. mTﬁBLE 'TEMPERATURE SOL ID STRTE NHR OF SIDE-CHAIN
CRVSTRLLINE COMB POLYMERS(U) UNIVERSITY OF SOUYHERN
MISSISSIPPI HRTT[ESBURG DEPT OF POLYNE NRTNIRS
UMCLRSSIFXED 83 AUG 88 NBBA14-86-K




A AL e

'

el

- )«If?:P > @ LESS.LY,

b T T P e

- =

&
}\

2,
X
<

K
S—’Ss‘:-.

o

I

22
Il

I

b 28
L =
Lo §22
e 1

kR

-

[ STy

22 s e

GMICROCOPY RESOLUTION TEST CHARTN

NATIONAL BUREAU OF STANDARDS-1963-A

H




...............................

[}

;:kk OFFICE OF NAVAL RESEARCH

K, .

(X X

?,.:' Contract N00014-86-K-0659

)

)

)

CHe Technical Report No. 12

-

\

e (o)) VARIABLE TEMPERATURE SOLID STATE NMR OF

i

e o SIDE-CHAIN CRYSTALLINE COMB POLYMERS
N g .

z ""'.' - .

Ao 5 Lon J. Mathias

N

o !

e Q

o“ <

_‘;2:; Accepted by

i

5 Polymer Communications, in press ™

O A ELEZCTE
8454 A

pale .. AUB 0 8 1988

> Department of Polymer Science -

University of Southern Mississippi
Southern Station Box 10076
Hattiesburg, MS 39406-0076

AW

H.

—y
£
e

Yrzes
A

Reproduction in whole or in part is permitted for any purpose of the United
States Government.

-

._._,._.,
=3
3

TR

This document has been approved for public release and sale; its distribution is
unlimited.

e

@ 22022
el

-
-

A% W
LY

@ LT,
‘o - .g?"_“-'

88 8 08 118

(AX]
Vvhy
l’_l:"

L)

ria

My .

R AN NI, o - OO0 A0SO O O OSSN
NN AT, AL L R O Y

X

WPyt RRVIIIRE o b g b AT YRy 0OREaT
R A R R o B N AR NN IC R o R S OS]



T R R R O N N T Y T Y T T U Y DY TN WY PR T YN R E N T W O O ROX TON T
r TUWUYUY

SECURITY CLASSIFICATION THIS PA

REPORT DOCUMENTATION PAGE

1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
NONE NONE
2a. SECURITY CLASSIFICATION AUTHORH’Y 3. DISTRIBUTION/AVAILABILITY OF REPORT
NONE
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE UNLIMITED
NONE
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
Technical Report No. 12 ONR NOOO14-86-K-0659
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME OF MONITORING QRGANIZATION
University of Southern (it applicable)
Mississippi : Office of Naval Research
6c. ADQRESS (c.:( State, and ZIP Code) 7b. ADORESS (City, State, and 2IP Code)
Umversi of Southern Mississipp1 .
{ﬂg; Sgéengenogg £8§2§ 800 North Quincy Avenue
Hamesﬁurg M ﬁo 20076 Arlington, VA 22217
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)
Office of Naval Research
8c. ADORESS (City, State, and ZiP Code) 10. SOURCE OF FUNDING NUMBERS
N PROGRAM PROJECT TASK WORK UNIT
800 N. Quincy Avenue ELEMENT NO. | NO. NO. ACCESSION NC
Arlington , VA 22217 '

11, TITLE (Include Security Classificotion)
Variable Temperature Solid State NMR of Side Chain Crystalline Comb Polymers

12. PERSONAL AUTHOR(S)

lon J, Mathias
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yeas, Month, Day) f15. PAGE COUNT

Technical FROM 7/15/88 1O _8/3/88 August 3, 1988

16. SUPFLEMENTARY NOTATION

Polymer Communicatijons, in press
17. CAOSATI COOES 18. SUBJECT TERN_IS {Continue on reverse if necessary and identity by bluock number)
FIELD GROUP SUB-GROUP

19. ABSTRACT (Continue on reverse if necessary and identify by block number) . . 13
Several comb polymers containing C;4~C,g side-chains were examined by variable temperature ~~C
CP/MAS NMR. Polymers with backbone glass transition temperatures below room temperature
displayed high degrees of side-chain crystallinity as evidenced by internal CH, group chemical
shifts of ca 33.2 ppm, comparable to the value displayed by all-trans CH, segments in the
crystalline domains of polyethylene. Above the side-chain melting points, tgls peak shifts to
ca 30.7 where the peak of molten polyethylene is found. On cooling, the side-chains of these
polymers rapidly recrystallize. The alternating copolymer of maleic anhydride and l-octadecene
is not capable of side-chain crystallinity even at -40°C because of greater distance between
pendent groups and a backbone Tg greater than room temperature. The octadecanamide derivative
of poly(dehdroalanine methyl ester) possesses a backbone Tg above room temperature and shows
good side-chain crystallinity in precipitated materials. Once melted and cooled, however,
recrystallization is greatly restricted by the backbone rigidity. Solid state NMR thus prov1des
a sensitive tool for studying the side-chain crystallinity in relationship to backbone Tg's and
thermal history.

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
M uncLassiFieounumited [0 saMe as RPT. [ OTIC USERS

222 NAME OF RESPOINNSIHLE INDIVIDUAL b. TELEPHONE (Include Areq Code) | 22¢. OFFICE SYMBOL
Lop_J l'mSDI‘QS 1601 )266-4868

DD FORM 1473, 84 MAR 83 APR ¢ditiou méy be usea until exhausted. SECURITY CLASSIHICATION OF THIS PAGE
All other editions are obsolete.




Y

Ed

- .
[Pty W R

o

s —J'.f.).)..{. e’

4"‘--*

Pl bl

o - e -
YA o, AR ASE ALK

i e

O T OO YT O

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'?. 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 disorder between side-chains"’.z

We recently became interested in derivatives of dehydroal;anine (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. Kadicel polymerization of dehydroalanines is rapid, often takes place
spontaneously, and usually occurs with good conversion®., We have synthesized a scries
of alkylamide derivatives®, 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 '°C NMK to evaluate several thermal transitions that
we have tentatively ascribed to separate side-chain and backbone molecular relaxation
processes. In the course of this project, a closely related paper appeured on the use of
variable temperature CP/MAS to study side-chain and backbonc motion of poly(y-n-
octadecyl L-glutamate) (POG)". We describe here the variable temperature *C CP/MAS
NMR behavior of the C,, DHA polymer along w1th several commercially available comb
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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 *C NMR was carried out at
50.32 MHz on 2 Bruker MSL-200 equipped with a Bruker multinuclear CP/MAS probe.

1

N .
DUOLR A 0RO OO \RA) 4 i ) A RAK . " )
1%y %00 ﬁﬂa}_n‘,l",i;‘,h!,i RCUIRMIK) ‘,‘5 g" ,*. e n'!“ ’l‘ 18 “‘ .‘Q O‘Q oA ‘4 i a’“ 6',.':‘};{«?"“".", UL TR, M 'i‘ 't ﬂi‘fi‘g‘l‘ 'l‘q'&‘ Wttt

)LN.A‘;. AR




/ AT T e

By Y

ot

<
‘1"&',1:5?

LY
LS

b

Pl

Sol O &,
Y

N
L A

For each spectrum, several hundred to several thousand acquisitions were collected with 1
5 millisec contact times and 3 sec delays between pulses.

Results and Discussion

The polymers chosen for study all possess C, or C, 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 (42°C). At the other extreme is polymer 4 with a Tg of
87° and a T'm of -13°. The Tg’s of 2 and 3 are well below the NMR analysis
temperatures while that of 5 is 81°. The T'm's of these three polymers are 40°, 32°
and 35°, respectively. It is informative to compare the solid state ’C NMR spectra of

these polymers with each other at temperatures above and below their T"'m values.

Figure 1 gives spectra (from a to e) for polymer 3 in the as-obtained, highly
crystalline state; at 42°C, just above the temperature for complete melting of the side-
chains; at the beginning of cooling and recrystallization; after 3 h at 27°C; 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 8 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®.
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
corresponding to those of melted alkanes and molten polyethylene. During cooling and
recrystallization of the side-chains (traces ¢ and d), the characteristic peaks for the {
internal all-trans methylenes at 33.2 § and the penultimate CH, at 25.0 & recappear. The oz
same behavior was observed for POG®, and for polymers 1-3 and 5 (see the Table). (W—_q
The (trace d - a fraction of trace c) difference spectrum (e in Figure 1) gives the1 E
peaks for amorphous side-chains coexisting with crystalline regions during side-chain on_____|
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 'n“/"—“s
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] : both regions of the bulk polymer and should be usable for qualitative characterization

p. and evaluation of the kinetics of side-chain crystallization.

3 :}_ Table 1, Side-chain chemical shifts for polymers 1-5°.

g, Polymer Internal CH,'s" ¥CH,  B-CH, «CH

X 1 33.3 aene - 24.9 15.3

: 1 melt - 30.6 33.6 23.4 14.8

o 2 33.3 e ——en 25.0 14.7

o 3 332 309 25.0 14.9

N 3 melt — 306 327 23.4 14.7

{‘ Sc-d 30.7 32,7 23.5 14.8

K7 4 - 30.6 32,7 23.4 14.7

o 4 -40° 32 broad 23.3 14.9

2? 5 33.1 309 - 24.9/23.8 14.7

A 5 melt — 305 32.5 23.2 14.5

: *Peak assignments are the same as in reference 6.

*For internal CH,’s: the first entry is for crystalline trans

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

22.

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

S::: 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

z: spectrum of polymer 4 (trace a, Figure 2). At 27°C, side-chain melting has occurred

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

e situation of having a "glassy" polymer backbone suspended in a sea of molten side-
: chains. The chemical shifts correlate very well with those of side-chain melted 1-3.
" On cooling to below the apparent T°m, the peaks broaden and move downfield but do
. not reach the values of highly crystalline side-chain polymers. No peak corresponding
e to a side-chain crystalline domain is observed despite DSC evidence of a melting
2' transition on temperature increase. A referee has suggested that this peak broadening
E:f 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
4 side-chain crystallites.

AT T e T W By (RN UMM ‘ Vi
L) » d OPWXRMNIG * g
DA N A NI I RN T MK RSN

P T O N S S NS ST TR BVSTYET EReg
RO Calty it A M0 oy ,»"'f:’tf:fif,’

!‘ ‘.;:
N KPR




------

g
2.
i3

X

%

e
Pl
éﬁ» Polymer 5 displays some features common to 14 along with a unique property related
! 3:: to a separate relaxation process observed in this polymer at ca. 70-85°C. Figure 3
o gives spectra of polymer 5 under several conditions. Trace a corresponds to the
z..,'i. polymer obtained after reprecipitation and standing for months. A high degree of side-
:‘s‘::‘. chain crystallinity is evident by the greater intensity of the peak at 33.1 § compared to
i.','“ the amorphous peak at 30.9 5. Raising the temperature above the T'm value to 323K
:’,:}:!i, causes disappearance of the 33.1 & 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
-r, shifts in the backbone peaks were also seen as shown in Table 2.
)
R?.- ' Table 2. Side-chain and backbone chemicai shifts for polymer 5.
4 -; Temp C=0's backbone CH,-O  internal penultimate terminal
: }"E‘.} (inK) carbons CH,’s CH, CH, 4
.
‘;" 300 172.3 76.9 60.2 52.9 33.1/30.9  24.6/23.8 14.7
*:g 323 1725 75 60.5 52.8  32.5%30.5 25.3%/23.1 14.5

2 353 172.6  weak60.5 524  32.4%30.3 25.5%23.1 14.4
! 300(cooled) 172.5 75 60.0 53.0 32.6°/30.6 25.0°/23.3 14.6
s
W
:;:, , “New peaks normally hidden by peaks in row 1 at 33.1 and 24.6 9.
5
D) 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
L“ { internal CH, peak with broadening and decreased intensity for the other side-chain and
' '3; backbone peaks (Figure 3b). This is consistent with increased motion and flexibility due
o to molecular relaxation of pendent ester and/or amide moieties. We believe this
_ ::: i relaxation involves brea]dng of amide hydrogen bonds to other amide and/or ester
2~ groups along the polymer backbone. Cooling the sample back to 300K (Figure 3c) locks
7 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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R Conclusions

i Variable temperature *C 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
3 < completely melted and liquid-like states coexisting with crystalline domains.

%l
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: :'-’:' List of Figures
W

ot Figure 1. '*C CP/MAS NMR spectra of the same sample of polymer 8 (a) as-obtained
\ at 27°C; (b) at 42°C, side-chains melted; (c) immediately after cooling back to 27°C; (d)
Y after 3 h at 27°C; (e) difference spectrum, trace d - trace c.

o0 Figure 2. C CP/MAS NMR spectra of (a) polymer 4 at 27°C, side-chains melted; (b)
'_7 polymer 4 at -40°C, side-chains rigid and/or crystalline; (c) polymer 1 at 27°C, side-
5 chains crystalline.

‘LL Figure 3. C CP/MAS NMR spectra of polymer 5 (a) as obtained at 27°C; (b) at 50°C,
( side-chains melted; (¢) cooled back to 27°C, glassy side-chains.
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