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We consider theoretically the possibility of solid state NMR experiments with frozen linear polymer chains
at interfaces. Three different cases are studied, namely, when the macromolecules are grafted on the surface,
when they are adsorbed, and when they are very strongly adsorbed from a melt that is subsequently washed by
a good solvent. The latter case is somewhat intermediate between the two former ones. For each case, we
consider the relaxation when paramagnetic centers are located on the surface. We show that the shape of the
relaxation curves depends critically on the monomer concentration profile, and exhibits characteristic power-
law variations[S1063-651X99)04305-9

PACS numbgs): 36.20-r, 61.18.Fs, 61.25.Hq, 76.60.Es

[. INTRODUCTION longer times. Let us stress that in all cases the polymers are
guenched at low temperature so that their motions are frozen.
Nuclear magnetic resonan¢BMR) has proven to be a As mentioned above, polymers may be attached to a sur-
very efficient technique for studying static and dynamicface in two different ways: they may be grafted by one end
properties of polymergL—4]. It has recently been possible to 0f @ monomer. They may also be adsorbed by an attractive
measure the fractal dimension of polymers and gels by soligurface. In the former case, the surface is assumed to be
state NMR. This was successfully demonstrated by DevreuReutral, and for a large density of graft points, only one
[5] on silica gels, and more recently by Tabtial.[6,7]on ~ monomer is located on the surface. The remainder of the
glassy frozen linear polymers. The gist of the method is tdnacromolecule adopts a stretched configuration because of
place dilute paramagnetic centéPC'’s) on the polymer; the the repulsion by the other chains. In the latter case, a finite
nuclei of the polymer become inequivalent with respect tofraction of the monomers is located on the surface, and the
nuclear relaxation: in a frozen gel or solution the nuclei closeadsorbed polymer layer has a characteristic concentration
to the PC's relax more rapidly than those at large distancegrofile that may be checked by NMR, as we shall discuss. In
This leads, under suitable conditiofr® spin diffusion, to a  the following, we will first consider the case of a semidiluted
nonexponential relaxation of the overall nuclear magnetizasolution. This was already discussed[ 6] a slightly differ-
tion M. The fractal dimensiodf is obtained from an ana|ysis ent way . We will then turn to surfaces. Section Il discusses
of the relaxation curve shape and, in particular, from thegrafted polymers, while the case of adsorbed chains is stud-
short time behavior that obeys a power I&l~t*. These iedin Sec. IV.
experiments lead to measurements of the fractal dimensions
that are in agreement with what was predicted by percolation
and by the de Gennes’ thed|8] for polymers. It seemed to
us that it would be interesting to study the case when poly-
mers are located at surfaces. Most of the experimental stud- We first briefly review the configuration of linear polymer
ies for the determination of polymer density profiles at inter-chains in solution. We assume that each macromolecule is
faces were made so far by neutron reflectiy@y10], or by = made of N monomers of sizea. In a dilute solution, the
neutron or x-ray scattering experimeritsl]. NMR would  various chains are far from each other. It was shown that it is
provide an interesting independent and complementary wagossible to define a characteristic distaRcavhich is related
of probing the local chain conformations. In the following, to N by a fractal dimensiomwl; :
we would like to consider the case of linear polymer chains
in the vicinity of a surface. Two different cases may be dis-

Il. A REMINDER OF NUCLEAR RELAXATION
OF SEMIDILUTED SOLUTIONS

R\ 9
cussed, concerning macromolecules that are either grafted by N~(—] , (1)
an end point, or adsorbed onto the surface. In each of these a

cases one can gain information by studying a mixture of

protonated and deuterated polymers in a proton-free solvenivhered; is very close to 5/3 in a good solvent, and to 2 in a
This allows one to consider the relaxation of only thoseso-called theta solveffi2,13. In the former, the only inter-
chains that are hydrogenated. In the limit of small fractionsaction between monomers is the excluded volume interac-
of protonated chains, single chain behavior can be observetion, which prevents any two monomers from being on top of
By increasing the fraction of hydrogenated polymers, onesach other. This corresponds to a self avoiding walk. In the
crosses over to the case where all chains are identical. As watter, the previous interaction is compensated by larger dis-
will see, one expects to get identical information from thesetance attraction, and the polymer may be considered roughly
experiments for short times, but quite different results foras a random walk in three-dimensional space.
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As the monomer concentratianis increased, the average  To show how scaling arguments can be used to predict the
distanced between polymers decreases until it becomes ofelaxation behavior we consider the case of a frozen semidi-
the order ofR. This occurs at the overlap concentratioh luted solution. This case has been studied both theoretically

and experimentally ifi6,7]. We shall not use the theory de-
. de3. 3 veloped in[6] but a simplified approach, which is appropri-
c ”%”N frat (2 ate for describing relaxation at short time, and which cor-
rectly accounts for the power-law variation of magnetization
For larger concentrations, polymers overlap. This is the sell this regime. This approach was used[&. The nuclei,
midiluted regime that will be considered below. In this con- Whose relaxation we consider, are placed in a magnetic field
centration rangec*<c<1, it was shown that a second Boand have a gyromagnetic ratjo The dipolar coupling of
length is present, in addition to the radiBsof the chains. @ nuclear spin to t_hse spinSof a PC located at a distance
This is the screening lengiy, and corresponds to the aver- IS Proportional tor ~°. The fluctuations o due either to its
age distance between successive contacts of a given chafn Spin lattice relaxation or to “flip-flops” between neigh-
with the otherd14—16. Therefore, the solution may be de- boring PC.’s give r|§§17] to the relaxation of spih at a rate
scribed in the following way: for distances smaller thgn W proportional tor =*:
the chain has the same conformation as in a diluted solution.
More precisely, excluded volume interactions are present for W= E )
these small distances. For distances larger thathe inter- r
action is screened, and the chain behaves as a random walk.
Both R and¢ may be obtained by scaling arguments, assumThe component of whose relaxation is observed depends on
ing that they are only a function of the relative concentrationthe technique employed to “quench” spin diffusion. In the
c/c*. We discuss rather the “blob model,” that is based oncase of linear polymers the nuclei were irradiated by a radio-
the preceding description: locally, excluded volume interacfrequency field of amplitudd; and frequencyw= wy+ A
tions are present. This implies that for distances smaller thawhere wy,= — yB, is the Larmor frequency. In the frame
or equal to¢, one may generalize relatioil). A blob is a  rotating at frequencw the nuclear spins “see” an effective
part of the polymer, made @ monomers, with siz&, such  field B.;z of components—-A/y andB;, respectively, along
that and perpendicular tB,. Spin diffusion is inhibited when the
angle betweerB.; and B, takes the “magic angle” value
3 #=54.7°. In these types of experiments one observes the
component ; of magnetization alon®s; .
The proportionality constant depends upon the angle
where we restricted the discussion to good solvents. Becaugstweenr and the applied magnetic field, but we shall
of screening, the chain may be considered as a random walkeglect this dependence in the following since it only affects

(22}

5/3

if one takes the blob as an elementary step unit: the final result through a numerical factor. After a saturating
pulse, which cancels the nuclear magnetization, the compo-
R2~ g) . (4) nentl, of | evolves according to
o , Ct
Because screening is local, one expects the screening length Iz~exp( - —6) . 9
to be independent of the total chain lendth Thus, it is r

plausible to assume thgtdepends on concentration as . . .
At a short time scale one can consider that each nuclear spin

g~c. (5)  isrelaxed by the closest PC and the relaxed magnetizition
is given by
Finally, « is determined by continuity: at the overlap con-
centration, one expectyto become of the the order of the +oo Ct )
chain lengthN. This leads to M(t)~f exp — —5 |p(r)radr, (10
§~C73/4 (6) . . . .
wherep(r) is the density of nuclei around the relaxing cen-
and ter. The exponential term in relatigd0) decreases steeply
from the value 1 to zero at a distancg) of the orderr (t)
R~NY2c~18 (77 =(Ct)*® and we can approximate relati¢h0) by
These relations were checked experimentally by small angle M~ f’“) (r)r2dr (11)
neutron scattering. It is important to note that in order to be fo p '

able to observe the properties of a chain at distances larger

than & one needs to label some chains, for instance, byrhe magnetization is thus proportional to the numiér) of
deuteration. When no labeling is made, one may still observauclei inside a sphere of radiugt). AssumingC=1, if r(t)
the local properties. But at larger distances, one observesig smaller than the screening lengihof the solution:
transient gel, with mesh sizé. Therefore, such measure-

ments would not lead to a fractal dimension equal to 2 but 3. M (t) ~r%~t9/8(t< £9), (12
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from which d; can be deduced. Relatigi2) was used to
check thatd;=5/3 and we shall use this value in the follow-
ing. For distances (t)>¢ the solution becomes homoge-
neous viewed from the PC’s and the relaxation regime
changes to

3 ;
r .
M(t)~N(§)(— ~ N (1> £0). (13 il
In all that precedes we have assumed that the mean distance e e e
between PC's is larger thaiC€)*® so that each nucleus can
be considered relaxed by a single PC. d

Remark.Case of a small fraction of protonated polymers.

This case has not been studied experimentally. Since R
single chain is Gaussian on a scale larger thaone expects
that relation(13) is replaced by

FIG. 1. Configuration of a layer of grafted polymers and visu-
zation of blobs.

Using relations(17) and (18), one recovers Eq(16). The

r\2 corresponding configuration is shown on Fig. 1. In this

—) ~ g9 23 t> £6), (14  Alexander-de Gennes approach, one may consider that one

¢ has a layer of constant density made of these blobs. Subse-
quently, it was shown by Milner, Witten, and Cat@$WC)

Il. GRAFTED CHAINS [24] that although this simple scaling picture gives the right

variations for the variables, there is a parabolic density pro-

Let uﬁs Qot\)'v conS|dfetrha.fIat ZOI'd. Sturfaﬁﬁ'dPOIQe{jfzham%ile extending from the surface to the outside: the local con-
are grafted by oné of their end points wi ensmny” centration at a distancefrom the surface varies as

whered is the average distance between graft points. The

structure of the resulting layer was discussed by Alexander 1/x
[18] and by de Gennesl9], and other§20-23. We recall C(X)=Co— _(_
briefly their results. Whemnl is larger than the radius of gy- 2\R
ration R of a single chain, the structure of every polymer

remains basically unchanged. Asecomes smaller thaR, This is related to the fact that the end points are not at the
because of the excluded volume interactions between mon@uter end of the layer, but might be located anywhere in it.

mers, the chains adopt a stretched configuration. The widtffhese results may be checked by NMR experiments. We will

of the layer may be found by a simple scaling argumentfirst consider the case when PC’s are present at every graft
Assuming that the radius depends only on the ratio of thoint on the surface. For short times, when one considers

M(t)~N(£)

2
(19

radius to the distancd, we have monomers inside a blob, the monomers that are relaxed are
localized in the first layer of blobs, along the surface. The
o[ N¥° magnetizatiorM (t) increases as
R~N=>f| — (15
M(t)~N(t), (20)

where the exponent 3/5 corresponds to a single polymer in a
good solvent. The functiof(x) is unknown but has known where the numbeN(t) of relaxed sites is the number of

asymptotic behavior: for large, it has a power-law behav- monomers that are at a distance smaller théh such that
ior, f(x)~x%, where the exponent is determined by the

condition that the polymer has an extended shape, so that its x(t)~tY8, (21
radius is proportional tdN. Inserting this into relatio{15)
leads to Thus, the observed magnetization is
N (23 < N3/5
R~N d™“(d<N°"). (16) M (1)~ x5/3~15/18 (22)

This may also be described in a different way. If we consider

a part of the polymer, made afelements, this remains iso- This is identical to what is observed for short times in a
tropic as long as is s’mall. For larger vaIL’Jes of the chain semidiluted solution of chains. But the characteristic time

realizes that other chains are grafted at a distahand ~ 2€yond which relatior22) is no more valid is different for
adopts an extended structure. Therefore, we may introdud@oth cases: whereas it is determined by the concentration in

blobs, made ofy elements, such that bulk solutions, it is fixed by the density in graft points in the
’ ' present case. The crossover time to a different relaxation
d~g%® (17) corresponds to a distance on the order of the blob size here:
and the chain is a linear array of these blobs: Ty~db. (23

R~ ﬂ d (18) For times larger thaif4, two effects have to be considered.
g/ The first one is that each monomer is interacting with more
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than one PC on the surface. The second one is thatone hasto =

take into account the concentration profile. We consider the g e mmSIIEE
first effect, and assume that the profile is constant, as in the - e "
Alexander-de Gennes approach. Then for distances larger 174 /'/

than the blob size, every monomer is no longer interacting e 16

only with the PC that is located on the end point of the chain
to which it belongs. One may consider that it is interacting
with all (x/d)? PC’s on the surface that are located within a
distancex from its own graft point. Note that this allows the
relaxation to cross over from a spherical symmetry, at the |
local—blob—scale to a planar symmetry for large distances. / d“* RA42 RE
Because the relaxation rate is the sum of contributions from

all PC’s, the local relaxation rate is no longer proportional to
x~ 8, but to x/d)?x®. Thus we find

Logt

FIG. 2. Variation with time of the proton magnetization of a
layer of grafted chains. Dash-dotted curve: all chains are proto-

W(x)~d~2x"4(x>d 24 nated. Continuous curve: a very small proportion of the chains are
0 X (x>0) 24) protonated. In both cases the protonated chains bear a PC at the
leading to grafting end.
i 1/4 3 12
X~ ? (x>d), (25 M(t)~N(d)(a) ~ dT/S(TG>t>Td), (29

instead of Eq(21). In the Alexander-de Gennes scaling ap-where T corresponds to the characteristic time for more
proach the grafted layer is assumed to be made of a constalfitan one labeled point to contribute to the relaxatiorD i
density of blobs. This implies that the density of relaxingthe distance between labeled graft poifftg~D?®. Finally,
monomers is a constant as a function of the distdnimethe ~ we mention the possibility of labelling only or(gery few

wall. This in turn implies that the signal increases as chains that would be hydrogenated in otherwise deuterated
grafted polymers. The labeled chain is grafted by paramag-
netic centers. In this case only is one able to observe the
stretched nature of the grafted polymers. Apart from a nor-
malization factor related to the fact that some chains only are
where thed-dependent prefactor ensures a smooth crossoveelaxing, the signal has the same form as &g for short
between relation$22) and (26) for time T4 [relation (23)]. times, smaller thafiy. For larger times, relaxation should be
Although the constant density assumption gave the righa purely one-dimensional phenomenon because the chain un-
scaling results, it was shown by MWC that a more accurateler observation is stretching outwards: the number of blobs
analysis leads rather to the parabolic decrease described imvolved in the relaxation increases then linearly for large

M(t)~N(d)g~d1’6t1/4(R4d2>t>Td), (26)

Eq. (19). This would lead to a different form for>Ty. distances, so that
Indeed, Eq.(19) implies that in addition to the linear term
: . . . . X
that we just considered, there is a cubic term correction: N(t)~N(d) S (30
N(x)~x—ax® (27
with x andt still related by relation21), leading to
leading to
M(t)~d?* VY Re>t>T,). (32)
M (t) ~dYetY4— b 34 (R*d2>t>Ty), (28

Figure 2 shows a sketch of the relaxation behaviors in the
where the coefficienb may be directly deduced from Eq. case when all chains are protonated and in the case when a
(19). The difference between Eq26) and(28) may be seen yery small fraction of the chains are protonated. In both
by NMR experiments on samples where all polymers argases it is assumed that the PC’s are borne by the protonated
hydrogenated and all graft points are spinlabeled. Interesthains and that the concentration profile is the one predicted

ingly, if some of the graft points only are spinlabeled, anpy the Alexander—de Gennes model.
intermediate regime appears both because the relaxation re-

mains related to only one graft point fqr interme_diate times, IV. ADSORBED POLYMERS

and also because the symmetry remains spherical. Then for

intermediate times, between tirfig and the time when more A second way to have polymers at interfaces is to adsorb
than a single labeled graft point come into play, one shouldhem[25-28. Although the interaction of a monomer with a
observe a relaxation where relati@@l) is valid between surface is usually small, the interaction of a chain may be
time and distance, and where the number of blobs increase®ry large. This is due to the fact that many monomers of a
in a three-dimensional way: for distances larger than the sizgiven polymer are located on the surface. We will be con-
of a blob, the sphere of relaxed nuclei around a given grafterned only with the attractive case. Two regimes may be
point contains densely packed blobs. This leads, for intermesonsidered, namely, the adsorption of a single chain, and the
diate times, to a relaxation: saturation regime. This corresponds to the situation where no
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more polymers may be attached to the surface, for a giverelative fraction in each of the populations. As the surface
value of the attraction(Note, however, that this does not interactiond is increased, more polymers are attracted, and
imply complete coverage by monomgrsVe recall first the  the surface concentration increases. Because of excluded vol-
results about the adsorption of a single chain and in the plaame effects, once the adsorbed polymers start overlapping,
teau regime, when the surface is saturated. In the followindpops with size larger thaDb appear. Their size grows as the
we will consider impenetrable surfaces. A similar approactsurface concentration increases. There is a plateau region,
could be made for interfac¢eelation(32) which would have  where the surface is saturated with surface b[@§. There
to be changel is then a concentration profile between the surface, where the

Consider a chain that is attached to the surface. Everynonomer concentration may be high, and the bulk of the
monomer is assumed to have an attractive free energy gasolution, which may still be in a dilute regime. This is the
kTS when localized on the wall. Because of the linear naturecase that we consider now. It was shown by Pincus and de
of the polymer, the numbeXs of monomers on the surface Genneg32] and by Eisenriegleet al.[29] that the profile is
is [29] made of three regions.

The surface concentratichg is the number of monomers
Ns~N35, (32)  on the surface per blob:

where we assumed that the wall is flat and impenetrable, and 35

that excluded volume effects are present between monomers. B 9 S (39)
Note that the latter relation is valid only in the isotropic case, D?

when the polymer is not adsorbed. Therefore, the energy

gain iskTSNg. When this becomes larger than the thermal(i) For distances smaller thdD, in the proximal region, the
energy, the polymer is adsorbed on the wall, and adopts a flgrofile decreases as

configuration. The number of monomers on the surface be-

comes proportional ttN, and may be obtained by a scaling -1

argumen{30,31] where one assumes that the variable is the q’(Z)N@s( 5) (z<D), (39
relative energy gaidNg. The same type of argument is also

used to get the widtd> of the adsorbed polymer: where®d (z) is the number of monomers per unit surface at a

D ~N35£( SNY5). (33) distancez from the surface;
(i) For intermediate distances, in the central regiie,
Assuming that for large energies the functibfx) behaves <z<R, the layer has a self similar behavior afddepends
as a power law, one gets the exponent by the constraint thanly onz
in this state the widtlD of the chain is independent df and
depends only ord. One gets d(z)~2"4B (40)
D~o"" (34 whereR is the isotropic radius of the polymer;

(iii) In the distal regime, foz>R, the profile decreases
exponentially. Note that a8 increases, the surface concen-
tration increases and the width of the proximal region de-
jgases. For large attraction, whénis of order unity, the
surface concentration is unity, and the proximal layer does
jot exist anymore.

In what follows, we assume that PC’s are localized on the
surface, and we consider the relaxation of the polymers. We

One may consider sequences along the chain, made of
elements. Whem is small, the number of monomers on the
surface is small, and the sequence is not adsorbed. Wigen

large, the sequence is adsorbed. The crossover correspo
to a so-called surface blob, madegélements, such that the

energy gained by the monomers on the surface just compe
sates the entropy lodsT:

5g3/5~1. (35) study the case when all polymers are equivalent.
The sizeD of these blobs is A. The single polymer
D~g¥5~s1, (36) When the surface concentration of polymers at equilib-

rium is very small, the equilibrium time is very long. It is
which is the width obtained above. Thus, the adsorbed chaimore convenient to graft the appropriate amount of polymers
may be considered as a two-dimensional polymer if oneon the surface by one of their end points. We shall consider
takes the surface blob as a unit. Its radius parallel to théhat the grafting point bears a PC. In the single chain case,
plane is one may separate the short from the long time scales as
above: for short times, relaxation occurs within a surface
blob. For larger times, one is probing the long-distance ar-
rangement of the macromolecule. The analysis of the previ-
ous section tells us that the local conformation of the poly-
If we consider a polymer solution in the presence of an atmer, inside a blob, is the same as for a free chain. Thus we
tractive surface, some chains are attracted, and there isexpect the same type of relaxation as before, and relation
partitioning of the macromolecules between the bulk and thé22) is valid: M(t)~t>18 The crossover tim&,, however,
surface. One may estimate by a Boltzmann weighting thés related to the strength of the interaction. It corresponds

3/4

N
D~ N3/4D - 1/4. (37)

R//~<§
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to relaxation reaching points located at a distance on the

order of the widthD of the adsorbed chain. This implies = \
T,~D6~ 5 8(sN35>1). (41) 2 |
o \
o] \
For times larger tharT,, one probes the structure of the - \\
adsorbed chain. As discussed above, this is two-dimensional ; -1/12 2
if one considers the adsorbed blob as a unit. This implies : RT
) p IG \L ------------ Log t
43
M (t)~N(D) 5) ~DB(T>t>T,), (42 FIG. 3. Variation with time of the nuclear magnetization of an

adsorbed layer of polymer chains. Paramagnetic centers are distrib-
. uted on the surface with an average separdtion

where we used(D)~D%® and we assumed that relation ge sep

(21) is still valid. T~R;; is the characteristic relaxation time whereM o, s the equilibrium magnetization. The variation of

for the whole chain, Wit_kR,, given by relation(37). We turn Mg~ M predicted by Eqs(43) and(46) is shown on Fig. 3.
now to the plateau regime.

C. Strong adsorption
B. Saturated surface o )
Recently, Guiselifi33] considered the case when polymer

~ We consider now a flat surface saturated with adsorbe@hains are strongly adsorbed on a solid surface. More pre-
linear polymers. Magnetic centers are supposed to be dlstrlbfise|y, he studied the case when a melt — or a semidiluted
uted on the surface, and all chains are equivalent. For thgg|ution — is in the presence of a strongly adsorbing wall.
sake of simplicity, we will assume that the attraction is high,The interaction energy that was considered above is as-
6=1. This implies that the surface concentration is approxi-symed to be much larger than the thermal energy. This im-
mately unity, and Fhat only the pentral regime Is present, sgjies that whenever a monomer is in contact with the surface,
that the profile varies as in r_elatloinO). Let_l be the_ average it is jrreversibly bound to it; then the bulk is washed by a
distance between PC’s. As in the preceding sections, we fingood solvent. Because the chains are very strongly adsorbed
that two different relaxation regimes occur, depending on thgg the wall, there results a concentration profile that is very
distance scale that is being probed. For short distances angkferent from the one that exists whehis small, and was
tlmle/g, the relaxed nuclei form spherical pockets of radius giscussed above: the loop distribution is presently character-
~t*"around the PC’s. The number of nuclei in these pockistic of a melt, and different from the previous equilibrium
ets Is case. This distribution was considered by Guis¢B8,34]

, 1/a| Y8 and _by Aubouy[35]. They showed that the layer may be

N(t)wf z4’3(r2—22)dz~r2[1— _(_) }(t<l6). considered as a polydispersed brush of grafted chains. The
a Sir distribution of such irreversibly adsorbed loops from a melt
(43 was shown to be:

It is easy to see that the dominant contributiomift) comes S(n)~n~%?, (47)
from nuclei at a distance~a from the surface and that the

variation ofN(t) in this regime(N(t) ~t"3) does not depend Where S(n) is the number per unit surface of loops with
on the shape of the profile. more thann monomers. Thus at a distanedrom the sur-

For large distances, every site is relaxed by several PC'dace, the adsorbed layer may be considered as a brush with
and the symmetry becomes planar, as in the grafted cha@afting densityS(n), with a relation to be determined be-
case. Then, as discussed in the grafted polymer case, tfiweenn andz This implies that the average distance be-
relaxation rate is proportional t8~* instead ofx ® [see tween graft points is
relation (24)]. The nuclei relaxed are those located between

-12
the surface and the plane at height D~S(n)~ "= (48)
(| The local concentratiowb(z) is related to the distribution:
X~ ( |_2) (44 #(2) dz=S(n)dn, (49)
Their number is and, assuming that the local structure is still elongated, we
have
X
N(t)= | z~*3dz~const-x"*3, 45 n
(t) faz z~const-x (45 z~§D, (50

This gives a magnetization varying as implying

M(t)
M_

- dz D
~t 1/12(R4 | 2>t>|6), (46) —~ E“’D_Z/s"’ Sl/B(I']), (51)

eq dn
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b= V. EXPERIMENTAL CONSIDERATIONS

=l

S y We examine in turn the questions of signal-to-noise ratio,
duration of the experiment, and the possible influence of re-
sidual spin diffusion due to the finite amplitude of the rf
field.

13/30
A. Signal-to-noise ratio

In order to have large enough surfaces, one may use po-
- 5 rous media, with pore size much larger than the radius of the
/ i\ R'T Log t polymer. A typical pore diameter used in such experiments is
a few thousands angstrorf36], much larger than the width
o o o of the polymer layer. This implies that the surface may be
FIG. 4. Variation with time of the nuclear magnetization of an considered as locally flat, as assumed above, and there is no
irreversibly adsorbed layer washed and placed in a good SOIVenfnfluence of the porous medium on the NMR results. As an

Paramagnetic centers are distributed on the surface with an averagg,\(ample we consider a layer of polydimethylsiloxane
separatior. (PDMS) grafted on porous silica of specific area 2.5

m?cm™3; the chains have a molecular weight~ 65000
and are grafted with a mean separatibn30 A. Protons are
observed at a frequency=100 MHz; their number for a
sample of volume&/s=1 cn? is Np=1.5x 10?%.

To estimate the signal-to-noise ratib, we can use the

where we used relatio®8), and we assumed that the local
relation betweerD and the numbeg of elements in a blob
follows the conventional Flory relation. Using relatio@s),
(49), and(51), one gets

d(z)~z 25 (52)  standard formul&37,38,
and the widthL of the layer W= anMo(noQuwoVc/4FkTcov) M,
L~ N5/ (53  Wherea is a numerical factor{ 1), 7 is the ratioVs/Vc of

sample to coil volumeM is the nuclear magnetization pro-
Thus because of the presence of a good solvent, the polymgertional toNp/Vs, uo=4mx10"’, Q is the quality factor
strongly adsorbed from a melt has a width much larger tha®f the coil, wg=27v is the Larmor angular frequenck, is
the radius of a polymer. This may be observed by NMR. Inthe noise figure of the preamplifi€f is the temperature of
the following, we assume that all polymers are equivalentthe coil assumed to be room temperature, &nds the band-
and that PC’s are present on the surface and are at an averagelth necessary for observation of the free induction decay
distancel from each other. Then, as in the preceding secsignal. We assume one scan acquisition and téike 20
tions, two regimes may be observed, respectively, for smakHz.
and large times. For short times1©, relaxation is the sum TakingF=1.5,Vc=2 cnt, andQ=100, one finds, with
of contributions due to a single PC and, as in the previoushe above values of the other parametebs:1500. This
section, nuclei relaxed are located in a sphere of radius value of ¥ allows observation of relaxation over three de-
~tY8: there ard? such spheres per unit surface and we havecades.

In the case of layers adsorbed at saturation or of washed

N P N 13/5 layers, one finds similar estimations f#. Observation of
N~ fo (r°=2%) 2 ""dz=r=5 (54 relaxation of an adsorbed layer in the dilute regime should be
much more difficult.
This leads to
B. Duration of the experiment
M (1)~ 121330 (t<|5), (55)

The characteristic lengths to be measured in experiments

For larger timest>18, the relaxation front becomes planar With polymers at interfaces are significantly larger than the
and is located at a distanoefrom the surface given by Maximum lengths {50 A) probed in the previous experi-

relation (44); the relaxed number of nuclei per unit surface isMents of NMR relaxation without spin diffusion. As a con-
sequence it will be necessary to monitor the evolution of the

X nuclear magnetization over much longer times if the param-
N(t)Nf 7 2Pdz~x%", (56)  eters of the experiment are not optimized. We consider the
0 same grafted polymer as abo®DMS, M =65000, d
and thus =30 A). Assuming(deuteratefidichloromethane as solvent
’ this correspond$36] to a grafted widthh~300 A. If each
M (t)~t320] =310 (R4 2>>19). (57)  grafting point bears a paramagnetic center of spin; and
Landefactorg=2, the maximum measurement time will be,
Note that there is an important change in the relaxation lavaccording to Eq(25), of the order of
(see Fig. 4 that depends on the density of PC’s on the sur- -
face and this should be a clear signature of the particular h*d

concentration profile in the Guiselin case. tmax C
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tmax Should not exceed the relaxation time resulting from theparticle to use “shortcuts” due to the presence of loops.
combination of intrinsic relaxation due to segmental motionsAccurate 2D simulation$41] have shown that the presence
and parasitic relaxation. This problem was already met irpf shortcuts does not modify the linear nature of diffusion.
[6]. Parasitic relaxation can be kept at a low level if care isOur own 3D simulations lead to the same result: this implies
taken to avoid paramagnetic impurities in particular oxygenthat diffusion on a coiled polymer does not obey the simple
At liquid nitrogen temperatures the segmental motions ar¢aw (58) and that on a given length scale it proceeds more
blocked by the frozen solvent and the associated relaxation ilowly than in the molten polymer. To estimate this reduc-
weak. In order to have small measurement times, one shoulgbn factor we shall use the experimental results of TEbji
choose conditions wher€ is close to its maximum value. who found that spin diffusion inside a polystyrene coil of
_Thl_s _favors the e_xpe_rlmental sch_eme where spin diffusion isytension R~30 A corresponds to an effectived,
inhibited by application of an rf field. Neglecting terms pro- _10-14_10-%5 cp?s 1 much smaller than in rigid bulk

portional to the spectral density of the fluctuations of the Spolymers like polystyrene whereD,~5x 10 *%cnPs L
spin at the nuclear Larmor frequeney,, the value ofC [42].

under magic angle irradiation is equal[&] Under application of an rf field “at magic angle” the
value of Dy is reduced toD,.s~K/Bgg, WhereK is an in-
C=ES(S+ 1)( 7)? Tc creasing function of the magnitude of the nuclear dipolar
45 Yep 1+(yp|3eﬁ7.c)2’ interactions responsible for flip-flops. These interactions

should not be significantly greater for protons in PDMS than

where 7. is the correlation time of the fluctuations of the for fluorine in Cak with field applied along thg¢100] direc-
longitudinal component of the S spif; is the gyromagnetic tion. We can thus use the results[88] where it was found
factor of the S spin 4,=1.76x 10’s Y/G for g=2), andy, D,es—-0.05D for B;=10 G. We are thus left with a residual
is the gyromagnetic factor of the nuclei, here protong ( Spin diffusion Dres~5X10 **-5x10"*" cnfs™* which
=2.67x10" sTYG); Bes=1(3/2)B; is the effective field 9ives a characteristic time for diffusionys=h?/D s=1.8
seen by the nuclei in the frame rotating at frequengy < 10" s. This value is much larger thap,,, which shows
about the static magnetic field. that spin diffusion can be kept at a negligible level.

The maximum ofC is obtained whery,Bes7.~1, that is,
if B;=10 G for 7,~3x10 % s. One has thet},,,=160 s.

C. Residual spin diffusion VI. CONCLUSION

Another important point is to make sure that spin diffu- We considered the nuclear relaxation of linear polymer
sion is negligible over time scales of the ordertgf,. Two  chains at interfaces. Paramagnetic centers are located on the
factors contribute in order to have a very small spin diffu-surface. Polymers are either grafted or adsorbed on a solid
sion: (i) the application of an rf field “at magic angle” re- surface. After grafting or adsorption the solution is quenched
duces the value of the spin diffusion coefficient with respectso that motions are frozen. We considered both the case
to its valueD,, in the absence of rf irradiatiortii) the value ~ when all macromolecules are similar, and when some are
of D, itself is expected to be much smaller than in a bulkhydrogenated and others are deuterated. Because there is a
polymer because of the heterogenous nature of the mediuppwer-law decay in the monomer concentration, we found
at small length scales. At length scales larger tiathe that the relaxation is strongly nonexponential in all cases, but
grafted polymer can be considered as a homogeneous mateas power-law variation. Various relaxation regimes may be
rial in which it takes a time for nuclear magnetization to observed, depending on both the monomer concentration

diffuse over a distance with r andt related by profile and the density of paramagnetic centers on the sur-
face.
r?=Dt. (59 (1) For strong adsorption, and in the so-called Guiselin

case, when the adsorption energy for each monomer is large

The value oD, that should be used in E(G8) is the one  and the bulk is washed by a good solvent after irreversible
that gives the correct diffusion time over the size of a blob.adsorption of the chains, the monomer concentration profile
Spin diffusion proceeds via short-ranged flip flops with a ratehas a single power-law behavior. It decreasesza®® or
W;; that decreases with internuclear distance aﬁ 1The  z725 respectively, as a function of the distarme the walll.
situation here should not be confused with the somewharwo time regimes may be defined. For short times, relax-
similar one studied by Fischat al. [40]. In their case the ation of a monomer is due to a single paramagnetic center.
polymers were entangled but not frozen; at small time scaleBecause of this, the symmetry is spherical, and reladi
magnetization propagated most efficiently by atomic diffu-t~x5, is valid. Beyond a crossover ting~ 18, wherel is
sion; at larger time scales this mechanism was relayed by flighe distance between centers on the surface, relaxation is no
flops occurring between nuclei that come one to anothelonger related to a single center but to many centers. Because
thanks to the atomic motions. In our case the chains are statisf this, the symmetry becomes planar, and relat{@m)
and magnetization propagates only by flip flops: muchabove is replaced by~ 12 x*. Because of this, although there
smaller diffusion coefficients are expected. Because of th& a single power-law decay for the concentration profile, two
very fast variation o#V;;with rf’-, the diffusion inside a blob different relaxation laws are found for short and long times.
bears strong similarity to the problem of the random walk ofWe note that because of the difference in the exponents for
a particle along a polymer coil with the possibility for the the concentration decay in both problems, the effect is more
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important in the irreversible case than in the strong adsorpeluded volume interactions. It is then possible to discriminate
tion case. between these two regimes. It may be also possible to show
(2) For the case when polymers are grafted on a surface, @t the monomer concentration profile is not flat, as as-

was shown that it is possible to define two distance rangeSUMed in the original scaling approach, but has rather a para-
For short distances, shorter than the average distdrize olic shape, as was shown by Milner, Cates, and Witten. It is

i ' ) o possible in the latter case to also modulate the previous re-
tween graft points, the chain behaves as a self-avoiding walkyjis ejther by changing the density of paramagnetic centers
with fractal dimensiord;=5/3. For distances larger thali  on the surface, as was discussed above, or by labeling some
the polymers adopt a stretched conformation because of exydrogenated chains in a matrix of deuterated ones.
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