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Quantitative Determination of Phase Content in Multiphase Polymers
by Combining Spin-Diffusion and CP-MAS NMR
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ABSTRACT: We present a new approach to determine quantitatively the phase content of multiphase polymers
by applying a spin-diffusion pulse sequence (filter) prior to cross-polarization (CP}¥D-&PAS experiment.

The technique is exemplified for two rather different polymer systems, a high-density polyethylene (HDPE) and
four styrene-isoprene diblock copolymers, all of known phase contents. In principle, the technique should be
applicable to any multiphase system in which spin-diffusion between different regions/phases exists and where
the magnetization of phases can selectively be filtered out.

Introduction of polarization at the same contact time in a CP experiment.

Cross-polarization (CP) from abundant spibgd dilute spins For instance, within thg same polymer the two time parameters
(S combined with magic-angle spinning (MAS) and high-power Ty, and Tey may be d|ﬁerent for a Crystallme phase and an
decoupling have been shown to be the most important technique2morphous phase, respectively, due to different molecular
to obtain a solid-state high-resolution NMR spectrum of nucleus Mobility. This makes a quantitative estimate of crystallinity
Swith an optimum signal-to-noise ratié. The technique has  uncertain. This is rather unfortunate, since information regarding
been widely applied to probe the molecular structure of organic Phase distribution and degree of cross-linking, etc. are of major
and inorganic solids since its discovery by Pines et al. in £973. Significance and concern in polymer chemistry.

CP overcomes two common problems in the NMR of solids.  The simplest way to obtain a quantitatif4&€ spectrum is to
The first stems from the low inherent sensitivity of dilute nuclei, accumulate single Bloch decays with a recycle delay longer than
such as3C, 29Si, and!®N (isotopic abundance of 1.1%, 4.7%, 5 times the longesfC T,. However, as already mentioned, this
and 0.03%, respectively). The second difficulty relates to the is not generally appropriate because the overall sampling time
potentially and inherently long relaxation times (tens of seconds might become intolerably long. Several and different approaches
for 13C in powdered organics and minutes #8i in framework have been proposed to render CP experiments quantitative. A
silicates) frequently found for dilute spithy nuclei, possessing ~ common technique is to perform a series of CP measurements
low gyromagnetic ratio. As a consequence, this necessitates &y varying the contact timéZhang et af reported a so-called
long time delay between consecutive scans. When severalpolarizing—depolarizing scheme (PDS) in which a depolariza-
thousand scans are required to obtain a reasonable signal-totion period was introduced into a conventional CP pulse
noise ratio, the sampling time may become unreasonably long.sequence. By acquiring three intensity distorted spectra, they
This problem may be overcome by CP, i.e., by transfer of were able to derive quantitatively comparable signals of the
magnetization from abundant spins (possessing a short relaxatiorindividual rare spin signals.

time) to dilute spins (possessing a long relaxation time). Fu et al° presented recently a Le&oldburg (LG) frequency

However, the significant gain in sensitivity obtained by modulated CP scheme and demonstrated that the LG sequence
applying the CP technique has a certain price; i.e., the resultingsignificantly lengthened th&",, and the frequency modulation
spectrum may not be quantitative. This is because the final signalshortened the cross-polarization time for nonproton&tepins.
intensity observed in a CP spectrum is controlled by several A combination of these two experiments was claimed to improve
competitive relaxation processes, as for instance the transfer ofquantification of the spectrum. Although this experimental setup
magnetization betweeispins andS-spins (described by a reduces the overall sampling time compared to a direct-
characteristic timds), the transfer of magnetization between polarization (DP)!3C NMR experiment, the introduction of
thel-spins and the lattice within the rotating frame of reference spectral manipulation and calculations renders the method
(described by a relaxation tim@'y,), and the transfer of  somewhat less straightforward.
magnetization betwee§-spins and the lattice in the rotating Also, Hu and co-workefscombined the spectral information
frame (described by a relaxation tirfi&,). However, frequently  gbtained from four differentiC experiments (among which two
TS, is found to be significantly longer thahs, so the former  of the experiments were CP-based) to determine the crystallinity
relaxation process is of minor importance within the CP of an ultradrawn ultrahigh molecular weight PE. Their result
dynamics. o _ o was in agreement with the corresponding value determined by

Of par.tlcular importance, simildfC-spins conflneq invarious 14 NMR and from sample density. Also, Deng and co-workers
phases in a polymer sample reveal generally different degreepyplished recently an experimental scheme for achieving

uniform CP enhancement of low-nuclear species in solids
. * Corresponding authors. E-mail: qchen@ecnu.edu.cn or eddywh@ nder MAS conditions, termed quantitative cross-polarization,
jemi.uio.no. . . .
t East China Normal University. or QUCP. However, their method was not aimed at quantifying
* University of Oslo. phase content of multiphase polymérs.
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Figure 1. Schematic view of the pulse sequence applied in this work.
See Experimental Section for more details.

The key factor needed in order to obtain quantitative
information from a CPMAS experiment relies on the so-called
enhancement factoy, which varies with the CP contact time.
Theoretically, for a carbon nucleus with nearby protons the
maximumy = yulyc ~ 4. In real practice, it is difficult to reach
this theoretical value due to existence of various relaxation
mechanisms, likéH and3C spin-lattice relaxation in rotating
frame. Because of variation in the chemical and physical
environment of a carbon nucleus, the strength of theHC
dipolar interaction, and the molecular motion, théactor may
vary significantly from one carbon to another. It is not possible

in practice to have a contact time that allows different carbons
to be polarized to the same degree simultaneously. This is the

key factor, which makes the CP spectra nonquantitative.
VanderHart and Khoufreported on some high-density poly-
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ms in order to avoid proto; effects/corrections. As for the
reliability and stability, control experiments under different Hart-
mann-Hahn conditions using a contact time of 2 ms were carried
out as well.

Theory

In a conventional CP experiment the enhancement fagctor
of dilute spinsSvia polarization transfer from abundant spins
| is defined as

MCP(S)
17 —
M%(S)
where MO(S) is the equilibrium magnetization, or Boltzmann
magnetization, and°F(S) represents the CP-enhanced mag-

netization of thes-spins?8 From basic NMR theory>1%-12the
enhancement factoy can be written

1)

n= 77(17cp;-rllp'-|—SI)

1
= mdeam[exp(—rq/ﬂp) — expt-1f/Ts)] (2)

ethylene (HDPE) measurements using CP with a contact time whererg, is the contact time between thepins and th&spins

between 0.7 and 2 ms and foundo be 3.5+ 0.2 for carbons
confined within the crystalline region and 2:8.0 for carbons
confined within the amorphous region, respectively.

In this work, we will show how the phase content within a

during cross-polarization ant;, and T;s define the rotating
frame spin-lattice relaxation time of thé-spins and the cross-
polarization time between th& and I-spins, respectively.
Equation 2 is derived from classical CP theory and is strictly

polymer can be determined quantitatively by combining spin- Valid for a dilute-abundant spin system (i.e., a C/H system) for
diffusion (SD) and CP-MAS. Actually, the technique gives the TigT®, << 1. Itis generally not possible to find a contact time
enhancement factor of the different phases, on a relative scalethat allows carbons in different chemical or physical environ-
The application of the technique is exemplified using two Ments to be simultaneously polarized to the same degree (cf.
different types of polymers: a high-density polyethylene €d 2). Moreover, it is implicitly assumed that the contact time

(HDPE) and styreneisoprene diblock copolymers (P®I)
with known phase contents.

Experimental Section

Materials. The polymer material chosen for testing the quantita-
tive SDASC-CPMAS technique was a high-density polyethylene
(HDPE) received from Showa Denko (Sholex-60M); = 4.6 x
10* g/mol) which was melted at 13 and subsequently quenched
in liquid nitrogen, obtaining a crystallinity of 5& 2%2 The four
polystyrene (PS)polyisoprene (Pl) diblock copolymers were
obtained “in-house” with well-defined phase contents of PS of 72%
(S1), 58% (S2), 54% (S3), and 68% (S4). Their molecular weights
Mn were 3.0x 10* g/mol (S1), 1.9x 10* g/mol (S2), 2.43x 10*
g/mol (S3), and 3.9x 10* g/mol, respectively. All samples
possessed narrow weight distributions with/M,, < 1.07. The
powder PS-PI samples were studied as received without further
treatment.

NMR Measurement. High-resolution solid-state*C NMR
measurements were carried out at room temperaturéq2®»n a
Bruker DSX-300 spectrometer operating at 75.47 MHz. The PE

7¢p IS large enough to avoid oscillatory kinetic behavior due to
spin-diffusion. If not ¢, < 1 ms)? eq 2 should be replaced by
an oscillatory type of function which is discussed thoroughly
elsewheré.

We will take PE as a model system to illustrate our strategy.
By assuming that PE consists only of a crystalline (C) and an
amorphous (A) phase withS"(S) andMz (S representing the
CP enhanced®C magnetizations within the two phases, and
M(S and M3(S denoting the respectivéC Boltzmann
magnetizations, it follows that the quantitative ratf) between
the Boltzmann magnetizations of the two phases can be written

o= M _ 7a ME(S
MA(S e MRS
wherenc andna define the enhancement factors at a certain

contact time of the crystalline (C) and the amorphous (A) phases,
respectively. It is evident that quantitative analysis can be made

®3)

Sample was Crushed and packed into a magic ang'e spinning (MAS)|f the ralIO Of enhancement faC'[OI’S |S |.(nOWI’l. Moreover, .Under
rotor, having a diameter of 4 mm. The MAS rate was set to 5 kHz, the same experimental conditions it is known tMi(S) is

and the'H pulse width was set to 2 &s. 13C chemical shifts were
referenced to the chemical shift of the carbonyl carbon signal
(176.03 ppm) of glycine. The contact time within the conventional

proportional to the proton magnetizatiod(()), i.e. MCR(S) =
KM(l), whereK is a constant. This relation is actually the basis
of measuring'H relaxation times via3C CP/MAS. Because

CP part of the pulse sequence was varied between 0.5 and 10 msghe proton magnetizations of the different phases are quantita-

The strength of thdB; field was 55.5 kHz (carbon channel) and

56.8 kHz (proton channel). A TPPM decoupling pulse sequence
was applied for proton decoupling. The actual pulse sequence is

illustrated in Figure 1 with a time delayof 8 us between pulses
in the “filter part” of the sequence, causing a depletion of the rigid
phase signal due to its much stronger dipeldipolar coupling. A

tively comparable, it follows that the ratip (cf. eq 3) can be

derived from the respective proton magnetizations:

MEAS = KMc(1); MSA(S) = KaMa (1) (4)

total of 160 scans were accumulated with a repetition time of 5 s whereMc(l) andMa(l) denote the proton magnetizations of the

between the scans. The diffusion timg, was set to less than 30

crystalline phase and the amorphous phase, respectively, hence
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_Mc() _ K METS
Ma()  KeMSRS

(®)

When comparing eq 3 and eq 5, we obtain the important result

Na _ Ka
TR (6)
Nc c

showing that the ratio of enhancement factpk$;c is equiva-
lent to the ratioKa/Kc. Figure 1 shows the pulse sequence
employed in the present work. During the spin-diffusion part
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In the case that the filter does not operate ideally due to pulse
imperfections or that the timing between successit&pulses
(7) is not correctly set, somkspin magnetizatiomfloc(l) may
appear in the crystalline region C at timg= 0. However, the
sum of magnetizations from both phases will still be conserved,
resulting in a slightly modified expression for th&spin
magnetization as a function of,

K K
— MRS T,) + MEN(S0) + - -MEY(S0)

CP, —
TR, 7 aom)
a

of the pulse sequence, the proton magnetization of the crystallinewhich, after normalization (dividing both sides of eq 10a by

phase is filtered out by a proper choice of the interpulse time
leaving the proton magnetization of the amorphous phase
unchanged and amenable for further manipulation. In principle,
we do not need to have a “clear” initial condition; in other
words, it is not necessary to filter out the magnetization of the
crystalline phase completely. The purpose of applying a dipolar-
filter sequence is just to create a gradient of magnetization
between the different phases. During the diffusion petigd
the proton magnetization will redistribute between the phases.
If choosing a spin diffusion time, (cf. Figure 1) different from
0, the proton magnetization will diffuse into the crystalline phase
during the time intervaty,. If we denote byMa(l;0) the total
initial proton magnetization, and keeping in mind thét(1;0)
is conserved during the experiment (if no proton lab-frame
spin—lattice relaxation takes place), it follows that
MA(150) = Mc(li7) + Mu(li7y) )
whereMc(l;7m) andMa(l;zm) define the proton magnetizations
within the crystalline and the amorphous phases after time
respectively. By inserting eq 4 into eq 7, we derive the following
important equation:

MA(10) = MET(ST)/Ke + MET(ST/Ky - (8)
which by multiplying byKc on both sides reads
CP _ KC CP .
Mc(St) = — K—AMA (Stn) + KcMa(1:0) - (92)

BecauseMS"(S;zm) andMS (Sm) are obtained experimentally
andMa(l;0) is constant and independentmf, it follows that
Ka/Kc and consequentlya/nc (cf. eq 6) can be determined
from a minimum of two CP-based spectra acquired at different

m. The relative phase content can then be determined by

performing an additional and conventional CP-MAS experiment,

MS$F(S0)), reads

ME(S0) K

M (St _ K MR(STy) LK
ML (S0)

MES0)  Ka MSSO)

. (100)

Equation 10b shows that the slope/Ka of the straight line
ME(STm)/MST(S0) vs MST(S7m)/MST(S0) remains the same
independent of the quality of the filter. However, the intercept
of the line with theM$(S7m)/MST(S,0) axis will be shifted by
MER(S0)MSF(S0) relative to the corresponding intercept ob-
tained for an ideal filter (cf. eq 9b). In conclusion, the same
Kc/Ka ratio will be obtained, independent of the filter quality.

Although the above method is exemplified by a two-phase
system, it can easily be generalized to a multiphase system,
provided that each phase possesses at least one resolvable signal
in the CP-MAS spectrum, and a magnetization gradient across
the different phases can be created from the dipolar filter.
Supposing that phases exist in a sample, the following equation
can easily be derived, according to the above procedure

n M(ST,)  MJ(S0)
K K

(11a)

n

where the signals from all phases, except for the nth phase, are
filtered out (ideal filter). For a nonideal filter, eq 11a can be
generalized to read

n MPA(ST,) — M(S0)
K, B

0 (11b)

where M(Szy) is the CP enhanced signal intensity of the
characteristic peak of the ith phad€.is a constant for each
phase | (cf. eq 4), and| M (S0) represents the initial

acquired under the same experimental conditions (same contact Magnetization, after filtration. Hence, by measuring a mini-
time). Compared to previous reports, this method is apparently Mum of n spectra at differentr, eq 11b gives rise to a set of
time-saving. Furthermore, by implementing eq 4 into eq 9a and 1 linear equations (one equation for eac) which can be

dividing by MﬁP(SO)on both sides of the equations, we obtain
a normalized equation:

MgP(S;Tm) _ KC Mgp(S;Tm) &

M(S0)  Ka MJT(S0)  Ka o0
implying that theKc/Ka ratio is represented by the slope of the
straight line, defined by the normalized C-magnetization against
the A-magnetization of th&spins, respectively. The normaliza-
tion constant in eq 9bMS(S0), can easily be found by
extrapolatingM$T(S0) againstr,/2. Actually, this curve is
linear for shortz.

solved for theKi/K; ratios, by solving the resulting set of linear
equations. In the discussion that follows we will use the short
hand notatiorKyy to mean the ratio betwedfx andKy, i.e.;
Kxy = Kx/Ky. Also, the symbols S and CP will be excluded
from all subsequent equations in order to present the equations
in a more readable form where ambiguity is not causing a
problem.

Notably, the proposed method is not limited to C/H systems
only but is of more general applicability.

Results and Discussion

HDPE. A 'H NMR FID of the HDPE sample is shown in
Figure 2, from which the crystallinity was calculated by model
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T™ Figure 3. 3C-CPMAS NMR spectrum of the PE sample obtained by
1 applying the pulse sequence in Figure 1 by excluding the SD part of
0 ——= . i the pulse sequence and choosing= 1 ms. The spectrum reveals
1.0E-05 1.0E-04 1.0E-03 three resonance peaks:; @c, = 33.0 ppm), G (dc, = 32.4 ppm),
Timels and A ©0a = 30.7 ppm). The solid curves represent nonlinear least-
squares fit to three pseudo-Voigt functions (linear combination of a
% 1.0 " & Lorentzian and a Gaussian function).
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Figure 2. (A) *H NMR FID taken from the solid echo of the high- V*-_AJ\/LM ‘0
m

density PE sample. The position of the echo was located at tinus 10
after the application of an rf pulse of cau®. The open dotsX) are
experimental points and were sampled everys2 The solid curve
represents model fit according to a procedure which is detailed in ref
14. The four distinctive components C, I,;,Aand A define the L e B
crystalline, the intermediate, and the noncrystalline components, 50 45 40 35 30 25 29 15 ppm

respectively. (B) Difference between observed and model-fitted data. Figure 4. Series of*3C-CPMAS NMR spectra with a fixed contact
time 7, = 1 ms and various diffusion times, (= 1, 5, 10, 15, and 20
fitting according to a procedure outlined by Hansen and co- Ms; bottom to top) as obtained by applying the pulse sequence shown
workers!4 The solid curve going through the observed data in Figure 1.
points represents such a nonlinear least-squares model fit to the
observed data and is discussed in detail elsewlete We
simply state that a total of four separate functions were needed
to fit the observed FID. The two significantly shortd@p
components (denoted C and | in Figure 2; solid curves) were
assigned the crystalline and the intermediate components,
respectively, and contributed 59 2% to the overall signal
intensity and was ascribed the crystalline fraction of the

Moreover, because of the significantly better spectral resolu-
tion obtainable by*C NMR (Figure 3), this technique is
potentially better thatH NMR when aiming at probing the
relative phase content, especially in the case of multiphase
systems. The spectrum presented in Figure 3'%€aCP-MAS
spectrum of the HDPE sample acquired with a contact tigge

= 1 ms. The resonance line at 32.4 ppm is assigned to the
X . . ..~ crystalline component of orthorhombic structure, whereas the
samplel* Although the residual (Figure 2B) is rather small, its broader up field peak, centered at 30.7 ppm, is ascribed to the
oscillating behavior signifies some systematic error. However, noncrystalline, amorphous pha$e? In addition, the small
this effect is of minor concern regarding the estimation of qqynfield peak at 33.7 ppm is assigned to another crystalline
crystallinity2* It should be noted that the phase composition, component possessing a monoclinic structérd.

as characterized by the present technique, is affected to some The most important issue of our method is to obtainkhe,
exter]t by the temperature of the experimen_t and the fitting ratio (eq 6) between phases C and A. Applying the pulse
function usecg Igr t_he_ deconvolu?son of the FID into the separate sequence illustrated in Figure 1, a gradienttéimagnetization
component$>® Litvinov et al.. suggested that a proper . is initially created by the “selection” portion of the pulse
temperature for the NMR experiment should exceed the dynamic equence, which consists of ¥@2 pulses (8us interpulse

glass transition temperature, i.e., an optimum temperature_aroun elay). A stacked plot of some spin-diffusisiC spectra with
100 °C. However, the temperature should not be t00 high 10 4 contact timere, = 10 ms acquired at various diffusion times
prevent annegllng of the sample during the NMR expenmen_t. Tm (= 1, 5, 10, 15, and 20 ms; bottom to top) are illustrated in
Also, the solid-echo experiment may lead to a systematic rigyre 4. The intensities of both the A- and C-magnetizations
underestimation of the phase composition with increasing pulse p, (z,.) andMc(zr) are plotted as a function of the square-root
spacing ts9 in the solid-echo experiment due to (i) an of diffusion time ¢, in Figure 5A, from which the
incomplete refocusing of the dipolar interactions, (ii) molecular npormalization constariia(0) is determined= (7.43+ 0.01)
motions defined by a correlation time of which is comparable 109 and enables a plot dflc(zm)/Ma(0) as a function of
to the pulse spacing, and (iii) the shift of the echo maximum M, (z,,)/Ma(0) to be constructed (Figure 5B). From this latter
caused by a nonzero pulse width. In the above analysis we haveplot we obtainKca = 1.56 4+ 0.14, andMc(0)/Ma(0) + Kca
corrected for these effects by adjustment of the amplitude of = 2.26 + 0.01 (cf. eq 5b). By combining these two latter
the respective phases derived from a solid-echo experiment byparameters, we obtaivc(0)/(Mc(0) + KcaMa(0)) = 0.31+

their respectivelzs. As is well-knownt31417the crystallinity 0.03, which reflects the fraction of C-magnetization remaining
obtained by the above procedure is much more reliable thanafter the “filter” has been applied. That the filter does not operate
the corresponding crystallinity obtained from thé NMR FT optimal can be visually realized by referring to the last spectrum

spectrum, due to the effects of dead time and finite pulse in Figure 4, which reveals a significant low-field shoulder, even
lengths!4 at a diffusion time ofr,, = 1 ms.
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2 BOE+10 L. Yo GKC/A (13b)
s 1 Ma
= Figure 6 showsVic(tm)/Ma(0) as a function oMa(tm)/Ma(0)
] for different contact times,. In particular, we note that within
0.0E+00 +————+ experimental error all curves intercept with thia(zm)/Ma(0)
0 1 2 3 4 5 axis at the same poing = 1.43+ 0.03, as expected from eq
(tw/ms)'? 13b. Furthermore, the intercepfo) of the line with theMc-
25 =10 B (tm)/Ma(0) axis is seen to increase with increasing contact time
- and is in accordance with eq 13b, since atggs (defined by
. 20 the slope of the line in eq 10b) is seen to increase with contact
S 15 g time. Moreover, the filter efficiency in all measurements was
% O°~~b_ found to be independent of the contact timgand equal ta
3 1.0 o =71+ 4%. All numerical values from the present analysis are
05 summarized in Table 1 and show an excellent internal consis-
tency (cf. eq 10b).
0.0 T e AR "’ It is noted that for short contact timese{ < 1 ms)Kca
0.0 05 10 15 decreases with increasing, (Table 1), which can be rational-
Ma(tm)/Ma(0) ized by referring to eq 2 by inserting a proper choice of
Figure 5. (A) Crystalline Mc(zm)) and amorphousMa(zm)) signal relaxation time parameters (not shown).
intensities as a function of the square-root of diffusion timg’) with We measured the proton spitattice relaxation time to be

Tep = 10 ms andrn = 1, 5, 10, 15, and 20 ms. The straight lines e . .
represent best fit curves within the linear regions. (B) Normalized ~1-2 S- Because of spin-diffusion, it was not been possible to

crystalline phase intensitylc(zr)/Ma(0) as a function of the amorphous ~ Separate the proton relaxation times for the two respective
phase normalized signal intensitya(zm)/Ma(0) based on the data in ~ phases. However, recalling that all experiments were performed

(A). The dotted curve represents a linear best fit curve to eq 10b with with a diffusion timerp of less than 25 ms there is no reason
Ko = nc/i1a = 1.56+ 0.14 andVc(0)Ma(0) + Kein = 2.26+ 0.10. to believe that the present results are affected by-gpittice
. . ) relaxation time effects. At least, no experimental sign of any
By performing a simplé3C-CPMAS experiment, an apparent  gin|attice relaxation effects was noted in the present measure-
crystallinity fractionf ¥ may be determined from the observed ments.
A- and C-magnetizationdMx andMc) by applying eq 12a: The average crystallinity calculated from all the data in Table
1 amounts tof? = 60 + 3%. This error is identical to the
error estimate in each individual measurement (for eagh
and shows that the crystallinity obtained by the present method
is independent of the actual contact time used in the CP part of
the pulse sequence, except for the smallgof 0.5 and 1 ms,
respectively. In this latter case, a slightly smaller estimated
M crystallinity of f&) = 55.0+ 1.5% was obtained. The reason
fo = = (12b) for this is believed to originate from spatial inhomogeneity, since
Mc+KeaMa 14 (PP = DKea the crystalline region contains a small amount of a monoclinic
structure that coexists with the much larger fraction of an

and enables the crystallinity to be determined quantitatively from orthorhombic structure. Since no signal oscillation was observed
13C-CPMAS if the Kg/a ratio is known (cf. eq 6) The latter during the spin diffusion interval applied in this work, we have

parameter is determined by SD experiments (eq 10b). From the"© réason tg be'lieve. that any transient qscillatiqns during CP
present experiments this results in a crystalliri@ — 61+ at shorter diffusion times will affect the final estimate of the

crystallinity.
3% (Table 1). )Etoncerr):ing the reliability and stability of the experimental
Before proceeding further, we introduce the *filter facte;”  technique, control experiments on a HDPE sample (quenched
defined by in liquid nitrogen followed by hammering and possessing about
50% crystallinity) performed under different Hartmandahn
Mc(0) conditions using a fixed contact time of 2 ms were carried out.
1-e= Mc(0) + KoM (0) (13a) Table 2 suggests that neith&ga nor the corresponding
¢ CIATA crystallinity fraction (as derived by the method just outlined) is
) . . affected by changing the strength of the rf power (and thus the
If performing SD experiments on the same sample and keepingiime duration of ther/2 rf pulse) by more than 35%. Within
all instrumental parameters unchanged and just varying the experimental error, our proposed model therefore seems to be
cross-polarization timegp in the experiment, this paramete) ( stable and reliable under different Hartmartahn conditions.

Mc

faP—___C__
Mc + My

(12a)

The actual “two-phase” crystallinitf®@ is then easily derived

is expected to be constant. As can be inferred from ecc8a,  However, one aspect of concern relates to the implicit
attains the value 1 if the pulse sequence in Figure 1 enables togpproximation of treating an actual “three-phase” system as a
filter out all C-magnetization; otherwise,® ¢ < 1. It follows “two-phase” system. The former is clearly evidenced by the

from eq 10b that the interceptgo(andyp) of this straight line two observed peaks (I and C) within the crystalline region of
with the Ma(7m)/Ma(0) axis and theMc(tm)/Ma(0) axis, the 13C-CPMAS spectrum (cf. Figure 3). When performing a
respectively, can be expressed by “three-peak” fit to the spectra for each diffusion timg it was



5416 Zhang et al. Macromolecules, Vol. 40, No. 15, 2007

Table 1.Kca Ratio, Apparent Crystallinity Fraction 2", Derived Two-Phase Crystallinity Fraction ), Intercept yo, and Filter Efficiency e as a
Function of Contact Time zc,, As Derived by a Combined!*C-SD/CPMAS Pulse Sequence (Figure 1)

tep (MS) Kcia = nc/na (eq 1092 1% (eq 12a) 1% (eq 12b) Yo ¢ (eq 13a)
0.5 1.214+ 0.05 61 56+ 2 1.544+ 0.04 0.79£ 0.01
1 1.24+ 0.07 59 54+ 3 1.72+ 0.04 0.724+0.02
2 0.944+ 0.05 59 60+ 3 1.37+ 0.06 0.68+ 0.03
3 0.974+ 0.05 61 62+ 2 1.29+ 0.03 0.75+ 0.01
4 1.024+ 0.06 62 62+ 2 1.48+ 0.04 0.69+ 0.02
5 0.98+0.06 63 63t 2 1.37+ 0.04 0.724+0.02
6 1.21+0.16 64 60+ 5 1.74+ 0.05 0.70+ 0.04
7 1.264+ 0.06 66 61+ 2 1.80+0.11 0.70+£ 0.02
8 1.36+ 0.09 68 61+ 3 1.97+ 0.06 0.69+ 0.02
9 1.34+0.12 69 62+ 3 2.08+ 0.09 0.64+ 0.04
10 1.56+ 0.14 71 61+ 3 2.26+0.10 0.69+ 0.03

aDefined by the slope of eq 10b (cf. Figure 8Determined from CPMAS only (no spin-diffusiorf)Defined by the intercept of eq 10b with the
Mc(zm)/Ma(0) axis (cf. Figure 6).

25 Kon =15 Fc’ =60% A
60 .
2 %
~ S
S 151 @
I
= 3
>
05 ©
0 59 |
0 0.5 1
Ma(xm)/Ma(0) a =lo/(lo+Co)
Figure 6. Normalized crystalline phase signal intensifi¢(rm)/Ma- Kea=3.0, F = 60 % B
(0) as a function of the normalized amorphous phase signal intensity
Ma(zm)/Ma(0) as a function of different contact timeg = 10, 8, 6, 5,
4, and 1 ms. The plotted data are based on the same type of analysis N
as shown in Figure 5. 8
w
Table 2.K¢/a Ratio (Eq 6) and Corresponding Derived Crystallinity %‘
Fraction f& (Eq 12b) as a Function of the Strength of the RF s
Power (or the Time Duration of the #/2 RF Pulse) 2
o
IH tgo power of'H
(us) channel (db)  @/% (eq12b) K =c/ya (eq 10b) 5 , .
4.7 25 50 1.98
4.8 2.7 49 2.29 0 08 !
5.1 3 51 2.44 o =l/(lc+Co)
5.2 3.2 50 2.29 . L
54 34 28 515 Figure 7. Model calculated “two-phase” crystallinity as a func-

tion of the fractiono (= I/(I + C)) of the two crystalline components
found difficult to obtain a reliable intensity of the smaller peak ! and C within the crystalline region of a “three-phase” system (I, C,
(I) against diffusion time. Hence, we simply added the two @andA) having a crystallinity of c = 60% and (A)Kcia = 1.5 and (B)

; i “ Kcia = 3.0. The solid curves were calculated for differafja
intensities (I+ C) together and treated the system as a “two- (component I). The left part of the dotted, vertical line in (A) represents

phase” system. This may inevitably lead to a systematic error pnysically realizablex values in this work, indicating that a possible
in the derived crystallinity. However, as seen from Figure 7, systematic error introduced by our “two-phase” approximation is less
this systematic error is rather sma#l@.5% on an absolute scale) than 0.5% (on an absolute scale). Details of the model calculations are
and is discussed more thoroughly in the last section. present:ad in the se’Ftlon “Comments R_eg:%rdlng Crystallinity Derived
. from a “Two-Phase” Model Approximation”.

Styrene—Isoprene Block Copolymers.From a chemical
point of view the isoprenestyrene copolymer (Figure 8) is a  (b) the CP efficiency of PI is rather weak compared to PS. The
rather fascinating polymer due to the irreversibly cross-linking latter property leads to a highly distorted signal intensity
properties of the PI elastomer combined with the easy processingdistribution within a CPMAS spectrum and puts particular
of the thermoplastic PS. The rigid polystyrene domains can form demands on the quality and potential use of the combined SD/
a network of cross-link sites. Moreover, molecular motion within  3C-CPMAS method proposed in this work.
the soft Pl domain is of interest due to its prominent influence  The experimental procedure applied to extract the phase
on the stretching properties of the material. Hence, in a contentin the PS/PI samples is identical to the one just outlined
combined SDPC-CPMAS experiment the signal intensity of for the HDPE sample and will therefore not be discussed or
the assigned Pl peaks will decrease and the signal intensity ofcommented on any further. We simply replace the symbols A
the PS peaks will increase with diffusion time. and C in egs 38 by Pl and PS, respectively. A contact time

However, the objective for selecting this particular sample 7, = 1 ms was used, and the actual spin diffusion time was
was not motivated by the need to actually determine its phaseselected within the range of-20 ms to ensure no disturbing
content but rather that it is an excellent model system to evaluatespin—lattice relaxation effects. A series of SBZ-CPMAS
our method because (@) its phase content is well-known andspectra are shown in Figure 9 (sample S1) for different spin/
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trans contents can be easily calculated from their PS weight content.
The obtained data are listed in Table 3.
HC_CH%“[CHL\ ; Because of the somewhat limited number of data points in
n ’ C/C:CH\EH 1 the experiments, the derived standard deviatioKggp, ratio
* 3 2 is rather high (Table 3). However, by visual inspection of the
. Am data (Figure 10) and a statistical evaluation of the individual
cls HaCa . Kpsips values, the latter parameters may be assumed to be
N identical. We therefore fitted all data simultaneously under the
HC—CHyT—Ch; Chy—— constrained that alps;piwere identical. The results are shown
"
*

Im' by the dotted lines in Figure 10 witkpsps= 4.8 + 0.4. All

@ data in Table 3 are derived under this assumption, i.eK#ags
are the same for each sample. From this analysis it fotews

Figure 8. lllustration of the structure of the styremisoprene within experimental errerthat the filter efficiency for all sample

copolymer. The carbons marked with a (*) were chosen to probe the are the same and equaldc= 1, i.e., an ideal filter.

crystalline and the amorphous signals of the copolymer. Comments Regarding Crystallinity Derived from a “Two-
Phase” Model Approximation. For short spin-diffusion time
Tm, We may apply the linear approximation technigue to estimate
the proton signal intensitiyl(H;X) as a function of the square
root of diffusion time within the three phases X=(A

* (amorphous), C (crystalline 1), and | (crystalline 2)), i.e.

PS PI

M,(Hi7,) = IR/,
M(H;7) = CoRey/ty
Ma(H;7) = Ao — 1Rt — CRe/tm  (14a)

where lp and Cp represent the equilibrium (proton) signal
10 120 100 8 60 40 20 intensities of the two “crystalline” regions | and C, aAd is
ppm the initial signal intensity within the amorphous phase Adgr
Figure 9. Series of SAC-CPMAS spectra of sample S1 for different — 0- Rx symbolizes the apparent spin diffusion rate constant
spin-diffusion timesr,, = 5, 12, 16, and 20 ms. within region X. The last equation in 9a is derived under the
general constrained that the sum of the proton signal intensities

from all the three phases is constant and independent of diffusion
time and equal td\. It follows that the crystallinityfg can be
= written
=
5 l,+C
z o_'0 0
s c= (14b)
Ao
: Since it is the carbon nucleus which is detected (after application
0 02 04 06 08 1 of a CP pulse sequence), we must transform the proton signals
Me(t)Mr(0) (eq 14a) into the carbon frame. The results are summarized by
Figure 10. Normalized PS-phase signal intensifp(tm)/Mpi(0) as a eq 14c, after dividing eq 14a by, (normalization):
function of the normalized Pl-phase signal intensityi(zm)/Mp(0) as
obtained at different diffusion times, for four different PS-PI block M. (C;7) | C
copolymers S1, S2, S3, and S4. The dotted straight lines represent model Y=t —OR,K, + _ORCKC/ t
fits to eq 10b with C and A replaced by PS and PI, respectively. See Ay Ay TR A AV m
text for further details.
Ma(Citr) ly G
diffusion timestp (= 5, 12, 16, and 20 ms). The actual peaks X= Tm =1- XORi + KORC Vi, (14c)

chosen for this experiment were dictated by the following
constraints. To find peaks that have the least overlap with other . . .
P P Mc+1(C;tm) andMa(C;tr) represent the carbon signal intensities

peaks and, if possible, to find a region which represents both . ! .
the isomers (cis and trans) of isoprene restricted us to chooseOf the crystalline region (G- 1) and the amorphous region (A),

the peaks marked by * in Figure 8, which represents the rigid respectively. Again, the apparent crystallinffy", as obtained

13~ .
region (PS) and the elastomeric region (Pl), respectively. The from *C-CPMAS, can be derived (eq 14b) and reads
carbon signal intensitilpgC)of the PS peak is plotted against

the corresponding signal intensit§e|(C) of the PI peak within farp— Mlo + 1cCo
the PS-PI copolymer (Figure 10). The dotted straight lines AP — 1o = Co) + 1o+ 11cCo
represent linear fits to eq 10b with the resultikgs,p values LK.+ CK

AT o ciA

summarized in Table 3. Because of the fact that PS and Pl are =
well phase-separated, their phase fractions in terms of proton Ap + 1(Kya = 1) + Co(Kgja — 1)

(14d)
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Table 3.Kps/p Ratio, Derived Crystallinity Fraction fg), True Crystallinity Fraction f(co), Intercept yo, and Filter Efficiency € of Samples S+S4,
As Derived by a Combined SDFCP-MAS Experiment (cf. Figure 1)

sample Kpdpi = 17pdnpe (€9 10b} £21% (eq 12b) 1% (provider) yoP € (eq 13h)
s1 5.2+15 74+ 4 72 45+0.3 1.074+ 0.09
S2 5.7+35 57+3 58 4.6+0.2 1.04+0.09
S3 47+06 50+ 3 54 47+0.2 1.03+0.08
s4 48+038 67+ 3 68 5.0+ 0.2 0.964 0.09
Kps/pi,a¥ 48+0.4

aDefined by the slope of eq 10b (cf. Figure 9) with C and A replaced by PS and PI, respectieljned by the intercept of eq 10b with thvipg(zm)/
Mpi(0) axis (cf. Figure 9)¢ Determined by a simultaneous fit to all curves withs/piassumed to be the same for all samples.

Since the crystalline region is composed of two distinctly than 0.5% and, hence, insignificant. However, depending on
different phases (I and C), we introduce the fractional parameterthe actual values oKc/a and K¢y, the systematic error may

o defined by become larger (Figure 7B).
Referring to the experimental data of VanderHart and
o= lo (14e) Khoury 8 the K¢/a ratio of phases C and A seems to 8&.5
lo+Cy for most PE samples, leading to a rather small systematic error

by our two-phase approximation. Work is in progress to analyze
which simply expresses the fraction of I-phase within the a three-phase system by the more generalized procedure,
crystalline region (H C). Inserting this latter equation into eq  represented by eq 11b.
14d, we obtain

Conclusion
faP= Aoy + (1 = 0)Kein (141) From Table 1 we notice that the apparent crystallinity, as
UL+ oKy — 1)+ (1 — a)(Kgp — 1) determined from'3C-CPMAS, increases monotonically with

increasing contact time and signifies that nord#-CPMAS
From eq 14c we obtain a linear relation between Y and X by does not yield quantitative information regarding the relative
eliminating the time variable,. The slope of this line is given  phase content. However, by combining SD d#@-CPMAS,
by the derived crystallinity matches that obtained from wide-line
H NMR for contact timesrc, > 1 ms. For contact times 1
_ oRcKya + (1 — 0)K/n ms, the crystallinity becomes slightly smaller by10%. We
aRc+(1—-a)

(149) take this as symptomatic for spatial inhomogeneities, which

becomes apparent for short diffusion lengths and thus for short

In this work we have determined the crystallinity of a “three- diffusion times. Additional experimental results suggest that the
phase” system (A, |, C) by considering as a “two-phase” system combined SD/CP-MAS technique is reliable under different
(I + C; A) according to the following strategy: (i) to measure Hartmanr-Hahn conditions. Moreover, a more generalized
the two crystalline carbon peak intensities (I and C) and the applicability of the technique is demonstrated by determining
amorphous peak intensity (A) as a function of diffusion time the rigid fraction in PSPI diblock copolymers.
Tm from a combined SBFC-CPMAS experiment (eq 14c); (ii)
to plot (1 + C) against A; (iii) to determin& from the slope of Acknowledgment. E. W. Hansen is obliged to Borealis for
the preceding line ( C) vs A (eq 14g); (iv) to calculate the  financial support in preparing this manuscript during his stay
2 from a simple 13C-CPMAS experiment (eq 14d); (v) at ECNU in Shanghai, China. This work is also supported by
replacing Keia by K in eq 14g and inserting the apparent the project of NSFC (No. 20474019) and by Program for
crystallinity {3 (eq 14d) into eq 14b to determine the “two- Innovative Research Team in University. A speC|aI. thanks to
phase” crystallinity,fg). Prof. Zhongde )§u at Eas.t thna Unlversny of Science and

Since we do not know the apparent spin diffusion raes Technology for kindly providing us the PSI diblock copoly-

(eq 14a), we will make the following tentative approximation: M€'S:
Rx/Ry = Kx/Ky for any two phases X and Y, which simply
states that the spin-diffusion rate is proportional to the enhance-
ment factor; i.e.; “a phase possessing a faster internal molecular (1) Stejskal, E. O.; Schaefer, J. J.; Waugh, JJ.SVlagn. Reson1977,
motion has a smaller enhancement factor and a correspondingly ~ 28 105.

smaller spin diffusion rate”. This assumption leads to the (2) Pines.A. Gibby, M. G.; Waugh, J. $. Chem. Physl973 59, 569.

. . . « » (3) Kolodziejski, W.; Klinowski, J.Chem. Re. 2002 102, 613.
following and final relation between the calculated “two-phase (4) Zhang, S.; Wu, X.; Zhang, H.: Wu, XChem. Phys. Let.99Q 165

crystallinity f? and the actual “three-phase” crystallinit{: 465.
(5) Fu, R.; Hu, J.; Cross, T. Al. Magn. Resorn2004 168 8.
1 (6) Hu, W.-G.; Schmidt-Rohr, KPolymer200Q 41, 2979.
> > (14h) (7) Hou, G.; Deng, F.; Ye, C.; Ding, S. Chem. Phys2006 124.
oKya” + (1 — a)Kgja (8) VanderHart, D. L.; Khoury, FPolymer1984 25, 1589.
_ 2 (9) Hartmann, S. R.; Hahn, E. Phys. Re. 1962 128 2042.
(@Kya + (1 = a)Keja) (10) Schaefer, J. J.; Stejskal, E. D.Am. Chem. Sod.976 98, 1031.
. - . . (11) Mehring, M.Principles of High Resolution NMR in SolidSpringer-
from which the curves in Figure 7 are derived. For a giken, Verlag: New York, 1983.
it is easily shown thaf$?) attains its minimum value for the  (12) Zhang, L.; Chen, Q.; Hansen, E. \Macromol. Chem. Phy2005

. - . 206, 246.
smallestKya, i.e., forKya = 1. As can be noted from Figure (13) Voigt, G.: Kimmich, R.Polymer198Q 21, 1001.
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