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ABSTRACT

Deuterated polyisobutylenes carrying protonated initiator frag-
ments were prepared by the living polymerization technique employing
perdeuterated isobutylene [CD,=C(CD,),] and select protonated initia-
tors (see Scheme 1). The polymers were analyzed by 'H- and *C-NMR
spectroscopy, and the resonances due to the protic initiator fragments
were unequivocally assigned. The assignments of *C-NMR signals were
affected by the distortionless enhancement by polarization transfer mode
of spectra accumulation.

INTRODUCTION
The structure of polymers accurately reflects the polymerization mechanism,

and NMR spectroscopy has extensively been used to generate the needed structural
information. Thus, for example, polyisobutylenes (PIBs) prepared by the inifer
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SCHEME 1. Synthesis of various isotopically labeled polyisobutylenes.

[1] or living [2] techniques contain initiator fragments, and the elucidation of the
mechanism of initiation of these processes was greatly facilitated by structural infor-
mation provided by NMR spectroscopy [3-9].

However, the detection and detailed structure analysis of initiator fragments
in PIB (or in any polymer, for that matter) are rendered difficult by their relatively
low concentration in the polymers. This paper concerns the unequivocal assignment
of various initiator fragments in PIBs (see Scheme 1) by selective isotopic labeling.
Thus PIBs have been prepared by the living polymerization of perdeuterated isobu-
tylene using three conventional (protonated) initiators. The assignments of the char-
acteristic resonances were based on the impact of such a selective deuteration on
both 'H- and *C-NMR spectra. The interpretation of *C-NMR spectra has been
facilitated by the DEPT (Distortionless Enhancement by Polarization 7Transfer)
mode of spectral data collection.

DEPT [10] utilizes transfer of polarization from protons to directly bonded
carbons, and gives specifically edited spectra in which the signals of carbons bearing
deuterium are either absent, as in the case of complete deuteration, or undergo
unique changes, as in the case of partial deuteration [i.e., upfield isotopic shift,
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splitting due to the spin-spin interaction with deuterium (I = 1), and altered re-
sponse to DEPT pulse sequence]. For example, the resonance for CDH, appears as
a triplet at a higher field (relative to CH,) with the same phasing as CH,. In this
manner, unambiguous assignments can readily be made.

This method was successfully employed in the endgroup analysis of polydienes
obtained with organolithium initiators [11, 12] and rare-earth catalysts [13]. A
similar approach was also used for the analysis of styrene-butadiene [14] and sty-
rene-maleic anhydride [15] copolymers. A complimentary method utilizes the trans-
fer of polarization from deuterium to carbon, leaving in the spectra only signals of
carbons connected to deuterium [16, 17]. This method was applied to gain insight
into the mechanism of metathesis polymerization of norbornene [18} and transester-
ification of styrene-methyl methacrylate copolymer [19].

EXPERIMENTAL

NMR Spectroscopy

NMR spectra were obtained by a Varian Gemini-200 spectrometer operating
at 200 and 50 MHz for 'H and *C, respectively, using 5 mm tubes and CDCl,
solutions at ambient temperature. Sample concentrations were 20 mg/mL for pro-
ton and 250 mg/mL for carbon spectroscopy. TMS was used as the internal stan-
dard. Typically, 128 transients were accumulated for the proton spectra with 60°
pulses (18 us), 2.7 seconds acquisition time, and 2 seconds delay. *C-NMR spectra
were obtained with the 'H decoupler “on” only during the acquisition time to sup-
press the NOE. The following parameters were used: 60° pulses (14.7 us), 1024
transients, 1 second acquisition time, and 2 seconds delay. Under these conditions
quantitative "H and *C spectra were obtained since T, for both nuclei was less than
1 second (except for quaternary carbons) [20]. DEPT [10] spectra were obtained
using a standard Gemini microprogram and the following conditions: 1024 tran-
sients, 1 second acquisition time, 2 seconds delay, the widths of the 90° pulses were
27 us for protons and 22 us for carbons. 'J(C,H) was set to 130 Hz, and the
multiplicity parameters were 0.5 (this corresponds to © = 45° in the original publi-
cation [10}) and 1.5 (6 = 135°). The corresponding spectra are denoted DEPT-45°
and DEPT-135°.

Polymerization

Living isobutylene polymerizations were induced by the following three initia-
tors: 2-chloro-2,4,4-trimethylpentane (TMPCI) [7], 1,4-bis(1-hydroxy-1-methylethyl)-
benzene (DiCumOH) [21], and 1,3-bis(1-hydroxy-1-methylethyl)-5-fer-butylbenzene
(+-BuDiCumOH) [5, 21} in conjunction with BCl, coinitiator and N,N-dimethylacet-
amide (DMA) electron donor in CH;Cl diluent at —80°C. Further experimental
details, including concentrations, are shown in Table 1.

Monomer Synthesis

Perdeuterated isobutylene was obtained according to Ref. 22 by the dehy-
dration of tert-butanol-d,, (isotope *H content ~80%). Thus a mixture of 9.9 g
C,D,OD and 10 g oxalic acid was heated at 95-97°C for 3 hours, the gaseous
CD,C(CD,), was passed through aqueous KOH and anhydrous CaCl,, and con-
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TABLE 1. Synthesis of Polyisobutylenes via Living Carbocationic Polymerization®

Run Initiator Monomer  Yield, g (%) M,,g/mol M w/ﬁ,,
1H TMPCI C.H; 0.77 (93) 1200 1.14
1D TMPCI C.Dy 0.82 (90) 1150 1.15
2H DiCumOH C,H, 0.76 (85) 1250 1.15
2D DiCumOH C.Dy 0.82 (85) 1200 1.20
3H t-BuDiCumOH C.H, 0.78 (84) 1300 1.13
3D t-BuDiCumOH C,Dy 0.87 (86) 1300 1.16

?[Initiator}, = 72 mmol/L; [IB], = 1.28 mol/L; [BCL] = 0.72 mol/L; [DMA] =
72 mmol/L; methyl chloride; —80°C; 3 hours; ¥ = 10 mL.

densed in an ampule cooled by dry ice/ethanol. Yield = 6.4 g (85%). The liquid
iC,D; was stored in a sealed ampule over CaH, at room temperature for 1 week and
was recondensed before use.

RESULTS AND DISCUSSION
*C-NMR Spectroscopy

Scheme 1 shows the initiators used, outlines the living polymerizations under-
taken, and the polymer structures obtained. The M, and molecular weight distribu-
tions (M ,./M ) together with experimental details are collected in Table 1.

Figure 1 shows the >C-NMR spectra of polymers 1H and 1D and the DEPT-
135° spectrum of the latter. A dramatic simplification of the *C-NMR spectrum
obtained with the polymer prepared with the perdeuterated isobutylene and using
the DEPT accumulation mode, relative to that of the conventional *C spectrum, is
clearly evident. In DEPT-135° spectra the carbons bonded to an odd number of
hydrogens (i.e., CH, CHD, CHD,, and CHj,) produce signals with positive ampli-
tudes while carbons connected to an even number of hydrogens (i.e., CH, and
CH,D) give signals with negative amplitudes. The DEPT-135° spectrum of polymer
1D (Fig. 1c) shows two sharp positive signals at 30.7 and 32.4 ppm, and one negative
signal at 58.2 ppm. The two positive signals are due to two types of methyl groups,
whereas the negative signal is due to the methylene group of the initiator (TMPCI)
fragment in the PIB. The two methyl signals are easily assigned according to their
integral intensities in the quantitative spectrum la. Thus the signal at 32.4 ppm is
due to the methyls in the #-Bu headgroup, whereas that at 30.7 ppm corresponds to
the methyls next to it: #-Bu—CH,—C(CH,),-PIB. These assignments are in agree-
ment with those proposed in Ref. 8 on the basis of the additivity scheme of Grant
and Paul [23] (a slight deviation in the values is probably due to differences in
spectra referencing and/or sample concentrations). However, the negative signal
due to the methylene group of the TMPCI initiator fragment should be reassigned:
It appears at the highest field among other methylene signals (58.2 ppm). All assign-
ments are summarized in Fig. 2.

The small unresolved signals at ~59 and ~ 30 ppm in spectrum 1c are due to
carbons bonded to residual protons of incompletely deuterated isobutylene units
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FIG. 1. (a) ®"C-NMR (50 MHz) spectrum of polymer 1H. (b) *C-NMR spectrum of
polymer 1D. (¢) DEPT-135° spectrum of polymer 1D. See Scheme 1.
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FIG. 2. BC and 'H chemical shifts and assignments of initiator fragments in polyiso-

butylenes.
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FIG. 3. (a) ®C-NMR spectrum of polymer 2H. (b) DEPT-45° spectrum of polymer
2D. (¢) ®*C-NMR spectrum of polymer 3H. (d) DEPT-135° spectrum of polymer 3D. See
Scheme 1.

(degree of deuteration ~80%). These signals are shifted upfield relative to the
corresponding signals shown in spectrum la and are split by spin-spin interaction
with deuterium.

To estimate a possible long range isotopic shift induced by deuterated isobutyl-
ene units, the DEPT-45° spectrum of a mixture of protonated and deuterated
polymers 1H and 1D was also recorded (not shown). A small but discernible split of
0.06 ppm was observed only for the 30.8 ppm signal of methyls next to the fert-butyl
headgroup.

Figure 3 shows the spectra of polymers obtained with DiCumOH and
f-BuDiCumOH initiators. Only the aliphatic regions are shown, since the assign-
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ments of the aromatic signals are straightforward. The signals due to the initiator
fragments are marked by asterisks, and the chemical shifts are listed in Fig. 2.

The spectrum of the mixture of polymers 2H and 2D revealed an upfield
isotopic shift (0.07 ppm) for the signal at 32.1 ppm detected by its splitting. The
same effect was observed in the spectrum of the mixture of polymers 3H and 3D
for the signal at 32.3 ppm.

Spectra 3b and 3d demonstrate the advantage of the DEPT-135° spectrum
relative to that of DEPT-45°. The latter is not selective and all protonated carbons
(CH,) give positive signals. Thus the signals of main chain carbons bonded to
residual protons are stronger in spectrum 3b than in spectrum 3d. In contrast, in
spectrum 3d (DEPT-135°) the positive signals due to CHD, CHD,, and CH, are

Polymer 1H

» N S &

}j
Polymer 1D AAJ\

b N

Polymer 2H *
c
Polymer 2D
d
*
*
Polymer 3H
e
Polymer 3D
f

0.6 FPY

FIG. 4. "H-NMR (200 MHz) spectra of polymers: (a) 1H; (b) 1D; (c) 2H; (d) 2D; (¢)
3H; (f) 3D. See Scheme 1.
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partially offset by the negative signals due to the CH, and CH,D groups which
reduce the overall intensity of the resonances.

'H-NMR Spectroscopy

The same six polymers (Scheme 1) were also used to assign ‘H resonances.
Because of the use of deuterated monomer in the polymerization, the signals due to
the repeat units are reduced in proportion to the degree of deuteration. Conse-
quently the signals of the initiator fragments become more pronounced, and un-
equivocal fragment assignment becomes possible. Figure 4 shows the spectra of
PIBs 1H-3D (see Scheme 1 and Table 1). The signals of the TMPCI fragment
(spectra 4a and 4b) were assigned according to their integral intensities, while those
of the +-BuDiCumOH fragment were assigned by comparing spectra 4d and 4f. In
the latter an additional signal appears at 1.31 ppm due to the tert-butyl group of
t-BuDiCumOH initiator fragment. All assignments are collected in Fig. 2.

Spectra of mixtures of polymers 1H and 1D, 2H and 2D, and 3H and 3D
showed that only the signals at 1.09 and 1.33 ppm of the TMPCl initiator fragment
exhibit the upfield isotopic shift noticeable by splitting. The magnitude of this shift
for both signals was 0.007 ppm.
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