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Probing Chain Interpenetration in Polymer Glasses 13C SSNMR has been widely applied for its excellent resolution.
by 'H Dipolar Filter Solid-State NMR under Fast Intermolecular cross-polarization in a polymer blend in which
Magic Angle Spinning one of the components is deuterated was used to investigate

the intimate mixing of two chains and was successfully used to
characterize the miscibility of different polymers with distin-
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Introduction. The concept of chain entanglement provides 9/asses: 1020
the basis of our current understanding of the flow behavior of  In this work, we developed a new strategy to characterize
polymer melts and solutior The interpenetration process is  the chain interpenetration in 50/50 hydrogenous polystyrene (PS-
a very important step for polymer chain condensation from the H)/deuterated PS (PS-D) blends. In principle, this strategy
dilute solution to the aggregation state. Such a condensedincludes three important steps. First, deuterated and hydroge-
multiple chain systems possess a structure where polymer chaingiated polymers are mixed at a certain ratio, typically 50:50 wt
form an entangled network, which thus establishes the mechan-%. In normal hydrogenous chains of polymer glasses, there is
ical property of polymers:3 Information about interpenetration ~ always strongH—H dipolar interaction, typically 3650 kHz,
regions would provide significant insight into intermolecular severely broadening théd signal. When the deuterated chain
coupling and the dynamics of local segmental relaxation, which interpenetrates with the hydrogenous one within a distance of
issues remain unclear for glassy polymer physics. However, 0.5 nm?° the strong'H—H dipolar interaction of the hydrog-
compared to those in solution and in the rubber state, anenous chains will be decreased in the chain interpenetration
intriguing question concerning the characterization of the degreeregion. This effect is known as th#-induced “H dipolar
of interpenetration below and around the glass transition dilution” effect. Second, fast MAS (25 kHz) is used to further
temperature Tg) of a polymer has still not been tackléd’ average out théH—H residual dipolar interaction to less than
Atomic force microscopy, differential scanning calorimetry, 25 kHz in the interpenetration regions. Theoretically, MAS can
dynamic mechanical thermal analysis, and scattering methodsaverage out all anisotropic interactions that can be described
(visible light, X-ray, neutron) are frequently used to investigate by second-rank tensors, if the rotation frequency exceeds the
chain interpenetratiofr.’° One drawback of these methods is largest coupling of the spin species considered. However, faster
that they yield information on length scales of a few to tens of MAS (>40 kHz) is not useful here because it may eliminate
nanometers; thus, they cannot be used to directly identify the the difference of the!H—'H dipolar interaction between
individual structure in the interpenetration regions at a molecular interpenetrated and noninterpenetrated regions. Third, a dipolar
level. Nonradiative energy transfer (NET) fluorescence spec- filter pulse sequence (Figure 1a) developed by Schmidt-Rohr
troscopy has been used to observe the memory of the chainet al??2is used to suppress the signals from protons with strong
interpenetration that had existed in the original solution, and dipolar interactions that are far from the deuterated chain. On
many interesting conclusions have been repottédOn the the basis of the above three steps, a unique “isolationtHof
other hand,’3C solid-state NMR and small-angle neutron signal was achieved for protons that are sufficiently close to
scattering (SANS) studies have cast doubt on the conclusionsthe deuterated chains. This can be used as a sensitive probe to
regarding the memory of the chain interpenetration for the characterize the degree of chain interpenetration in a homopoly-
freeze-dried polymer reported by NEY.1® Developing new mer or the miscibility in various polymer blends on a molecular
strategies to characterize the chain interpenetration in polymerlevel.

glasses on a short length scale of 0.5 nm is still a challenge.  Experimental Section.Benzene (Aldrich, spectrophotometric
Solid-state NMR (SSNMR) spectroscopy is a powerful grade) was shaken with concentrated sulfuric acid and then with
method for characterizing the structure and dynamics of bulk water, dilute NaOH, and again water. And then it was dried
polymers. In particular, the SSNMR experiment based on the with anhydrous N0, and distilled. The sample consists of a
dipole—dipole interaction reflects interactions occurring over mixture of hydrogenated polystyrene (PS-H, Polymer Source
distances of 0.51.0 nm!’ Therefore, SSNMR is an ideal |nc, sample P3915-s) and deuterated polystyrene (PS-D,
technique for probing local information on the chain interpen-  polymer Source Inc., sample P2404-dPS). Their number-average
etration regions at a molecular level. Among various nUC|EI, molecular We|ghts are 112 000 and 103 800' with po'yd|spers|ty
indexes of 1.06 and 1.38, respectively. The residual level of
*To whom correspondence should be addressed: F86-25- protonation in the PS-D is about 3.5%, as determined by liquid-
83533_435; Fax+86-25-83317761; e-mail xuegi@nju.edu.cn, spclbh@ giatelH NMR (Varian UNITYplus 400 MHz). The intrinsic
ney Na;'r%inugcﬂhiversity. viscosity of PS-H was 0.544 dL/g, which was determined using
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Figure 1. (a) Pulse sequence with a 12-pulse dipolar filter experiment. (b) Spinning frequency dependence of dipolaiHilkéAeRi spectra of

the 50/50 PS-H/PS-D blend, freeze-dried from 4.40 g/dL benzene solution\wild— 8. The MAS frequency is indicated in the figure. The small
narrow peak at 0 Hz MAS is due to the residual aliphatic protons of the PS-D.

two components were dissolved in benzene of the desiredspectra acquired with a sample to obtain all the spectra data
amount at room temperature. Then the homogeneous solutionused in the subsequent analysis. The sample weight in each
was dropped into a large amount of liquid nitrogen with stirring experiment was accurately measured, and the all signal intensi-
and frozen in a fraction of a second. Freeze-drying of the sampleties were normalized by the weight of PS-H.
was carried out at-35 °C, which was below the melting point Results and Discussionlt is very common to use deuterated
of the solution and was well below the glass transition samples in'C solid-state NMR to study certain interactions
temperature of polystyrene, typically for 2 weeks. As a between different polymers or different parts of the same
comparison, equal weights of PS-D and PS-H were separatelypolymerst® but a deuterated sample is seldom usedhh
dissolved in benzene at a concentration of 0.5 g/dL and frozen SSNMR6:2°VanderHart et al. reported pioneeriftd SSNMR
in liquid nitrogen. Then two frozen isotopic solutions were work at low MAS spin frequency (2.2 kHz) to determine the
poured into liquid nitrogen; finally, the mixture was freeze- intimate mixing of an isotopically enriched blend. They found
dried as mentioned above. This freeze-dried sample wasthat the residual proton signal from the aromatic rings of PS-D
regarded as physically noninterpenetrated. A cast film was disappeared when the isotopic PS-D was intimately mixed with
prepared from a benzene solution consisting of equal weights PS-H. That experiment succeeded becausékike!H dipolar
of PS-D and PS-H at a total concentration of 5 g/dL. Then the interactions involving those residual protons on PS-D were
film was further dried under vacuum at 12Q for 24 h, and augmented by the insertion of nearby protons of PS-H to the
this sample was regarded as fully interpenetrated. point that MAS at 2.2 kHz was no longer able to narrow their
Solid-state NMR spectra were recorded on a Varian Infini- resonance®’ Instead of using that slow MAS technique, we
typlus-400 wide-bore (89 mm) NMR spectrometer at a proton herein use fast MAS in combination with a dipolar filter method
frequency of 399.7 MHz using a 2.5 mm T3 double-resonance to probe the protons in the chain interpenetration region. To
CPMAS probe, and this probe can provide stable sample obtain the most effective content of the deuterated chains in
spinning up to 30 kHz using a zirconia PENCIL rotor. All the the dipolar filter'H MAS experiments, we prepared five benzene
NMR data were processed with Varian Spinsight software, and solution-cast PS-H/PS-D blends with different PS-D content,
all experiments were carried out at room temperature.Fhe  and it was found that the largest dipolar filtered signal intensity
chemical shifts were referenced to external TMS. can be achieved in the 50/50 PS-H/PS-D blend (see Supporting
For the H dipolar filter experiments (Figure 1a), several Information). Figure 1b shows the spinning frequency depen-
cycles (Neyce typically value 8) of a 12-pulse dipolar filter — dence of the dipolar filteretH MAS spectra of the 50/50 PS-
sequence were used to selecttHemagnetization with a weak  H/PS-D blend freeze-dried from the 4.40 g/dL benzene solution,
IH—1H dipole—dipole interaction which has relative longer which is well abovec* (critical overlap concentration). With
transverse relaxation times than those of the stréfgH increasing spinning frequency, the peaks are narrowed, and the
dipole—dipole interaction. The 90pulse width was 1.&s, and peak of aromatic ring at 7 ppm and that of the aliphatic protons
the interpulse spacing of was typically 10us, which was at 1.5 ppm can be well distinguished. The signal at 7 ppm is
carefully adjusted so that the rotor period was not an integer isolated (dramatically increased) when the spinning frequency
multiple of the filter cycle?? A detailed discussion of the increases up to 25 kHz. Meanwhile, the signal at 1.5 ppm is
relationship between signal intensity and the rotor period is given only slightly increased above 5 kHz MAS. It should be
in the Supporting Information. Recycle delays or intervals mentioned that the increase of the aromatic signal is not
between two scans were adjusted to 5 times'thd; values. monotonic with increasing MAS frequency, and this can be
The spectra were obtained with 32 scans for each spectrum. Itunderstood as the recoupling effect of anisotropic interactions
is noteworthy that spectra with high sensitivity and good at special spinning frequencies. On the other hand, a proper
resolution can be obtained typically only in as little as 3 min, Ncyce should be selected to achieve enough signal intensity
and the signal-to-noise ratio is good about 200 in a 2.5 mm and desired isolation of the protons in the interpenetration
rotor with about 8 mg sample weight. The remaining background region. An example of the effect ®¢ycie values on the signal
signal was separately collected under the same condition withoutintensities and line shapes can be found in the Supporting
sample. Then the background signal was subtracted from thelnformation.
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Figure 2. (a) Concentration dependence?’®f dipolar filter MAS spectra of 50/50 PS-H/PS-D blends with dipolar filtsg,§. = 8) at 25 kHz

spinning frequency. The spectra are for the pure PS-H, 50/50 PS-H/PS-D blends freeze-dried from 0.05, 2.4, 4.8]@aadd.8dlution-cast film,
respectively. The cast film is regarded as a fully interpenetrated sample. (b) Area of the aromatic ring peak at 7 ppm vs concentration. The intensity
of the cast film was taken as 1. The filled black square data corresponds to PS-H, physically noninterpenetrated PS-H/PS-D, and film cast from
bottom to top, respectively.

Figure 2 shows the concentration dependence of the dipolarusing the intermolecular cross-polarizatite® SSNMR tech-
filtered 'H MAS spectra of 50/50 PS-H/PS-D blends freeze- nique indicated that the residual intensity from the predeuterated
dried from the benzene solutions. The fraction of protons component considerably affects the experimental restifs.
survived after the dipolar filter depends strongly on the degree However, the presence of a small amount of residual protons
of chain interpenetration and the strength of the dipolar filter does not interfere with the experimental results of the
(selection ofNgycie) employed. For example, for the physically SSNMR technique developed in the current stefifhis is
noninterpenetrated sample, only 1% of the proton signal is because the measured contribution of the residual protons of
retained afNc,ce = 8 when compared with the signal without PS-D to the dipolar filtered signal of the cast filmNgyce = 8
the dipolar filter. While for the fully interpenetrated sample (cast is less than 3%. It should be also mentioned that although the
film), about 3% of the proton signal can be retained (see experiment at otheXyce Close to 8 can still give similar result,
Supporting Information). In Figure 2a, the peaks of the aromatic the experiment alNgce = 8 provides the best sensitivity to
ring protons at 7 ppm increase in intensity with the increase of interpenetration.
the sample concentrations, clearly indicating a gradual increase Figure 2b shows the integration of the aromatic proton peaks
of the proximity of different aromatic groups on hydrogenous vs [g]c. The product of intrinsic viscosity and concentration
and deuterated PS chains, which results in the enhancement ofeflects the degree of chain interpenetration in solutfo@ne
the “H dipolar dilution” effect. Since *H dipolar dilution” can see that the intensity of the proton signal increases slowly
resulting from the segmental mixing of a hydrogenous poly- with the concentration in the semidilute region but dramatically
styrene chain with deuterated polystyrene chains only occurswhen the concentration is above the critical overlap concentra-

within 0.5 nm (the characteristic distance f—'H dipolar tion c* (= 4 [y]c). In the literature there are still competing
interaction), therefore, the isolated signal is a clear evidence of viewpoints between NET andC SSNMR11415concerning the
segmental mixing within a distance of 0.5 nm. transition of chain interpenetration in polymer glasses freeze-

In contrast to the aromatic signal, the proton signal from the dried from dilute regions. OutH SSNMR results clearly
main chain at 1.5 ppm changes in intensity slightly with the indicate that, on the one hand, the original state of the chains
sample concentrations. Using simulations based on the Gaussiam solution could be partly retained by freeze drying, which is
correlation model for the experimental spin diffusion data, consistent with the results from NET.On the other hand,
Karasz et al. found that a correlation length of-0(66 nm was chains do overlap in the polymer glasses prepared from solution
favor for PS-d5/PS-d3 solution-cast blefd8Because of the  which is even 10 times diluter thari. This chain overlap might
spatial obstruction of the aromatic groups to the protons of the be created by the collapse of chains during the freeze-drying
main chair* the PS-D no longer has the chance to be near the process. The partial overlap created during the freeze-drying
aliphatic protons within the effective distance to inducel process was also the reason why the dipolar dephasif¥of
dipolar dilution” in PS-H/PS-D blends. This result was in good failed to characterize the memory of the chain interpenetration
agreement with the work of VanderHart, who found the proton that had existed in the original solutiéh!®> The large surface
from the aromatic ring of PS was very sensitive to dipole effect between hydrogenous and deuterated chain coils and the
dipole interaction from surrounding protons while the aliphatic residual protons in the deuterated sample were the other two
proton was not? A glassy film cast from a solution consists of reasons. The curve obtained fréhh SSNMR increases rapidly
the 50/50 PS-H/PS-D mixture shows the strondéstNMR when [y]c > 4, which is similar to the curve of viscosity vs
signal at 7 ppm and is regarded as a fully interpenetrated sample[y]c in solution?® This suggests that, in a high concentration
Itis clear that the NMR signal of the protons in close proximity region, our strategy has a similar sensitivity to the interpenetra-
to the deuterated chain (within a distance of 0.5 nm) was tion of chains in glassy state as the rheology experiment does
selectively isolated under MAS at 25 kHz. This selectively in solution. Whereas the curve obtained from NET levels off at
isolated signal ifH SSNMR can be used as a sensitive probe [5]c > 3, the difference between the two curves may originate
to characterizing the interchain interpenetration. Previous work from the technique itself: the SSNMR is sensitive to the local
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interaction within a range of 0.5 nkwhile the NET is sensitive
with a range of 24 nm?71112With the increase of the degree
of interpenetration from the dilute range to concentrated range,
the interchain interaction increases slowly from dilute region
to semidilute region, while sharply from the semidilute region
to the concentrated regidrThe interchain interaction is on the
length scale of 0.5 nm, which is suited to the characteristic
detection range of SSNMR. The origin of the curve shape of
NET was well illustrated elsewhetg.

Conclusion. In this work, we developed a new and general
strategy to characterize the chain interpenetration in polymer
glasses. Our method combines the preparation of the isotopically
enriched polymer blends withH dipolar filter solid-state NMR
under fast magic angle spinning (MAS). This approach selec-
tively isolates the signal of protons in close proximity to the
deuterated chains and allows us to efficiently probe the chain
interpenetration or miscibility in various polymer blends within
a length scale of 0.5 nm. Chain interpenetration and the intimacy
of segment mixing in polystyrene isotopic blends of hydrog-
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