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Chain-Order Effects in Polymer Melts Probed by 1H Double-Quantum NMR Spectroscopy
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Double-quantum NMR experiments are presented, elucidating the nature of the polymer chain
dynamics in a polybutadiene melt far above the glass transition. The obtained experimental information
about the rotational dynamics of spin pairs allows the translational dynamics as well as the long-term
stability of the topological constraints on a microscopic scale to be probed. The results are shown to
support some but not all aspects of the reptation model. For short times, the local chain order reflecting
the time averaged configurations is much larger than expected, indicating strong packing effects.
[S0031-9007(98)06506-5]

PACS numbers: 61.25.Hq, 66.20.+d, 81.05.Kf
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The dynamics of polymer chains in the melt is a ver
complicated multibody problem, yet simple models ac
count for many experimental observations, e.g., the Rou
model [1,2] and the reptation model of a tube in which th
tagged chain can reptate [2,3]. On the basis of the latter
well as alternative theories [4], observables like the tim
dependence of the mean-square displacement of chain s
ments,kDr2stdl, can be analyzed, yielding similar results

Elucidation of the nature of the complex polymer dy
namics on a molecular level is of major importance fo
understanding the behavior of polymeric materials. Ne
tron scattering [5,6], NMR spectroscopy (see, e.g., [7–9
as well as computer simulations [10] yield important in
sight. Recently, informative1H-NMR dipolar echo experi-
ments have been performed on poly(dimethyl siloxan
(PDMS) melts [9], extending earlier work on polyethylen
[11], in which the dipolar frequencyvd of proton pairs
is monitored. For a given spin pairvd ­ P2scosuddd,
where dd depends on the distance between both spi
and u denotes their orientation with respect to the exte
nal magnetic field. P2 is the second Legendre polyno-
mial. Hence, information about the rotational dynamic
can be obtained by monitoringvd [12]. Introducing the
phasefst1, t2d ;

Rt2

t1
dt vdstd acquired during the inter-

val t1 , t , t2 the experimentally observable function

bs2t, td ; ksinfs0, td sinfst, 2tdl (1)

has been analyzed. For later convenience we note t
for short times and for a broad distribution of correlatio
times it can be approximated ast2kvds0dvdstdl [13]. On
short time scales the polymer chain performs fast local d
namical processes. Following the ideas by Cohen Add
[14], for a tagged segment its two closest entangleme
serve as a constraint for this dynamics, impeding isotrop
dynamics. On time scales much longer than thea-
relaxation time but much shorter than the Rouse timetr

this leads to a residual chain order [9,14]. This loca
anisotropy of the dynamics can be quantified by theresid-
ual order parameterS by which the effective dipolar cou-
pling is reduced, i.e.,bs2t, td ­ 0.2S2d

2
dt2, the numerical

factor resulting from the isotropic powder average.
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As discussed in Refs. [9,11] this function also contain
information about thetranslationaldynamics of the poly-
mer which the chain performs on somewhat longer tim
scales. Then a tagged segment will leave its initial env
ronment and the observed spin pairs will acquire a ran
dom orientation [9,11]. This leads to a further reduction
of bs2t, td which for future purposes is quantified by the
functionCstyted

bs2t, td ­ 0.2S2d2
dt2Cstyted , (2)

with some time scalete (see below). NMR spectroscopy,
therefore, can provide information about two differen
aspects of the complex dynamics behavior of polyme
chains in the melt: (i) the short timerotational motion
probing the local constraints free of model assumption
and (ii) the long timetranslationalmotion.

In this Letter we analyze the dynamics of three
different polybutadiene (PB) samples (50%:45%:5%
trans:cis:vinyl,Tg ­ 174 K) with molecular weightsMw

beyond the entanglement molecular weight (Mw ­ ZMe;
Z ­ 4, 11, 76) via high-resolution homonuclear1H
double-quantum NMR [15]. In addition to measuring the
b function presented above our approach provides ne
information not accessible so far: (i) The spectroscopi
resolution of different H-H spin pairs allows the influence
of local constrains on the main chain order to be probe
quantitatively. (ii) The correlation functionCstyted
is determined for four orders of magnitude oftyte as
compared to one in [9].

For optimum information about the chain dynamics on
would like to monitor the order along the main chain of
the polymer. The dipolar coupling, however, is due to
proton pairs, which are typicallynotaligned along the main
chain. However, from simple geometric considerations a
well as from appropriate simulations the main chain orde
i.e., the order of the C——C bonds, may be inferred from the
experimentally accessible order if several H-H pairs in th
repeat unit are monitored individually. This renders the re
sults much more reliable. As distinct from the dipolar
echo technique [9], this selectivity can now be achieved b
© 1998 The American Physical Society
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high resolution double-quantum NMR spectroscopy und
magic angle spinning (MAS) [16].

All double-quantum spectra are recorded in two dime
sional (2D) experiments [17], according to the exper
mental scheme in Fig. 1. After the preparation of th
double-quantum coherences in the excitation timetexc, the
coherences evolve duringt1 under the residual dipolar cou-
pling. In the reconversion period also of durationtexc,
the double-quantum coherences are transformed into lo
gitudinal magnetization and after a 90± pulse the free in-
duction decay (FID) is acquired. A four step phase cyc
is used to select the double-quantum signal. The doub
quantum part of the dipole-dipole interaction averaged
MAS is reintroduced during the excitation and the recon
version time [18]. As distinct from related techniques, th
2D spectrum under fast MAS only contains contribution
from dipolar coupled spin pairs.

The 2D double-quantum spectrum correlates the chem
cal shifts of both spins forming the pair with the chemica
shift of the double-quantum coherence, correspondi
to the sum of the chemical shifts. Using an appropria
scaling, signals on the diagonal result from coherenc
of spins with like chemical shifts, whereas coherences
spins with different shifts appear symmetrically to thi
diagonal at the spectral positions of both spins involve

FIG. 1. The experimental scheme (a) is used to measu
a high resolution 1H double-quantum spectrumsvL,1 H ­
500 MHzd of 1,4-polybutadienesMW ­ 130 000 gymold apply-
ing four cycles of C7 [18] during the excitation timetexc ­
0.8 ms for double-quantum preparation at a MAS spinnin
speedvR ­ 2p 3 10 kHz. All 1H DQ coherences within the
monomeric unit of polybutadiene, shown in (b) are observe
(c) in double-quantum spectrum measured atT ­ 298 K. The
CH——CH signal has its maximum intensity at the chemical shi
of the cis-configuration due to lower proton distance, wherea
the maximum intensity of the CH2-CH coherence at the chemi-
cal shift of thetrans-configuration reflects the higher order pa
rameter of this configuration.
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In the 1H double-quantum spectrum of PB the alipha
and the olefinic protons are resolved and all possible
herences (—CH2, CH2—CH, CH——CH) are observed; see
Fig. 1. Relative dipolar coupling strengths can be direc
obtained from the intensities of the different peaks in t
2D spectrum by individually fitting the intensitiesIstexcd
via I ­ AS2

i d
2
d,i t2

exc exps2texcyt0d for all resonancesi,
where A combines all experimental factors. The exp
nential term accounts for relaxation processes. An
ample of such a buildup curve is shown in Fig. 2(a
Sincedd,i is given by the distance between the protons
pair i the productAS2

i can be determined for each H-H
pair which can be distinguished in the spectrum. F
SCH––CH it was necessary to average the distance o
the cis- and the trans-configuration and forSCH2–CH over
the different distances of both protons according to
rotational isomeric state (RIS) statistics of PB (see belo
[19]. From the build-up behavior therelative values
for the order parametersSCH––CH:SCH2–CH:S–CH2 ­
1:0.6:0.45 are directly obtained. At the highest temper
ture sT ­ 298 Kd, the NMR signals of the trans- and th
cis-configuration of the sample are resolved in the doub
quantum spectrum and the relative couplings can be m
sured separately for both configurations; see Fig. 1. Fr
this we estimateSC––C,trans ø 2SC––C,cis.

Data were obtained atT ­ Tg 1 50 K ­ 224 K, the
lowest temperature at which the MAS experiment can
safely performed. The absolute value of theSi were ob-
tained by two independent methods. First, we measu
single-quantum1H MAS spectra; e.g., Fig. 2(b). The ab
solute value for the strongest dipolar coupling of the tw
protons in the CH2 group can be obtained by an anal
sis of the spinning sideband pattern in terms of the s

FIG. 2. (a) Relative dipolar couplings are extracted from
series of double-quantum spectra by fitting the time depende
of the double-quantum excitation for the different coherenc
(b) The absolute value of the strongest dipolar coupling
determined from relative sideband intensities of1H MAS
spectra, using a spinning frequency ofvR ­ 2p 3 4 kHz.
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pair approximation [13,16]. Second, we determined th
absolute value of an averaged overall dipolar couplin
from the ratio of the intensity of a double-quantum filtere
st1 ­ 0d signal, for short excitation times, to the inten
sity obtained in an analogous experiment, albeit witho
the selection of quantum coherence order. Within expe
mental uncertainties both results fully agree. The resu
are listed in Table I. FromSCH––CH ­ 0.13 the order pa-
rameter of the double bond can be directly obtained by
simple projection procedure, yieldingSC––C ø 0.20.

Following Ref. [9] one may be tempted to relate th
residual anisotropy to the restrictions due to the enta
glements. Indeed, we find the initial residual couplin
to be independent of molecular weight forMw $ 4Me

and vanishing forMw # Me. Using the approximate re-
lation S ø 3ys5Nkd (Nk denotes the number of Kuhn seg
ments between two entanglements [14,20]) one obta
SC––C ­ 0.028 as an upper bound for the influence of th
entanglements. This value is almost an order of mag
tude smaller than the experimental value. Hence we ha
to conclude that the restrictions by the entanglements ca
not be the only source for explaining the residual cha
order. A possible reason for this strongly anisotropic ro
tational dynamics in PB may be the formation of signifi
cant intermolecular orientational correlations. Such loc
packing effects would strongly restrict the local degree
of freedom, leading to an anisotropic time averaged co
formation. Indeed, such orientational correlations of a
jacent polymer chains have been observed experimenta
[21] as well as numerically [22], whereas this effect dis
appears for flexible chains as well as shorter chains [2
In order to rationalize the relative values of the three di
ferent experimentally accessible order parameters, we
eraged over all conformations of a part of a PB cha
in agreement with its RIS statistics [19]. We require
that the directions of the double bonds of the olefin
groups on average are loosely correlated with some ar
trary but fixed external direction representing the packin
constraint corresponding to some local anisotropic pote
tial. The degree of correlations has been adjusted su
that on averageSCH2 ­ 0.06 in agreement with experi-
ment. Details of this calculation will be presented unde
separate cover [13]. The resulting order parameters
given in Table I. Within the range of uncertainty, they
agree with the experimental values. The same calculat
yields only a very small order parameter for the aliphat

TABLE I. Measured and calculated order parameters for d
ferent atomic pairs of PB atT ­ 224 K. The calculations have
been performed on the basis of the RIS model of PB. Th
experimental value ofSCH2 has been used as a basis for th
simulations.

S–CH2 SCH2–CH SCH––CH SC––C SC–D

Expt. 0.06 0.08 0.13 · · · · · ·
RIS Sim. 0.06 0.06 0.12 0.24 0.02
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C—H bonds, consistent with the narrow2H spectra ob-
served in PB melts [23]. This emphasizes the advanta
of our double-quantum technique, which determines th
chain order from several proton pairs.

As mentioned above, translation of the chain wil
reduce the residual dipolar coupling leading toCstyted ,

1. Here, te is proportional to the viscosity of short PB
chains [24] and has been chosen to agree with the tim
a segment needs to move a typical distance betwe
two adjacent entanglements as determined, e.g., from t
mass dependence of the viscosity [20]. Scaling bytesT d
translates the temperature dependence into an effect
time dependence. We measure betweenTg 1 50 K and
Tg 1 120 K, always choosingt ­ 0.5 ms. 2D double-
quantum spectra recorded at various temperatures ha
shown thatCstyted is therefore sufficient. The results
are shown in Fig. 3. From left to right the temperature
increases. The accessible temperature range towards h
temperatures is limited by the tendency of PB chains t
crosslink. For all three molecular weights one clearly
observes the reduction of the dipolar couplings.

For a better understanding of the observed time de
pendence as well as the mass dependence we first co
pare the data with the predictions of the standard reptatio
model [2]. We assume that the local constraints, i.e., th
entanglements in the framework of the reptation mode
do not change with time. ThenCstyted can be directly
interpreted as the probability that a segment after tim
tyte is between the same two entanglements as fort ­ 0.
It does not matter whether or not the segment has e
perienced different parts of the tube in between. Henc
Cstyted is interpreted as a return-to-origin probability. As
shown in Ref. [9] one then expects three time regime
Cstyted ~ t21y4 st , tcd, Cstyted ~ t21y2 stc , t , tdd,
andCstyted ~ exps2tytdd st . tdd, wheretc ; ptr and

FIG. 3. Temperature dependent double-quantum filtered me
surements probe the translational motion of polybutadienes wi
different molecular weights. The known temperature depen
dence oftesT d is used to obtain the time dependence of the
local order parameter over four decades. The correlation fun
tion Cstyted as well as the residual dipolar coupling of the CH2
group are displayed. Two observed power laws are indicated
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td denotes the terminal relaxation time of the tube [2,13
The exponents basically reflect the corresponding exp
nents of the mean square displacement. Furthermore, o
expects thatCstyted does not depend onZ for t , tc.

For Z ­ 11 or Z ­ 76 our data are in agreement
with the predicted time dependences. Furthermore, f
Z ­ 11 the estimated crossover timetc corresponds well
with the experimental observation [2]. However, the
significantZ dependence ofCstyted for t , tc disagrees
with the theoretical predictions. Qualitatively, the deca
of Cstyted occurs earlier than expected which is especiall
pronounced forZ ­ 4.

These deviations may be related to the fact that the a
sumption of static local constraints does not hold for sma
Z. In the framework of the reptation model the local con
straints relax on a time scale oftd. Sincetcytd ~ 1yZ the
local tube stability fort ­ tc is smaller for shorter chains.
Hence only for largeZ we can expect thatCstyted reflects
translational dynamics, which would, in principle, also be
determined by pulsed field gradient NMR in extremely
high field gradients [25]. Our experiment, however, pri
marily monitors reorientational dynamics, Eq. (1), and
thus contains additional information about the stability o
the local packing.

In fact, comparison with the reptation model is com
plicated, because the very large order parameter of P
(see above) is not predicted by the simple tube conce
and may give rise to further unforeseen effects. More
over, the modecoupling theory of the polymer dynamic
predicts a significantZ dependence for the mean squar
displacement even for very largeZ values [26]. It would
be interesting to see whether the significantZ dependence
of our rotational observable could be reproduced by th
modecoupling approach.

In summary, we have measured the chain dynamics
a PB polymer melt well above the glass transition vi
double-quantum NMR. First, we observed that the ab
solute values of the local residual order parameters a
significantly larger as implied by a simple picture relating
the local constraints exclusively to some kind of entangle
ments. Second, we determined on a molecular scale t
time dependence of the chain relaxation. In contrast
pure measurements of the mean square displacement
results also allow one to analyze the long-time stability o
local constraints. The experimental data indicate that th
stability strongly depends on the molecular mass. Clearl
more systems need to be studied in order to clarify the n
ture of these time-dependent ordering effects in terms
chain structure and molar mass.
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