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Variable Temperature Solid State NMR of
Side-chain Crystalline Comb Polymers

LON J. MATHIAS Department of Polymer Science,

University of Southern Mississippi,

Hattiesburg, Mississippi 39406-0076

Polymers with side-chain groups capable of crystallization independent of the

backbone have been of interest for many years. Recent reviews summarize the

syntheses and characterization of a large number of different families of comb

polymers ' 2. The easiest to synthesize and evaluate with respect to property trends in

a homologous series are those containing linear alkyl side-chains. Derivatives with

greater than 8-12 carbons form side-chain crystals with hexagonal packing of the alkyl

moieties. In this type of packing, individual alkyl groups adopt an all-trans

conformation but with rotational disordor between side-chains2 .

UWe recently became interested in derivatives of dehydroalanine (DHA) because of the
"

multiple functionality available in the parent monomer. A wide variety of carboxylic

acid and amine derivatives can readily be incorporated before generation of the reactive

vinyl group. Iadical polymerization of dehydroalanines is rapid, often takes place

spontaneously, and usually occurs with good conversion'. We have synthesized a series

of alkylamide derivatives4, and shown that the C,, monomer forms monolayers capable

of in situ photopolymerization to stabilized polymeric monolayers.

- In the process of characterizing the various DHA polymers synthesized, we became

interested in the use of solid state "3C NMR to evaluate several thermal transitions that

we have tentatively ascribed to separate side-chain and backbone molecular relaxation

.5 processes. In the course of this project, a closely related paper appeared on the use of

variable temperature CP/MAS to study side-chain and backbone motion of poly(Y-n-

* octadecyl L-glutamate) (POGf. We describe here the variable temperature "C CP/MAS

NMR behavior of the C,, DHA polymer along with several commercially available comb

polymers for comparison. ' - ' A' ' ;

6 Experimental

The C. DHA was synthesized as previously described"". Other comb polymers were

purchased or obtained as evaluation samples from various sources. Thermal transitions
were determined on a DuPont 910 DSC and 9900 data station, and on a Leitz polarizing

* microscope equipped with a Mettler hot stage. Solid state 13C NMR was carried out at

50.32 MHz on a Bruker MSL-200 equipped with a Bruker multinuclear CP/MAS probe.
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For each spectrum, several hundred to several thousand acquisitio.,s were collected with

* 5 millisec contact times and 3 sec delays between pulses.

Results and Discussion
The polymers chosen for study all possess C18 or C1, pendent groups, but vary in

. side-chain melting point (T'm) and backbone Tg. Polymer 1 possesses a Tg well below

-100'C and the highest T*m (420C). At the other extreme is polymer 4 with a Tg of

* 870 and a T* of -13". The Tg's of 2 and 3 are well below the NMR analysis
temperatures while that of 5 is 81'. The Tm's of these three polymers are 40, 320

and 350, respectively. It is informative to compare the solid state C NMR spectra of

these polymers with each other at temperatures above and below their Tm values.
Figure 1 gives spectra (from a to e) for polymer 3 in the as-obtained, highly

crystalline state; at 420C, just above the temperature for complete melting of the side-

chains; at the beginning of cooling and recrystallization; after 3 h at 270C; and the

difference spectrum in which trace d was subtracted from trace c. It is clear that

*, major changes in the chemical shifts and peak widths of the side-chain carbons occur.
In the initial spectrum (a), the peak at 33.2 5 corresponds to interior methylene groups

in hexagonal crystalline packing in which the polymethylene chains are fully extended in

the trans conformations but with no registry of adjacent chains. This is analogous to

the peak observed in polyethylene' and in the POG octadecyl-substituted polypeptide 6.

Hexagonal packing of linear alkanes is usually called the "free rotor" form since the

% chains seem to exhibit no common rotational alignment. These side-chains may exist in

crystalline domains as well as in more mobile regions as long as the polymethylene units

maintain the all-trans conformation.
"/ Trace b was taken at a temperature above both Tg and T'm; that is, both backbone

segmental motion and side-chain "liquid" motion are present. Cross polarization

efficiency is low and greatly increased acquisition times were required to obtain good
* signal-to-noise. Peaks are sharp with chemical shift values for the side-chain carbons

Ncorresponding to those of melted alkanes and molten polyethylene. During cooling and
recrystallization of the side-chains (traces c and d), the characteristic peaks for the
internal all-trans methylenes at 33.2 5 and the penultimate CH 2 at 25.0 5 reappear. The or

* same behavior was observed for POG , and for polymers 1-3 and 5 (see the Table). t
The (trace d - a fraction of trace c) difference spectrum (e in Figure 1) gives the I

peaks for amorphous side-chains coexisting with crystalline regions during side-chain o n
: ! crystallization. Narrow peak widths and chemical shift values similar to the molten. .. ]

* values (trace b) support this assignment. This method allows the direct observation of
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both regions of the bulk polymer and should be usable for qualitative characterization

and evaluation of the kinetics of side-chain crystallization.

Table 1. Side-chain chemical shifts for polymers 1-5'.
Polvmer Internal CH bj

1 33.3 ---- ---- 24.9 15.3

1 melt --- 30.6 33.6 23.4 14.8

2 33.3 ---- ---- 25.0 14.7

3 33.2 30.9 ---- 25.0 14.9

3 melt .... 30.6 32.7 23.4 14.7

3 c - d ---- 30.7 32.7 23.5 14.8

4 ---- 30.6 32.7 23.4 14.7

4 -40°  32 broad .... 23.3 14.9

5 33.1 30.9 ---- 24.9/23.8 14.7

5 melt .... 30.5 32.5 23.2 14.5

'Peak assignments are the same as in reference 6.

bFor internal CH2's: the first entry is for crystalline trans

units, the second for amorphous or melted CH 2 groups.

Figure 2 gives the spectrum for polymer 1; that of polymer 2 is very similar except

for backbone peaks. With the high degree of backbone flexibility for these polymers,

side-chain crystallization is very favorable, giving materials with excellent peak

sharpness and chemical shifts consistent with hexagonal packing ' . In contrast is the
V' spectrum of polymer 4 (trace a, Figure 2). At 270C, side-chain melting has occurred

yet the polymer is well below its Tg and the backbone is rigid. This leads to the novel

situation of having a "glassy" polymer backbone suspended in a sea of molten side-

0chains. The chemical shifts correlate very well with those of side-chain melted 1-3.

On cooling to below the apparent Tm, the peaks broaden and move downfield but do
not reach the values of highly crystalline side-chain polymers. No peak corresponding

to a side-chain crystalline domain is observed despite DSC evidence of a melting

transition on temperature increase. A referee has suggested that this peak broadening
may be due to molecular motion interfering with proton decoupling in noncrystalline

regions. It is clear that because the pendent groups on polymer 4 have two more atoms

per repeat unit than the other comb polymers examined, they cannot pack as easily in

side-chain crystallites.
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Polymer 5 displays some features common to 1-4 along with a unique property related

to a separate relaxation process observed in this polymer at ca. 70-85°C. Figure 3

gives spectra of polymer 5 under several conditions. Trace a corresponds to the

polymer obtained after reprecipitation and standing for months. A high degree of side-

chain crystallinity is evident by the greater intensity of the peak at 33.1 8 compared to

the amorphous peak at 30.9 . Raising the temperature above the T'm value to 323K

causes disappearance of the 33.1 8 peak and a sharpening of the amorphous peak which

also shifts to 30.5 8. Additional small changes in the chemical shifts of the side-chain

carbons a-e consistent with those observed previously by others'. Temperature induced

shifts in the backbone peaks were also seen as shown in Table 2.

Table 2. Side-chain and backbone chemicai shifts for polymer 5.

Temp C=O's backbone CH 3-0 internal penultimate terminal
(in K) carbons CH2's CH 2  CH 3

300 172.3 76.9 .60.2 52.9 33.1/30.9 24.6/23.8 14.7

323 172.5 75 60.5 52.8 32.5a/30.5 25.3a/23.1 14.5

353 172.6 weak60.5 52.4 32.4a/30.3 25.5"/23.1 14.4

300(cooled) 172.5 75 60.0 53.0 32.6a/30.6 25.0"/23.3 14.6

'New peaks normally hidden by peaks in row 1 at 33.1 and 24.6 S.

Raising the temperature to 353K, the temperature at which a second thermal transition
is observed in the DSC of this polymer, causes further sharpening of the side-chain

internal CH2 peak with broadening and decreased intensity for the other side-chain and

backbone peaks (Figure 3b). This is consistent with increased motion and flexibility due

* to molecular relaxation of pendent ester and/or amide moieties. We believe this

relaxation involves breaking of amide hydrogen bonds to other amide and/or ester
groups along the polymer backbone. Cooling the sample back to 300K (Figure 3c) locks

the side-chains into amorphous conformations which crystallize very slowly compared to

*, the other comb polymers studied. Inter- and especially intramolecular hydrogen bonding

may restrict molecular motion so that reorganization into crystalline lattices is reduced.
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Conclusions
Variable temperature 13C CP/MAS offers a sensitive tool for examining side-chain

crystallinity in comb polymers. More importantly, it offers a unique tool for

simultaneously observing both ordered and disordered states of the side-chains including

completely melted and liquid-like states coexisting with crystalline domains.

Acknowledgement is gratefully made to the Office of Naval Research for partial support
of this research and for a Department of Defense Instrumentation Grant to purchase our

Bruker MSL-200 NMR spectrometer.

References

1. Plate, N. A.; Shibaev, V. P. J. Polym. Sci. Macromol. Rev., 1974, B, 117-

253.

2. Varshney, S. K. J. Macromol. Sci.- Rev. Macromol. Chem. Phys., 1986,

C26 551-650.

3. Mathias, L. J.; Hermes, R. E. Macromoleciues. 1986,19, 1536-1542.

4. Mathias, L. J.; Hermes, R. E. Macromoleciles, 1988, 21, 11-13.

* 5. Hermes, R. E.; Mathias, L. J.; Virden, J. W. Macromolecules, 1987, 20,

901-903.

6. Yamanobe, T.; Tsukahara, M.; Komoto, T.; Watanabe, J.; Ando, I.; Uematsu,

I.; Deguchi, K; Fujito, T.; Imanari, M. Macromolecules, 1988,21, 48-50.

7. Kitamaru, R.; Horii, F.; Murayama, K. Macromolecules, 1986, 19, 636-643.

i0



List of Figures

Figure 1. 13C CP/MAS NMR spectra of the same sample of polymer 3 (a) as-obtained

at 270C; (b) at 4200, side-chains melted; (c) immediately after cooling back to 27°C; (d)

after 3 h at 27uC; (e) difference spectrum, trace d - trace c.

Figure 2. 13C CP/MAS NMR spectra of (a) polymer 4 at 270C, side-chains melted; (b)

polymer 4 at -400C, side-chains rigid and/or crystalline; (c) polymer 1 at 270C, side-

chains crystalline.

Figure 3. 1C CP/MAS NMR spectra of polymer 5 (a) as obtained at 270C; (b) at 500C,

side-chains melted; (c) cooled'back to 270C, glassy side-chains.
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