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Abstract

Polymer solutions are considered dilute when polymer chains in a solution do not interact with each other. One important step in the

characterization of these systems is the measurement of their longest relaxation times k. For dilute polymer solutions in low-viscous solvents,

this measurement can be very challenging through conventional techniques. Recently, several microfluidic platforms have been successfully

employed to measure the rheological properties of weakly viscoelastic solutions. Nevertheless, a comparison between data generated from

different microfluidic platforms has not yet been presented. In this work, we measure k of dilute polymer solutions for concentrations down

to a few parts per million, by using two distinct microfluidic platforms with shear and extensional flow configurations. We consider three rep-

resentative polymer classes: Neutral polymers in near-theta and good solvents, and a biological polyelectrolyte in a good solvent in the pres-

ence of salt. Relaxation times in shear flow kshear are measured through the l-rheometer based on the viscoelastic alignment of particles in a

straight microchannel. Relaxation times in extensional flow kext are measured in a microfluidic optimized cross-slot configuration based on

the onset of the flow-induced birefringence. A good agreement between experimental measurements from the two platforms is found.

Experimental measures are also compared with available theories. VC 2017 The Society of Rheology.
[http://dx.doi.org/10.1122/1.4975933]

I. INTRODUCTION

Dilute polymer solutions have attracted tremendous inter-

est from both fundamental and applied perspectives for

almost a century [1–4]. Some of the first thermodynamic

studies on dilute polymer solutions were conducted by

Alfrey and Doty [1] in 1945, later extended by the work of

Rouse [2] and Zimm [3]. These works focused on the

response of a single macromolecule when subjected to

hydrodynamic forces. Dilute polymer solutions are also

important in many industrial applications such as drag reduc-

tion in pipe flows, stabilization of jets [5], and in the devel-

opment of household cleaning products [6,7].

More recently, dilute polymer solutions have found new

exciting applications with the advent of microfluidics [8].

Polymer solutions have been used for particle alignment and

separation [9], and dilute polymer solutions are often pre-

ferred over concentrated solutions because of their relatively

low viscosity, thus avoiding pumping problems [10]. Dilute

polymer solutions have also displayed interesting flow

phenomena in both shear and extensional microfluidics.

For example, when flowing in a serpentine microchannel,

elastic instability in a curved geometry was observed (in

analogy with the elastic instability in Couette flow) [11–13].

Moreover, the elastic instability was found to depend on the

rheological parameters of the polymer solution. Dilute poly-

mer solutions were also investigated in various extensional

microfluidic devices with cross-slot and expansion-

contraction geometries [14–20].

Dilute polymer solutions are characterized by several rhe-

ological parameters, among which the viscosity and the

relaxation time assume great importance [21]. The viscosity

is a measure of the drag exerted by the fluid as a response to

an external flow field, and is relatively easy to measure

through a conventional bulk rheometry or by microfluidic

slit rheometry [22,23]. The relaxation time k is related to the

amount of elastic energy being stored by the fluid. Polymer

solutions can possess a spectrum of relaxation times, related

to a relaxation process occurring within and outside the chain

itself [24]. For polymer melts above the entanglement

molecular weight, the existence of multiple relaxation times

is related to the strong interactions of polymer chains with

other surrounding polymer chains (i.e., reptation) [21]. On

the other hand, there are no interactions between polymer

chains in ideal dilute solutions of isolated macromolecules.

Neutral chains (those without free charges) adopt a random

coil configuration in dilute solution [24]. Thus, the relaxation

time spectrum in a dilute polymer solution has contributions

from the multiple relaxation processes occurring on the sin-

gle subchains, and those related to the entire chain. If the

dilute polymer system renders a monodisperse molecular

weight distribution, we can assume that all chains relax

simultaneously from a uniformly deformed state with the

longest time scale possible, because the relaxation time of

the entire chain is slower than that of the subchains. In this

scenario, the viscoelasticity of a dilute polymer solution can

be quantified by its longest relaxation time.

Unfortunately, the determination of the relaxation time k
for dilute polymer solutions is generally challenging, particu-

larly in shear flows, because of the low viscoelasticity of the

solution (k-values on the order of tens of milliseconds and

below, in low-viscous solvents such as water) [25,26].
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Conventional shear rheological techniques do not offer a sat-

isfying solution, because of the detection limit of the instru-

mentation caused by the onset of inertial effects [25,26]. In

this context, microfluidics has emerged as a promising tool

for capturing the rheological properties of fluids, and in par-

ticular the fluid relaxation time in shear flow, which are oth-

erwise not detectable through conventional bulk rheometry

[23,25–27]. The first of the kind was the serpentine micro-
rheometer of Zilz et al. [25], where shear relaxation time on

the order of 1 ms for dilute aqueous polyethylene oxide

(PEO) solutions has been reported. Zilz et al. [11] also

reported that PEO solutions from different batches (at the

same polymer concentration and molecular weight) exhib-

ited different relaxation times. Thus, PEO may not be the

best choice of the polymer sample to use for the comparison

(especially interlaboratory comparison) of different relaxa-

tion time measurement techniques. More recently, Del

Giudice et al. [26] introduced a novel microfluidic platform,

the l-rheometer, based on the transverse migration of par-

ticles suspended in viscoelastic fluids flowing in a straight

microchannel. This platform was very recently employed for

the study of polyelectrolytes in glycerol-water solutions

(25% of glycerol) [28], in both salt-free and salt-rich condi-

tions, in the dilute regime. In particular, values of the shear

relaxation time down to 60 ls were measured. We remark

that existing studies on the measurement of the shear relaxa-

tion time through microfluidic techniques deal mainly with

aqueous based solutions.

In contrast, extensional flow based techniques to measure

the relaxation time of dilute polymer solutions have been

more successful [20,29,30,32,33]. Opposed-jet and cross-slot

extensional flow devices, in fact, have been used to measure

relaxation times below 1 ms since the 1980s [20]. More

recently, a number of capillary-thinning based measurement

techniques have been proposed. Campo-Dea~no and Clasen

[30] reported a variation of the conventional Capillary

Breakup Extensional Rheometer (CaBER). They monitored

the filament breakup by using a high-speed camera, being

able to measure relaxation times down to 240 ls. Vadillo

et al. [31] monitored the filament stretching of polystyrene

dissolved in diethyl phthalate with a high-speed camera.

They were able to detect relaxation times as small as 80 ls.

Bhattacharjee et al. [35] used surface acoustic waves to gen-

erate the viscoelastic filament as in the CaBER, but achieved

a much higher sensitivity compared with the classical

CaBER. Keshavarz et al. [32] reported a microfluidic tech-

nique based on the Rayleigh Ohnesorge Jetting Extensional

Rheometer (ROJER), capable of measuring relaxation times

down to 60 ls. Dinic et al. [33] measured relaxation times

below 1 ms by observing the capillary thinning and pinch-off

dynamics of aqueous polymer solutions, generated by drip-

ping the liquid directly onto a substrate. Sousa et al. [34]

studied the capillary thinning breakup of dilute polymer

solutions in an immiscible oil bath (minimizing the fluid

evaporation), and measured relaxation times down to 100 ls.

Very recently, Haward [20] conducted a comprehensive

review on microfluidic extensional rheometry using stagna-

tion point flow (e.g., flow in a crossslot configuration), by

employing the onset of the flow-induced birefringence in an

extensional microfluidic device to extract the relaxation time

of polymer solutions (see Sec. III D 1 for more details).

The abundance of measurement platforms inspired us to

make comparisons between the experimental values

derived through different shear and extensional microflui-

dic techniques on well-known polymer solutions (such as

polystyrene solutions in organic solvents). To the best of

our knowledge, such studies are not available in the

literature.

In this work, we compare the fluid relaxation time k of

dilute polymer solutions measured in both microfluidic shear

and extensional flows, for three distinctive polymer classes.

We carried out experiments on polystyrene in both near-

theta and good solvents, and on high molecular weight

hyaluronic acid (i.e., a biological polyelectrolyte) in a good

solvent with the presence of salt. To measure the relaxation

time kshear in a shear flow, we adopted the l-rheometer of

Del Giudice et al. [26,28], based on the viscoelastic align-

ment of particles in a straight microchannel. To measure the

relaxation time in an extensional flow kext; we use an exten-

sional microfluidic platform based on the onset of flow

induced birefringence in an optimized cross-slot device [19],

hereafter referred as the “OSCER.” Our results show that (i)

relaxation time down to a few ms can be measured with both

microfluidic platforms. (ii) For neutral polymers in near-

theta and good solvents, kext’ kshear; both depending on the

polymer concentration with a scaling that is consistent with

the Rouse theory [2]. (iii) For hyaluronic acid in a good sol-

vent with the presence of salt, only kshear can be determined

because the low birefringence of the material under investi-

gation prohibits measures in the OSCER device. (iv) For the

polymer in near-theta solvent and polyelectrolyte in good

solvents, the constant relaxation time derived from our

experiments is in quantitative agreement with the Zimm for-

mula [see Eq. (2)] [3].

II. THEORETICAL BACKGROUND

Before presenting our results, it is important to give a

brief background on the behavior of polymers in solutions.

When a polymer chain is added to a solvent, various thermo-

dynamic interactions take place [24]. The polymer chains in

solution usually adopt a coil-like configuration. The dimen-

sion of the coil depends on the competition between two

intramolecular interactions: The steric repulsion between

monomers and the solvent-mediated attraction between

monomers [24]. The h temperature is the state at which these

two intramolecular interactions are perfectly balanced (do

not confuse with the dimensionless parameter H in Sec.

III C 1). The solvent for the polymer at the h temperature is

called theta (or h) solvent. A solvent is called good when the

temperature T> h, thus the steric repulsion prevails over the

solvent-mediated attraction (excluded volume), and then the

coil swells, being bigger than that in a h solvent. A common

way to characterize the quality of a solvent for a given poly-

mer at a certain temperature is based on the evaluation of the

dimensionless scaling exponent �. This parameter is related

to the volume occupied by the random-coil in solution, with
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�¼ 0.5 for polymers in a theta-solvent and �¼ 0.6 for poly-

mers in a good solvent [24].

Different conformations of the polymer in solution, i.e.,

more or less swelled, lead to different scalings of macroscopic

properties such as viscosity and relaxation time, with respect

to the polymer concentration c. When the polymer concentra-

tion is well below the so-called overlapping concentration c*
(the concentration at which polymer chains start to interact),

macroscopic properties are expected to be well described by

the Zimm model [3]. The scaling laws predicted for the spe-

cific zero-shear viscosity gsp0 ¼ ðg0 � gsÞ=gs; where g0 is the

zero-shear viscosity, gs is the solvent viscosity, and the relaxa-

tion time k in the dilute regime are

gsp0 / c and k / c0: (1)

Note that k is independent of the polymer concentration

when c< c*. The relaxation time in the dilute regime can

also be evaluated through the Zimm formula [3]

kZimm ¼
F g½ �Mwgs

RT
; (2)

where F ¼ 1=
PN

i¼1ð1=i3�Þ is a parameter depending on the

solvent quality (through the dimensionless scaling exponent

�), [g] is the intrinsic viscosity of the polymer, Mw is the

molecular weight, R is the universal gas constant, and T is

the absolute temperature.

When increasing the polymer concentration c in the vicin-

ity of c*, polymer coils start to interact, thus hydrodynamic

interactions are screened by the presence of other polymer

chains [2,24]. In this case, the theoretical predictions are

derived from the Rouse theory [2], and the scaling laws are

gsp0 / c1=ð3��1Þ and k / cð2�3�Þ=ð3��1Þ: (3)

In this regime, polymer chains interact without forming

entanglements. At higher concentrations, polymer chains

entangle, and the prediction becomes different from that of

Eq. (3).

For polyelectrolyte solutions, scalings are much more

complex, and depend on many more parameters such as the

number of monomers in the electrostatic blob or the number

of monomers between uncondensed charges [36]. In this

work, we deal with polyelectrolytes in a good solvent and in

the presence of large amount of salt, i.e., in the so-called

high-salt limit. In this case, scalings are identical [37] to

those for uncharged polymer in a good solvent [Eqs. (1)–(3)

with �¼ 0.6], because electrostatic interactions between the

charges on the polyelectrolyte are analogous to the excluded

volume [38,39].

III. MATERIALS AND METHODS

A. Materials

We select three representative dilute polymer systems for

the relaxation time measurements. The first two systems

involve a neutral polymer, atactic polystyrene (a-PS, Agilent

technologies, USA), suspended in two different solvents

with varying solvent quality: A poor solvent at near-theta

conditions and a good solvent. The third system involves a

polyelectrolyte, hyaluronic acid (HA, Sigma Aldrich, USA)

in water solution with the presence of salt.

For the a-PS polymer system, a-PS with average molecu-

lar weight Mw¼ 6.9 MDa (Agilent, USA) and molecular

weight dispersity Mw=Mn¼ 1.09 (where Mw and Mn are the

mass and numeric molecular weight, respectively) at mass

concentrations ranging from 0.008 wt. % to 0.14 wt. %, is

suspended in either dioctyl phthalate (DOP), a theta solvent

at 22 �C [40,41], or in tricresyl phosphate (TCP), a good sol-

vent at room temperature [42]. Fluids are prepared by dilut-

ing a stock solution of a-PS in the given solvent to the

required test concentration. Stock solutions are prepared by

dissolving a weighed quantity of polystyrene into 50 ml of

dichloromethane for 24 h. This solution was then dissolved

into either DOP or TCP in a glass bottle, and mixed for four

weeks on a hot plate (T¼ 30 �C) with a magnetic stirrer in

order to remove the dichloromethane. A filter paper was

placed over the neck of the glass bottle in order to allow

evaporation of the dichloromethane while preventing exter-

nal contamination of the fluid sample. The mass of the mix-

ing sample was measured daily to track the evaporation of

the dichlorometane. The mass of the sample was found to be

stable after four weeks.

For the HA polymer system, HA with average molecular

weight Mw¼ 1.6 MDa at mass concentrations ranging from

0.0005 wt. % to 0.08 wt. % are dissolved in the phosphate-

buffered saline (PBS, Sigma Aldrich, Japan), and in water at

different salt concentrations (sodium chloride, NaCl). PBS

contains mainly 138 mM of NaCl and 2.7 mM of KCl, and is

a widely used physiological buffer for biological samples

[37,43]. The molecular weight dispersity of HA samples

similar to that used here is typically reported to be within

the range 1.1<Mw=Mn < 1.2 [47,48,54]. The solution was

stirred continuously for 2 days to reach sample uniformity.

Solutions with 50 mM of NaCl and 100 mM of NaCl were

also prepared by following the same procedure described

previously. Lower polymer concentrations were prepared by

dilution.

Microbeads are added to each polymer solution to mea-

sure kshear in the l-rheometer. Specific particle diameters

are selected to keep the confinement ratio b ¼ Dp=H � 0:1;
where Dp is the particle diameter and H is the channel

width. Poly(methyl methacrylate) particles in dry powder

form (Microparticles GmbH) with an average diameter of

8 lm are suspended directly in DOP and TCP. Polystyrene

particles (PS, Polysciences) with an average diameter Dp

¼ 10 lm or Dp¼ 6 lm are suspended in the HA solutions.

The final mass concentration of particles in each solution is

maintained at /¼ 0.01 wt. %.

B. Bulk shear rheometry

For bulk shear rheometry, all polymer solutions were

characterized by a steady-shear flow procedure using a stress

controlled shear rheometer (Anton Paar MCR 502). The tem-

perature was fixed at 22 �C. Evaporation of aqueous samples
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was controlled by using a solvent trap, and shear rates were

varied from 10�1 to 103 s�1. A stainless-steel cone-plate

geometry (50 mm in diameter and 1�) was used for all

measurements.

C. The l-rheometer device

1. Working principle of the l-rheometer

The working principle of the l-rheometer (schematic

shown in Fig. 1) can be summarized as follows. Solid par-

ticles suspended in viscoelastic fluids in a straight micro-

channel tend to migrate transversely to the flow direction

when subjected to a Poiseuille flow [26,44]. When exploring

the constant-viscosity zone of a viscoelastic suspending

liquid, Romeo et al. showed that under inertialess conditions

[45], suspended particles migrated toward the centerline,

depending on a single dimensionless parameter

H ¼ De
L

H
b2 ¼ De

LDp
2

H3
; (4)

where L is the distance from the channel inlet (see Fig. 1),

H is the channel width, b¼Dp=H is the confinement ratio

(with Dp being the particle diameter), and De¼ kkshear _cc is

the Deborah number, with kshear the shear relaxation time,

and _cc is the characteristic shear rate. The value of the

parameter k depends on the unit of kshear; with k¼ 1 for

kshear ¼ [s=rad] (as derived from the linear viscoelastic

response with the angular frequency x expressed in rad/s),

and k¼ 1=2p for kshear ¼ [s]. In this work, we use k¼ 1=2p
because the value of kext is measured in seconds.

The fraction of particles aligned on the centerline, f1; can

be described by [26]

f1 ¼
1

1þ Be�CH2 : (5)

The above equation is an interpolating analytical expression

of the theoretical model depicting the transversal migration

of particles in straight channels, with constants B¼ 2.7 and

C¼ 2.75 as the best curve fit constants [26]. Equation (5) is

calculated based on the balance between the elastic force

(which allows transversal migration) and the drag force

[45]. Here, the elastic force is modeled from the second

order fluid constitutive equation, with a single (longest)

fluid relaxation time scaling linearly with the Deborah num-

ber De [21,45]. By measuring the fraction of particles

aligned on the channel centerline (by simple optical micros-

copy) at a distance L from the inlet position, the parameter

H can be easily evaluated. The relaxation time kshear can be

subsequently calculated by using Eq. (4). Note that the

interpolating function of Eq. (5) is only valid when H< 1,

i.e., generally for small De (values of De� 0.1–0.5 have

been previously used [26,45]) and small confinement ratio

b� 0.1, based on the underlying assumptions of the theoret-

ical model [45]. Once these conditions are satisfied, Eq. (5)

can be used as a universal relationship, thus no calibration

is required.

In this work, we use a cylindrical microchannel, with

channel diameter D, and the characteristic shear rate is _cc

¼ 4Q=pD3: The shear relaxation time kshear expressed in

s can be derived from the inversion of Eq. (5)

kshear ¼ 2p
p
4

1

b2

D4

LQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

C
ln

f1B

1� f1

� �s
: (6)

Note that by reducing the channel diameter D, it is possible

to measure smaller values of the relaxation time kshear: More

details on the theoretical background can be found in the

original paper [26].

2. Experimental conditions

Straight glass cylindrical capillaries (Vitrocom, USA)

were glued directly to the needle of the syringe (see Fig. 1),

serving as the l-rheometer. Capillaries with two different

internal diameters (D¼ 50 lm and D¼ 100 lm) were

selected. Based on Eq. (6), capillaries with smaller diameters

can resolve smaller relaxation times of the dilute polymer

solution. Hence, the glass capillary with D¼ 50 lm is used

for HA solutions with c< 0.01 wt. %.

The fluid is pumped through the glass capillary at an

imposed volumetric flow rate Q using a high precision

Harvard PHD-Ultra syringe pump. We used Hamilton

Gastight glass syringes to avoid wall deformation from

affecting the rate of fluid delivery into the microchannel.

The alignment of particles in the l-rheometer is

observed through an inverted microscope Leica DMIRB

with a 4� objective for D¼ 100 lm and a 10� objective

for D¼ 50 lm. Images are captured at a location L¼ 7 cm

downstream from the capillary entrance using a high

speed camera (Phantom Miro M310, Vision Research),

at frame rates ranging between 200 and 1000 frames per

second (fps).

All the experiments in the l-rheometer were carried out

at room temperature T¼ 25 6 1 �C, i.e., close to the theta

conditions for a-PS in DOP system.

FIG. 1. Schematic of the microfluidic channel used for the measurement of

the fluid relaxation time kshear in shear flow. The glass cylindrical microca-

pillary is glued directly to the syringe. The distance from the inlet at which

the particle migration phenomenon is observed (for the measurement of

kshear) is L¼ 7 cm (see Sec. III C 1 for more details). The total length of the

channel is 8 cm. The scale bar represents 100 lm:
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D. The OSCER device

1. Working principle of the OSCER

The extensional relaxation times kext of the viscoelastic

test fluids are measured using an Optimized Shape Cross-slot

Extensional Rheometer (OSCER) [19,46], see Fig. 2(a). The

measurement is based on the principle of finding the strain

rate _� at which the coil-stretch transition occurs [49–53].

This is determined by measuring the flow-induced birefrin-

gence at the stagnation point of the OSCER device as the

strain rate is gradually incremented. The flow-induced

birefringence arises due to orientation and alignment of mac-

romolecules and is thus intimately associated with the coil-

stretch transition [16,17,53]. The strain rate applied to fluid

elements passing through the OSCER device is given by

_�¼ 0.1 ðU=ðH=2ÞÞ; where U¼Q=ðHdÞ is the average flow

velocity, H is the channel width, d is the channel depth,

and Q is the volumetric flow rate through each inlet and

outlet [19,46]. At low strain rates, the polymer remains only

weakly deformed from its coil-like configuration, and the

resulting birefringence is too weak to register [see Fig. 2(b)].

At higher strain rates, the flow-induced birefringence appears

strongly in a localized strandlike region passing through the

stagnation point, thus indicating that macromolecules have

undergone the coil-stretch transition [see Fig. 2(c)]. The

occurrence of the coil-stretch transition is predicted when

the Weissenberg number Wi ¼ kext _� exceeds a critical value

Wic ¼ kext _�c ¼ 0.5 [50,52,54]. By finding the critical strain

rate _�c above which birefringence is observed, the relaxation

time can be consequently evaluated as kext ¼ 0:5=_�c: The

first nonzero value of the birefringence when increasing the

strain rate is considered as the onset of flow-induced birefrin-

gence, and used for the evaluation of kext:

2. Experimental conditions

The OSCER device was fabricated via wire electrical

discharge machining (EDM) in stainless steel and is fitted

with glass windows to create enclosed channels with high

quality optical axis to the region of interest surrounding

the stagnation point. Fabrication in stainless steel and

glass results in a channel with a high resistance to deforma-

tion and permits the use of organic solvents. The character-

istic channel width is H¼ 200 lm, while the channel depth

is d¼ 2100 lm. The ratio of d=H> 10 provides a close

approximation to a 2D extensional flow field. More details

on the OSCER device are available in a number of previous

publications [19,20,54].

Steady flow through the OSCER device is achieved using

four high precision neMESYS syringe pumps (Cetoni

GmbH) fitted with Hamilton Gastight glass syringes. Two of

the syringe pumps inject fluid at an equal rate into the two

inlet channels, while the remaining two pumps withdraw

fluid at the same rate from the two outlet channels. All the

experiments in the OSCER device were carried out at room

temperature T¼ 25 6 1 �C, i.e., near the theta conditions for

the a-PS in the DOP system.

3. Birefringence imaging

Flow-induced birefringence measurements are carried out

using an Exicor Microimager birefringence imaging micro-

scope (Hinds Instruments, Inc.). This instrument is based on

a dual photoelastic modulator system and can make full-field

quantitative birefringence images using a seven-frame image

processing algorithm [55,56]. The seven individual images

required for the birefringence determination are captured at a

rate of 1 frame per second onto a 2048� 2048 pixel 16-bit

CCD array. The retardance resolution is 0.01 nm with a

detection limit of 0.1 nm. With a 10� objective lens (as used

here), the field of view is approximately 1� 1 mm, and the

spatial resolution is approximately 0.5 lm=pixel:

IV. RESULTS AND DISCUSSION

A. Polystyrene in near-theta and good solvents

1. Bulk shear rheology

First, bulk shear rheology measurements are carried out

on a-PS in DOP (near-theta solvent) and a-PS in TCP (good

solvent). Figure 3(a) shows the shear viscosity g as a

FIG. 2. (a) Experimental image of an OSCER device. Flow into the device

is along the y-axis while the outflow is along the x-axis. The reference sys-

tem is at the center of the geometry, in correspondence to the stagnation

point. (b) and (c) Experimental images of the birefringence in the center of

the OSCER device, for a 0.03% solution of a-PS in TCP. (b) At a strain rate
_�¼ 12.5 s�1; no signal is observed at the stagnation point. (c) The birefrin-

gence in the center of the OSCER device, for a 0.03% solution of a-PS in

TCP at a strain rate _�¼ 62.5 s�1: A clear birefringence signal is observed

originating from the stagnation point. The retardance is measured in nm.

Red dashed lines represent the hyperbolic flow achieved in the device.
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function of the shear rate _c, for the a-PS at concentrations

from 0.008 wt. % to 0.14 wt. % in DOP. At 22 �C, DOP is a

theta solvent for a-PS [40,41]. The fluid shows a constant

shear viscosity in the whole range of shear rates (10

< _c< 100 s�1) for all concentrations. We can estimate the

overlap concentration of a-PS in DOP as [57]

c� ¼ Mw

NA
4

3
pRg3

� 0:54%; (7)

where Mw is the polymer molecular weight, NA is the

Avogadro number, and Rg is the radius of gyration. For the

polystyrene in DOP, the value Rg¼ 82 nm is derived from

the data available in the Polymer Handbook [58]. Referring

to Eq. (7), it is evident that our a-PS in DOP solutions exist

in the dilute solution regime over the entire range of experi-

mental polymer concentration.

Figure 3(b) shows the shear viscosity g as a function of

the shear rate _c for a-PS in TCP (a good solvent for polysty-

rene at T¼ 22 �C) [42]. At high a-PS concentrations, solu-

tions show a constant value of the viscosity up to _c � 10 s�1,

then display a slight shear-thinning response. At concentra-

tions c< 0.018 wt. %, the shear-viscosity displays a near con-

stant value in the shear rate range investigated (1< _c
< 100 s�1). To identify the overlap concentration of our

polymer solutions, we consider the specific viscosity as a

function of the quantity c[g] [see Fig. 3(c)], where [g] is the

intrinsic viscosity of the polymer solution. In the dilute

regime, the specific viscosity of a polymer solution at zero-

shear gsp0 is predicted to be [59]

gsp0 ¼ c g�;½ (8)

where the intrinsic viscosity [g]¼ 4.94 dl=g is evaluated

from the same set of experimental data shown in Fig. 3(c).

This is in good agreement with the value [g]¼ 5.87 dl=g

derived from the Mark-Houwink relation with parameters

derived from [60]. When the experimental data deviate from

the straight line gsp;0 ¼ c½g�; the solution moves from the

dilute to the semidilute regime. In Fig. 3(c), data lie on the

straight line, indicating the fluids are within the dilute solu-

tion regime. The overlap concentration is estimated as c� ¼
1=½g� � 0.2 wt. %, thus confirming that all the concentrations

(0.004 to 0.14 wt. %) investigated in this study are in the

dilute regime [24].

2. Microfluidic approach

We now proceed to describe the results on the fluid relax-

ation time of polystyrene in near-theta and good solvent con-

ditions, derived through our l-rheometer and the OSCER.

Figure 4(a) shows the comparison between the relaxation

time of polystyrene in DOP, derived through the l-rheometer

(blue open circles) and those derived from the OSCER

(green triangle). Relaxation times as small as 5 ms have been

detected by both microfluidic platforms. kext and kshear are in

very good agreement when c=c�< 0.1, with a small devia-

tion observed at c=c�> 0.1. Nevertheless, both kshear and kext

show a dependence on the polymer concentration in the

FIG. 3. (a) Shear viscosity g as a function of the shear rate _c for

solutions at different concentrations of atactic polystyrene a-PS 7 MDa

in (a) DOP (theta solvent) at 22 �C and (b) TCP at 22 �C (good sol-

vent). (c) Specific viscosity as a function of the quantity c[g] for a-PS

7 MDa in TCP, where [g] is the intrinsic viscosity. The dashed line

is gsp0 ¼ c½g�:
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range 0.02< c=c�< 0.1 [a blue dashed line in Fig. 4(a)],

even if c=c�< 1. Similar findings on both shear and exten-

sional measures have been found by Clasen et al. [57]. In

fact, they also observed a dependence of the relaxation time

on the concentration when 10�2 < c=c�< 1 (dilute regime)

for polymers in good (diethylphtalate) and athermal solvents

(oligomeric styrene). Such a dependence is attributed to the

increasing importance of intermolecular interactions when c
approaches to c�. Common methodologies to derive c� are

based on the assumption that overlap between two adjacent

coils occurs when the distance between their centers of mass

is equal to 2Rg: For an extensional flow, it is fairly easy to

understand that significant macromolecular deformation will

result in an effective increase in Rg and hence promote inter-

actions between chain ends for polymer concentrations

c< c�, as shown by Clasen et al. and others [57,61].

However, Odell et al. [61,62] have shown that even under

equilibrium conditions, polymer chains may interact at con-

centrations significantly below c�: They argue that the solid

sphere model used to define c� depends upon a poor approxi-

mation to a statistical random walk and show clearly that the

Gaussian distribution of coil segments extend much further

than Rg; away from the center of mass of the coil. Based on

these considerations, we argue that in the vicinity of c� the

polymer dynamics can be described by the Rouse theory

[Eq. (3)] instead of the Zimm theory [Eq. (2)], in agreement

with the approach followed by Clasen et al. [57].

The data in Fig. 4(a) can be described by two scalings

(blue dashed and red dotted lines). The blue dashed line shows

a power law dependence of k on c over the concentration

interval 0.02< c=c�< 0.3. We obtain a scaling k / c0:7660:03

over this concentration range. We can use the exponent of

0.76 to obtain the value of the dimensionless scaling exponent

�¼ 0.52 from Eq. (3) (Rouse theory), in very good agreement

with the theory for polymer in theta-solvent (�¼ 0.5). The

small discrepancy between our value of � and the theoretical

one can be possibly attributed to the lack of precise tempera-

ture control and some degree of polymer chain swelling since

the experiments are performed approximately 3 �C above the

theta temperature [24].

For c=c�< 0.02, experimental data shown in Fig. 4(a)

approach a constant value that is in agreement with the

Zimm theory [3]. The red dashed line is obtained as the aver-

age of both kshear and kext when c=c�< 0.02, with an average

relaxation time k0;DOP¼ 5.8 6 0.75 ms. We can then com-

pare this value with kZimm derived from Eq. (2). In particular,

F¼ 0.417 (for �¼ 0.52) and the intrinsic viscosity [g]¼ 2.1

dl=g can be evaluated through the Mark-Houwink relation

with the parameters available from the Polymer Handbook

[58]. We then found kZimm ’ 14 ms, in reasonable agreement

with k0;DOP derived from our measurements.

Figure 4(b) shows the comparison between the relaxa-

tion time of polystyrene in TCP, derived through the l-rhe-

ometer (blue open square) and those derived from the

OSCER (orange hexagon). Both the microfluidic platforms

are able to measure the relaxation time as small as 5 ms,

and values of kshear and kext are in good agreement. In this

case, all the experimental data can be described by a single

scaling k / c0:5460:07 (by carrying out the same procedure

adopted for a-PS in DOP). The value of the dimensionless

scaling exponent is then �¼ 0.55, in good agreement with

expectations for a polymer in a relatively good solvent [63].

Even though we do not observe a clear plateau region in

Fig. 4(b), we can evaluate k0;TCP as the average of the k-

values when c=c�< 0.02. We found k0;TCP¼ 4 6 2 ms. The

Zimm relaxation time derived from Eq. (2) with F¼ 0.455

(for �¼ 0.55), [g]¼ 5 dl=g; gs¼ 0.072 Pa s, yields

kZimm¼ 54 ms, significantly higher than our estimate of

k0;TCP. This is not surprising because the Zimm theory does

not always match the experimental measurements for

polymers in a good solvent [36,64]. Hair and Amis [64]

carried out frequency response measurements on both

polystyrene in theta and good solvents. They found good

agreement between theory and experiments for the theta-

FIG. 4. (a) Relaxation time k for a-PS in DOP as a function of the reduced

concentration c=c�: Note that c�DOP¼ 0.54 wt. %. Green triangles refer to

the relaxation time measured through OSCER, kext: Open blue circles refer

to those measured through the l-rheometer, kshear: The blue dashed line rep-

resents the best power law fit, k / c0:7660:03: The red dotted line represents

k0;DOP¼ 5.8 ms, obtained through an average of all the experimental data for

0.008< c=c�< 0.02. The Zimm relaxation time from Eq. (2) for this system

is kZimm¼ 14 ms. (b) Relaxation time k for a-PS in TCP as a function of the

reduced concentration c=c�: Note that c�TCP¼ 0.2 wt. %. Orange hexagons

refer to the relaxation time measured through OSCER, kext: Open blue

squares refer to those measured through the l-rheometer, kshear: The blue

dashed line represents the best power law fit, k / c0:5460:07: The red dotted

line represents k0;DOP¼ 4.2 ms, obtained through an average of all the exper-

imental data for 0.008< c=c� < 0.02. The Zimm relaxation time from Eq.

(2) for this system is kZimm¼ 54 ms.
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solvent only. The authors argue that a theory that consistently

includes both hydrodynamic interactions and excluded vol-

ume would improve the agreement between experiments and

the theory. Moreover, Lodge et al. [65] reported that the

radius of gyration Rg of perdeuterated polystyrene in TCP,

measured through small angle neutron scattering, is close to

the values found for polystyrene in h� solvent, thus being

smaller than the one predicted through intrinsic viscosity mea-

sures. Our results seem to be consistent with this observation;

in fact, the experimental relaxation time k0;TCP is much

smaller than k evaluated from intrinsic viscosity measures by

Eq. (2). The same authors attributed this discrepancy to the

excluded volume for polymers in a good solvent. In particular,

interactions between phenyl groups on the polystyrene and

the solvents can lead to extra contributions to the viscosity.

Such complexity motivated Colby [36] to classify the study of

polymer in good solvents as an outstanding problem left to be
resolved for polymer solutions.

Here, we highlight the agreement found between relaxa-

tion times derived in shear and extensional flows for a-PS in

near-theta and a good solvent. Clasen et al. [57] measured

the relaxation time of polystyrene in near-theta conditions by

CaBER (extensional) and oscillatory shear measurements,

showing large deviations between the two techniques above

c=c� � 0:01: Vadillo et al. [31] also reported disagreement

between kshear derived from the piezo-axial vibrator (PAV)

and kext derived from capillary thinning extensional rheome-

try, for polystyrene in a good solvent. The techniques used

by Clasen et al. and by Vadillo et al. for the determination of

the relaxation time are based on bulk rheology. In our case,

the l-rheometer and the OSCER capture the local rheology

at the microfluidic scale, and the agreement between kshear

and kext is ascribed to the working principle of these micro-

fluidic platforms. The l-rheometer is based on the balance

between the elastic force (which promote the transversal

migration) and the drag force. The elastic force is modeled

from the second order fluid constitutive equation, with a sin-

gle (longest) fluid relaxation time scaling linearly with the

Deborah number De [21,45]. Such relaxation time, in the

absence of intermolecular interactions, coincides with the

Zimm relaxation time. With OSCER, the birefringence sig-

nal is observed when polymer molecules start to orient along

the flow direction. The relaxation time measured in this con-

figuration represents the longest relaxation time of the poly-

mer chain, i.e., the Zimm relaxation time, with intrachain

hydrodynamic interactions present in the case of the theta

solvent, and partially screened hydrodynamic interactions in

the case of the good solvent. Both the l-rheometer and the

OSCER, in the absence of intermolecular interactions, mea-

sure the Zimm relaxation time directly, thus explaining the

agreement found between kshear and kext when c=c�< 0.1.

B. Polyelectrolytes in good solvent

1. Bulk shear rheology

The behavior of polyelectrolytes has been found dis-

tinctly different from that of neutral polymers [36,39],

because of active charges on the polyelectrolyte chains.

These charges can be screened by tuning the amount of salt

in the solution, leading to molecular conformation changes

of the polyelectrolyte [39,66,67]. In a salt-free environment

and in the dilute polymer regime, polyelectrolytes tend to

adopt an extended configuration due to the electrostatic

interactions between free charges. With the addition of salt,

counterions screen the charges, thus reducing electrostatic

interactions, consequently altering the conformation from

extended to random coils. In addition, the change of confor-

mation in dilute polymer solutions occurs gradually, from

the dilute salt regime to the concentrated salt regime. Here,

we focus on rheological characterizations of hyaluronic

acid (HA) in water, with the presence of organic salt

sodium chloride (NaCl) at different concentrations.

First, we mixed HA at different mass concentrations in a

PBS solution. PBS is routinely used as a suspending medium

for cells and other biological samples and consists mainly of

138 mM NaCl and 2.7 mM of KCl [37,43]. Figure 5(a) shows

the shear viscosity g as a function of the shear rate _c for

HA in PBS solutions, with HA mass concentrations varying

FIG. 5. (a) Shear viscosity g as a function of the shear rate _c for solutions at

different concentrations of hyaluronic acid 1.6 MDa in PBS at 22 �C (poly-

electrolyte in good solvent). (b) Specific viscosity as a function of the poly-

mer concentration c for HA in PBS. The dashed line is a power-law best fit

on the whole data set.
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from 0.002 wt. % to 0.08 wt. %. All solutions exhibit near

constant-viscosity in the shear rates 1 < _c < 500 s�1: To

identify the dilute polymer regime, we plot the specific vis-

cosity as a function of the polymer concentration c. The best

power-law curve fit renders gsp0 / c1:1560:022 [see Fig. 5(b)],

in agreement with the scaling relation reported by Krause

et al. [37]. This dependence of gsp0 with the concentration is

reported for dilute polyelectrolyte solutions in the high salt

regime [39]. We can also estimate the overlapping concen-

tration c�, when c�½g� ¼ 1.5 (based on the work of Krause

et al. [37]), with [g]¼ 25 dl=g [derived from the data of

Fig. 5(b)]. We then obtain c� ¼ 0.06 g=dl in quantitative

agreement with the result of Krause et al. [37]. We per-

formed the same analysis of HA in water with 50 mM of

NaCl and 100 mM of NaCl (data not shown). The rheological

behavior of those solutions displays a similar trend of HA in

PBS solutions, thus indicating that the amount of salt has sat-

urated the free charges on the chain. In addition, the PBS

solution contains 138 mM of NaCl, which is not far from the

other salt solutions considered. We found ½g�50 mM � 32 dl=g

and ½g�100 mM � 26 dl=g: The overlapping concentrations

found for those systems are c�50 mM ¼ 0:047 g=dl and c�100 mM

¼ 0:057 g=dl:

2. Microfluidic approach

Figure 6 shows the relaxation time kshear as a function of

the reduced concentration c=c� for HA in water, with differ-

ent NaCl concentrations. The measurement of kext is not car-

ried out due to the low birefringence of the HA solutions at

these small concentrations. Moreover, we have found that

with low viscosity solvents, measurements in the OSCER

device can be complicated by the onset of inertial instabil-

ities at the high strain rates required to achieve orientation in

polymer samples with such short relaxation times [20,68].

By focusing on the data of kshear for HA in water with PBS

(open blue diamonds), the relaxation time increases with

increasing HA concentrations in the range of 0.04< c=c�

< 1, thus suggesting the existence of intermolecular interac-

tions, as for a-PS in both near-theta and good solvents. By

assuming a power law dependence [as suggested by Eq. (3)],

we found kshear / c1:0060:036; with a power law index higher

than the theoretical prediction for interacting not entangled

chains k / c1=4 [37]. Krause et al. [37] performed relaxation

time measurements on HA (with the same molecular weight

used here) in PBS at several concentrations, all higher than

those presented here.

In [37], the semidilute entangled regime was studied, and

experimental data showed a polymer concentration depen-

dence stronger than that expected from theory. Our data sug-

gest that strong intramolecular interactions occur even at

lower concentrations, and thus other parameters need to be

considered in the model for the dynamics of polyelectrolyte

solutions. Moreover, hyaluronic acid has been reported to be

a very complex macromolecule [69–71] due to intrachain

interactions, thus the comparison with the theoretical predic-

tions can lead to results different from those expected.

Below a critical value c=c� � 0.04, the relaxation time

kshear is independent of the polymer concentration, as pre-

dicted by the Zimm theory when c=c�< 1 [3] for neutral pol-

ymers in the dilute polymer regime, and by Dobrynin et al.
[39]. An estimate of the relaxation time from the Zimm for-

mula [3] gives kZimm � 0.87 ms (red dashed line in Fig. 6), in

very good agreement with our data for c=c�< 0.04. By

examining all the data of kshear for HA in water with 50 mM

and 100 mM of NaCl, we notice that all the data follow the

scaling k / c; thus confirming that we are exploring the high

salt regime. Indeed, at sufficiently high salt concentrations,

the rheology of polyelectrolyte solutions is almost insensi-

tive to the salt content [39].

V. CONCLUSIONS

In this work, we compare two microfluidic platforms, one

based on shear flow (l-rheometer) and another on exten-

sional flows (OSCER), for the measurement of relaxation

times down to milliseconds. These platforms have been used

on different weakly viscoelastic fluids: (i) a neutral polymer

in both theta and good solvents and (ii) polyelectrolyte in a

good solvent with the presence of salt.

We summarize the following findings: (i) microfluidic

techniques can capture very small relaxation times of dilute

polymer solutions, not easily detectable by conventional rhe-

ometry techniques. (ii) kshear measured with the l-rheometer

is in very good agreement with kext measured with the

OSCER, for a-PS in both DOP and TCP. (iii) kshear and kext

show a dependence on c=c� even in the dilute solution regime,

suggesting that intermolecular interactions play a significant

role at polymer concentrations below c�: (iv) Our results on

a-PS in the near-theta solvent DOP are well described by the

Rouse model and, at the lowest concentrations explored, the

relaxation time collapses to a plateau value that is in order-of-

magnitude agreement with kZimm [Eq. (2)]. (v) Our results on

a-PS in a good solvent are in rather good agreement with the

FIG. 6. Relaxation time k for HA solution in water as a function of the

reduced concentration c=c�: Open blue diamonds refer to the relaxation time

measured through the l-rheometer, kshear for HA in water with the addition

of PBS. Green circles and open squares are the measure of kshear for HA in

water with 50 mM of NaCl and 100 mM of NaCl, respectively. The blue

dashed line is the best fit on the blue diamonds for c=c�> 0.03. We found

kshear / c: The red dashed line is the relaxation time kZimm from Zimm for-

mula in Eq. (2).
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Rouse theory. However, the predicted relaxation time kZimm is

much higher than our measured estimate, probably due to

excluded volume effects, as reported in other works

[36,64,65].

For polyelectrolyte solutions, only kshear is measured due

to the low birefringence of the hyaluronic acid solutions. We

found (i) a dependence of kshear with the polymer concentra-

tion, in agreement with our previous observations with a-PS

in near-theta and good solvents. (ii) The scaling of kshear

with the concentration cannot simply be explained in terms

of intermolecular interactions as predicted by Rouse [2]. In

addition, our exponent is also higher than those predicted by

Dobrynin et al. [39] for polyelectrolyte in a semidilute unen-

tangled polymer-regime in the presence of high salt amount.

This discrepancy is not new in the literature, and can be

ascribed to the complex nature of the hyaluronic acid

[69–71]. (iii) When c=c�< 0.04, kshear is in very good agree-

ment with the relaxation time k derived from the Zimm for-

mula [3] (as predicted by Dobrynin et al. [39]).

We remark that for all the investigated polymer classes,

the relaxation time is independent of the polymer concentra-

tion (as predicted by the Zimm theory [3]) only when c=c��
0.02, in agreement with the finding of Clasen et al. [57] for

polystyrene in theta and good solvents. Even if polymer con-

centrations are below c�; interactions between polymer

chains take place. Our measurements then suggest that the

“real” dilute regime, i.e., where polymer chains in a solution

do not interact with each other, is recovered well below the

overlapping concentration c�:
Future works include investigation of even more dilute

polymer solutions (i.e., c=c� < 0:01) with smaller molecular

weight, by using microfluidic techniques. We aim to show

that microrheometrical techniques can provide a unique plat-

form for the study of “ultra-dilute” polymer solutions.
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