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Chain-segment order and dynamics in a grafted polymer melt: A deuterium NMR study
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The dynamics of polymer chains grafted on solid substrates is investigated, using deuterium NMR. The
experiments are performed on perdeuterated polydimethylsiloxane melts end grafted on porous or planar silica.
The method consists in observing how nuclear interactions are time averaged by the molecular motions. One
of the main results of this NMR study is that the chain segments exhibit uniaxial reorientations around the
direction normal to the solid-polymer interface. Studies versus layer thickness demonstrate that this motional
uniaxiality is due to the squeezing of the chains and characterized by a negative order parameter. The orien-
tational fluctuations of segments are preferentially parallel to the grafting plane throughout the whole layer.
This implies that orientational correlations take place between chain segi&h#63-651X97)08210-X]

PACS numbeps): 61.25.Hq, 64.60.Cn, 76.60k, 81.05.Lg

[. INTRODUCTION determine how the anisotropy of the segmental dynamics is
affected by the grafting density.

Among the numerous polymer systems, polymers at inter- Since the NMR approach has been briefly recalled in Ref.
faces are the object of considerable interest for both practicab] (see also references thergiadditional concepts of this
and fundamental reasofis,2]. This novel class of materials technique will be detailed in Sec. Il. As samples, we used
abounds in varied configurations and properties, dependingrafted polydimethylsiloxang¢ (PDMS) melts. They were
essentially on the polymer surface density, the nature of therepared either on flat surfaces, which allows us to keep
substrate, and occasionally on the affinity of the polymeitrack of the orientation of the substratariented sample or
with the surrounding solvent. One of the most explored syson porous silica(unoriented sample-see Sec. Ill. The
tems is the so-called “polymer brush” made of flexible analysis of the?H NMR response—nuclear relaxation func-
polymer chains grafted on a solid substrate. A lot of worktions and spectra line shapes—obtained with these two kinds
has been done with these kinds of systems, in the regime &ff samples is presented in Sec. IV. In particular, it is shown
high grafting density, and the investigations were mainly fo-that for porous silica, the response is dominated by the pres-
cused on the structure of the layer and on the segment conce of residual nuclear interactions related to the anisotropy
centration profile within the interfacg3,4]. On the other of segmental reorientations around the normal to the sub-
hand, the studies of chain dynamics in these systems rema#rate. Furthermore, the distribution of orientational order is
very limited although it is especially important to understandderived from the?’H NMR spectra. It appears that this order
how the motions of polymer chains are modified by thedistribution is well centered around a mean value which de-
grafting on a solid surface. Additionally the knowledge of pends on the thickness of the grafted lagetrfixed molecu-
chain dynamics in grafted polymers may provide essentialar weighd. The discussion of these resulec. ) leads us
data for the understanding of surface properties like wettingto conclude that the order parameter must be negative, the
adhesion, and rheology for such nanolayers. chain segment fluctuations being preferentially parallel to the

In this context we are currently developing deuteriumsurface of the grafting substrate.

NMR (?H NMR) in order to get some information about the
local dynamics—i.e., dynamics at the segmental level—of Il. 2H NMR BACKGROUND
such confined polymer systems. In a recent paper, we have AND ORIENTATIONAL ORDER
already shown the feasibility of this NMR method for the
study of grafted polymer melts and we have reported the first The basic concepts dH NMR in anisotropic fluids have
observation of uniaxial segmental motions around the normdpeen developed in numerous referen@g]. Only elemen-
to the grafting pland5]. What is the origin of such aniso- tary results relevant for our purpose are recalled herein. Due
tropic dynamics? Several interpretations can be suggested:t@ its nonzero electric quadrupolar moment, the deuterium
grafting effect(the chains being stretched perpendicularly to(*H) nucleus possesses an electrostatic energy in the nonuni-
the surfacg a squeezing effect in a layer thinner than theform electric field of the €&-D bond. This nuclear quadru-
unperturbed radius of gyratiofwhich would impose a par- polar interaction is a second-order tensor affixed to the mol-
allel orientation, adsorption, etc. The aim of this paper is to ecule; it is expressed by the instantaneous Hamiltof8an
give an unambiguous answer to this question. For that pur-
pose, we need to fully characterize the local order exhibited Hy= qu2(®)(3I§—2). (1)
by the grafted chains. In particular, it appears essential to

I, is the usual spin operatdr?=1, so the effect oHgis to

give a doublet of resonance lineg,, the static quadrupolar

* Authors to whom correspondence should be addressed. interaction constant, is of the order of 200 KH3. is the
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instantaneous angle between the-BD bond and the steady unit vectorn. In that case, the resulting spectrum is a unique

magnetic fieldB, and P,(®) denotes the second Legendre doublet whose splitting\’ may be expressed in frequency
polynomial: units as

1 — D9
P2(0)=3(3co$0-1). @) A" =g Po(0)]|P(8)], ®)

In the presence of molecular motionstemporal average

over fast segmental reorientations with respect to the inversghere() is the angle between the symmetry arignd the
spectral width in the rigid lattice limit (10°-10"° s) must  magnetic fieldB, and @ is the instantaneous angle between
be taken in Eq(1), leading to an averaged quadrupolar in-the G—D bond andn. The P,(Q) dependence may thus be

teractionA’ given by used as a crucial test for the uniaxial character of the mo-
, S lecular motions.P,(6) is the mean degree of orientational
A :Vq|P2(®)|- ) order, i.e., the so-called order parameg&(—0.5<S<1)

i which characterizes the anisotropy of the chain segment re-
Throughout the paper, overbars will dgnote temporall aVelgrientational motions. Equatiof6) may also be written in
ages taken over rapid molecular motion. Note tAdtis  (orms of an effective interactio:

independent of the value @&.
Within this framework, and in the case of fast intrachain
motions, the time evolution of the transverse magnetization A'=[P,(Q)|A, @)
for a deuterium nucleus may be written in the very simple
form with

M, (t)=Mge YT2cosA 't. 4 —
AU @ A= vl Po(6)|=vq[S).
If the motions of the €-D bond are isotropidisotropic
liquid), A" reduces to zero, and the transverse magnetic re-
laxation function is exponential with a relaxation tirfig. . EXPERIMENT
After Fourier transforming, the spectrum is a Lorentzian line
of linewidth (7T,) "1. On the other hand, if the motions are ) , .
anisotropic, the fluctuations no longer average the interaction 1he “H NMR experiments were carried out on perdeuter-
A’ to zero. This leads to a modulation of the transverséited  polydimethyisiloxang ~ chains ~ (PDMSD);
relaxation function, corresponding in the frequency domairfO-Si-(CDs)21n). The polymers have been synthesized via
to a doublet of Lorentzian lines symmetric relative to the@nionic polymerization in a mixture of tetrahydrofuran and
Larmor frequency, and characterized by a splitting benzgne[g]: Their chgracterlstlcs(moleculgr weight and
In the case of a nonuniform system, i.e., containing T polydispersity, dete_rmlned by gel permeation c_hromatogra-
bond with distinct average axis and/or orientation degreesi?hy) are reported in Table I. They were terminated by a
there is one such doublet for each-© bond(with a distinct ~ €active end group, either dimethylchlorosilane or dimethyl-
orientation, and the resulting spectrum is the superpositiorsilane. Both can covalently bind the polymer to the silica
of all these doublets. Thisnsembleaverage is denoted by Substrates we have usésee below.
angular brackets:

A. Polymer

B. Substrates

— —tT ’
M. () =Mofe™""zcor"t). (5) For the NMR experiments, the substrate is either a porous

silica (CPG 4000, from FLUKA or a stack of glass slides

The T, term (related to the fluctuating part of the Hamil- ( . .

. i AF 45 from SCHOTTY, as described in Ref5]. The porous
tonian Hy) leads toa homogen_eous br.oadenlng. of .the I\lMRsiIica has a specific surface area of 1.8em® as determined
line and can be viewed as an irreversible contribution to th

%y neutron scattering and the pores have a diameter of about

,:erg)éag?]né Ogggkeoafgfncotr&trlbgggg, tLhoeu ris:?lljﬁ; m;;;eva;rmloo nm(with a narrow pore size distribution, as checked by
P g, 9 y Y scanning electron microscopy

rivr(ra\zkrgsgg%rlgdet\(/)oﬁj:irgr? ;%I;ghsgztnergéI:aee}gil;[geactjcg)herent O We also used silicium wafers for simple experiments

. d by an ap(measurement of the amount of grafted polymer by ellipsom-
propriate pulse sequen¢see Sec. lll | The resulting spec- ;

S L : etry, for instancg
trum is inhomogeneously broadened by this interaction.

The two different averages described above must be

clearly distinguished. First, the quadrupolar interaction for
each nucleus is time averaged by fluctuations faster than To attach the polymer to the above-mentioned substrates,
10 -10° s, leading to Eq(4). Then, the relaxation func- we used two different strategies: we could graft the polymer
tion M, (t) is integrated over all the nuclei present in the (terminated by a dimethylchlorosilane grougirectly onto
system, which leads to E¢b). The second step vanishes in a the bare silica surfacescheme a, Fig.)1 But in most cases,
uniform uniaxial fluid system, wherein the motions of all we preferred to attach the polymer after having modified the
C—D bonds consist of fast reorientational fluctuationssilica surface(scheme b, Fig. )1 in order to reduce the ad-
around the same symmetry axis; in other words, all microsorption of the polymer backbone. In the latter case, the
scopic axes coincide with a macroscopic one, denoted by thegolymer must be terminated by a dimethylsilane end group.

C. Grafting process



56 CHAIN-SEGMENT ORDER AND DYNAMICS INA . .. 5605

TABLE I. Characteristics of the grafted melts. Monodomalis are made of parallel glass slidesee
text). My is the polymer molecular weighRy is the radius of gyration of the correponding free chains in
melt. 1y is the polydispersity,y=M /M, . The silica surface is used either as received—untreated surface
(subscripti =u)—or after modification—treated surfa¢subscripti=t), in order to reduce the polymer
adsorption(see text h is the measured thickness of the polymer layer Brithe calculated average distance
between grafting points.

Samples My, (g mol™}) Iw Ry () Surface h (A) D (A)

Monodomains

My 71000 1.10 152 untreated 80.0 38.0

M, 101 000 1.05 182 vinylated 140.0 35.0
Porous silica

Py 71000 1.10 152 untreated 75.5 395

P} 77 500 1.04 153 vinylated 150.0 28.2

P2 77 500 1.04 153 vinylated 89.0 36.6

p3 77 500 1.04 153 vinylated 21.5 74.5

Py 101 000 1.05 182 vinylated 179.0 30.5

1. Modification of the substrate surface immediately formed. The reaction is allowed to proceed for

Two different small molecules were used to passivate the N at 100°C, in a sealed reactor. The substrate is then
silica surface: vinyldimethylchlorosilane—\VDMS(pur- rinsed thoroughly, first with a 50/50 mixture of dichlo-
chased from Aldrich—or  vinyl-tri(dimethylsiloxang romethane and methanol, then with pure methanol and last

dimethylchlorosilane—VTDMS—synthesized according toyvith pure dichloromethan@r tolueng. Finally, the substrate

the method of SuzuKi10]. Thanks to their chlorosilane end IS dried (in @ vacuum oven for the porous silica, under an
group, these molecules can react with the silanol groups di"90n stream for the slides
the silica surfacésee Fig. 2which are thought to be respon-
sible for most of the adsorption of the PDMS onto the silica.
The porous silica that has to be modified is used as re- (i) Grafting of the dimethylchlorosilane-terminated
ceived, without any cleaning procedure. The glass slides PDMS onto the bare silica: This polymer is grafted onto the
the silicium wafery are cleaned by conventional methods bare silica(CPG: used as received; glass slides: cleaned as
[11]. The silicium wafers have an oxide layer of about 20 A, indicated abovein melt, at 110 °C, in a sealed reactor, for at
as measured by ellipsometry. least 24 h. The excess of free polymgne chains which
We first wet the silica surface with heptafeontaining have not reactedis eliminated by thoroughly rinsing the
10% of triethylamine—TEA—final volume fractigrand let  substrate with dicholoromethai& good solvent for PDMS
the TEA adsorb for approximately 5 min. We then introduce (ii) Grafting of the dimethylsilane-terminated PDMS onto
the short chlorosilan€l0%—final volume fractionand ho-  the modified silica: This polymer is grafted onto the “vinyl”
mogenize the reaction medium. A white ammonium salt ismodified silica via a hydrosilylation reaction. The polymer is

2. Grafting of the polymer
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FIG. 1. Scheme a: Grafting of the dimethylchlorosilane-terminated PDMS on the bare silica surface. Scheme b: Grafting of the

dimethylsilane-terminated PDMS on the “vinylated” silica. “Vinylated” surface means silica surface modified either by vinyldimethylsil-
oxane groups or by vinyl-tettdimethylsiloxang groups—see Fig. 2.
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heptane/TEA §\§

W

CI\Gi/ O}S:i/\ heptane/TEA

FIG. 2. Modification of the silica surface by vinyldimethylchlorosilatiep) or by vinyl-tri(dimethylsiloxang-dimethylchlorosilane
(bottom.

used either in solution in rigorously dried toluene or in hep-assumption about the exact shape of the polymer density
tane, at a concentrationy,. In a few cases, we also per- profile ®(z).

formed this reaction in melto,=100%). It has been shown For the glass slided) has been determined by x-ray re-
thatc, is a convenient parameter to control the grafting den{lectivity. This technique allows us to accurately measure the
sity [12]. As a catalyst for hydrosilylation, we used the thickness of the dried grafted PDMS film.
dichloro-dicyclo-octadienylplatinum complex. A typical From h, it is straightforward to calculate the amount of
amount is 5ul of a 0.5 mg/ml solution in dichloromethane polymer per unit are&. If h is expressed in Al is obtained

for 0.1 g of polymer \,=71.000 g/mol). When the graft- in mg/n? using the following relationship:

ing reaction is performed in me(for the CPG and the glass ) ) )

slides, the corresponding amount of catalyst and the poly- I'(in mg/m?)=[h(in A)]x0.1x[d(in g/cn?)],

mer are first mixed in dichloromethane and the solvent is hered is the density of the polymdD.98 g/cn'"i for PDMS

evaporated. The grafting reaction is allowed to proceed fOY\ll")]- Finally, knowing the molecular weight of the polymer

24 to 48 h in a sealed reactor. As above, the chains WhicJ‘\uA the dist bet i D din A
have not reacted are removed by thoroughly rinsing the sub- W* € distance between graiting poiisexpressed in
%nd the grafting density- can be calculated fror:

strate with dichloromethane. We checked that under thes

conditions, the polymer has the same characteristics after the [T(in mg/n?)]x6.023 ~ 12

treatment as before. D:( N ' 3) (in A),
w

D. Determination of the amount of grafted polymer

For the different samples used in the NMR study, the
amounth of grafted polymer together with the corresponding
average distancB between grafting points are reported in
Table I.

For porous silicd CPG), h has been determined by small
angle neutron scatterif®ANS), a well-suited technique for We used an unlabeled PDMS melt(My
characterizing a polymer interface in a porous medjasj. =120.000 g/mol, polydispersity index: 1,040 check the
For the purpose of this study, we used this technique only teffect of the surface pretreatment. This polymer is either ter-
determine the amount of polymer per unit arda  minated by a dimethylsilane end group which can attach the
=[P (z)dz, where ®(z) is the average polymer volume polymer covalently to the surface or by a trimethylsilane
fraction at the distancefrom the solid surface. As a solvent, which is unreactive. This latter polymer allows us to deter-
we used methandmore precisely, mixtures of perdeuterated mine the amount of PDMS which is purely adsorbed. We
methanol and regular methahah which the polymer layer used the same substrates as for the NMR experif{@Rs,
is almost fully collapsedmethanol is a very poor solvent for modified by VDMS and measured the amount of polymer
PDMS). By adjusting the fraction of deuterated methanol,that remained attached to the silica by SANS, as explained in
we can contrast match the silica, so that the scattering comeke preceding section. The results obtained with the reactive
only from the polymer interface. We remind the reader that polymer are given in Table Il. When the surface is pre-
is obtained, under this condition of contrast match, by extreated,h includes the thin “vinyl” layer (of the order of a
trapolatingg?l(q) at q=~0. q is the scattering vector and few A thick).

[(q) the scattering intensity. This is formally equivalentto a It turns out that the amount of polymer which is purely
Guinier plot. The extrapolation gives acces$itwithout any  adsorbed onto the bare silica is 38.6 A, as estimated with the

wherea is a monomer sizétypically 5 A for PDMS).

E. Effect of the surface treatment(on the PDMS adsorption



56 CHAIN-SEGMENT ORDER AND DYNAMICS INA.. .. 5607

TABLE Il. Effect of the surface treatment on the PDMS adsorp-
tion. Comparison between the bare surface and the vinyldi- a
methylsiloxane modified silica. The same PDMS and the same re-
action conditions have been used for the grafting except for the

catalyst.
Surface Catalyst h (A)
Untreated No 85.6 .
Untreated Yes 197.1 b
Vinyldimethylsiloxane No 18.1
Vinyldimethylsiloxane Yes 205.5

unreactive polymer. Therefore we can conclude that the SiH
terminated polymer not only adsorbs onto the silica surface
but it can also readily react with this surface, yielding co-
valently bound chains. It appears also that the platinum com- \
plex has a catalytic effect onto this reaction. v (Hz)

The “vinylated” surface(VDMS treated turns out to be
well protected against the PDMS adsorption and it can be FIG. 3. (8 ?H NMR spectrum of free perdeuterated PDMS
used to efficiently graft the polymer. The VTDMS treated chains Mw="71000), in meit. (b) 2H NMR spectrum of perdeu-
surface has similar properties. The adsorbed amount is evdffated PDMS chains My=71000) grafted on porous silica
lower, as checked by ellipsometry with silicium wafers. ~ (SamPplePy in Table ).

-1000 0 1000

. term in Eq. (5). In ordinary liquids QA’'=0), the ratio
F. Apparatus and NMR techniques P(27)=M(27)/M_(27) must be equal to one-half

Most of the NMR experiments were performed on awhereas it is expected to be always higher in anisotropic
Bruker CXP-90 spectrometer operating at 13 MHz, using dluids.
conventional electromagnet locked at 2 T. Each spectrum The transverse relaxation measurements were performed
was obtained by fast Fourier transforming the averaged FIlat 13 MHz and ther/2 duration was 4us. Because of the
occurring after ar/2 rf pulse. The line broadening related to weak signal of deuterium nucleus and the small amount of
the magnetic field inhomogeneityB/B was estimated to be polymer grafted onto porous silica, the echo signal was av-
less than 10 Hz4B/B<10°) over the volume of the po- eraged on 1¥scans. The spectrometer phases were properly
rous silica (0.5 cn?) and about 20 Hz over the volume of adjusted and a phase cycling was used during the averaging
the planar slides £2.2 cn?). For the grafted slides, high process.
magnetic field(10 T) spectra were also obtained with a
Bruker MSL-400 pulsed NMR spectrometer operating at 65 IV. EXPERIMENTAL RESULTS
MHz. In that case, the magnetic field inhomogeneity was
0.3x10 % over the volume of the sample.

The present study was done at room temperature, i.e., Figure 3a) shows the?H NMR spectrum obtained on a
well above the glass transition temperatirg of PDMS  regular (ungrafted PDMS (D) melt (M= 71 000 g/mol).
(Tg=—120°C). The weakness of the NMR signal due tolts liquidlike line shape and the small half-height linewidth
the small amount of polymer is one of the main difficulties of (6v~ 30 Hz) are characteristic of strong time averaging pro-
this study, especially for the experiments performed on placess of quadrupolar interactions by rapid isotropic motions
nar substrates. In order to increase the amount of polymerry,<1). The isotropic character of molecular motions is
inside the NMR coil, we packed 50 parallel and equidistantcorroborated by the absence of any pseudosolid echo after
slides in a cylindrical rack exactly as described in R&f.  the pulse sequencE, [see Fig. 4a)]. Moreover, for this
The orientation of the slides with respect to the magnetianelt, the ratio)(27)=M(27)/M . (27) is always equal to
field was adjusted with a goniometer with an angular accuene-half as in ordinary liquids. For such a molecular weight,
racy of =1°. To improve the signal to noise ratio, the num- the lifetime of chain entanglements in PDMS is short enough
ber of scans was increased up to for the grafted slides, compared to?H NMR time scales. Therefore no residual
corresponding to an acquisition time of 24 h. interactions resulting from entanglement constraints can af-

In order to distinguish th&, part of the transverse relax- fect the evolution of the spin relaxation. However, the trans-
ation from the coherent contribution, it is suitable to use theverse relaxation functioM . (t) is characterized mainly by
two following spin echo sequences: the Hahn pulse sequenawio (or more relaxation timegsee Fig. 5. This multiexpo-

31 (m/2,7,my) leads to the usual spin echo dedsly, (t) nential character oM _(t) is related to the nonuniform mo-
[see Eq(5)] and gives access to the whole FID. The modi-bility that long polymer chains exhibit in the molten state
fied pulse sequenck, (w/2,,7,7/2,) refocuses the contri- [14]. Besides, we checked that for a deuterated melt of low
bution of residual nuclear interactions and gives rise to anolecular weight §,=3000 g/mol), the transverse relax-
pseudosolid echo. We denote the amplitude decay of thiation function observed in the same conditions is not affected
pseudosolid echo b (t). It corresponds to the sol€, by the chains autodiffusion.

A. Ungrafted melt
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shaped pseudosolid ecféig. 4(b)] is obtained as a response
a to the pulse sequence,. Both features show that quadru-
polar interactions are only partially averaged by molecular
reorientations faster than 18-10® s. To distinguish this
coherent contribution from the incoherent ofig, has been
measured using the, pulse sequence. The result is reported
in Fig. 5 (filled squareg It turns out that the echo amplitude
decay is a single exponential, and the relaxation tifge
(T,=10.5 ms) corresponds to a homogeneous line broaden-
ing (1/wT,~30 Hz) much smaller than the observed spectral
width (év~400 Hz). This proves that the incomplete time
averaging of nuclear interactions due to anisotropic motions
is the dominant contribution to the line broadening of the
NMR spectrum(inhomogeneous broadening
Moreover, the absence of narrow line at the top of the
spectrum, together with the existence of a pseudosolid echo
remaining at long delay timeg=10 ms—data not shown
0] 10 20 30 10 prove that only anisotropic motions take place within the
t (ms) layer on the time scale henceforth defined by the inverse
width of the observed spectrum (19s). In order to char-
FIG. 4. (8 No echo is observable on a regular PDMS melt acterize more precisely this anisotropy, we have used mac-
(M,,=71000) after & ,(7/2|,/2|,) pulse sequence.(b) Pseu-  roscopically oriented samplémonodomainsfor which the
dosolid echo observed on a grafted PDMS ntdimpleP, in Table  direction of the interface relative to the steady magnetic field

Signal Intensity (arb. units)
—_
-2

1) after the same pulse sequerieerows indicate pulse time B is well defined.
B. Melt grafted on untreated surfaces 2. Monodomains
1. Porous system We used the same monodomédalledM , in Table ) as

in Ref.[5]. We point out that this sample has the same char-
acteristics as those of the porous mediuf,)( of the pre-
ceding section, so that the experimental results obtained on
both samples can be compared.

The ?H NMR spectrum obtained for the monodomain,
. . . ' at 10 T is reported in Fig.(@) (solid ling). The most striking
% feature is that a well-resolved doublet structure appears.

Unlike the regular melt, théH NMR spectrum obtained
on the grafted porous mediuteampleP , in Table |) exhib-
its a broad non-Lorentzian line shafieig. 3(b)], the half-
height linewidthsv being about 400 Hz. In addition, a well-

Moreover, as reported in Ref5], the doublet spacing de-
ﬁ% pends on the angl@ and its variation is accurately fitted by
; e the P,(Q) function given by Eq.(6). This result demon-
i X \o. strates that the motions of chain segments are uniaxial

\ o around the normah to the grafting plane. The mean degree
o\ % of orientational ordefS can be easily deduced from the ob-
L\ served doublet spacing ' =360*+ 20 Hz for () =90°) using
\- \ Eqg. (6). Taking into account the chemical configuration of
: \ ¢ the PDMS monomelrl5], the mean degree of order for seg-

\ © ments connecting two adjacent oxygen atoms along the

PDMS backbone i$S|=2.3x 102,

o Moreover each component of the doublet exhibits a broad
o linewidth—half-height linewidth dv~200 Hz—which is
dominated by the distribution of residual quadrupolar inter-

actions rather than by the intrinsic widthA¥,, as already
shown with the porous medium (@T,~30 Hz) [16]. This
is corroborated by the observation that the linewidth of each

FIG. 5. Semilog plot of the echo amplitude.u) measured at doublet component reproduces thg({2) dependence a8
the maximum as a function of the time intervabetween the pulses departs from the magic angleee Ref[5]). Therefore the
of the sequenc& , [open circles(0)] or the sequenc®, [filed ~ segmental order is not uniform along the grafted chains and
squares(M)]. Open circles are relative to a PDMS mely, an order distributionP(S)—i.e., a distribution of doublets
=71 000): a multiexponential decrease is observed and the full liné®(A)—has to be introduced.
gives access to the extreme values of the relaxation Tmér9 Since the dynamics along the chains is characterized by a
=<T,=<31ms). Filled squares are relative to a PDMS méft{  single timeT,, the general expression for the relaxation

=71000) grafted on porous silicaampleP, in Table ): a single  function[Eq. (5)] can be simplified as follows:
exponential is observed over two decades and the decay corre-
sponds to a relaxation timg, of 10.6 ms. M, (t)=Mye YT2(cosA’t). (8

Normalized Echo Amplitude (arb. units)
o

L ' ' 2
0 100 200 300 400
t (ms)
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-1000 -500 0 500 1000

v(Hz) -500 0 500

0,005 v (Hz)

b

0.004 FIG. 7. 2H NMR spectrum of perdeuterated PDMS chains
(My=71000) grafted on porous silidcaampleP,, in Table )): the

0.003 experimental data are the same as for Fi¢p).3The open circles

P(4) correspond to the fit according to Ed.1), using the order distribu-

0.002 tion shown in Fig. €b) determined for the monodoma , .

0.001 to be mentioned that the value fop, previously measured
with the porous sample, was used to fit the spectrum ob-
tained with this monodomaifi.7].

0 500 1000 1500

A(Hz) 3. Orientational order and powder spectra

For porous silica, the normal to the interface, which must
be a local axis of uniaxiality for the chain segments, is ran-
domly oriented. Therefore the resulting spectrum is expected

Yo be a superposition of doublefs (1), averaged over all

scans was % 10%, corresponding to an accumulation time of 12 h. the orientations of the normal to the substrate. Calling

The open circles correspond to the NMR spectrum computed aéyl p(t) the relaxation function of the porous medium, we

cording to Eq.(9) for the order distributionP(A) shown in(b)  have
(Ag=260 Hz ando =187 H2).

FIG. 6. SampleM —see Table monodomain, untreated sur-
face,M,=71 000,h=80 A). (8) ?H NMR spectrum. The spectrum
was obtained at 65 MHz. The normal to the slides was perpendic
lar to the spectrometer magnetic fiel€ £90°). The number of

Introducing an order distributiofP(A) as previously ex- Mp(t):f M (,t)sin) dQ, (13)
plained, the transverse relaxation function is rewritten as fol- 0
lows:
whereM | (,t) is given by Eq.(9).
_ Ut We have already determinetl  (Q,t) for the mon-
M. (1)=Moe Zf cog vg|P2(2)[At]P(A)dA, (9) odomainM . Since the porous sample, has almost the
same characteristics &8,, we can check whether E¢l1)
where the ensemble average is now explicitly accounted fosillows us to reproduce the data obtainedRqr The result is

by the integral over the order distribution. shown in Fig. 7 and it appears that the computed spectrum
By assuming a particular shape fB(A), for instance, fits the data very well.
In the case of a much narrower distributi®{A), the
P(A)e|A|e (A8 207, (100  powder spectrum would exhibit a structured Pake pattern

characterized by a doublet spacing exactly equal to the split-

we can try to fit the experimental spectra with only two ad-ting which would be obtained with a similar monodomain at
justable parameterd, and o. Obviously this choice for ©=90°. In our case, although the order distribution prevents
P(A) is not unique, but it is justifiech posterioriby the any structure from appearing, the overall half-height line
guality of the fits(see below. Note, however, that a pure broadening §v=400 Hz) appears to be close to the splitting
Gaussian function would not be appropriate since it would/A’ =360 Hz) observed on the spectrum obtained with the
introduce an isotropic contribution to the relaxation functionmonodomain af) =90° [Fig. 6a)]. This shows that the po-
which would appear as a narrow line at the top of the specrous sample can be used to determine the mean degree of
trum. segmental orde® within the layer. This provides us with a

Figure &a) shows the result of such analysis for the spec-nethod that is more straightforward and less time consuming
trum obtained with the monodomaiM , at 1=90°. The than the use of monodomains. In particular, it has allowed us
corresponding distributioR(A) is plotted in Fig. §b). It has  to systematically study the influence of various parameters
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a
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Q=55
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v(Hz)
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FIG. 8. ?H NMR spectra of perdeuterated PDMS chaild 0.002
=101 000) end grafted on treated silica slideampleM, in Table
I). Spectra were obtained at 13 MHz for different values of the 0,001
angle ) between the normah to the slides and the spectrometer
magnetic fieldB. The number of scans fd@ =0° is typically 16.
0 500 1000 1500
(e.g., grafting densijyon the segment dynamics in these A(Hz)
grafted layers in order to determine the origin of the ob-
served anisotropy. FIG. 9. SampleM ,—see Table (monodomain, treated surface,

My,=101 000,h=140 A). (a) 2?H NMR spectrum. The experimen-

tal conditions are similar to those used to obtain the spectrum

shown in Fig. 6a). The open circles correspond to the NMR spec-
The results discussed so far were obtained with untreatedum computed according to E¢Q) for the order distributiorP(A)

surfaces. It is, however, well known that PDMS strongly shown in(b) (A,=50 Hz ando=112 H2.

adsorbs on bare silica surface. Therefore it was essential {0 . . .

determine whether such adsorption is at the origin of th ant for }he mean degree of orientation, as we will see sub-

observed anisotropy18]. For this purpose, we have ex- sequently.

tended our investigations to samples where the silica surface 2. Effect of surface treatment

was modified to suppress adsorpti@ee Sec. Il E

C. Melt grafted on treated surfaces

It has already been mentioned that the surface treatment
has no effect on the uniaxial character of segmental motions.
Thus polymer adsorption does not seem to play a crucial role

Figure 8 shows spectra obtained on the monodomaiin the molecular ordering. This is confirmed by the two
(M) for various angleg). As for the monodomain studied samplesP? andP,,, which have very similar characteristics
in the preceding section whose surface was untredig,( (see Table)l the nature of their surface excepté®l,: bare
the spectrum is still composed of a doublet whose spacingilica surface;Pf: vinyldimethylsiloxane modified silida
A’ depends on}, with a pronounced narrowing effect at The NMR spectra of these two samples are sinjgae Figs.
Q=55°. Again,A’ varies withQ) according to théP,(Q)] 3(b) and 10 forD=36.6 A] and theT, values are very close.
function quoted in Eq(6). This result shows that the poly- The line shape and linewidth are identical, indicating that the
mer layers grafted on pretreated surfaces exhibit the sangrder distribution is the same for both samples. Moreover, it
type of uniaxial dynamics as melts grafted on untreated suris important to point out that the ratio of NMR signal
faces. intensities—obtained under the same experimental condi-

The procedure developed previously can be used to deriviéons for both samples—is equal to the ratio of the amount of
the order distributioP(A) for the sampleM,. The distribu- ~ polymer per unit are&’. This indicates that even in the pres-
tion P(A) and the fit of the spectrum obtained at 65 MHz are€nce of chain adsorption, the proportion of chain segments
reported in Fig. 9. If we compare the two oriented samplegvhich are tightly bound to the grafting plane is not appre-
(M, and M,), we can observe that their order distribution ciable.
differs in the mean value of the effective residual interaction
A [see Figs. 6) and 9b)]. We do not believe that this dif-
ference is due to the effect of the surface pretreatment but To study the effect of the grafting density we used a set
rather to the grafting density which is not the same for bothof sampleg P}, PZ, P2 in Table |) which differ only in their
samples. This latter parameter seems to be the most impoaverage distancB between grafting points.

1. Uniaxiality

3. Effect of grafting density
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FIG. 10. °H NMR spectra for the sampleB}, P?, and P?.

These samples differ only in the average distance between grafting F|G. 12. 2H NMR powder spectra of samplé%’ and P} ob-

pointsD(28 A<D<75A). tained under the same experimental conditions.

As before(see Sec. IV B the relaxation function of each
of these three samples shows a well-defined pseudosolieulk. Clearly, grafted chains exhibit uniaxial behavior, indi-
echo after the pulse sequentg and is characterized by one cating they are submitted to constraints.
single relaxation time T, over two decades (5 ms We observed that the relaxation functibhy(t) of an end-
<T,<15ms). Moreover, it appears that, is a slightly in-  grafted polymer is a single exponential, contrary to the cor-
creasing function of the grafting density. responding polymer meltof the same molecular weight
The corresponding spectra are given in Fig. 10. These ar@hich exhibits a broad distribution of relaxation times. This
unstructured powder spectra, and their line broadening—indicates that the grafting makes slow intrachain motions
much higher than ¥T,—is dominated by the residual in- more uniform along the chains. More precisely, the grafting
teractions effect. The effect of grafting density is clearly evi-muyst restrict the reconfiguration of polymer chains; in par-
dent: the spectral linewidthsv—i.e., the average order tjcylar, the diffusion and the disentanglement process must
S—increasegfrom 100 Hz to 1.25 kHras the average dis- pe suppressed. Thus the apparent heterogeneity in the large
tanceD between grafting points increasdsom 28.2to 74.5  scale motionginvolving large subchain paitsleading to a
R). Figure 11 shows thabv increases wittD in a nearly  proad distribution of relaxation times for the melt, is strongly
quadratic way. This variation was rather unexpected and igeduced or even cancelled for the grafted chal@. Fur-
opposite to that calculated in the case of a strong laterahermore, it appears that this single decay tifads smaller
packing of polymer chainkl9]. than the shortest relaxation time of the corresponding free
melt (see Fig. 5. This is related to low frequency dynamics
V. DISCUSSION appearing because of constraints which induce motional re-

polymer chains in grafted layers differs strongly from theSuggests that the stretching cannot be the main source of
constraints. This variation can, however, be explained if the

1500 : - - - - chains are considered as squeezed between the polymer-air
and polymer-silica interfaces; the larger the area per chain,
the stronger the confinement would be.

The other important difference with respect to the bulk is
the strong anisotropy of the segmental dynamics. It exhibits
a clear uniaxial character, as demonstrated by the spectra
6v(Hz) observed on the monodomains: the chain segments are
forced to reorient around the normal to the solid surface.
Again, two types of interpretation could be proposed: either
the segments tend to be perpendicular to the surface because
the grafting induces interchain steric repulsion or, on the
contrary, they tend to be parallel because the chains would
be squeezefhe role of the adsorption has been shown to be

D? (A% margina). The fact that the thickness of the layer is in any
case not larger than the unperturbed radius of gyraign

FIG. 11. Half-height linewidth of spectra shown in Fig. 10 ver- would favor the second explanati¢®l]. But it is the graft-
susD?. ing density dependence which allows us to conclude: we

1000 |

500

0 R R . s R
0 1000 2000 3000 4000 5000
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: - y needed to confirm tha would change its sign around
a h/Ry=1.
r ] If we keep the molecular weight constant, there are two
ways to vary the squeezing ratio: either by changing the
grafting density, as discussed above, or by swelling the poly-
mer layer. We report some data here that were obtained with
sampIePt2 immersed in acetone. Acetone is a poor solvent
) ) ) for PDMS with an equilibrium volume fraction of about 34%
b ' ' ' [12]. In such a solvent, the grafted layers have a density
profile which is not far from a step as in diwith two well-
defined interfacgs Therefore we can consider thiatR, in-
A i creases by a factor of 52% in acetone. FieNMR spectra
are shown in Fig. 13. In the presence of acetone, the spec-
trum gets narrowe(dv~60 Hz instead of 420 Hz in gir
This tells us that the segmental motions are slightly aniso-
: . . tropic, indicating that the PDMS grafted chains of sanfpfe
-1000 1000 are almost isotropic in acetone. This result is consistent with
v (Hz) our analysis, namely, that the observed anisotropy is due to
the squeezing effect. If we go to much better solvent than
acetone, we should observe an inversion of the sign of the
order parameter because it has been proved by SANS that
similar grafted chains in good solvents are strongly stretched
[3]. This is indeed what we observed and more details will
be published elsewhere.
observed that the larger the area per cham, the thinner It is remarkable that théH NMR response of oriented
the film) the stronger the anisotropy. Therefore the mainsamples appears under the form of one single and resolved
cause of the uniaxial dynamics is the squeezing of the polydoublet structure. This is due to the order distributiifl)
mer between the silica and air surfaces. These confineghich is rather well centered around a mean value. It would
chains must have an average anisotropic conformation withe tempting to derive fronP(A) the profileS(z) along the
an oblate character relative to the silica surface. As a conserormal to the surface within the layer. However, such an
quence of this confinement, the observed order parameter iperation is not easy: there is no one-to-one correspondence
negative[22] and describes segmental reorientational fluchetweenP(A) andS(z), unless we make assumptions which
tuations which are uniplandparallel to the grafting plang  are difficult to justify. A proper experimental method would
the orientational diffusion around the normmabeing isotro- require the use of labeled block copolymers. Nevertheless,
pic. In the absence of such isotropic component, we woul@ye can propose a scheme () that accounts for the main
observe a bidimensional powder spectr[@3] typical of a  three features oP(A) [see Figs. () and 9b)], namely,
random uniplanar distribution of chaitter subchainglying  p(A) exhibits a rather well-defined peak which corresponds
on the grafting plane. to the observed doublet spacing; there is no isotropic com-
Since it appears that the squeezing is responsible for thgonent and lastly, there is a small fraction of strongly ori-
anisotropy of the chain dynamics, the relevant parametegnted segmentithe tail of P(A)]. We can suppose that at
which has to be considered is the squeezing rati®y in-  poth interfaces, the segments are strongly orde@d Q)
stead of the grafting densif4]. There must be a one-to-one whijle the rest of the layer has on average the same degree of
Correspondence between this ratio and the value of the d%‘nisotropy, characterized by a lower value ﬂ& It is
gree of order. Indeed, in Fig. 12 we obtained exactly theyidely recognized that an impenetrable wall induces a strong
same spectrum for two different sampléB{ and P{ in  orientation of the segments which are close to the 24,
Table ), but with the same squeezing ratib/R;=0.98).  the lower limit being perfect in plane alighmenS<
This point is also confirmed by the spectra obtained with—0.5). This steric effect is believed to be of rather short
samplesM, andPZ: we measured a residual nuclear interac-range, typically a few persistence lengths., a few mono-
tion of 112 and 420 Hz, respectively; their grafting density ismers for PDM$. In our case, we observe segments far away
about the samé¢D =35 and 36.6 A, respectivehybut their  from the surfaces still exhibit a uniaxial dynamits #0.
squeezing ratio is differenth/R,=0.77 and 0.58, respec- We believe this is related to the effect of the surfaces
tively). The same argument also explains the difference ifdensity-conformation couplings, as described in R26)),
the splitting observed for the two monodomaMs andM enhanced by some additional short-range orientational inter-
(see Figs. 6 and)9 actions between chain segments. These interactions correlate
To measure a positive order parameter in these graftethe orientational fluctuations of segments belonging to neigh-
melts would require achieving a much higher grafting den-boring chains and so contribute to make more uniform the
sity. Indeed, we observed with two samples which had asegmental ordering within the layer. Such effects of orienta-
squeezing ratio greater than onie/RR;=1.2) that the line- tional correlations, already observed on various other cases
width increases again with/R, (spectra not shownHow-  of confined polymerguniaxially strained networks, for in-
ever, it also appears that for these two samples, the ordatance, are known to depend on the local density of chain
distribution is much broader. Further investigations aresegmentg26]. This appears to be confirmed by the experi-

FIG. 13. ?H NMR spectra of perdeuterated PDMS chains
grafted on treated porous siIicﬁaampIePtz): (a) without solvent,
(b) immersed in acetone.
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ment done in the presence of acetone: although the squeezingite homogeneous orientational field describing the ogler

ratio is lower than one /Ry;=0.88), the linewidth §v induced by the squeezing and by the surfaces, although we

=60 Hz) is much smaller than for the sampR% (6v  do not know which effect is predominant.

=160 Hz) observed in aifcharacterized by a squeezing ra- We are currently developing severdH NMR studies

tio h/Ry=0.98. which might be very useful in gaining more information

Finally, the above-mentioned segmental order may be thgbout the segment dynamics in confined polymer films. One

source of peculiar properties exhibited by constraifieel, ~ consists in looking at free polymer films thinner than the

very thin) polymer films, like unusual glass transition tem- unperturbed radius of gyration. Another crucial investigation

perature or rate of crystallizatidi27]. It might also be rel- consists in observing grafted layers in good solvent where

evant for the autophobic behavi28]. the chains are strongly stretched. We have already antici-
pated that the order parameter must change its sign, but how
is the order distribution affected?

VI. CONCLUDING REMARKS
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