermanent.
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W
henadropfallsfrom

afaucet,surfacetensiondrives
thefluidmotiontowardbreakupinfinitetime,andadrop
separates.Thispinch-offoccursinalocalizedfashion[1],
andtheneighborhoodofthepointofbreakupisdescribed
byasimilaritysolution[2].Ifhoweververysmallamounts
ofhigh

molecularweightpolymerareadded,an
almost

perfectly
cylindricalthread

isformed
instead

[3–6].The
reasonisthatwhereverthereisalocaldecreaseinradius,
fluidelementsarestretched,andthepolymersalongwith
it.Thiswillincreasetheextensionalviscosityofthefluid-
polymermixture

[7],and
furtherflow

isinhibited,thus
formingauniform

andstablefilament.
FormostofthisLetter,weproduceafilamentbyplacing

adropofliquidbetweentwosolidplates,whicharerapidly
drawn

apart[8].(In
asimpleand

educationalversion
of

thisexperiment,adropofsalivaisplacedbetweenthumb
and

index
finger.)A

single
filamentformsbetween

the
plates,which

thinsassurface
tension

drainsfluid
from

thefilament,andintotworoughlyhemisphericalreservoirs
attheendplates.

ThisLetteraddressesthelaterstagesofthethinningof
thepolymericfilament,whenpolymershavecomecloseto
theirfullextension.Thus

the
mechanism

thatformerly
used

to
stabilize

the
thread

is
no

longereffective,and
tiny

beadsbegin
to

appearon
the

filament(see
Fig.1,

images5and6)[9].W
ewillrefertothisprocesscentral

tothepresentstudyas‘‘blistering.’’Thisinstabilityoccurs
whenthefilamentisonlyintheorderofseveralmicronsin
radius,requiringextremespatialresolution.Iftheconcen-
tration

ofpolymerissufficiently
high,the

filamentcan
becomevery

long
lived

compared
to

thetimescaleofa
dissolvedpolymer.

Theoretically,the
period

ofexponentialthinning
has

recentlybeendescribedwithinalong-wavelengthdescrip-
tion[6].Nonetheless,thefullthree-dimensional,axisym-
metric

problem
remains

unsolved.The
effectof

finite
polymer

extensibility
has

been
studied

numerically
in

[10],once
more

using
a

long-wavelength
model.The

filamentisfoundtofailnearitsendviaalocalizedsimi-
larity

solution,in
contrastto

the
much

more
complex

scenariofoundhere.Thefirstclearexperimentaldescrip-
tionofblisteringisfoundin[11,12],whichfocusesonthe
laterstagesoftheinstability,inthecourseofwhichdrop-
letswithahierarchyofsizesarefound.W

efirstfocuson
the

onsetofthe
blistering

instability,forwhich
widely

divergingtheoreticalexplanationshavebeenexpressedin
thepast[6,10,11,13].

Theobservationswereportherehavegeneralvalidity
for

a
variety

of
polymer-solvent

systems.
Experi-

mentshavebeenperformedwithpolyethylenoxide(PEO)
in

water,
PEO

in
xylol,

human
saliva,

polyacryl-co-

FIG.1(coloronline).
Theminimum

radiushmin asafunction
oftime.Notalldatapointsareshown.Betweennumbers1and3,
thecurveiswelldescribedbyhmin !t"#

h0 exp!$t=!"with!#
130%

30
ms(red,straightline).A

plateauisreachedbetween3
and4whichisassociatedwithaninstabilityneartheendplates,
followedbyrapidpinching.Between5and6thecurvecanbe
approximatedwithtwolinearlaws(dottedblueanddashedgreen
lines).Forfurtherexplanationseetext.
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Symmetric diblock copolymers

A B

Disordered, (High T )Ordered, (Low T )

TODT



Side View Top View

Heating Block

Experimental setup



Homopolymer bridge evolution

8.8k Polystyrene annealed at 

200 µm

T = Tg + 35oC
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200 µm

Homopolymer bridge evolution
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Viscosity calculation



Shear rates in thinning filaments
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Temperature dependence
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Symmetric diblock copolymer

PS-b-P2VP measurement @ 155 oC,  

Order-Disorder Transition ~ 160 oC

200 µm
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PSP2VP, 155 oC

Diblock bridge evolution
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PSP2VP, 155 oC
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Homopolymer vs. Diblock
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Homopolymer vs. Diblock



Temperature dependence
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Ordering induced shear thinning 
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Shear induced disorder
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Summary

• Symmetric diblock 
ordering stabilizes liquid 
bridges. 

• Order of magnitude 
increase in effective 
viscosity. 

• Shear thinning viscosity 
due to domain 
alignment or destruction 
in shear flows
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