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Chain-segment order and dynamics in a grafted polymer melt: A deuterium NMR study

M. Zeghal,1 B. Deloche,1,* P.-A. Albouy,1 and P. Auroy2,*
1Laboratoire de Physique des Solides (CNRS-URA D0002), Universite´ Paris–Sud, 91405 Orsay, France

2Institut Curie, Section de Recherche (CNRS-UMR 168), 11 rue Pierre et Marie Curie, 75005 Paris, France
~Received 24 March 1997!

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 segments.@S1063-651X~97!08210-X#

PACS number~s!: 61.25.Hq, 64.60.Cn, 76.60.2k, 81.05.Lg
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I. INTRODUCTION

Among the numerous polymer systems, polymers at in
faces are the object of considerable interest for both prac
and fundamental reasons@1,2#. This novel class of material
abounds in varied configurations and properties, depen
essentially on the polymer surface density, the nature of
substrate, and occasionally on the affinity of the polym
with the surrounding solvent. One of the most explored s
tems is the so-called ‘‘polymer brush’’ made of flexib
polymer chains grafted on a solid substrate. A lot of wo
has been done with these kinds of systems, in the regim
high grafting density, and the investigations were mainly
cused on the structure of the layer and on the segment
centration profile within the interface,@3,4#. On the other
hand, the studies of chain dynamics in these systems rem
very limited although it is especially important to understa
how the motions of polymer chains are modified by t
grafting on a solid surface. Additionally the knowledge
chain dynamics in grafted polymers may provide essen
data for the understanding of surface properties like wett
adhesion, and rheology for such nanolayers.

In this context we are currently developing deuteriu
NMR ~ 2H NMR! in order to get some information about th
local dynamics—i.e., dynamics at the segmental level—
such confined polymer systems. In a recent paper, we h
already shown the feasibility of this NMR method for th
study of grafted polymer melts and we have reported the
observation of uniaxial segmental motions around the nor
to the grafting plane@5#. What is the origin of such aniso
tropic dynamics? Several interpretations can be suggeste
grafting effect~the chains being stretched perpendicularly
the surface!, a squeezing effect in a layer thinner than t
unperturbed radius of gyration~which would impose a par
allel orientation!, adsorption, etc. The aim of this paper is
give an unambiguous answer to this question. For that p
pose, we need to fully characterize the local order exhib
by the grafted chains. In particular, it appears essentia
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determine how the anisotropy of the segmental dynamic
affected by the grafting density.

Since the NMR approach has been briefly recalled in R
@5# ~see also references therein!, additional concepts of this
technique will be detailed in Sec. II. As samples, we us
grafted poly~dimethylsiloxane! ~PDMS! melts. They were
prepared either on flat surfaces, which allows us to ke
track of the orientation of the substrate~oriented sample!, or
on porous silica~unoriented sample!—see Sec. III. The
analysis of the2H NMR response—nuclear relaxation fun
tions and spectra line shapes—obtained with these two k
of samples is presented in Sec. IV. In particular, it is sho
that for porous silica, the response is dominated by the p
ence of residual nuclear interactions related to the anisotr
of segmental reorientations around the normal to the s
strate. Furthermore, the distribution of orientational orde
derived from the2H NMR spectra. It appears that this ord
distribution is well centered around a mean value which
pends on the thickness of the grafted layer~at fixed molecu-
lar weight!. The discussion of these results~Sec. V! leads us
to conclude that the order parameter must be negative,
chain segment fluctuations being preferentially parallel to
surface of the grafting substrate.

II. 2H NMR BACKGROUND
AND ORIENTATIONAL ORDER

The basic concepts of2H NMR in anisotropic fluids have
been developed in numerous references@6,7#. Only elemen-
tary results relevant for our purpose are recalled herein. D
to its nonzero electric quadrupolar moment, the deuteri
(2H) nucleus possesses an electrostatic energy in the non
form electric field of the C—D bond. This nuclear quadru
polar interaction is a second-order tensor affixed to the m
ecule; it is expressed by the instantaneous Hamiltonian@8#

Hq5nqP2~Q!~3I z
222!. ~1!

I z is the usual spin operator~I 251, so the effect ofHq is to
give a doublet of resonance lines!. nq , the static quadrupola
interaction constant, is of the order of 200 KHz.Q is the
5603 © 1997 The American Physical Society
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instantaneous angle between the C—D bond and the stead
magnetic fieldB, and P2(Q) denotes the second Legend
polynomial:

P2~Q!5 1
2 ~3 cos2Q21!. ~2!

In the presence of molecular motions, atemporal average
over fast segmental reorientations with respect to the inv
spectral width in the rigid lattice limit (1026– 1025 s) must
be taken in Eq.~1!, leading to an averaged quadrupolar i
teractionD8 given by

D85nquP2~Q!u. ~3!

Throughout the paper, overbars will denote temporal av
ages taken over rapid molecular motion. Note thatD8 is
independent of the value ofB.

Within this framework, and in the case of fast intracha
motions, the time evolution of the transverse magnetiza
for a deuterium nucleus may be written in the very sim
form

M 1~ t !5M0e2t/T2cosD8t. ~4!

If the motions of the C—D bond are isotropic~isotropic
liquid!, D8 reduces to zero, and the transverse magnetic
laxation function is exponential with a relaxation timeT2 .
After Fourier transforming, the spectrum is a Lorentzian li
of linewidth (pT2)21. On the other hand, if the motions a
anisotropic, the fluctuations no longer average the interac
D8 to zero. This leads to a modulation of the transve
relaxation function, corresponding in the frequency dom
to a doublet of Lorentzian lines symmetric relative to t
Larmor frequency, and characterized by a splittingD8.

In the case of a nonuniform system, i.e., containing C—D
bond with distinct average axis and/or orientation degre
there is one such doublet for each C—D bond~with a distinct
orientation!, and the resulting spectrum is the superposit
of all these doublets. Thisensembleaverage is denoted b
angular brackets:

M 1~ t !5M0^e
2t/T2cosD8t&. ~5!

The T2 term ~related to the fluctuating part of the Hami
tonianHq! leads to a homogeneous broadening of the NM
line and can be viewed as an irreversible contribution to
relaxation. Unlike this contribution, the residual nuclear
teraction corresponding toD8, even though it may be very
weak compared to a true solid system, leads to a cohere
time reversible evolution which can be refocused by an
propriate pulse sequence~see Sec. III F!. The resulting spec-
trum is inhomogeneously broadened by this interaction.

The two different averages described above must
clearly distinguished. First, the quadrupolar interaction
each nucleus is time averaged by fluctuations faster t
1026– 1025 s, leading to Eq.~4!. Then, the relaxation func
tion M 1(t) is integrated over all the nuclei present in t
system, which leads to Eq.~5!. The second step vanishes in
uniform uniaxial fluid system, wherein the motions of a
C—D bonds consist of fast reorientational fluctuatio
around the same symmetry axis; in other words, all mic
scopic axes coincide with a macroscopic one, denoted by
se

r-

n

e-

n
e
n

s,

n

e
-

or
-

e
r
n

-
he

unit vectorn. In that case, the resulting spectrum is a uniq
doublet whose splittingD8 may be expressed in frequenc
units as

D85nquP2~V!uuP2~u!u, ~6!

whereV is the angle between the symmetry axisn and the
magnetic fieldB, andu is the instantaneous angle betwe
the C—D bond andn. The P2(V) dependence may thus b
used as a crucial test for the uniaxial character of the m
lecular motions.P2(u) is the mean degree of orientation
order, i.e., the so-called order parameterS (20.5<S<1)
which characterizes the anisotropy of the chain segment
orientational motions. Equation~6! may also be written in
terms of an effective interactionD:

D85uP2~V!uD, ~7!

with

D5nquP2~u!u5nquSu.

III. EXPERIMENT

A. Polymer

The 2H NMR experiments were carried out on perdeut
ated poly~dimethylsiloxane! chains „PDMS~D!;
@–O-Si-(CD3)2 ]–n…. The polymers have been synthesized v
anionic polymerization in a mixture of tetrahydrofuran a
benzene@9#. Their characteristics~molecular weight and
polydispersity, determined by gel permeation chromatog
phy! are reported in Table I. They were terminated by
reactive end group, either dimethylchlorosilane or dimeth
silane. Both can covalently bind the polymer to the sili
substrates we have used~see below!.

B. Substrates

For the NMR experiments, the substrate is either a por
silica ~CPG 4000, from FLUKA! or a stack of glass slide
~AF 45 from SCHOTT!, as described in Ref.@5#. The porous
silica has a specific surface area of 1.8 m2/cm3 as determined
by neutron scattering and the pores have a diameter of a
400 nm~with a narrow pore size distribution, as checked
scanning electron microscopy!.

We also used silicium wafers for simple experimen
~measurement of the amount of grafted polymer by ellipso
etry, for instance!.

C. Grafting process

To attach the polymer to the above-mentioned substra
we used two different strategies: we could graft the polym
~terminated by a dimethylchlorosilane group! directly onto
the bare silica surface~scheme a, Fig. 1!. But in most cases
we preferred to attach the polymer after having modified
silica surface~scheme b, Fig. 1!, in order to reduce the ad
sorption of the polymer backbone. In the latter case,
polymer must be terminated by a dimethylsilane end gro
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TABLE I. Characteristics of the grafted melts. MonodomainsMi are made of parallel glass slides~see
text!. MW is the polymer molecular weight;Rg is the radius of gyration of the correponding free chains
melt. I W is the polydispersityI W5MW /Mn . The silica surface is used either as received—untreated su
~subscript i 5u!—or after modification—treated surface~subscript i 5t!, in order to reduce the polyme
adsorption~see text!. h is the measured thickness of the polymer layer andD the calculated average distanc
between grafting points.

Samples MW (g mol21) I W Rg ~Å! Surface h ~Å! D ~Å!

Monodomains
Mu 71 000 1.10 152 untreated 80.0 38.0
Mt 101 000 1.05 182 vinylated 140.0 35.0

Porous silica
Pu 71 000 1.10 152 untreated 75.5 39.5
Pt

1 77 500 1.04 153 vinylated 150.0 28.2
Pt

2 77 500 1.04 153 vinylated 89.0 36.6
Pt

3 77 500 1.04 153 vinylated 21.5 74.5
Pt

4 101 000 1.05 182 vinylated 179.0 30.5
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1. Modification of the substrate surface

Two different small molecules were used to passivate
silica surface: vinyldimethylchlorosilane—VDMS~pur-
chased from Aldrich!—or vinyl-tri~dimethylsiloxane!-
dimethylchlorosilane—VTDMS—synthesized according
the method of Suzuki@10#. Thanks to their chlorosilane en
group, these molecules can react with the silanol group
the silica surface~see Fig. 2! which are thought to be respon
sible for most of the adsorption of the PDMS onto the silic

The porous silica that has to be modified is used as
ceived, without any cleaning procedure. The glass slides~or
the silicium wafers! are cleaned by conventional metho
@11#. The silicium wafers have an oxide layer of about 20
as measured by ellipsometry.

We first wet the silica surface with heptane~containing
10% of triethylamine—TEA—final volume fraction! and let
the TEA adsorb for approximately 5 min. We then introdu
the short chlorosilane~10%—final volume fraction! and ho-
mogenize the reaction medium. A white ammonium sal
e

of

.
e-

,

s

immediately formed. The reaction is allowed to proceed
2 h, at 100 °C, in a sealed reactor. The substrate is t
rinsed thoroughly, first with a 50/50 mixture of dichlo
romethane and methanol, then with pure methanol and
with pure dichloromethane~or toluene!. Finally, the substrate
is dried ~in a vacuum oven for the porous silica, under
argon stream for the slides!.

2. Grafting of the polymer

~i! Grafting of the dimethylchlorosilane-terminate
PDMS onto the bare silica: This polymer is grafted onto t
bare silica~CPG: used as received; glass slides: cleaned
indicated above! in melt, at 110 °C, in a sealed reactor, for
least 24 h. The excess of free polymer~the chains which
have not reacted! is eliminated by thoroughly rinsing the
substrate with dicholoromethane~a good solvent for PDMS!.

~ii ! Grafting of the dimethylsilane-terminated PDMS on
the modified silica: This polymer is grafted onto the ‘‘vinyl
modified silica via a hydrosilylation reaction. The polymer
g of the
ylsil-
FIG. 1. Scheme a: Grafting of the dimethylchlorosilane-terminated PDMS on the bare silica surface. Scheme b: Graftin
dimethylsilane-terminated PDMS on the ‘‘vinylated’’ silica. ‘‘Vinylated’’ surface means silica surface modified either by vinyldimeth
oxane groups or by vinyl-tetra~dimethylsiloxane! groups—see Fig. 2.
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FIG. 2. Modification of the silica surface by vinyldimethylchlorosilane~top! or by vinyl-tri~dimethylsiloxane!-dimethylchlorosilane
~bottom!.
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used either in solution in rigorously dried toluene or in he
tane, at a concentrationcb . In a few cases, we also pe
formed this reaction in melt (cb5100%). It has been show
thatcb is a convenient parameter to control the grafting d
sity @12#. As a catalyst for hydrosilylation, we used th
dichloro-dicyclo-octadienylplatinum complex. A typica
amount is 5ml of a 0.5 mg/ml solution in dichloromethan
for 0.1 g of polymer (MW571.000 g/mol). When the graft
ing reaction is performed in melt~for the CPG and the glas
slides!, the corresponding amount of catalyst and the po
mer are first mixed in dichloromethane and the solven
evaporated. The grafting reaction is allowed to proceed
24 to 48 h in a sealed reactor. As above, the chains wh
have not reacted are removed by thoroughly rinsing the s
strate with dichloromethane. We checked that under th
conditions, the polymer has the same characteristics afte
treatment as before.

D. Determination of the amount of grafted polymer

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

For porous silica~CPG!, h has been determined by sma
angle neutron scattering~SANS!, a well-suited technique fo
characterizing a polymer interface in a porous medium@13#.
For the purpose of this study, we used this technique onl
determine the amount of polymer per unit areah
5*F(z)dz, where F(z) is the average polymer volum
fraction at the distancez from the solid surface. As a solven
we used methanol~more precisely, mixtures of perdeuterat
methanol and regular methanol! in which the polymer layer
is almost fully collapsed~methanol is a very poor solvent fo
PDMS!. By adjusting the fraction of deuterated methan
we can contrast match the silica, so that the scattering co
only from the polymer interface. We remind the reader thah
is obtained, under this condition of contrast match, by
trapolatingq2I (q) at q'0. q is the scattering vector an
I (q) the scattering intensity. This is formally equivalent to
Guinier plot. The extrapolation gives access toh without any
-
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-
s
r
h
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to
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assumption about the exact shape of the polymer den
profile F(z).

For the glass slides,h has been determined by x-ray re
flectivity. This technique allows us to accurately measure
thickness of the dried grafted PDMS film.

From h, it is straightforward to calculate the amount
polymer per unit areaG. If h is expressed in Å,G is obtained
in mg/m2 using the following relationship:

G~ in mg/m2!5@h~ in Å!#30.13@d~ in g/cm3!#,

whered is the density of the polymer@0.98 g/cm3 for PDMS
~H!#. Finally, knowing the molecular weight of the polyme
MW , the distance between grafting pointsD expressed in Å
and the grafting densitys can be calculated fromG:

D5S @G~ in mg/m2!#36.023

Mw
D 21/2

~ in Å!,

s5S a

D D 2

,

wherea is a monomer size~typically 5 Å for PDMS!.

E. Effect of the surface treatment„on the PDMS adsorption…

We used an unlabeled PDMS melt ~MW
5120.000 g/mol, polydispersity index: 1.04! to check the
effect of the surface pretreatment. This polymer is either
minated by a dimethylsilane end group which can attach
polymer covalently to the surface or by a trimethylsila
which is unreactive. This latter polymer allows us to det
mine the amount of PDMS which is purely adsorbed. W
used the same substrates as for the NMR experiments~CPG,
modified by VDMS! and measured the amount of polym
that remained attached to the silica by SANS, as explaine
the preceding section. The results obtained with the reac
polymer are given in Table II. When the surface is pr
treated,h includes the thin ‘‘vinyl’’ layer ~of the order of a
few Å thick!.

It turns out that the amount of polymer which is pure
adsorbed onto the bare silica is 38.6 Å, as estimated with
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56 5607CHAIN-SEGMENT ORDER AND DYNAMICS INA . . .
unreactive polymer. Therefore we can conclude that the
terminated polymer not only adsorbs onto the silica surf
but it can also readily react with this surface, yielding c
valently bound chains. It appears also that the platinum c
plex has a catalytic effect onto this reaction.

The ‘‘vinylated’’ surface~VDMS treated! turns out to be
well protected against the PDMS adsorption and it can
used to efficiently graft the polymer. The VTDMS treate
surface has similar properties. The adsorbed amount is e
lower, as checked by ellipsometry with silicium wafers.

F. Apparatus and NMR techniques

Most of the NMR experiments were performed on
Bruker CXP-90 spectrometer operating at 13 MHz, usin
conventional electromagnet locked at 2 T. Each spect
was obtained by fast Fourier transforming the averaged
occurring after ap/2 rf pulse. The line broadening related
the magnetic field inhomogeneityDB/B was estimated to be
less than 10 Hz (DB/B<1026) over the volume of the po
rous silica (;0.5 cm3) and about 20 Hz over the volume o
the planar slides (;2.2 cm3). For the grafted slides, high
magnetic field~10 T! spectra were also obtained with
Bruker MSL-400 pulsed NMR spectrometer operating at
MHz. In that case, the magnetic field inhomogeneity w
0.331026 over the volume of the sample.

The present study was done at room temperature,
well above the glass transition temperatureTg of PDMS
(Tg52120 °C). The weakness of the NMR signal due
the small amount of polymer is one of the main difficulties
this study, especially for the experiments performed on p
nar substrates. In order to increase the amount of poly
inside the NMR coil, we packed 50 parallel and equidist
slides in a cylindrical rack exactly as described in Ref.@5#.
The orientation of the slides with respect to the magne
field was adjusted with a goniometer with an angular ac
racy of 61°. To improve the signal to noise ratio, the num
ber of scans was increased up to 105 for the grafted slides,
corresponding to an acquisition time of 24 h.

In order to distinguish theT2 part of the transverse relax
ation from the coherent contribution, it is suitable to use
two following spin echo sequences: the Hahn pulse seque
S1 (p/2x ,t,py) leads to the usual spin echo decayM 1(t)
@see Eq.~5!# and gives access to the whole FID. The mo
fied pulse sequenceS2 (p/2x ,t,p/2y) refocuses the contri
bution of residual nuclear interactions and gives rise to
pseudosolid echo. We denote the amplitude decay of
pseudosolid echo byMe(t). It corresponds to the soleT2

TABLE II. Effect of the surface treatment on the PDMS adso
tion. Comparison between the bare surface and the viny
methylsiloxane modified silica. The same PDMS and the same
action conditions have been used for the grafting except for
catalyst.

Surface Catalyst h ~Å!

Untreated No 85.6
Untreated Yes 197.1
Vinyldimethylsiloxane No 18.1
Vinyldimethylsiloxane Yes 205.5
H
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term in Eq. ~5!. In ordinary liquids (D850), the ratio
c(2t)5Me(2t)/M 1(2t) must be equal to one-hal
whereas it is expected to be always higher in anisotro
fluids.

The transverse relaxation measurements were perfor
at 13 MHz and thep/2 duration was 4ms. Because of the
weak signal of deuterium nucleus and the small amoun
polymer grafted onto porous silica, the echo signal was
eraged on 103 scans. The spectrometer phases were prop
adjusted and a phase cycling was used during the avera
process.

IV. EXPERIMENTAL RESULTS

A. Ungrafted melt

Figure 3~a! shows the2H NMR spectrum obtained on a
regular ~ungrafted! PDMS ~D! melt (MW571 000 g/mol).
Its liquidlike line shape and the small half-height linewid
(dn;30 Hz) are characteristic of strong time averaging p
cess of quadrupolar interactions by rapid isotropic motio
(tnq,1). The isotropic character of molecular motions
corroborated by the absence of any pseudosolid echo
the pulse sequenceS2 @see Fig. 4~a!#. Moreover, for this
melt, the ratioc(2t)5Me(2t)/M 1(2t) is always equal to
one-half as in ordinary liquids. For such a molecular weig
the lifetime of chain entanglements in PDMS is short enou
compared to2H NMR time scales. Therefore no residu
interactions resulting from entanglement constraints can
fect the evolution of the spin relaxation. However, the tra
verse relaxation functionM 1(t) is characterized mainly by
two ~or more! relaxation times~see Fig. 5!. This multiexpo-
nential character ofM 1(t) is related to the nonuniform mo
bility that long polymer chains exhibit in the molten sta
@14#. Besides, we checked that for a deuterated melt of
molecular weight (Mw53000 g/mol), the transverse relax
ation function observed in the same conditions is not affec
by the chains autodiffusion.

FIG. 3. ~a! 2H NMR spectrum of free perdeuterated PDM
chains (MW571 000), in melt. ~b! 2H NMR spectrum of perdeu-
terated PDMS chains (MW571 000) grafted on porous silica
~samplePu in Table I!.
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B. Melt grafted on untreated surfaces

1. Porous system

Unlike the regular melt, the2H NMR spectrum obtained
on the grafted porous medium~samplePu in Table I! exhib-
its a broad non-Lorentzian line shape@Fig. 3~b!#, the half-
height linewidthdn being about 400 Hz. In addition, a wel

FIG. 4. ~a! No echo is observable on a regular PDMS m
(Mw571 000) after aS2(p/2ux ,p/2uy) pulse sequence.~b! Pseu-
dosolid echo observed on a grafted PDMS melt~samplePu in Table
I! after the same pulse sequence~arrows indicate pulse time!.

FIG. 5. Semilog plot of the echo amplitude~a.u.! measured at
the maximum as a function of the time intervalt between the pulses
of the sequenceS1 @open circles~0!# or the sequenceS2 @filled
squares~j!#. Open circles are relative to a PDMS melt (MW

571 000): a multiexponential decrease is observed and the full
gives access to the extreme values of the relaxation timeT2 (79
<T2<31 ms). Filled squares are relative to a PDMS melt (MW

571 000) grafted on porous silica~samplePu in Table I!: a single
exponential is observed over two decades and the decay c
sponds to a relaxation timeT2 of 10.6 ms.
shaped pseudosolid echo@Fig. 4~b!# is obtained as a respons
to the pulse sequenceS2 . Both features show that quadru
polar interactions are only partially averaged by molecu
reorientations faster than 1025– 1026 s. To distinguish this
coherent contribution from the incoherent one,T2 has been
measured using theS2 pulse sequence. The result is report
in Fig. 5 ~filled squares!. It turns out that the echo amplitud
decay is a single exponential, and the relaxation timeT2
(T2510.5 ms) corresponds to a homogeneous line broad
ing (1/pT2;30 Hz) much smaller than the observed spec
width (dn;400 Hz). This proves that the incomplete tim
averaging of nuclear interactions due to anisotropic moti
is the dominant contribution to the line broadening of t
NMR spectrum~inhomogeneous broadening!.

Moreover, the absence of narrow line at the top of t
spectrum, together with the existence of a pseudosolid e
remaining at long delay times~t>10 ms–data not shown!
prove that only anisotropic motions take place within t
layer on the time scale henceforth defined by the inve
width of the observed spectrum (1023 s). In order to char-
acterize more precisely this anisotropy, we have used m
roscopically oriented samples~monodomains! for which the
direction of the interface relative to the steady magnetic fi
B is well defined.

2. Monodomains

We used the same monodomain~calledMu in Table I! as
in Ref. @5#. We point out that this sample has the same ch
acteristics as those of the porous medium (Pu) of the pre-
ceding section, so that the experimental results obtained
both samples can be compared.

The 2H NMR spectrum obtained for the monodomainMu
at 10 T is reported in Fig. 6~a! ~solid line!. The most striking
feature is that a well-resolved doublet structure appe
Moreover, as reported in Ref.@5#, the doublet spacing de
pends on the angleV and its variation is accurately fitted b
the P2(V) function given by Eq.~6!. This result demon-
strates that the motions of chain segments are unia
around the normaln to the grafting plane. The mean degre
of orientational orderS can be easily deduced from the o
served doublet spacing~D85360620 Hz forV590°! using
Eq. ~6!. Taking into account the chemical configuration
the PDMS monomer@15#, the mean degree of order for se
ments connecting two adjacent oxygen atoms along
PDMS backbone isuSu>2.331022.

Moreover each component of the doublet exhibits a bro
linewidth—half-height linewidth dn;200 Hz—which is
dominated by the distribution of residual quadrupolar int
actions rather than by the intrinsic width 1/pT2 , as already
shown with the porous medium (1/pT2;30 Hz) @16#. This
is corroborated by the observation that the linewidth of ea
doublet component reproduces theP2(V) dependence asV
departs from the magic angle~see Ref.@5#!. Therefore the
segmental order is not uniform along the grafted chains
an order distributionP(S)—i.e., a distribution of doublets
P(D)—has to be introduced.

Since the dynamics along the chains is characterized b
single time T2 , the general expression for the relaxatio
function @Eq. ~5!# can be simplified as follows:

M 1~ t !5M0e2t/T2^cosD8t&. ~8!
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Introducing an order distributionP(D) as previously ex-
plained, the transverse relaxation function is rewritten as
lows:

M 1~ t !5M0e2t/T2E cos@nquP2~V!uDt#P~D!dD, ~9!

where the ensemble average is now explicitly accounted
by the integral over the order distribution.

By assuming a particular shape forP(D), for instance,

P~D!}uDue2~D2D0!2/2s2
, ~10!

we can try to fit the experimental spectra with only two a
justable parametersD0 and s. Obviously this choice for
P(D) is not unique, but it is justifieda posteriori by the
quality of the fits~see below!. Note, however, that a pur
Gaussian function would not be appropriate since it wo
introduce an isotropic contribution to the relaxation functi
which would appear as a narrow line at the top of the sp
trum.

Figure 6~a! shows the result of such analysis for the sp
trum obtained with the monodomainMu at V590°. The
corresponding distributionP(D) is plotted in Fig. 6~b!. It has

FIG. 6. SampleMu—see Table I~monodomain, untreated sur
face,MW571 000,h580 Å!. ~a! 2H NMR spectrum. The spectrum
was obtained at 65 MHz. The normal to the slides was perpend
lar to the spectrometer magnetic field (V590°). The number of
scans was 53104, corresponding to an accumulation time of 12
The open circles correspond to the NMR spectrum computed
cording to Eq.~9! for the order distributionP(D) shown in ~b!
~D05260 Hz ands5187 Hz!.
l-

or

-

d

c-

-

to be mentioned that the value forT2 , previously measured
with the porous sample, was used to fit the spectrum
tained with this monodomain@17#.

3. Orientational order and powder spectra

For porous silica, the normal to the interface, which m
be a local axis of uniaxiality for the chain segments, is ra
domly oriented. Therefore the resulting spectrum is expec
to be a superposition of doubletsD8(V), averaged over all
the orientations of the normaln to the substrate. Calling
M p(t) the relaxation function of the porous medium, w
have

M p~ t !5E
0

p

M 1~V,t !sinV dV, ~11!

whereM 1(V,t) is given by Eq.~9!.
We have already determinedM 1(V,t) for the mon-

odomainMu . Since the porous samplePu has almost the
same characteristics asMu , we can check whether Eq.~11!
allows us to reproduce the data obtained forPu . The result is
shown in Fig. 7 and it appears that the computed spect
fits the data very well.

In the case of a much narrower distributionP(D), the
powder spectrum would exhibit a structured Pake patt
characterized by a doublet spacing exactly equal to the s
ting which would be obtained with a similar monodomain
V590°. In our case, although the order distribution preve
any structure from appearing, the overall half-height li
broadening (dn5400 Hz) appears to be close to the splittin
(D85360 Hz) observed on the spectrum obtained with
monodomain atV590° @Fig. 6~a!#. This shows that the po
rous sample can be used to determine the mean degre
segmental orderS within the layer. This provides us with a
method that is more straightforward and less time consum
than the use of monodomains. In particular, it has allowed
to systematically study the influence of various parame

u-

c-

FIG. 7. 2H NMR spectrum of perdeuterated PDMS chai
(MW571 000) grafted on porous silica~samplePu in Table I!: the
experimental data are the same as for Fig. 3~b!. The open circles
correspond to the fit according to Eq.~11!, using the order distribu-
tion shown in Fig. 6~b! determined for the monodomainMu .
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~e.g., grafting density! on the segment dynamics in the
grafted layers in order to determine the origin of the o
served anisotropy.

C. Melt grafted on treated surfaces

The results discussed so far were obtained with untre
surfaces. It is, however, well known that PDMS strong
adsorbs on bare silica surface. Therefore it was essenti
determine whether such adsorption is at the origin of
observed anisotropy@18#. For this purpose, we have ex
tended our investigations to samples where the silica sur
was modified to suppress adsorption~see Sec. III E!.

1. Uniaxiality

Figure 8 shows spectra obtained on the monodom
(Mt) for various anglesV. As for the monodomain studie
in the preceding section whose surface was untreated (Mu),
the spectrum is still composed of a doublet whose spac
D8 depends onV, with a pronounced narrowing effect a
V555°. Again,D8 varies withV according to theuP2(V)u
function quoted in Eq.~6!. This result shows that the poly
mer layers grafted on pretreated surfaces exhibit the s
type of uniaxial dynamics as melts grafted on untreated
faces.

The procedure developed previously can be used to de
the order distributionP(D) for the sampleMt . The distribu-
tion P(D) and the fit of the spectrum obtained at 65 MHz a
reported in Fig. 9. If we compare the two oriented samp
~Mu and Mt!, we can observe that their order distributio
differs in the mean value of the effective residual interact
D @see Figs. 6~b! and 9~b!#. We do not believe that this dif
ference is due to the effect of the surface pretreatment
rather to the grafting density which is not the same for b
samples. This latter parameter seems to be the most im

FIG. 8. 2H NMR spectra of perdeuterated PDMS chains (MW

5101 000) end grafted on treated silica slides~sampleMt in Table
I!. Spectra were obtained at 13 MHz for different values of
angleV between the normaln to the slides and the spectromet
magnetic fieldB. The number of scans forV50° is typically 105.
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tant for the mean degree of orientation, as we will see s
sequently.

2. Effect of surface treatment

It has already been mentioned that the surface treatm
has no effect on the uniaxial character of segmental motio
Thus polymer adsorption does not seem to play a crucial
in the molecular ordering. This is confirmed by the tw
samplesPt

2 andPu , which have very similar characteristic
~see Table I!, the nature of their surface excepted~Pu : bare
silica surface;Pt

2: vinyldimethylsiloxane modified silica!.
The NMR spectra of these two samples are similar@see Figs.
3~b! and 10 forD536.6 Å# and theT2 values are very close
The line shape and linewidth are identical, indicating that
order distribution is the same for both samples. Moreove
is important to point out that the ratio of NMR signa
intensities—obtained under the same experimental co
tions for both samples—is equal to the ratio of the amoun
polymer per unit areaG. This indicates that even in the pre
ence of chain adsorption, the proportion of chain segme
which are tightly bound to the grafting plane is not app
ciable.

3. Effect of grafting density

To study the effect of the grafting densitys, we used a set
of samples~Pt

1, Pt
2, Pt

3 in Table I! which differ only in their
average distanceD between grafting points.

FIG. 9. SampleMt—see Table I~monodomain, treated surface
MW5101 000,h5140 Å!. ~a! 2H NMR spectrum. The experimen
tal conditions are similar to those used to obtain the spect
shown in Fig. 6~a!. The open circles correspond to the NMR spe
trum computed according to Eq.~9! for the order distributionP(D)
shown in~b! ~D0550 Hz ands5112 Hz!.
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As before~see Sec. IV B!, the relaxation function of each
of these three samples shows a well-defined pseudos
echo after the pulse sequenceS2 and is characterized by on
single relaxation time T2 over two decades (5 m
<T2<15ms). Moreover, it appears thatT2 is a slightly in-
creasing function of the grafting density.

The corresponding spectra are given in Fig. 10. These
unstructured powder spectra, and their line broadenin
much higher than 1/pT2—is dominated by the residual in
teractions effect. The effect of grafting density is clearly e
dent: the spectral linewidthdn—i.e., the average orde
S—increases~from 100 Hz to 1.25 kHz! as the average dis
tanceD between grafting points increases~from 28.2 to 74.5
Å!. Figure 11 shows thatdn increases withD in a nearly
quadratic way. This variation was rather unexpected an
opposite to that calculated in the case of a strong lat
packing of polymer chains@19#.

V. DISCUSSION

These experiments demonstrate that the dynamics
polymer chains in grafted layers differs strongly from t

FIG. 10. 2H NMR spectra for the samplesPt
1, Pt

2, and Pt
3.

These samples differ only in the average distance between gra
pointsD(28 Å,D,75 Å).

FIG. 11. Half-height linewidth of spectra shown in Fig. 10 ve
susD2.
lid

re

-

is
al

of

bulk. Clearly, grafted chains exhibit uniaxial behavior, ind
cating they are submitted to constraints.

We observed that the relaxation functionMe(t) of an end-
grafted polymer is a single exponential, contrary to the c
responding polymer melt~of the same molecular weight!
which exhibits a broad distribution of relaxation times. Th
indicates that the grafting makes slow intrachain motio
more uniform along the chains. More precisely, the graft
must restrict the reconfiguration of polymer chains; in p
ticular, the diffusion and the disentanglement process m
be suppressed. Thus the apparent heterogeneity in the
scale motions~involving large subchain parts!, leading to a
broad distribution of relaxation times for the melt, is strong
reduced or even cancelled for the grafted chains@20#. Fur-
thermore, it appears that this single decay timeT2 is smaller
than the shortest relaxation time of the corresponding f
melt ~see Fig. 5!. This is related to low frequency dynamic
appearing because of constraints which induce motional
strictions. The variation ofT2 versus the grafting densitys
suggests that the stretching cannot be the main sourc
constraints. This variation can, however, be explained if
chains are considered as squeezed between the polym
and polymer-silica interfaces; the larger the area per ch
the stronger the confinement would be.

The other important difference with respect to the bulk
the strong anisotropy of the segmental dynamics. It exhi
a clear uniaxial character, as demonstrated by the spe
observed on the monodomains: the chain segments
forced to reorient around the normal to the solid surfa
Again, two types of interpretation could be proposed: eith
the segments tend to be perpendicular to the surface bec
the grafting induces interchain steric repulsion or, on
contrary, they tend to be parallel because the chains wo
be squeezed~the role of the adsorption has been shown to
marginal!. The fact that the thickness of the layer is in a
case not larger than the unperturbed radius of gyrationRg
would favor the second explanation@21#. But it is the graft-
ing density dependence which allows us to conclude:

ng FIG. 12. 2H NMR powder spectra of samplesPt
4 and Pt

1 ob-
tained under the same experimental conditions.
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observed that the larger the area per chain~i.e., the thinner
the film! the stronger the anisotropy. Therefore the m
cause of the uniaxial dynamics is the squeezing of the p
mer between the silica and air surfaces. These confi
chains must have an average anisotropic conformation
an oblate character relative to the silica surface. As a co
quence of this confinement, the observed order paramet
negative@22# and describes segmental reorientational fl
tuations which are uniplanar~parallel to the grafting plane!,
the orientational diffusion around the normaln being isotro-
pic. In the absence of such isotropic component, we wo
observe a bidimensional powder spectrum@23# typical of a
random uniplanar distribution of chains~or subchains! lying
on the grafting plane.

Since it appears that the squeezing is responsible for
anisotropy of the chain dynamics, the relevant param
which has to be considered is the squeezing ratioh/Rg in-
stead of the grafting density@24#. There must be a one-to-on
correspondence between this ratio and the value of the
gree of order. Indeed, in Fig. 12 we obtained exactly
same spectrum for two different samples~Pt

4 and Pt
1 in

Table I!, but with the same squeezing ratio (h/Rg50.98).
This point is also confirmed by the spectra obtained w
samplesMt andPt

2: we measured a residual nuclear intera
tion of 112 and 420 Hz, respectively; their grafting density
about the same~D535 and 36.6 Å, respectively! but their
squeezing ratio is different~h/Rg50.77 and 0.58, respec
tively!. The same argument also explains the difference
the splitting observed for the two monodomainsMt andMu
~see Figs. 6 and 9!.

To measure a positive order parameter in these gra
melts would require achieving a much higher grafting de
sity. Indeed, we observed with two samples which had
squeezing ratio greater than one (h/Rg51.2) that the line-
width increases again withh/Rg ~spectra not shown!. How-
ever, it also appears that for these two samples, the o
distribution is much broader. Further investigations a

FIG. 13. 2H NMR spectra of perdeuterated PDMS chai
grafted on treated porous silica~samplePt

2!: ~a! without solvent,
~b! immersed in acetone.
n
y-
ed
th
e-
is

-

ld

he
er

e-
e

h
-

in

d
-
a

er
e

needed to confirm thatS would change its sign aroun
h/Rg51.

If we keep the molecular weight constant, there are t
ways to vary the squeezing ratio: either by changing
grafting density, as discussed above, or by swelling the p
mer layer. We report some data here that were obtained
samplePt

2 immersed in acetone. Acetone is a poor solve
for PDMS with an equilibrium volume fraction of about 34%
@12#. In such a solvent, the grafted layers have a den
profile which is not far from a step as in air~with two well-
defined interfaces!. Therefore we can consider thath/Rg in-
creases by a factor of 52% in acetone. The2H NMR spectra
are shown in Fig. 13. In the presence of acetone, the s
trum gets narrower~dn;60 Hz instead of 420 Hz in air!.
This tells us that the segmental motions are slightly ani
tropic, indicating that the PDMS grafted chains of samplePt

2

are almost isotropic in acetone. This result is consistent w
our analysis, namely, that the observed anisotropy is du
the squeezing effect. If we go to much better solvent th
acetone, we should observe an inversion of the sign of
order parameter because it has been proved by SANS
similar grafted chains in good solvents are strongly stretc
@3#. This is indeed what we observed and more details w
be published elsewhere.

It is remarkable that the2H NMR response of oriented
samples appears under the form of one single and reso
doublet structure. This is due to the order distributionP(D)
which is rather well centered around a mean value. It wo
be tempting to derive fromP(D) the profileS(z) along the
normal to the surface within the layer. However, such
operation is not easy: there is no one-to-one correspond
betweenP(D) andS(z), unless we make assumptions whic
are difficult to justify. A proper experimental method wou
require the use of labeled block copolymers. Neverthele
we can propose a scheme forS(z) that accounts for the main
three features ofP(D) @see Figs. 6~b! and 9~b!#, namely,
P(D) exhibits a rather well-defined peak which correspon
to the observed doublet spacing; there is no isotropic co
ponent and lastly, there is a small fraction of strongly o
ented segments@the tail of P(D)#. We can suppose that a
both interfaces, the segments are strongly ordered (S,0)
while the rest of the layer has on average the same degre
anisotropy, characterized by a lower value foruSu. It is
widely recognized that an impenetrable wall induces a str
orientation of the segments which are close to the wall@25#,
the lower limit being perfect in plane alignment (S5
20.5). This steric effect is believed to be of rather sh
range, typically a few persistence lengths~i.e., a few mono-
mers for PDMS!. In our case, we observe segments far aw
from the surfaces still exhibit a uniaxial dynamicsuSuÞ0.
We believe this is related to the effect of the surfac
~density-conformation couplings, as described in Ref.@26#!,
enhanced by some additional short-range orientational in
actions between chain segments. These interactions corr
the orientational fluctuations of segments belonging to nei
boring chains and so contribute to make more uniform
segmental ordering within the layer. Such effects of orien
tional correlations, already observed on various other ca
of confined polymers~uniaxially strained networks, for in-
stance!, are known to depend on the local density of cha
segments@26#. This appears to be confirmed by the expe
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56 5613CHAIN-SEGMENT ORDER AND DYNAMICS INA . . .
ment done in the presence of acetone: although the squee
ratio is lower than one (h/Rg50.88), the linewidth (dn
560 Hz) is much smaller than for the samplePt

1 (dn
5160 Hz) observed in air~characterized by a squeezing r
tio h/Rg50.98!.

Finally, the above-mentioned segmental order may be
source of peculiar properties exhibited by constrained~i.e.,
very thin! polymer films, like unusual glass transition tem
perature or rate of crystallization@27#. It might also be rel-
evant for the autophobic behavior@28#.

VI. CONCLUDING REMARKS

Aspects of molecular dynamics in end-grafted polym
melts are revealed by this NMR study. In particular, it
clearly shown that the polymer segment dynamics exhi
collective uniaxial fluctuations. They are described by
negative order parameter and a high degree of anisot
(uSu'1022), because the chains are constrained within
layer thinner than their radius of gyration. There must b
il
m

fe
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r
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o-

io
ow
t

d

ing

e

r

ts
a
py
a
a

quite homogeneous orientational field describing the ordeS,
induced by the squeezing and by the surfaces, although
do not know which effect is predominant.

We are currently developing several2H NMR studies
which might be very useful in gaining more informatio
about the segment dynamics in confined polymer films. O
consists in looking at free polymer films thinner than t
unperturbed radius of gyration. Another crucial investigati
consists in observing grafted layers in good solvent wh
the chains are strongly stretched. We have already an
pated that the order parameter must change its sign, but
is the order distribution affected?
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