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Polymer Communication

Transport of a poly(ethylene oxide) solution through porous coated
studied by spin labelling
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Abstract

Poly(ethylene oxide) (PEO) chains of molecular weight 4000 have been labelled at their free end by a nitroxide free radical and
on silica in cyclohexane. A solution of PEO 10 000 was allowed to flow through the impregnated silica in an Electron Param
Resonance spectrometer and the decay of the signal recorded as a function of time. The exchange of the short chains by the long
the transport through the quenched disorder proceeds linearly with time. This observation could be characteristic of a diffusion m
similar to the Darcy law as the limiting factor of the whole process in the time regime @s2@00 Elsevier Science Ltd. All rights reserve

Keywords Solid—fluid interface processes; Amorphous and polymeric materials; Magnetic resonance and relaxation

1. Introduction 2. Experimental

By far most of the studies devoted to polymers at inter- 2.1. Materials
faces dealt with systems that were equilibrated. Practical
situations like paints, adhesion or colloid stabilisation 2.1.1. Silica
involve the building of a polymer layer on a solid surface. ~ Pyrogenic silica, Aerosil 200 from Degussa (Degus
To give a rational explanation to each different application Frankfurt am Main, Germany) was used. It is prepared
much fundamental work has been done on model systemsthe combustion of Si¢lin flame. It is composed of small
both experimental [1] and theoretical [2]. particles of about 12 nm diameter aggregated in larger cl
Yet it is also important to consider the dynamics of poly- ters and its specific surface area measured by nitro
mer chains. The exchange and transport through porousadsorption is 200 Afg. It bears about 2—4 OH per fim
silica is of interest in the context of macromolecular separa- Which can be hydrogen bonded to the ether oxygen of
tion by chromatography, electrophoresis, drainage for oil Polymer [6,7].
recovery, and also more fundamentally to elucidate the
phenomenon of reptation. For the adsorption process itselfp 1 2. polymer
and the exchange of chains many time scales are relevant The polymers used are PEO from Fluka (Fluka, Sa
[3,4]. Different other techniques have already been used toQuentin Fallavier, France) with two molecular weight
understand the kinetics of establishment of adsorption equi-pEQ 4000 has a molecular weight of 4000 g/mol, a melti
librium, but here we investigate how the spin labelling temperature of 59—6C and a polymerisation index of 91
method can be used for this purpose [5]. Poly(ethylene pEg 10 000 has a molecular weight of 10 000 g/mol,
oxide) (PEO) chains of low molecular weight are labelled melting temperature of 63—-85 and a polymerisation
by a nitroxide free radical and adsorbed on silica. A fresh jngex of 227. These linear polymers are playing an incre
solution of higher molecular weight PEO is allowed to flow jngly important role in biomedical technology in pa
through the electron paramagnetic resonance (EPR) spectropecause of their newly found ability to render surfac
meter and the decay of the signal is monitored as the shortre|atively inert to attack from the immune system.
chains are desorbed and progressively replaced by the
longer ones.

2.1.3. Solvent
The solvent was pure cyclohexane (Prolabo, Pa
* Corresponding author. France) with a melting point of 626 and a boiling
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temperature of 807C. It has a relatively low dielectric  have different shapes. If the motion is fast then the three
constant and is appropriate for EPR measurements. ltswell-resolved Lorentzian lines explained by the Kivelson
toxicity is relatively low even if it should not be inhaled. theory [10] are expected. If the motion is slow then the
anisotropic part of the spin Hamiltonian is not averaged

2.1.4. Spin labelling and broader peaks shifted relative to the previous ones

The nitroxide free radical was 2,2,5,5 tetramethyl-3- appear. They are explained by the much more comprehen-
pyrroline-1-oxyl acid from Eastman (Eastman Organic sive Freed theory [11]. In fact in our case the spectra were
Chemical, Rochester, New York, USA). This radical was always typical of a superposition of the two kinds motions
fixed in its acid chloride form on free end alcohols of the attributed, respectively, to the trains immobilised on the
PEO 4000 chains. The typical chemical formula of a solid and of loops and tails mobile in solution. However

labelled PEO 4000 chain is: no attempt was made to analyse more precisely the informa-

tion contained in these components. They indicate, at least,

?| that the chains spread onto the surface and adopt a relatively

H— 0 — (CHz—CH2— 0)a—C flat conformation. The relevant quantity, which was
; : ,'< recorded, was the total surface area of each spectrum eval-

i‘\' uated in arbitrary units but in a coherent manner to allow
0° some comparisons. Indeed as is usual in magnetic resonance

experiments it can be shown that this surface, which is
proportional to the total magnetisatidv, is also propor-

2.1.5. Adsorption of the polymer tional to the number of resonating spins following the

All the polymer solutions were prepared by stirring the expression
polymer gently in the presence of cyclohexane, which 92325(3+ DHo
appears as a relatively bad solvent. The remaining powderM = NT

was removed and the supernatant was a nearly saturated

solution of less than 0.5 mg/ml concentration. First the whereN is the number of spingjthe spectroscopic splitting
PEO 4000 solution was brought into contact with silica in factor, 8 the Bohr Magneton$ the spin,T the temperature
the EPR tube and a steady flow achieved the desired cover-andH, the magnetic field.

age. It is probable that it corresponds roughly to the plateau
value of the adsorption isotherm. Previous experiments have
given relatively strong evidence that the presence of the
label does not perturb the adsorption process on silica [5]
much. Of course if the nitroxide free radical had a high
affinity for the solid the picture would be very different as

it would act as an anchor and the polymer as a buoy [8].The
silica was then completely washed with pure cyclohexane to
remove all unattached chains until the EPR signal was
constant. After that the PEO 10 000 solution was allowed
to flow at a constant rate through the sample and it replaced
progressively the PEO 4000, an exchange that was followed
through the decay of the EPR signal.

3. Results

A typical spectrum obtained for labelled PEO 4000
adsorbed on silica is shown in Fig. 1. As has already been
mentioned it consists of two major components [5]: three
relatively narrow lines caused by the tails protruding into
solution and experiencing a fast motion; and a broader
component caused by the trains in contact with the solid
with a hindered motion. Therefore the chains are indeed
adsorbed on the solid and moreover the slow motion part
being larger as they are spread on silica, and adopt a rela-
tively flat conformation, indicating that there is indeed

2.2. EPR spectroscopy strong adsorption. It has been checked that this spectrum
is not altered by a flow of pure solvent. It could then be
2.2.1. Samples and apparatus concluded that the chains were nearly irreversibly fixed and

All the experiments in a flow of solvent or solutions were could not be displaced by the small molecules of cyclohex-
performed in the spectrometer, in a Pyrex tube of 4 mm ane. Similarly the reverse experiment trying to displace the
diameter except in the middle of the cavity where a bottle- PEO 4000 by a smaller non-labelled PEO chain did not
neck prevented the silica from falling out. The flowing of show any detectable effect. All the experiments have been
pure cyclohexane checked that this was indeed not the caseconducted at room temperature {€2, as it is more diffi-
The EPR spectra were recorded on a Varian E-4 (Varian, cult to have a flow of the solvent and a thermal regulation
Palo Alto, CA) spectrometer operating in the X-band at simultaneously.

9.15 GHz. The situation is no longer the same when a flowing
solution of PEO 10 000 is passed through the sample. The
2.2.2. Analysis of the spectra integrated intensities of the EPR signals in three different

The spectra of nitroxide free radicals are very well known experiments are reported in Figs. 2—4 as a function of time.
[9]. Depending on the molecular mobility of the label they A few remarks about the set-up are in place here. A very
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Fig. 1. Typical EPR spectrum of labelled PEO 4000 adsorbed on silica in a Fig- 3. Evolution of the amount of labels and therefore also of the amoun
steady state flow of cyclohexane. adsorbed PEO 4000 as a function of the volume of the PEO 10 000 solu

having flown through the sample. Two successive points are separate
. . 16 min (second experiment).
simple procedure was adopted. The solution flowed at a

constant overall rate of about 3 ml/h in our tube of 4-mm

diameter moved only because of the influence of gravity. In under the application of an external flow field. The flo
fact the gravity drainage is now recognised as an importantfield deforms the polymer molecules and further enhan
method for oil recovery from heavy oil and depleted oil the conformational changes in the interfacial region.
reservoirs, which has been modelled with sand columns investigation of the flow through loops and tails has inde
[12]. This does not at all imply that the flow was really been presented in Ref. [1], but of course the relev
uniform and laminar at a molecular scale. It must be recalled parameters describing the system are not necessarily
that to ensure a sufficient surface area to give coveragesame here.

detectable by the EPR signals it was necessary to use a silica It is all the more remarkable that our experimental resu
powder, which is highly irregular, and the shape of the solid fall into a very simple scheme. The geometry of the syst
network through which it is percolating affects the flow of is such that transport rates cannot easily be estimated, so
solvent. Some places are subject to a strong and fast flow init is not possible to correlate the conclusions with a defin
a direction parallel to the solid, some others experience arate-determining step. However it is apparent from Fi
slower flux and perhaps somewhat tilted following another 2—4 that the signal in all the three cases, differing in t
orientation than strictly vertical. Finally some points may packing of the silica powder, is decaying linearly with tim
even be stagnation points. All the details of the ways This result seems very well documented by our data,
followed by the solvent are lost in the overall picture correlation coefficients of the linear regression being alw,
given by the integrated intensity. Here the interaction of higher than 0.92 and sometimes than 0.97. The slopes
polymer molecules with the solid surface takes place origin of the lines can be different but the qualitativ
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Fig. 2. Evolution of the amount of labels and therefore also of the amount of Fig. 4. Evolution of the amount of labels and therefore also of the amoun
adsorbed PEO 4000 as a function of the volume of the PEO 10 000 solution adsorbed PEO 4000 as a function of the volume of the PEO 10 000 solu
having flown through the sample. Two successive points are separated byhaving flown through the sample. Two successive points are separate
16 min (first experiment). 16 min (third experiment).
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behaviour remains identical. It is therefore the major result, one would expect a crossover from a diffusive behaviour
which holds regularly. The similarities (linear variation with  at short time-scales to a drift-like motion in the long time
time) and differences (in slope for example) between Figs. regime [21]. One may expect not only the crossover beha-
2—-4 show clearly that the exponent is more firmly estab- viour to change but also the exponents for the power-law
lished and that the other parameters cannot be completelydependence may be altered as the field begins to compete
explained. As will be discussed below, this is not with the barriers [22—24]. In addition to the Rouse and
completely unexpected in view of the literature, but the reptation models, there is a third regime (entropic trapping)
fact that it has been established by the EPR spectroscopywhere large open spaces in the medium can cause the poly-
seems promising to the best of our knowledge and appearsmer chains to slow down more than that anticipated on the
to open a new method of investigation of these phenomena.basis of reptation (elucidated by Muthukumar and Baum-
gartner [25-28])).

4. Discussion 4.2. Observations

Our experimental results clearly show a linear behaviour
of the amount desorbed with timet. This simple result can
be explained by many of the different laws exposed above.
The overall flow of solvent certainly implies convection
even if the velocity gradient can be different from place to
place due to the packing of the silica powder. Although the

4.1. Expected phenomena

The solvent from which they were adsorbed cannot
usually readily desorb polymers. In a practical sense, the
adsorption is thus irreversible. However they may readily
exchange against the polymer molecules coming from the ™. oo . . . e
solution and there is a steady-state traffic of macromoleculesSlrnple I_<|net|cs obseryed is consistent with the diffusion/

convection model, which could also apply for small mole-
between the adsorbed state and the unadsorbed state: .

. . . . . cules, the exchange mechanism must be fundamentally
Pioneering theory, experiments, and simulations by .

: different. Whereas small molecules are released at once,
Pefferkorn, Varoqui and co-workers endeavoured to under-

stand the kinetics of establishment of adsorption equili- the dlsplacgme_nt into a_polymer solution must ha_ve
brium [13—17]. Some very simple limiting cases can be proceeded zip like, a small number of segments at a time

described. If diffusion is the controlling step, the coverage and_ finally the exchang_e of PEO molecules,_ which are very
T should vary with the time like t“2. If simultaneously the flexible, should be relatively fast [19]. In fact it seems rather
convection is present then the sélution given by Leveque that the detailed microscopic behaviour, which is now under
[18] is I’ ~t; and if the mechanism is rather a chemical clarification as shown in the above references, has no direct
Kinetic with s'urface sites then agalfi~ t. Only a compre- influence on the overall evolution with time. At present it is
hensive studv made with varvin veiocit radient can still not possible to attribute this outcome to the limitation of

uay m ying veoclty g . the range of experimental parameters for the packing, orto a
therefore discriminate between these different mechanisms

Moreover it is quite possible that here several adsorption limiting rate due to a specific step in the phenomena. It is

. . tempting to search for a phenomenological law like the
and desorption processes take place successively as for thf)arc law. which would describe this outcome whatever
plateaux in a chromatography column. Experimentally the y ' '

: . ‘the underlying complex microscopic data.
exchange of short PEO chains by long ones was also inves The practicability of the method of spin labelling is

tigated .bY. means OT reflectometry [19]. T.he short ones demonstrated and valuable information could be obtained
adsorb initially. Granick et al. have emphasised the role of _.

. . . similarly in other situations. The spin-labelling method is
the topological constraints on the displacement process [20]'sens't' e to about T8 spins/a and in a ranae depending on
The transport behaviour of a polymer chain itself is v u pins/g : 9 pending

generally studied by analysing the time dependence of thethe m_ot_>|l|ty OT the label of about_ four deC?des’ which gives
. . a sufficient window of observation. The time necessary to
mean square displacement of a monomer of a chain (here

the label) and that of the centre of mass of the chain mole- record a spectrum can vary be_tween_ a feW_ minutes and an
cule. A common practice in such analysis is to look for the hour. I.t seems indeed interesting to mvest!gate further the
leading power-law dependence of these dispIacementspOtem"”.II of this spectros_copy for such stud_|es, for example
described by the exponents< R? > ~t”. The magnitude by varying the flow rate in a larger range W'th.the help of a

of these power law exponents is well known in the melt pump. In such conditions it seems well possible that other

from the short to the long time regimes, i.e. for a monomer regimes will be accessible.

motion v=1 (diffusion), 1/2 (Rouse), 1/4 (constrained

Rouse), 1/2 (reptation) and 1 (diffusion) while for the centre 5. Conclusion

of massv=1, 1/2 and 1. Heterogeneity because of

quenched barriers of a porous medium makes the problem The exchange of short chains of PEO by longer ones has
more difficult altering the local and global motion of the been followed by the spin labelling technique. The decay of
chains as well as their conformations. In the absence of the signal characteristic of the short chains has been shown
quenched barriers the field drives the chain to drift and to be linear with time and among the models proposed
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several individual mechanisms are consistent with this
observation. A simple overall result like this Darcy law
suggests that many molecular details of the desorption
process are not rate limiting in this case or that other experi-
ments in conditions where the velocity gradient and other
parameters can more easily been varied could discriminate
between the different molecular steps involved.

References

[1] Fleer GJ, Cohen-Stuart MA, Scheutjens JIMHM, Cosgrove T, Vincent
B. Polymers at interfaces. London: Chapman and Hall, 1993.

[2] De Gennes PG. Adv Colloid Interface Sci 1987;27:189.

[3] Cohen-Stuart MA, Fleer GJ. Annu Rev Mater Sci 1996;26:463.

[4] Frantz P, Granick S. Macromolecules 1994;27:2553.

[5] Hommel H. Adv Colloid Interface Sci 1995;54:209.

[6] ller RK. The chemistry of silica. New York: Wiley, 1979.

[7] Legrand AP, editor. The surface properties of silicas. Chichester:
Wiley, 1998.

[8] Skvortsov AM, Pavlushkov IM, Gorbunov AA, Zhulina EB. J Chem
Phys 1996;105(5):2119.

[9] Berliner LJ, editor. Spin labelling. Theory and applications. New
York: Academic Press, 1976.

2715

[10] Kivelson D. J Chem Phys 1960;33:1107.

[11] Schneider DJ, Freed J. In: Berliner LJ, Reuben J, editors. Biologi
magnetic resonance, Vol. 8. New York: Plenum, 1989.

[12] Choi C, Bharatam J, Frola |, Dusseault MB, Geilikman MB, Chatzis
Pintar MM. Appl Phys Lett 1997;71(23):3436.

[13] Pefferkorn E, Carroy A, Varoqui R. J Polym Sci, Polym Phys
1997;23:1985.

[14] Pefferkorn E, Haouam A, Varoqui R. Macromolecules 1989;22:26

[15] Varoqui R, Pefferkorn E. J Colloid Interface Sci 1986;109:520.

[16] Pefferkorn E, Elaissari A. J Colloid Interface Sci 1990;138:187.

[17] Pefferkorn E, Elaissari A. J Colloid Interface Sci 1991;14:85.

[18] Leveque M. An Mines 1928;13:201-406.

[19] Dijt JC, Cohen-Stuart M, Fleer GJ. Macromolecules 1994;27:321

[20] Douglas JF, Schneider HM, Frantz P, Lipman R, Granick S. J Ph
Condens Matter 1997;9:7699.

[21] Stepanow S, Schulz M. Europhys Lett 1999;47(6):643.

[22] Yamakov V, Stauffer D, Milchev A, Foo GM, Pandey RB. Phys Re
Lett 1997;79(12):2356.

[23] Yamakov V, Milchev A, Foo GM, Pandey RB, Stauffer D. Eur Phys
B 1999;9:659.

[24] Foo GM, Pandey RB. Physica A 1997;241:500.

[25] Baumgartner A, Muthukumar M. J Chem Phys 1987;87:3082.

[26] Muthukumar M, Baumgartner A. Macromolecules 1989;22:1937.

[27] Muthukumar M, Baumgartner A. Macromolecules 1989;22:1941.

[28] Slater GW, Wu SY. Phys Rev Lett 1995;75(1):164.




