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Dilute Poly(ethylene oxide) Aqueous Solutions in a Turbulent Flow
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ABSTRACT: After successive passes through a syringe needle, poly(ethylene oxide) (PEO) in dilute aqueous
solution undergoes chain aggregation. The degree of association, the size, and the concentration of the species
are characterized by combining static and dynamic light scattering measurements. For the highest molecular
weight, polymer chains are broken in a first stage then aggregate in a second stage. Neutron scattering results
show that these chains have the same conformation as in the dispersed molecular state. When the solutions are
allowed to rest, the aggregates dissociate very slowly with time. After addition of sodium chloride, the dissociation

is much faster and complete. We propose the aggregation to result from the concomitant increase of the
instantaneous local concentration at the entrance of the syringe needle and the enhanced hydrophobic interactions
to which are submitted the stretched macromolecular chains in the flow.

Introduction performed at 28C. The low molecular weight samples (PEO6 and
. . - PEO20) are purchased from Fluka Co.; the high molecular weight

Th‘? abt|1llty of polly(etfrlwyleni cf)lxl_de) .(PEOI)I tlg reduce frictional samples (PEO300 and PEO2000) are purchased from Aldrich Co.
drag in the turbulent flow of fluids is well-known. However e characteristics of the samples are listed in Table 1. It should
this phenomenon is considerably restricted by the fact that the pe noted that the experimental values of the molecular weight
polymer undergoes rapid degradations in the flow field due to measured by gel permeation chromatography for PEO6 and PEO20
the high shear field associated with the turbulences. Many are somewhat higher than the measured values by light scattering
authors have studied this reduction of frictional drag not only that, however, are in better agreement with the values given by
on PEO solutiors ® but also on other polymer solutiohg:5:6 Fluka. The accuracy of the measurements in the static light
In the dilute concentration regime, entanglements between Scattering experiments is generally estimated to18%. The

polymer chains are not present so they cannot produce any stres&Ccuracy on th&, values is estimated to 5%. The samples are
resulting in degradation, which rather should come from the characterized in three different solvents namely tridistilled water,

friction forces on the chains. Indeed intense velocity gradients tridistilled water + sodium chloride (NaCl, 1 N), and methanol.
: y g This point is very important in the case where former history of

exist in the boundary layer near the walls of the pipe. This can e commercial sample is not known: it is then essential to be sure

lead to the development of tensile forces on the molecules andnat the polymer does not contain aggreghesn the beginning.

provides a mechanical activation energy for chain scission of |n Table 1, the increase of the viscosity of the NAQN solution

polymer molecules. Thus the polymer chains could be com- as compared to water has not been taken into account for the

pletely extended along the streamlines of flow and subsequentlycalculation ofR..

cut. Preparation of the Solutions. The preparation of the aqueous
This paper reports some different effects of a flow on dilute PEO solutions for light scattering studies requires great care: dust

aqueous PEO solutions when passing through the needle (1 mnfnd solid particles must be absent, chains must be perfectly

diameter) of a syringe. Four PEO samples are studied with dissolved, and at the same time one must avoid degradations of

. . any sort, either mechanical or chemical. All the solutions are
molecular weights going frorM,, = 6000 Da toMy = 2 x prepared gravimetrically. At first they are maintained in an oven

10° Da. The ponm_er solutlon_s are studlgd by combining static to; 6 h at 55°C. Then they are gently shaken in a dark room at
(SLS) and dynamic (DLS) light scattering results and small 22 °C for 12 h. No magnetic stirrer is used to avoid breakdown of
angle neutron scattering (SANS) measurements. The objectsthe polymer chains. They are put again in the oven atGSor
made of polymer chains, present in the medium are characterized h and again agitated in the dark for 12 h. The solutions of lower
by the concentrationQ), the average molecular weigh¥lg), concentration are made from stock solutions by dilution. The optical
the average radius of gyratiorR{z), and the distribution clarification of the solutions is carried out by filtering slowly without
function of the hydrodynamic radiug). The effect of the any pressure dlreqtly into the light scattering cells thr.o.ugh 0.45
number of passes through the needle and of the nature of thelM (nominal pore size) polytetrafluoroethylene (hydrophilic PTFE)

: : : . . filters from Millipore Co. Before any experimental process on the
solvent are studied. After processing ”?‘? solutions, aging is PEO solutions, the absence of dust and aggregated chains is checked
followed as well as the effect of the addition of salt.

by measurement of the correlation function of the scattered intensity
. . where only one sharp relaxation mode is observed.
Experimental Section
Materials. All the solvents used in this study are spectroscopic Method
purity grade products. Freshly tridistilled water is used to prepare  Sixteen milliliters of aqueous PEO solutions are put in a closed
agqueous PEO solutions. Deuterium oxide (99.9% D) is obtained 50 mL flask connectecbta 5 mLsyringe via a needle (diameter,
from CEA (Euriso-Top, Saclay, France). All measurements are 1 mm; length, 11 cm). The solution is slowly pumped in the syringe
and then vigorously pumped out back into the flask under a pressure
* Corresponding author. E-mail: Duval@ics.u-strasbg.fr. of 4.5 atm exerted by the piston. This process is repeated as many
TInstitut Charles Sadron (CNRS-ULP). times as required. Then the solutions are filtered directly into the
* Laboratoire Len Brillouin UMR12, CNRS-CEA. scattering cells as mentioned above.
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Table 1. Properties of PEO Samples

sample PEO6 PEO20 PEO300 PEO2000
My (kDay 7.4 24 490 2130
polydispersity indek 1.02 1.06 1.42 2.60
My, (kDa) 6.0, 6.6, 6.5 19, 20, 20 530, 480, 450 1700, 1980, 2200
A x 10° (cm® mol g-2)P 2.0,34,38 1.4,23,2.7 0.9,0.5,0.7 0.6,0.7,1.0
Rg (nmy 3.0 61,59, 58 122,125, 142
Ry (nmy 2.2,25,24 4.2,4.7,4.9 32,39, 40 73,81, 85

aMeasured by gel permeation chromatography in tridistilled water (0.1 N NaN®leasured by SLS and DLS in methanol, tridistilled water, and
tridistilled water (1 N NacCl), respectively.Measured by neutron scattering in@.

Light Scattering Measurement. The static (SLS) and dynamic

proportional to the inverse of theaverage diffusion coefficient

(DLS) light scattering measurements are performed in the angular (D), is calculated through the StokeEinstein relationship?

range 22 < 0 < 145 using the ALV/DLS/SLS-5020F experi-
mental setup (ALV-Laser Vertriebsgesellshaft mbH, Langen,
Germany) consisting of an HeéNe laser (22 mW}, = 632.8 nm),

a compact ALV/CGS-8 goniometer system, and an ALV-5000
autocorrelator. This angular range corresponds to scattering vector
q between 5x 104 and 2.5x 10-3 A-1 whereq is given by

q=47nsin@/2) €
0

n being the solvent refractive index arng the wavelength of the
incident light in vacuum. The values of the absolute scattering cross
sectionl(q), in cm™1, are obtained through the calibration with a
toluene standard (Rayleigh ratie 1.368 x 1075 cm™). In SLS,

2 ke T
S

Ry=ag_—7(9) )

Svhereks is the Boltzmann constan, the absolute temperature,

and o the viscosity of the solvent. The peak areaGfr) is
proportional to the excess scattered intensity. It has been shown
that, in the case of a mixture of individual and aggregated chains,
a combination of SLS and DLS results can provide information on
the aggregation number as well as the weight fraction of the
aggregates in the solutidf:1®> When the two scattering species
have very different molecular weights, the CONTIN analysis of
the correlation functions of the scattered light gives two peaks and
the area ratidA of these two peaks is given by

the angular dependence of the excess absolute time-averaged

scattered intensityR(q) is related, in the case of a Gaussian
distribution of the statistical segments of the macromolecular chains,
to the weight-average molecular weighd,,, the second virial

coefficientA;, and thez-average radius of gyratiolf}RéQl/2 by®

KC 1 1, 2
RG =MoL FAR + 240
where K = 4722n%(dn/dC)?/(NaAg) with Na being Avogadro’s
constant andC the polymer concentration. The refractive index
increments (d/dC) of aqueous PEO solutions added with salt are
measured as a function of the NaCl concentrat@gpg in g cnr3)

on a Brice-Phoenix differential refractometer. The following
empirical law is obtained

@)

dn

4 = 0-133— 0.156C ¢

@)

In the case of a mixture of monodisperse species consisting of
aggregates of molecular weigMyag and individual chains of
molecular weighMyexch Which we call external because they do
not belong to the aggregates, the apparent molecular weigh
measured by light scattering is given by

(4)

Xextch D€ING the weight fraction of the nonaggregated species. In
the approximation of a Gaussian distribution of the segments, the
apparent radius of gyration is given by

Roapr 3= YRoexicr 3+ (1 = V) Real )

with y= XextckN'wexthJMwapp

The normalized autocorrelation functiogi®(q,t) of the scattered
light are analyzed using the CONTIN routiiéuilt in the ALV
software following the relationship

Mwapp= Xextclleextch + (1 - Xextck)Mwag

©)

g?(an) = 1+ [B [exp(-r)G(z)dt)? (6)

wheret is the time G(7) is the distribution function of the relaxation
timest, andf ~ 1 is the coherence factor of the instrument. The
hydrodynamic radiusRy of the scattering species, which is

*
_ Aextch_ Mwextchcextch
Aag Mo

wag“-ag

A

®

whereMje,., and My, are the apparent weight-average molecu-
lar weight at finite concentratio@exch and Cag Extrapolated to
zero concentration, this relation gives

g0 _ XextciNl wextch

0 =X e 9

0 (1- Xextcr)Mwag ©)
If we know Myappmeasured by SLS, and the raﬂ@:%, measured
by DLS, we have access to the quantiti@gciMuwextch and (1 —
Xexte)Mwag USING egs 4 and 9. Since the molecular weilyhikyicn
of the individual chains in the mixture is known, provided the
polymer is not degraded during the processing, we can deduge
and henceMy,y There are however some limitations to this
reasoning. The first one is practical: if the aggregates are very large,
they dominate largely the scattering at loyguch that it becomes
very difficult to estimate the contributionXexciMextch’; it IS

negligible if the sum (4) and the ratio (9) are too small to be

correctly measured. We then lose the information abgu, and
hence onx,y and know only the produck,gMwag The second
limitation is physical: we have noticed that the fast mode is mostly
due to free individual chains whereas it can come from the inside
of the aggregates if they are not compact but on the contrary contain
a lot of water. Then the inner chains may scatter as well as the
external one, and the two contributions merge in the fast mode. It
is actually impossible to distinguish the two situations.

Neutron Scattering Measurement. The neutron scattering
experiments are performed on the spectrometer PACE at Laboratoire
Léon Brillouin, Saclay (France), in the range 34103 < q(A-Y)
< 4.3 x 10°L Three setups are used corresponding to sample
detector distancB = 4, 3.2, anl 1 m atthree different wavelengths
A = 12, 6, and 4 A. The collimation is mostly obtained by
diaphragms of diameter 12 mm at 4 m, 16 mm at 3.2 m, and 22
mm at 1 m. All intensities are corrected by transmission and then
subtracted from empty cell scattering. Detector efficiency is
corrected by dividing these intensities by the scattering from 1 mm
water (minus empty cell scattering). These intensities are then
multiplied by the water absolute scattering section which is directly
measured (respectively, 1.4, 1, and 0.9 érat 12, 6, and 4 A).
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Figure 1. Typical Zimm plot for PEO6 after that the aqueous solution Figure 2. Distribution functionG(Ry) of the hydrodynamic radius of
atC = 2.9 x 102 g cnr? is passed 900 times through the syringe PEO6 atC = 2.9 x 1072 g cnt® and # = 30°. Solid line, original
solution; dashed line, after processing (900 passes).

log Ryg(nm)

needle.
Table 2. Characteristics of PEO Samples after the Aqueous 2.0x10°
Solutions Are Passed 900 Times through the Syringe Needle
(0]

sample My (kDa) A x 1P(cm®molg? Rs(nm) Ry(nm) o0
PEO6 142 5 93 111 15x10° | ODED
PEO20 165 -6 79 103 ' oR0ER0B0 =
PEO300 1500 —-3.7 80 74 @D 0o
PEO2000 5700 -1.2 104 98 —~ 0o

=]

] ) ) B.1.0x10°
Incoherent background is subtracted using the scattering of pure &
D,0 plus the 3% contribution of the polymer itself. For processed &~
samples, an extra incoherent scattering of a few percent,Of D c
scattering has to be removed. It probably corresponds to a small  50x10*
amount of nondeuterated water due to exchange with the air during
processing.
Results and Discussion 00 . L . L . L
0.0 0.1 02 03 04
-1
q(A™)

Figure 1 shows a typical Zimm plot of static light scattering
from a PEO6 aqueous solutio@ & 2.9 x 1072 g cn1d) that
is passed 900 times through the syringe needle. It can be note
on this plot that the inverse of the scattered lightfidinearly

dependent (no curvature is observed). From the light scattering
cross-section extrapolated to zero concentration, we can calculateire taken at the maximum of the distribution cur@Ry), their

the molecular weight (called aboWyapy by extrapolation at  ratio depends on the polydispersity which is high for aggregates
the zero angle (first line of Table 2); we see that it is much compared to the initial PEO molecules (see Figure 2). In spite
higher than before processing. For the same function, the slopeof that, the values of the rati&s/Ry are low (0.77< Re/Ry <

of the lines 1R = f(g?) yields a value of the radius of gyration  1.08); this indicates that the aggregates are globular structures
of the scattering entities (93 nm in Table 2) which is very large (we recall that the value of this ratio varies from 0.77 for a
compared to the value expected for chains of 7000 Da. We alsocompact sphere to 1.51 for a Gaussian coil and 1.86 for a coil

see that the apparent second virial coefficient (slope of the line with excluded volume}® Taking into account the dimensions
of these objects with respect to their apparent molecular weights,

igure 3. Wave vector dependence of the neutron scattered intensity
or the original () and processed)) PEO6 in BO atC = 2.9 x

102 gcnrs.

1/R,=o = f(C)) for these objects is low, of order 19 compared
to 1072 for nonprocessed chains (Table 1). Figure 2 shows the we can infer that they are not very dense.

distribution function of the hydrodynamic radius of the scattering  Structure of the PEO Aggregates Since the objects are not
particles atC = 2.9 x 102 g cnmr3 and@ = 30° before and  dense, the inner chairsolvent mixture inside the aggregates

after the processing through the syringe needle as measured byan scatter radiation as well as external chains. In order to
DLS. We observe that a new valueRj appears, much larger  observe their corresponding scattering, which will correspond
to a lower spatial scale, neutron scattering measurements

than theRy value of the individual chain. Remarkably the
corresponding peak is 20 times higher and also wider. As said (SANS) are performed on processed (900 passes) PEOG6

above, the peak area &(r) (or hereG(Ry)) is proportional to  solutions in BO. It should be noted that the behavior of PEO
the excess scattered intensity which is then very much largerin H,O and in O could be slightly different, before going
than the intensity scattered by individual chains. These remarksany further. However, light scattering measurements on PEO6/
on SLS and DLS results apply to all samples under investigation D,O processed solutiongvi, = 90 000 Da;A; = 2 x 1075

as shown by Table 2 for the four PEO samples submitted to cm® mol g=2; Rg = 78 nm;Ry = 99 nm) give results which are
the process. However, the single chain and aggregate dimensiongiot far from those of the PEO64 processed solutions (see

line 1 of Table 2).
Figure 3 compares the SANS signal given by the original

are close in the case of samples PEO300 and PEO2000.
and the processed samples igPHq) vs q Kratky representation.

Let us compardrs and Ry values. We must keep in mind
that, since th&s values are-average values while th®y values
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0 50 100 150 200 250 PEO2000 in aqueous solution Gt= 7.5 x 10“g cn1 3 (scattering
Days angle 30): (black line) initial solution; (red line) after processing; (blue

line) after processing and addition of NaCl (1 N); (green line) after

Figure 4. Aging of the aggregates of PEO6 aqueous solutions. processing, addition of NaCl (1 N), and dialysis.
Variation of the molecular weighi and of the radius of gyratio® as

a function of time. Table 3. Characteristics of PEO Samples after the Processing of the

Aqueous Solutions (900 Passages through the Syringe Needle) and
This representation is very sensitive to any deviation of chain after Addition of 1 N NaCl
conformation from the Gaussian conformation. The two signals sample My (kDa) A; x 1°(cm®molg?) Rs(nm) Ry (nm)
can be totally superposed without any front factor adjustment. peos 6 15 2.2
This is also true using any other representation (like the-log  PEO20 20 1.3 4.4
log one) in particular at lowg values. In other words, it appears ~ PEO300 451 0.7 58 36
that the signal from the PEO chains has not changed. It can be PEOG2000 528 0.4 49 35
deduced that their conformations inside the aggregates arep
identical to the conformation of the individual chains. It should
be noted that we also observe the sameéependence for
processed and nonprocessed solutions of high molecular weigh
chains (PEO2000 af = 1074 g cnv3) the accuracy of the
measurement being reduced in such a low concentration range
In conclusion, we propose that the aggregates are loose
assemblies of short chains which scatter as individual ones. On
top of their scattering which remains unchanged, build up some

aggrggate scattering gives a much larger contribution. . behavior as real extrapolations: the aggregation of the PEO
Aging of the PEO AggregatesThe PEO6 aqueous solution  ojecules can be observed during the process since the average
processed through the needle of the syringe is kept in the darkg, yajue increases from 61 to 112 nm. The distribution function
at 22°C, and the aging of the solution is followed by performing s |arge. The addition of NaCl breaks the aggregates: the average
periodic SLS measurements. The results of Figure 4 show aR, yajue decreases to 46 nm, of the order of the initial value.
slow dissociation of the chain aggregates with time. After 3 ging|ly it can be noted that, after dialysis of the solution, the
months, the molecular weight of the scattering species haspgQ chains remain dispersed and no spontaneous aggregation
decreased by a factor 3 and the radius of gyration has decreasegccyrs, The processing tightens the distribution since the large
from 93 to 70 nm. There still remains aggregates after 8 months -hains are the most easily degraded by the flow.
of aging. Let us remark that this slow dissociation of the  Effact of the Nature of the Solvent.Experiments in other
aggregates can be speeded up under the influence of externalolyents show that the aggregation behavior of PEO is specific
forces. It can well explain the fact that aggregates are not {4 aqueous solutions. The four samples under investigation are
detected by GPC measurements, which impose rather stronggjssolved in watel N NaCl, in methanol, in allyl alcohol, and
shear stress inside the column. in dioxane. The solutions are submitted to the same treatment
Salt Induced Dissociation of the PEO AggregatesThe as for the aqueous solutions. In these solvents it is again
effect of salt addition is also studied. Polik and BurcRardve observed that large chains are broken as in aqueous solution.
ascribed chain aggregation in aqueous solutions to hydrophobicHowever, for the four samples under investigation, there is no
interactions via the increase in the ordering of water molecules aggregation. The specific interactions between the molecules
in the vicinity of PEO. The addition of salt should dismantle of water and the PEO chains have a major influence on the
the structure of these solutions. The characteristics of processedormation of the aggregates.
PEO aqueous solutions after addition of NaCl (1 N) as measured  Effect of the Number of Processing through the Syringe
by SLS and DLS are given in Table 3. The physical parameters Needle.In order to follow the evolution of aggregation, during
of the initial samples are recovered for the low molecular weight the process simultaneous SLS and DLS measurements are
samples (PEO6, PEO20, and PEO300). Conversely, the mo-performed on PEO6 aqueous solutions which are processed 100
lecular weight of PEO2000 has dropped down from 2 130 000 times and 300 times through the syringe needle. The solutions
to 528 000 Da. This can be explained by the fact that, before, are characterized by the weight fractirg and the molecular
to aggregate, long chains are broken by the flow gradients.  weightM,.4 0f the aggregates. Figure 6 shows a typical Zimm
Itis interesting to check whether breaking of the chains occurs plot obtained for 100 processing.
initially without further permanent alteration of individual chains The shape of the scattering curves reveals the presence of
or not. Since long chains are more sensitive to any alteration, several scattering species in the solution. This is confirmed by

EO2000 chains are chosen; an aqueous solution is prepared
and processed 100 times through the syringe needle. Then NaCl
(1 N) is added in order to dissolve the aggregates and is removed
toy dialysis. The distribution functions of the hydrodynamic
radius given by the CONTIN analysis of the correlation function
of the scattered intensity measured by DLS at each stage of the
experiment are shown in Figure 5.

These values are apparent values since they are performed
at finite concentration. Nevertheless they display the same
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of the slow relaxation times are so high (see Figure 2) that one

2.0x10 cannot get a satisfactory accuracy in the analysis of the scattering

- spectra.

0

[}

2 1.5x10° Conclusion

é In this work, the behavior of macromolecular chains of PEO
& 10x10" is studied in aqueous solutions when they are submitted to a
g turbulent flow. It is shown that these solutions have specific

-5
5.0x10 0

30

(C+kysin?(©/2)) X 103 (g.cm™)

Figure 6. Zimm plot for PEOG6 after the aqueous solutionCat= 2.9
x 1072 g cnr3 is passed 100 times through the syringe needle.

Table 4. Characteristics of PEO6 Aqueous Solutions as a Function
of the Number of Processings through the Syringe Needle

behavior that does not exist in other solvents. In the first stage,

the large PEO chains are broken. Then, whatever the size of
these chains, they form aggregates. In the conditions chosen
for the applied stress at the syringe entrance, until 300 passes,
the weight fraction of these aggregates grows up to 15%

regardless of the time the stress is applied unlike the degree of
association that increases with time. Under thermal entropic

motion exclusively, at room temperaturgé & 22 °C), the

number of processings 100 300 900 aggregates break up very slowly with time. The neutron and
M2 (kDay? 11.4 39 142 light scattering measurements show that the associated chains
AP 10* (e mol g 2)2 4.2 2.1 0.5 have the same conformation as the well solvated chains in water
REPP (nm)e 53 67 93 and that the aggregates have a globular structure. The addition
Muag (kDa) 42 242 of salt to the solutions leads in a few hours to the dismantling
EGHEQ(”(mnfn)d 254 284 of the aggregates and isolated chains are recovered. This
RH:‘;tE;m)j 77 62 111 supports the idea that the formation of these aggregates is
Xag (%)° 15 14 ascribed to the presence of hydrophobic interactions. Indeed

these hydrophobic interactions between the Gidups and the
water molecules are enhanced under the cumulative effect of
the stretched conformation of the chains and possibly an increase

DLS measurements which lead to a bimodal distribution of the ©f the instantaneous local concentration of the polymeric chains
hydrodynamic radii. The scattering curves given by the solutions in the turbulent flow.

that are processed 300 times are straight lines as in the case of ] )

the 900 times processed solutions (see Figure 1) but the DLS Acknowledgment. We thank for valuable discussions F.
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