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SYNOPSIS

Carbon-13 spin-lattice relaxation rates (1/7',) and nuclear Overhauser enhancement (NOE)
measurements were performed on poly(4-methyl-1-pentene) above the glass transition
temperature in order to explain the segmental motion of the molecule by means of high-
resolution nuclear magnetic resonance spectroscopy. Experiments were carried out for
poly{4-methyl-1-pentene) with low, medium, and high molecular weights. The similarity
of the T, values showed that for polymers with a degree of polymerization (DP) > 100 the
relaxation behavior of the carbon atoms no longer depends on molecular weight. The tem-
perature effects were studied at 358, 363, 373, 383, 393, and 403 K, both on 25.18 and 100.61
MHz magnetic fields. Finally, several mathematical T'; models were applied to study the
change of T'; encountered by the individual carbon atoms. The results reveal that the more
factors being considered in the calculation the more consistent will be the resulits obtained
with the T'; model. A comparison showed that parameters used in the DLM T'; model gives

the best fit. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The study of dynamic properties of macromolecules
by means of *C-nuclear magnetic resonance (NMR)
spectroscopy has become one of the most promising
methods in recent years.!”!® A number of studies fo-
cused on the measurement of spin-lattice relaxation
times and the nuclear Overhauser enhancement for
polymers in solution in order to calculate the cor-
relation time 7. for the segmental motions of the
bulky side chain of the molecule.

In this project, we intended to study poly(4-
methyl-1-pentene) by means of high-resolution
NMR techniques. Poly(4-methyl-1-pentene) is a
well-known material for an oxygen-enriched mem-
brane; the permeability of oxygen of this polymer is
considered higher than that of other materials. The
bulky side-chain rotation could have increased the
free volume of the polymer, and, therefore, increased
the permeability. Since the segmental motion along
the chain determines the molecular transport
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through the membrane, the relaxation time constant
T of the carbon atoms can provide a direct insight
into the membrane permeability in these systems.
Therefore, it is interesting to carry out a thorough
relaxation study for the carbon atoms in order to
investigate the local side-chain motion of poly(4-
methyl-1-pentene). However, this research is con-
fined to the study of the polymer dissolved in a deu-
terated solvent at temperatures higher than 358 K;
it is impossible to reflect the molecular motion in
the solid state.

The present work was performed above the glass
transition temperature, T}, of the polymer. Below
the 7, the polymer exists in the solid state and the
bonding chains are hindered for fast motions; as a
result, the dipolar coupling interaction between car-
bon and hydrogen atoms and the contribution from
the chemical-shift anisotropy cannot be averaged
out effectively. Consequently, the NMR signals ob-
tained are significantly broadened.’®®

For polymers above the T, the motions are so
fast that the dipolar coupling interaction and the
chemical-shift anisotropic effects are averaged out
to a large extent; therefore, well-resolved signals can
be obtained.'%*
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In the present work, the 3C-NMR spectrum of
poly(4-methyl-1-pentene) was measured and the
chemical shifts assigned. Spin-lattice relaxation time
constants T'; and nuclear Overhauser enhancements
(NOE) were performed to interpret the segmental
motions of the polymer. Experiments were carried
out for low, medium, and high molecular weights for
different temperatures with 400 and 100 MHz FT-
NMR instruments.

Hall and Helfand,?* Viovy et al.,?? Jones and
Stockmayer,? and Skolnick and Yaris?* proposed
in their works mathematical models describing the
segmental motions of the side chains of the polymer.
They tried to find a set of parameters that are con-
sistent with the experimental results. Furthermore,
they studied the temperature effects on T'; values of
the nuclei and the line shape of the relevant signals.
We have applied these models to our system and
compared the results obtained for a thorough un-
derstanding of the segmental motion of our system.

EXPERIMENTAL

Material and Sample Preparation

Poly (4-methyl-1-pentene) labeled with low, me-
dium, and high molecular weights were purchased
from Aldrich Chemical Co. and used without further
purification. The glass transition temperatures, T,
were determined with a Thermal Analyst 2000,
which are 12, 23, and 43°C for low, medium, and
high molecular weights, respectively. All solutions
were prepared in 5 mm o.d. NMR sample tubes with
0.14 g poly (4-methyl-1-pentene) in 0.79 g 1,1,-2,2-
tetrachloroethane (99.5% D, bp = 146°C, purchased
from Fluka Chemical Co.); the final percentage
weights are 15% for all three samples. The sample
tubes were degassed by the freeze-thaw method.
Since the polymer did not dissolve at room temper-
ature, the tubes were heated in an oil bath (110°C)
for 1 week; after cooling down, a condensed homo-
geneous gel can be obtained, which was degassed
three times by freeze-thaw and sealed for measure-
ment.

NMR Measurements

13C.NMR measurements were done at two frequen-
cies, namely, 25.18 MHz (by a BRUKER WP-100
NMR spectrometer) and 100.61 MHz (by a BRU-
KER AMX-400 NMR spectrometer). Experiments
were performed at 358, 363, 373, 383, 393, and 403
K using the inversion-recovery method for the spin-

lattice relaxation time constants of the carbon at-
oms. Every experiment was repeated twice. The
standard deviations of the T'; values for all temper-
atures are less than 5% except for 358 K. Broad-
band decoupling and inverse-gated decoupling
methods were also carried out for the evaluation of
the NOE enhancements, and the temperature cali-
bration was made for a 80% glycol solution.

RESULTS AND DISCUSSION

The carbon-13 spectrum is shown in Figure 1. The
assignment of the chemical shifts is quite straight-
forward and can be found in the literature. Since it
is not of interest in this study, we only presented
the results.

When analyzing the spin-lattice relaxation rate,
we have to consider all possible relaxation mecha-
nism: The overall relaxation rate is the sum of six
types of the relaxation mechanisms, namely, the di-
pole—dipole relaxation, Ripp; the chemical-shift an-
isotropic relaxation, R;csa; the spin rotation relax-
ation, Rgp; the quadrupolar relaxation, Rq; the
paramagnetic relaxation, R,p; and the scalar cou-
pling relaxation, R;gc.

In our experiment, quadrupole nuclei and para-
magnetic substances are not present; therefore, R;q
and R;p can be neglected. Moreover, the contribution
of Rgc is also negligibly small due to the difference
of Larmor frequencies between carbon and hydrogen
nuclei. In our system, the overall relaxation rate can
be given by

Ry = Ripp + Ricsa + Risr (1)

The ¥C — 'H dipolar relaxation rate, R;pp, is in-
versely proportional to the ¢, and r is the interdis-
tance between carbon and hydrogen atoms. From
the nuclear Overhauser effect, it is known that

Nobs

Ripp = R, (2)

nmax

which can be expressed in terms of relaxation times:

nmax
Tiop = T, (3)

Nobs 18 the experimental value for NOE. If the relax-
ation is completely contributed by the *C— 'H di-
polar interaction, 7., = 1.989.

Table I represents the T; values for 25.18 and
100.61 MHz. Table II lists the corresponding NOEs.
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Figure 1 The carbon-13 spectrum of poly (4-methyl-1-pentene).

From these data, the *C—'H dipolar relaxation
time constants, T,pp, for all five carbon atoms at
the measured temperatures can be obtained.

The contribution of chemical-shift anisotropy,
Ricsa, can be expressed as

1 2
Ricsa = —— = = ~2H2(5, — 5,)?
1CSA Troon 57 Hg(éy—6,)° 7. (4)

where 6, and 8, are the shielding tensors parallel
and perpendicular to the molecular symmetry axis.
As can be seen, R;csa increases quadratically with
the strength of the magnetic field. Where the spin
rotation R, gy is independent of the field strength,

Rysr =

1 (2xIKT
Tisr h?

)CZTSR (5)

From eq. (1), the sum of R;csa and R;gr can be
calculated quite straightforwardly. Since our exper-
iments were performed on both 400 and 100 MHz
NMR instruments, and the 400 MHz field strength

is 3.99563 times stronger than the 100 MHz, there-
fore,

RICSA (100.61 MHZ)
= 15.965 Rycsa (25.18 MHz) (6)

However, the spin rotation relaxation rates re-
main constant at different magnetic fields if the
temperature is kept constant. Therefore, combining
the results yields the following equation:

(RICSA (100.61 MHZ) + RISR (10061 MHZ))
— (Rycsa (25.18 MHz) + R;sg (25.18 MHz))

= 14.965R,csa (25.18 MHz) (7)

RICSA (2518 MHZ) and RlCSA (10061 MHZ) can be
easily evaluated with egs. (6) and (7). Since spin-
rotation is independent of the magnetic field, there-
fore, Tsr can be obtained quite straightforwardly.
The results of Typp, T1csa, and Tigg of the polymer
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TableI The Spin-lattice Relaxation Time Constants 7 for All Carbon Atoms
of Poly-(4-methyl-1-pentene)

Frequency MHz MW C 358 K 363 K 373 K 383 K 393 K 403 K
25.18 L C1 65.3 74.6 89.8 104.3 132.3 139.0
C2 110.1 126.7 157.2 182.7 219.1 234.0
C3 81.1 86.2 101.8 113.9 143.3 153.8
C4 184.5 196.0 234.7 260.0 326.6 352.2
Cs 590.1 740.4 824.0 968.4 1238.1 1330.1
C2/C1 1.69 1.70 1.75 1.75 1.67 1.68
C4/C3 2.27 2.27 2.30 2.28 2.28 2.29
25.18 M C1 63.1 721 90.9 106.2 119.8 141.6
C2 109.3 124.7 152.5 179.7 196.2 233.4
C3 76.2 80.9 104.4 126.5 138.5 153.8
C4 176.8 188.6 236.3 287.2 318.6 3498.5
C5 592.6 737.2 895.2 1067.8 1274.9 1303.7
C2/C1 1.73 1.73 1.68 1.69 1.64 1.65
C4/C3 2.32 2.33 2.26 2.35 2.30 2.27
25.18 H C1 64.9 72.1 85.1 101.4 114.9 125.0
C2 118.5 124.8 143.0 165.0 180.0 210.0
C3 79.4 86.1 99.2 107.5 124.0 129.4
C4 182.6 199.5 226.4 245.2 281.5 295.0
Cs 605.0 698.2 800.2 934.2 1062.3 1154.56
C2/C1 1.75 1.73 1.68 1.63 1.65 1.68
C4/C3 2.30 2.32 2.28 2.28 2.27 2.28
100.61 L C1 153.2 173.0 197.4 208.5 231.9 255.0
C2 275.5 302.5 335.0 355.3 401.8 440.5
C3 207.2 221.1 253.6 262.5 304.3 332.2
C4 504.4 538.8 607.8 648.8 734.1 756.6
C5 1083.5 1167.8 1426.8 1518.3 1852.0 2021.5
C2/C1 1.80 1.75 1.70 1.70 1.73 1.73
C4/C3 2.43 2.44 2.39 2.47 2.41 2.28
100.61 M C1 171.9 179.7 191.7 210.0 223.9 248.2
C2 292.2 312.8 350.4 366.2 390.0 418.5
C3 204.1 224.0 248.2 275.1 290.8 3184
C4 529.4 564.5 601.1 645.1 693.1 746.3
C5 1134.0 1241.5 1387.8 1597.8 1769.8 1986.0
C2/C1 1.70 1.74 1.83 1.74 1.74 1.69
C4/C3 2.59 2.52 2.42 2.34 2.38 2.34
100.61 H C1 164.2 177.2 191.3 212.1 237.5 257.5
C2 286.4 300.1 323.6 362.2 402.8 433.3
C3 204.9 221.6 238.6 269.5 302.6 325.5
C4 485.8 521.4 601.3 638.2 697.9 748.8
C5 1085.0 1182.5 1353.0 1559.0 1787.0 1973.5
C2/C1 1.74 1.69 1.69 1.71 1.70 1.68
C4/C3 2.42 2.35 2.52 2.37 2.31 2.30

L, M, and H represent polymers with low, medium, or high molecular weight measured in ms.

with medium-sized molecular weight for all the
measured temperatures are presented in Table III.

From the experiments performed at 25.18 MHz,
the relative contributions of Ripp, Ricsa, and R;gr
to the total spin-lattice relaxation are given in Table

IV. It is obvious that the principal relaxation mech-
anism undergone by our system is the *C— 'H di-
polar relaxation rate; R;pp is more than 93%. The
percentage for R,gg is less than 1%. This result
shows that for carbon atoms of poly (4-methyl-1-
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Table II The NOE for All Carbon Atoms of Poly-(4-methyl-1-pentene)
Frequency MHz MW C 358 K 363 K 373 K 383 K 393 K 403 K
25.18 L C1 1.880 1.887 1.886 1.901 1.920 1.931
C2 1.879 1.890 1.899 1.912 1.931 1.942
C3 1.853 1.863 1.870 1.887 1.903 1.927
C4 1.863 1.871 1.873 1.886 1.896 1.898
C5 1.956 1.956 1.958 1.961 1.958 1.964
25.18 M Ci 1.883 1.889 1.891 1.913 1.935 1.931
C2 1.881 1.893 1.897 1.923 1.938 1.940
C3 1.851 1.867 1.867 1.876 1.901 1.927
C4- 1.867 1.870 1.875 1.871 1.881 1.903
C5 1.950 1.953 1.957 1.957 1.960 1.965
25.18 H Ci 1.883 1.891 1.890 1.908 1.928 1.937
C2 1.873 1.880 1.901 1.923 1.937 1.948
C3 1.846 1.865 1.877 1.876 1.915 1.936
C4 1.860 1.867 1.879 1.891 1.885 1.897
Ch5 1.950 1.951 1.951 1.957 1.961 1.963
100.61 L C1 1.152 1.124 1.154 1.232 1.340 1.390
C2 1.022 1.100 1.218 1.284 1.408 1.506
C3 0.988 1.020 1.066 1.202 1.246 1.292
C4 0.992 1.002 0.972 1.036 1.138 1.174
Ch 1.544 1.588 1.606 1.620 1.616 1.648
100.61 M C1 1.038 1.660 1.166 1.270 1.348 1.398
C2 1.078 1.097 1.148 1.294 1.434 1.494
C3 0.961 1.010 1.062 1.154 1.236 1.316
C4 1.010 0.974 1.008 1.030 1.068 1.148
Cs 1.504 1.535 1.608 1.598 1.635 1.668
100.61 H Ci 1.100 1.102 1.145 1.208 1.289 1.380
C2 1.036 1.117 1.165 1.278 1.397 1.496
C3 0.939 0.983 1.078 1.113 1.228 1.312
C4 1.016 1.038 0.991 1.056 1.085 1.118
C5 1.534 1.550 1.589 1.607 1.627

1.646

pentene) at low magnetic fields (25.18 MHz) the
spin-lattice relaxation mechanism is due mainly to
the dipole-dipole interaction between carbon and
hydrogen nuclei.

For experiments performed at 100.61 MHz, the
contribution of the dipole-dipole relaxation is still
the dominant mechanism used. R,pp is between 48
and 84%. But the percentage of the relaxation rate
from the chemical-shift anisotropy has increased to
15-37%.

Molecular Weight

It can be shown?28 that in the case of polymer in
solution the spin-lattice relaxation times, T, are
independent of molecular weight if the degree of po-
lymerization (DP) is higher than 100. In our ex-
periments, although three polymer samples have dif-

ferent molecular weights, DP values are larger than
100. Therefore, the T, values depend only on the
segmental motion of the polymer. Similar 7', results
were obtained for low, medium, and high molecular
weights regardless of the fields and temperature used
(Table I).

Magnetic Field Strength

For wr¢> 1 and for the same 7¢, T1pp increases with
the Larmor frequency of the measured nuclei if
temperature is kept constant. Helfand?’ derived the
following equation for the polymer chain:

7. =~ nC exp(E*/RT) (8)

where 7 is the viscosity, and C, the molecular con-
stant. E* is the activation energy of motion. It is



1866 MA, CHEN, AND WANG

Table III The Tpp, Ticsa, and T gg for All Carbon Atoms of Poly(4-methyl-1-pentene)

of Medium Molecular Weight

Frequency MHz Type C 358 K 363 K 373 K 383 K 393 K 403 K
25.18 Tipp C1 66.7 75.9 95.6 110.4 123.1 145.9
C2 115.6 131.0 159.9 185.9 201.4 239.3
C3 819 86.2 1113 134.1 144.9 158.7
C4 188.4 200.6 250.7 315.9 336.9 365.3
C5 604.5 750.8 909.8 1084.7 1293.8 1319.6
100.61 Tipp C1 329.4 337.2 326.9 328.9 330.3 353.1
C2 539.1 567.2 607.1 562.8 541.0 5567.1
C3 422.5 441.1 464.7 474.1 468.0 481.2
C4 1042.5 1152.7 1186.2 1246.1 1290.9 1293.0
Cs 1499.7 1608.7 1716.6 1988.9 2153.2 2368.2
25.18 Ticsa C1 7.73 7.87 9.27 10.99 12.34 15.10
C2 13.97 14.30 16.56 19.44 25.59 30.59
C3 9.22 10.40 11.62 13.87 15.23 17.40
C4 25.67 25.50 2591 27.27 30.07 33.79
C5 82.25 93.94 124.65 142.35 167.86 207.85
100.61 Ticsa C1 0.48 0.49 0.58 0.69 0.77 0.95
C2 0.87 0.90 1.04 1.22 1.60 1.92
C3 0.58 0.65 0.73 0.87 0.95 1.09
C4 i.61 1.60 1.62 1.71 1.88 2.12
C5 5.15 5.88 7.81 8.92 10.51 13.02
100.61 Tisr C1 1.40 1.75 2.30 3.72 6.87 7.16
25.18 C2 2.35 3.15 4.12 7.51 10.92 13.73
C3 1.25 1.51 1.99 2.66 3.94 6.89
C4 3.25 3.60 4.89 6.14 7.29 10.62
C5 47.77 71.92 100.53 131.75 181.73 224.78

Units: Tipp in ms; Ticsa and Tigr in s.

evident that, if the concentration, solvent, and tem-
perature are kept constant, 7¢ will not be affected
by the magnitude of the field strength. Tpp in-
creases with the strength of the external magnetic
field for wrc = 1. T';csa, on the contrary, is inversely
proportional to the square of the field strength. Fi-
nally, T;sr is independent of the magnetic field.

Temperature Effect

As can be seen from Table III, the T pp values in-
crease with temperature. If the temperature is raised,
the rapid molecular tumbling places them in the ex-
treme narrowing condition, where 7. is small and
Tipp is inversely proportional to the correlation
time, 7¢.

According to eq. (4), Ticsa is inversely propor-
tional to (é; — & 1 )2-1c. As temperature increases,
the molecular motions become faster and the
shielding tensors 6, and 6, can be partially averaged

out and the term (8; — 8,)? is small. Therefore, it
is evident that at higher temperatures T'; values in-
crease. The experimental results are shown
Table IiI.

Since the T'gr value is independent of the mag-
netic field strength, the T'sg obtained with 25.18
and 100.61 MHz are equal for constant temperature.
For temperatures above the vaporization point, T;sg
is inversely proportional to T', C? rgg, where C is
the average spin-rotation tensor.2? However, as can
be seen from Table III, the T';sg increases with tem-
perature. This can be explained by that all the tem-
peratures used in this work are still below the va-
porization point, where rgr decreases with temper-
ature.

In this work, tetrachloroethane was used as the
reference, with the central signal set at 6 74.36 ppm.
Table V lists the chemical shift of carbon atoms for
all the measured temperatures. In our experiment,
the electron shielding tensor is the only factor that
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Table IV The Percentage of Ripp, Ricsa, and R;sg in All Carbon Atoms of Poly(4-methyl-1-pentene) of
Medium Molecular Weight

358 K 363 K 373 K 383 K 393 K 403 K
25.18 MHz
C1 Ripp 94.67 94.98 95.07 96.18 97.29 97.08
Ricsa 0.82 0.92 0.98 0.97 0.97 0.94
Riysp 4.51 412 3.95 2.85 1.74 1.98
C2 Ripp 94.57 95.17 95.38 96.69 97.43 97.54
Ricsa 0.78 0.87 0.92 0.92 0.77 0.76
Risp 4.65 3.96 3.70 2.39 1.80 1.70
C3 Ripp 93.07 93.86 93.85 94.33 95.57 96.89
Ricsa 0.83 0.78 0.90 0.91 0.91 0.88
Risr 6.10 5.36 5.25 4.76 3.52 2.23
C4 Rypp 93.87 94.02 94.26 94.07 94.57 95.68
Ricsa 0.69 0.74 0.91 1.09 1.06 1.03
Rysp 5.44 5.24 4.83 4.84 4.37 3.29
C5 Ripp 98.04 98.19 98.39 98.44 98.54 98.79
Ricsa 0.72 0.78 0.72 Q.75 0.76 0.63
Risgp 1.24 1.03 0.89 0.81 0.70 0.58
100.61 MHz
C1 Ripp 51.91 53.06 58.62 63.92 67.66 70.40
Ricsa 35.81 36.67 33.05 30.43 29.08 26.13
Risr 12.28 10.27 8.33 5.65 3.26 3.47
C2 Ripp 53.98 55.31 57.81 65.10 72.05 75.15
Ricsa 33.59 34.76 33.69 30.02 24.38 21.80
Risr 12.43 9.93 8.50 4.88 3.57 3.05
C3 Ripp 48.48 50.71 53.53 58.04 62.01 66.17
Ricsa 35.19 34.46 34.00 31.62 30.61 29.21
Risr 16.33 14.83 12.47 10.34 7.38 4.62
C4 Ripp 50.83 49.04 50.61 51.76 53.62 57.77
Ricsa 32.88 35.28 37.10 37.73 36.87 35.20
Rigp 16.29 15.68 12.29 10.51 9.51 7.03
Ch Ripp 75.61 77.16 80.85 80.88 82.19 83.87
Ricsa 22.02 21.11 17.77 17.91 16.84 15.25
Risr 2.37 1.73 1.38 1.21 0.97 0.88
Unit: in %.

1s responsible for the variation of the chemical shifts.
A comparison of the chemical shifts of the carbon
signals shows that the C-1, C-2, C-3, and C-4 atoms electron density is inhomogeneous; hence, C-
shift downfield with a temperature increase, whereas 1 and C-2 atoms shift to a lower field.

the C-5 signal shifts upfield. The reasons are given 2. C-3 and C-4 atoms are located on the side
as follows: chain, where the degree of motion is consid-
erable more mobile than for the C-1 and C-
2 atoms; however, it is not as flexible as for

tensors cannot be averaged out effectively.
As a matter of fact, the distribution of the

1. C-1 and C-2 atoms are located on the main

chain of the polymer; segmental motion at
elevated temperature is inhibited due to the
rigid conformation. Therefore, the shielding

the C-5 atom. Therefore, the signals still shift
slightly downfield.

3. The C-5 atom on the terminal of the side
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Table V The Chemical Shifts of
Poly(4-methyl-1-pentene)
of Medium Molecular Weight

358 K 383K 373K 383K 393K 403K
25.18 MHz
42.21 42.23 42.31 42.36 42.44 42.51
31.02 31.04 31.08 31.16 31.24 31.32
45.91 45.92 45.95 45.97 46.02 46.04
25.80 25.81 25.82 25.84 25.86 25.87
23.73 23.72 23.71 23.69 23.67 23.65
100.61 MHz
42.24 42.29 42.40 42.47 42.53 42.60
30.04 31.08 31.20 31.28 31.36 31.45
45.90 45.93 46.00 45.03 46.06 46.10
25.78 25.80 25.84 25.86 25.88 25.90
23.70 23.69 23.69 23.66 23.64 23.61

Unit: measured in ppm.

chain and the carbon atoms of tetrachloro-
ethane are freely rotatable. From the exper-
imental data, we observed that the C-5 atom
shifts slightly upfield with the temperature
increase.

T, and NOE

The longest T'; measured here is that of carbon atom
C-5. It is easily explained by the free local motion
of the terminal carbon atoms. Therefore, a longer
7. and a shorter T'; were obtained. {TableI). A fur-
ther observation reveals that C-3 and C-4 atoms on
the side chain have longer T'; than that of the C-1
and C-2 atoms on the main chain. The reason is
that the rigid structure of the main chain has hin-
dered the free motion of the carbon atoms.

According to theory, carbon atoms with the same
chemical environment follow the following equation:
T.(CH) = 2 X T,(CH,). However, the ratio of the
T, of C-2 {CH) to that of C-1 (CH,) on the main
chain gives T1(C-2)/T1(C-1) = 1.72 £ 0.08, whereas
that of C-4 (CH) to C-83 (CH;) on the side chain
equals T;(C-4)/T,(C-3) = 2.42 + 0.16. Both ratios
deviate from the standard value of 2. We can assume
that the C-2 on the main chain is more rigid, 7. is
longer, and T is shorter; therefore, the T ratio is
less than 2. A comparison of the carbon atoms C-3
and C-4 shows that C-3 is more rigid and less flexible;
here, the 7' ratio is larger than 2.

The study of the NOE values (Table II) reveals
that the NOE of the C-5 atom is almost identical to
the theoretical maximum value of 1.989. This in-

dicates that the C-5 atom undergoes purely *C— *H
dipolar relaxation. It is not surprising since the C-
5 atom has the largest number of neighboring pro-
tons, which makes T';pp most effective. Besides, be-
low the vaporization point, the C-5 atom rotates so
fast that 7. becomes very short; as a result, the con-
tribution of the spin rotation relaxation is negligible.
Moreover, the fast rotation of the C-5 atom averages
out the shielding tensors 9, and §; , and the chemical-
shift anisotropic relaxation can be neglected as well.

From Table II, we found that at a lower temper-
ature, such as 358 K, the NOE values of C-1 and C-
4 atoms are larger than those of C-2 and C-3 atoms,
respectively. However, at a higher temperature, such
as 383 K, the situation reverses. This result suggests
that the 3C — 'H dipolar relaxation is the dominant
relaxation mechanism for C-2 and C-3 atoms at
higher temperatures. The reason is rather compli-
cated: As can be seen, the C-2 atom, located on the
most rigid part of the polymer structure, is the least
flexible. The local motion is not easily affected by
the change of the temperature. Therefore, a dipole—
dipole relaxation mechanism overwhelms. The same
explanation can be applied to C-3 and C-4 atoms.

Generally, NOE values of all carbon atoms in-
crease with temperature. This indicates that overall
spin-lattice relaxation tends to follow a pure
13C— 1H dipolar relaxation mechanism with a tem-
perature increase.

Comparison of Several T, Models

In the present work, four kinds of mathematical
models for the spin-lattice relaxation were applied
to the simulation of poly(4-methyl-1-pentene). A
brief review of the correlation functions is presented
in the following:

The IR Model*®

With the assumption of a pure dipolar relaxation
mechanism, the spin-lattice relaxation rate can be
expressed by the following equation:

1 h2 2.2 1
=2 XVH_° (J(wn — wc)
Tipp 10 rew

+3J(wc) +6J(wH+wc)) (9)

Ripp =

where wy and wc are the 'H and *C Larmor fre-
quencies.

The spectral density function is given by the fol-
lowing expression:



J(w) = f_m K(r)e ™ dr

= foo K(O)efr/fce—im dr
=A(7./(1 + ?})) (10)

where k(7) is the corresponding correlation func-
tion.

HH Model?'

The application of eq. (10) for polymer in solution
is by far oversimplified. Hall and Helfand developed
a modified version of the correlation function:
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G(t) = exp(—t/m)exp(—t/7)o(t/71) (11)

where I, is the Bessel function of integral order zero,
and 7, represents the correlation time for the single-
bond conformational transitions and 1, is the cor-
relation time for cooperative transitions.

The corresponding spectral density function is
given by

J(w) = 2{((rz") (72} + 2r{") — w?)?
+ (2(72—1 + Tl—l)w)2}—1/4

2 —1+ -1
2z Ar)e A
T (12" +217") —w

X cos{ i arctan(

Model g T 2/ 1T 4 T 1/ 7 @ a
IR 0.068
HH 0.049 1.51
KKI 0.109 400.0 0.26
DLM 0.078 1.50 400.0 0.26
T(S)
0.7 4
0.65
0.5 3
0.4 3
: 100.61 MHz
0.3 3
0.2 3
E ‘»-}25.18 MHz
0.1 —— IR - T,; Model T
SR SIS HH - T; Model
3 ----DLM - T, Model
3 -~ — KKI = T, Model ++++ nT,
0.0—lllT]]ll'l1)llY]Yl]]ll]]‘lllll]']l]1]f[l
2's 2'6 2'7 2's 29 30 3 .
—T'(K)

Figure 2 Comparison of 25.18 MHz nT, values for C-1 carbon of poly(4-methyl-1-
pentene) with fitted parameters for the four models.
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KKI Model*'

The correlation function proposed by Kinosita and

co-workers can be written as follows:

G(t) = (1 —a)exp(—t/71) Io(t/7y)
+aexp(—t/1o) (13)

where 7, is the correlation time of the local aniso-

tropic reorientation, i.e., the bond liberation term.

The Fourier transformation yields the spectral den-
sity:

and

cos § — cos®§\?
SR pai i 15
1-a (2(1—cos 0)) (15)

where a random anisotropic fast reorientation of the
CH vector inside a cone of half-angle 8 is proposed,*?
the axis of which is the rest position of the CH bond:

71 7o
J = ——— J = ———
un (@) 1+ wz'rf o(@) 1+ w2‘r(2)

_(Q-a)ny ato The dipolar relaxation rate can then be expressed
J(w) = 2_2 22 (14)
1+ w'ry 1+ w’rg as
Model Ty '52/'51 ‘Cx/l'o a
IR 0.082
HH 0.049 1.51
KKI 0.124 400.0 0.20
DLM 0.089 1.50 400.0 0.20
T4(S)
0.60 =
|
0.50 3
.
0.40 3
3 . THO00.61 MHz
0.30
3
0.20 4
0103 -—— IR - T, Model “‘"7—”‘5—}25‘18 MHz
] HH - T, Model
2 ---- DLM - T, Model
3 -—~ KKI — T, Model «e«++nT,
0.00_TIIII'I‘}lT‘l‘(TITTj_I]I III!IIIIT‘YTﬁTI1
25 26 27 , 29 30 _,%ﬁ( o

Figure 3 Comparison of 25.18 MHz nT, values for C-2 carbon of poly(4-methyl-1-
pentene) with fitted parameters for the four models.
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1 R2yEyh 1 G(t) = (1 —a)exp(—t/72)exp(—t/71)1o(L/71)
R == 1 —a) ————— @ J wy — W
1= ( ) 10 r(éH[HH(H c) o
+aexp(—t/7 17
+ 3 (we) + 6Jum (@ + w)] ’
h2vedvh 1 The spectral density function is
+ a1 (won — we) + 3Jo(wc)
10 rcH
1—a ary
+ 6Jy(wy + 16 J = 18
O( H wC)] ( ) (w) (a+iﬂ)1/2 1+O)2T(2) ( )
DIM Model*?
. . . where a = 732 + 2r7173' — w? and 8 = —2w(77*
The DLM model describes the local chain motion 1
. . .. + 75°) and let
in terms of conformational transitions 7, and the
bond liberation 74, which combines the HH and KKI
models. The corresponding correlation function be- J == % J(w)=—10
comes (@) (o +i8)1/2° olw) 1+ w?r}
Model Ty z 2/ 7 s T 1/ 7T o a
IR 0.054
HH 0.039 1.52
KKI 0.092 400.0 0.30
DLM 0.065 1.51 400.0 0.30
TSy
1.00
0.80 4
0.60
] 100.61 MHz
0.40
0.20 3 N —— 3
]—— IR - T, Model TT-LTE=R5.18 MHz
] e HH - T, Model '
1---- DLM - T, Model
3- — — KKI - T, Model ++++nT,
OOO TTIITYY7I2‘5liII{IIIII7II[T218|'TI‘2[9(‘IIY;TTV]
. 26 2. - k %(K—1)

Figure 4 Comparison of 25.18 MHz n T, values for C-3 carbon of poly(4-methyl-1-
pentene) with fitted parameters for the four models.



1872 MA, CHEN, AND WANG

Table VI The Correlation Functions
of Various T; Models

T: Model Correlation Function
IR r(t) = reexp(—t/ry)
HH r(t) = reexp(—t/72) X exp(—t/m,)o(t/71)
KKI r(t) = ro[(1 — a)exp(—t/7,) + a]
DLM r(t) = ro[(1 — a)exp(—t/1o — t/71)

X Iy(t/m, + a)]

The spin-lattice relaxation rate of carbon nuclei can
be expressed as in eq. (16). The results obtained
with different models should be consistent with the
experimental T'; and NOE values, where NOE is

defined as

_H 6J(wy + wc) — J(wp — we)

;J(wﬂ—wc)-FSJ(wC)+6J(wH+wC) (19)

We have already verified that the 7'; values are
independent of the molecular weights. Therefore,
we only compared the measured 7', values and NOE
for polymers with medium molecular weight with
the data obtained with the IR, HH, KKI, and DLM
models.

Table VI presents the correlation functions for
the relevant 7, models. By changing the corre-
sponding parameters, we obtained the best-fitted
curve and the parameter set (Figs. 2-6). The CH

Mode1l g T e/ T s T :/ 7 & a
IR 0.045
HH 0.031 1.52
KKI 0.083 400.0 0.35
DLM 0.058 1.51 400.0 0.35
T4(S)
1.20 4
1.00 5
0.80 3
] s ~F100.61 MHz
0.60 e
; \‘»\
0.40 4
E T-TlTEeThes.18 MH
0203 1R — T, Model Teaf z
R HH - T, Model
4 ---- DLM - T, Model
4-—— KKI - T, Model ++++nT,
0.00 ;ITTYIIXITTI(!‘IIII(({

IIIIIIT!IIYIIYI!III
2'5 26

22

28 29

M
R

Figure 5 Comparison of 25.18 MHz nT,; values for C-4 carbon of poly(4-methyl-1-
pentene) with fitted parameters for the four models.
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Model b P T 2/ 1T 4 T 1/ T ¢ a
IR 0.008
HH 0.006 1.49
KKI 0.017 400.0 0.45
DLM 0.012 1.48 400.0 0.45
T(S)
8.00
6.00
4.00
]
]
2.00 -
1 — IR - T, Model
] e HH — T, Model
1---- DLM - T, Model
] -~ - KKI — T, Model ++++nT,
0.00 +
25 26 2 2 29 3o

10*
- (K™}

Figure 6 Comparison of 25.18 MHz nT; values for C-5 carbon of poly(4-methyl-1-
pentene) with fitted parameters for the four models.

conic angles for all carbon atoms can be evaluated
by eq. (15) (Table VII). In our studies, the DLM
models give the best result.

Poly (4-methyl-1-pentene) is an oxygen-enriched
substance. The paramagnetism of oxygen shortens
the spin-lattice relaxation time. Using the DLM

Table VII The a Values and the CH Half-conic
Angle for All Carbon Atoms of
Poly(4-methyl-1-pentene)

Cl Cg Cg C4 CS
a 0.26 0.20 0.30 0.35 0.45
] 25.4 21.9 275 30.2 35.2

model calculation, a smaller a value [eq. (15)] can
be obtained for short T, which implies a smaller
CH conic angle f for the carbon nuclei. As a result,
there will be more free space for the side chain that
allows oxygen to pass through more easily. However,
as all the experiments in the present work were per-
formed in a sealed degassed tube, this conclusion
cannot be proven here.

CONCLUSIONS

A few conclusions can be obtained from the NMR
studies of the segmental motions of poly (4-methyl-
1-pentene). First, the dominant spin-lattice relax-
ation mechanism of the polymer is the 3C — 'H di-
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polar relaxation. Second, for polymers with a DP
> 100, the T, values and the NOE only depend on
the molecular segmental motion. Third, the strength
of the magnetic field affects the relaxation mecha-
nism due to chemical-shift anisotropic effects.

For poly(4-methyl-1-pentene), wr, < 1, 7. de-
creases with increasing temperature; as a result, T,
increases. The T, ratios for C-2 to C-1, as well as
for C-4 to C-3, deviate from the expected value of
2. The reason can be explained by the different seg-
mental motions for C-2 and C-4, as well as for C-1
and C-3.

A comparison of the T'; mathematical models re-
veals that the more factors considered for the cal-
culation the more consistent are the results with the
experimental T'; values. Among the four models, the
DLM model evidently gives the best results.
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