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has been developed. The model is based upon the detection 
and identification of four types of water incorporated in 
cellulose: (1) primary bound; ( 2 )  secondary bound; (3) free; 
and (4) bulk. 

2. A point of plasticization has been associated with the 
transition between primary bound and secondary bound 
water, and is associated with swelling of the structure al- 
lowing increased mobility of the cellulose chains. 
3. Free water has been shown to exist a t  very low mois- 

ture contents with the amount of free water increasing dra- 
matically above the point of plasticization. This says in ef- 
fect that although the adsorption process involves different 
types of water a t  different relative humidities it is a com- 
bined process involving free water. 
4. The primary implication of these results is that the in- 

corporation of specific types of sorbed water will lead to 
dramatic changes in physical properties. From the results 
obtained one might expect large changes in the physical 
properties of the material above the point of plasticization. 
One would also expect the point of plasticization to depend 
on the material studied since the accessibility would vary. 
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ABSTRACT: The products of polycondensation of p-phenylenediamine with either squaryl dichloride or squaric 
acid obtained in preceding work, containing either the 1,2-disubstituted or the isomeric 1,3-disubstituted cyclobu- 
tene ring system in the recurring unit, are investigated by X-ray photoelectron and electronic absorption spectros- 
copy. The findings are in agreement with highly delocalized electronic systems and indicate more than 50% imi- 
nium character in both polymer types. The cyclobutene-3,4-dione and cyclobutenediylium 2,4-diolate structures, 
respectively, employed previously for description of the four-membered ring moieties in the two polyamide isomers 
cannot, therefore, be regarded as valid structural representations, although the use of these and other structures 
with formally uncharged nitrogen atoms may be retained for convenience of drawing. 

A recent study2 of the two isomeric dianilides of squaric 
acid, 1 and 2, by electronic and X-ray photoelectron 
(ESCA) spectroscopy has revealed some rather striking 
structural features. In 1, the spectroscopic data point to ca- 
nonicals b-d as major ground-state contributors, whereas 

a b 

NH-Ph f'h=;H 
+ + 

NH-Ph 

0 0- -0 E 0 ph-"lx 
C d 

1 

the 1,2-dianilinocyclobutene-3,4-dione structure la, com- 
monly accepted to that day as a valid description, in fact 
represents but a minor contributing form. In 2, forms c-e 
are important, while 2a and 2b, both proposed as predomi- 
nant canonicals in the earlier literature, carry minor weight 
in the hybrid. I t  is thus evident that both dianilides repre- 
sent highly mesoionic systems possessing considerable imi- 
nium character. 

I t  is instructive to compare the charge distributions in 
these nonpolymeric amides with those in analogous poly- 
meric squaryl amides of the types 3 and 4.3 These polyam- 
ides, in keeping with common terminology in squaric acid 
chemistry: were depicted in the quoted communications3 
by the dione and diolate structures 3a and 4a, respective- 
l ~ . ~  In view of the predominance of iminium structure in 1 
and 2 it  stands to reason, however, that the representations 
3a and 4a do not reflect the actual distribution of charge in 
these polymers. In an effort to clarify the problem of 
charge distribution and assess the relative thermal stability 
behavior resulting from potentially different extents of 
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Table I 
Electronic Absorption Maxima, N( 1s) Binding Energies, and Nitrogen Atom Charges of Some Amino 

Derivatives of Squaric Acid 

3-4 

Ultimate 
Compd ES 200b Du Pont 65OC valued q N  e 

5 255 sh 287 
6 260 293 
l a  305 340sh 399.5 0.02 
2b 368 399.6 0.04 
3a 400 399.6 399.4 399.55 0.03 
4b 500 399.6 399.5 399.6 0.04 
3-4 (x = y)’ 4 50 

In KBr matrix. Values for 1, 2, 5, 6 taken from ref 2. With AI Ka: radiation. Spectra calibrated separately against NaNO, 
and “,NO, (three scans with each standard; Eb values averaged). Precision, t0.2 eV; estimated accuracy, k0.7 eV.C With 
Mg Ka: radiation (two scans; E ,  values averaged). Precision, 50.1 e V ;  estimated accuracy, t0.5 eV.  
two preceding columns, each weighted by number of scans and rounded to one decimal place. Values for 1 and 2 taken 
from ref 2.  e From Eb of preceding column by means of Siegbahn’s correlation (ref 9a); precision, t0.04. f Random sequence 
implied. 

Average of values from 

Ph-NH Ph-kH no- SH-Ph 

0 no- C d 

0 E: SH-Ph 

NH-Ph -0 

Ph=.$H 

e 
2 

electronic delocalization, we investigated representative 
polymers of both types 3 and 4 by electronic absorption 
spectroscopy, X-ray photoelectron spectroscopy (ESCA), 
and thermogravimetric analysis (TGA). 

Results 
The poly(squary1amides) were prepared by the tech- 

niques described,3d involving polycondensation of squaryl , 
dichloride with p-phenylenediamine, to give a polymer 
substantially of structure 3, and polycondensation of 
squaric acid with the same diamine in a basic medium, to 
yield polymer product essentially of structure 4.6 In addi- 
tion, a polyamide of intermediate composition, labeled 3-4, 
was synthesized from squaric acid and diamine in an acidic 
medium. 

Electronic spectra of 3, 4, and 3-4 contained as “solutes” 
in KBr disks were recorded in the 300-550 nm region rep- 
resenting H - H* transitions of the anilino-enone (or ani- 
lino-enolate) The KBr embedding technique, 
while disallowing a quantitative intensity assessment be- 

cause of interfering base line variation, offers the benefit of 
providing maxima that reflect the true solid-state structure 
of the substrate unperturbed by protonation effects arising 
in acid solvents.* The maxima recorded are listed in Table 
I. 

a 

d 

I 
L U  V 

e 

3 

The ESCA spectra were taken on solid samples of 3 and 
4 as in the previous work.* N(1s) binding energies, E b ( 3 )  
and Eb(4 ) ,  were derived from spectra recorded on a precali- 
brated instrument and were independently obtained by 
calibration against both NaN03 and “*NO,; the results 
were then averaged. The binding energy values of the three 
types of nitrogen in the reference compounds were taken 
from the literature (Eb(NaNO3)  = 407.2 eV;9a E b ( N H 4 N 0 3 )  = 

and E b ( 4 )  thus determined, as well as the corresponding ni- 
trogen atom charges, q N ,  taken from Siegbahn’s correlatio- 
n,9a are given in Table I. The respective A,,,, E b ,  and q N  
data obtained in the previous investigation2 on the nonpo- 
lymeric model compounds 1 and 2 are relisted in the table 
for comparison, as are the electronic absorption maxima for 
the unphenylated diamides 5 and 6. 

402.3 eV;gb E b ( ” y O s )  = 407.2 eVgC). The values for E b ( 3 )  
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TGA thermograms of 3, 4, and 3-4 were recorded in Ar 
atmosphere a t  a heating rate of 6' min-l. The temperature' 
ranges of incipient weight loss are given in Table I1 along 
with the relative residual weights at  600, 700, 800, and 
gooo. 

Discussion 
The structural representations 3a and 4a imply sp3 hy- 

bridization of both nitrogen atoms. Predominance of these 
forms in the resonance hybrids of the two polyamide types 
should hence afford the same chromophores as exist in the 
simple diamides 5 and 6. The tabulated A,,, data show this 
by no means to be the case. Both 3 and 4 (as well as 3-4), 
on the contrary, give maxima substantially red-shifted not 
only relative to the unphenylated model compounds 5 and 
6, but even in relation to the dianilides 1 and 2 shown ear- 
lie$ to include the anilino groups in their chromophores. 
Both polymer types, and likewise the polyamide of inter- 
mediate composition, clearly possess domains of * conjuga- 
tion more extended than found in l and 2 and thus must 
comprise in their chromophores the p -phenylene in addi- 
tion to the cyclobutenedione ring systems in substantially 
coplanar alignment. As this can be brought about only by 
participation of sp2-hybridized N, canonicals of the amine 
type (3a, 4a,b) clearly carry little weight. Instead, one must 
assume appreciable iminium character in both polymers, 
an inference borne out by the tabulated ESCA results. The 
nitrogen atom charges, qN,  of 1, 2, 3, and 4 are all found to 
be identical within experimental error 1imitslO and so allow 
the assignment of ca. 60% iminium structure'' to the poly- 
mer. In 3, the algebraic mean of the (asym and sym) C-0 
stretching bands1* (1731 cm-') practically coincides with 
that in squaric acid (1732 cm-'), indicating a virtually 
identical C-0 *-bond order in both compounds. In squaric 
acid, this *-bond order was calculated to be in the neigh- 
borhood of 0.8.13 This requires a slight predominance of ca- 
nonicals with a,@-diketone structure over those of the a,@- 
keto-enolate type. To reconcile this requirement with the 
approximate 60% iminium structure inferred from the 

Table I1 
Thermogravimetric Analysisa of Polyamides 3 ,  4 ,  and 3-4 

~ ~~ 

Incipient wt 
loss temp Re1 residual wt, % * 

Polymer range, " C  600" 700" 800" 900" 

3 3 25-3 7 5 74  7 1  69 67 
4 37 5-4 25 7 6  1 4  72  7 1  
3-4 3 50-4 00 7 5  71  68 66  

a Under Ar; heating rate, 6" min-' . Rounded to integral 
figures. 

ESCA data, we assign major importance in 3 to canonicals 
such as 3b, in which negative charge is transferred from the 
N atoms to the benzene rings. On the other hand, the exist- 
ing a$-keto-enolate contribution must then for the most 
part be due to canonicals of the type 3c, whereas forms 
with positive charge in the four-membered ring, such as 3d, 
cannot be involved as major contributors. In order to com- 
pensate for the small (but certainly not negligible) contri- 
bution of 3a and account for the excess iminium character 
over and above the 50% provided by forms such as 3b,c, ca- 
nonicals with unipositive charge on each nitrogen atom, ex- 
emplified by 3e, are likely to be of major importance. 

In 4, available ir evidence3 (YCC,CO = 1600 cm-l) points 
to a C-0 *-bond order appreciably lower than found in 314 
and well in accord with a strong predominance of a,?-keto- 
enolate forms, notably 4c, and a,y-diolate structures, such 
as 4d.15 The importance of 4d is additionally emphasized 
by the need for accommodation of positive charge in the 
four-membered ring to compensate for the demonstrated 
inability of the N atoms to accept a higher positive charge 
than is concentrated on the N atoms of 3. Furthermore, as 
in 3, forms like 4e with unipositive charge on each N 
atom16 probably contribute strongly, compensating for ever 
so minor contributions by canonicals with uncharged N 
(4a,b) and accounting for the extra iminium character (50% 
provided by 4c,d, etc.). The importance of form 4d also de- 
rives from the electronic spectra. While the chromophore in 
3, resulting from such canonicals as 3b,c, and e, most prob- 
ably is carbonyl terminated, the chromophore in 4 almost 
certainly includes both amino groups of the recurring unit 
and, through form e, is capable of extending appreciably 
further along the chain, thus accounting for the more pro- 
nounced red shift in 4. The intermediary A,,, value deter- 
mined on polymer 3-4, in which both unit types appear in 
random distribution along the chain, confirms this infer- 
ence. The situation is quite analogous to that in the nonpo- 
lymeric compounds 1 and 2, in which conjugation may opti- 
mally extend on the one hand (in 1) over one anilino group 
and the attached enone or en'olate system (lb,c,d), and on 
the other hand (in 2) over both anilino groups and the in- 
terposed double bond (2e).2 

As the greater extent of electronic delocalization in 4 
should entail a higher stabilization energy17 in this 1,3-in- 
terlinked polymer relative to the 1,2-interlinked isomer, 
one would expect 4 to exhibit a somewhat superior perfor- 
mance under conditions of the TGA test.ls The tabulated 
data (Table 11) confirm this expectation, although the dif- 
ference is by no means significant. While both polymers ex- 
hibit quite excellent thermostability for polyamide struc- 
tures, the relative weight loss in the two cases being in the 
vicinity of 30% at 800°,19 thermal breakdown is distinctly 
delayed in 4 relative to 3, and residual weights in the 700- 
900' region are higher by some 3-4%. Polymer 3-4, as 
might be expected, undergoes incipient breakdown in a 
temperature range intermediary between 3 and 4; residual 
weights in the 600-900' region practically coincide with 
those of the "weaker" polymer structure 3. 
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In summary, we conclude from the spectroscopic find- 
ings that polyamides 3 and 4 both are distinctly mesoionic 
and hence should preferentially be represented by the delo- 
calized (although not equivalent) structures shown: 

3 4 

Considerable positive charge, comparable in extent with 
that in the two nonpolymeric dianilides 1 and 2 and equiv- 
alent t o  about 60% iminium structure, is accumulated on 
the N atoms in both polymers. In 3, negative charge is cor- 
respondingly transferred to the benzene rings and partially 
so to the carbonyl 0 atoms in agreement with a C-0 
n-bond order of about 0.8. In 4, the extent of charge separa- 
tion exceeds that in 3; additional positive charge is likely to 
be delocalized on the four-membered ring, whereas addi- 
tional negative charge is transferred to 0 according with a 
further reduced C-0 bond order. The predominant imi- 
nium character in both polymers permits sufficient copla- 
nar alignment of aromatic and four-membered rings to pro- 
duce chromophores appreciably more extended than in 1 
and 2. 

Experimental Section 
Polyamides. Polymers 3,4, and 3-4 were taken from the previ- 

ous Their syntheses were accomplished, in the same order, 
by polycondensation of (i) squaryl dichloride and p-phenylenedi- 
amine in N-methylpyrrolidone (+2.5% LiCl)/pyridine (18:l by vol- 
ume) (expt 9); (ii) squaric acid and p-phenylenediamine in glyc- 
erol/pyridine (2:l by volume) (expt 2); and (iii) squaric acid and 
p-phenylenediamine in polyphosphoric acid (expt 5 of that 

Electronic Absorption Spectra. Spectra were scanned on KBr 
disks over the 300-550 nm region with a PYE Unicam SP 1800 ul- 
traviolet spectrophotometer. The  disks (thickness 0.25 nm; 0.005- 
0.015 mg of sample per 100 mg of KBr) were repeatedly pressed, 
crushed, ground, and repressed for minimization of background 
scattering. 

X-Ray Photoelectron (ESCA) Spectra .  AEI Scientific ES200 
and Du Pont 650 electron spectrometers in the laboratories of re- 
spectively the Applied Physics Division, Bayer AG, Leverkusen, 
and the Instrument Products Division, Du Pont de Nemours & 
Co., Monrovia, Calif., were used for recording (ambient tempera- 
ture, Torr). The spectra were induced with A1 Ka (1486.6 eV) 
radiation and were calibrated by reference against internal NaNOs 
and NH4N03 (ES200; see text and Table I). An independent scan- 
ning series employed no internal standards; the spectra, induced 
with Mg Kol (1253.6 eV) radiation, were taken on a precalibrated 
instrument (Du Pont 650). Samples were applied in powder form 
onto gold-plated 6 X 13 mm probes. 

Thermogravimetr ic  Analysis (TGA). Thermograms were re- 
corded on an Aminco thermoanalyzer in the US. Naval Ordnance 
Laboratory, Silver Spring, Maryland, at a heating rate of 6O min-’ 
in argon (flow rate, 28 1. hr-l). As a precautionary measure, the 
samples were redried on the instrument for 30 min at 115-120° (no 
weight loss observed) prior to scanning. Residual weights were de- 
termined by reference to a base line established in a blank run 
employing empty crucible. 
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ABSTRACT: Single-line ELDOR (electron-electron double resonance) has been used to study molecular motion in 
polymeric solids. Saturating one spin-packet in an inhomogeneous hyperfine envelope and observing another spin- 
packet within the same envelope provides a means to determine molecular reorientation as saturation transfer 
deenhances the ESR transition probability. The ELDOR reduction factor was found to increase with the decrease 
of temperature in a 1/T dependence for different nitroxides dissolved in polystyrene and polypropylene. There is 
no observable difference between the amorphous and semicrystalline polymers. The nitroxides are mainly in the 
amorphous phase and its motion is not affected by the presence of the crystalline phase. Polystyrenes spin-labeled 
on the terminal and side-chain phenyl groups were studied and were found to differ in ELDOR response. The ma- 
tions of nitroxides in a given polymer are greater for the small-size di-tert-butyl nitroxide and smallest for the large 
maleimide nitroxide. There is also observed a matrix ELDOR signal a t  the free proton frequency of 13.5 MHz. I t  is 
observed only below T, and in both amorphous and semicrystalline polymers. This may suggest a local order in a 
polymer solid. Matrix signals in monomer solids are only seen in the polycrystalline state but vanish in the glassy 
state. 

The physico-mechanical properties of a solid polymer 
are dependent on the molecular motions. Several methods 
are useful in the study of these motions, such as dielectric 
relaxation, dynamic mechanical relaxation,' and wide-line 
NMR.2 The purpose of this paper is to introduce a new 
technique electron-electron double resonance, ELDOR, 
which complements the others as well as offering some 
unique features. 

Of course electron spin resonance, ESR, has been used 
quite extensively to probe molecular motion. The method 
has seen applications in biological systems3 and in poly- 
mer~ .~ - ' '  All these studies4-" were made either on polymer 
solutions or on polymers in the vicinity and above their 
melting points. Such is the limitation of the EPR method 
because line width changes are measurable only for mo- 
tions with 5 X 5 7c -< lo-' sec which is the order of the 
magnetic anisotrophy. Beyond the short 7C limit, where rC 
is the rotational correlation time, the line width is deter- 
mined by unresolved hyperfine splittings. Above the long 
rC limit, powder ESR spectra were obtained. 

ELDOR effects for free radicals in solution were first re- 
ported by Hyde, Chien, and Freed.'* This and many subse- 
quent studies explored the effect of saturating one ESR 
transition on another transition being observed with low 
microwave power. Since these transitions do not share any 
common energy level, the transfer of saturation depends 
upon relaxation processes. An intramolecular electron-nu- 
clear dipolar (END) process and an intermolecular Heisen- 
berg exchange process were found to be responsible for 
much of the ELDOR effect. Theories have been devel- 
oped12J3 to describe these. 

Recently, the works of Dalton and  coworker^'^ and in 
our lab~ra tor ies '~  showed that the ELDOR spectra appear 
sensitive to 7c as long as sec. Therefore, ELDOR can 
be used to study molecular motions over seven orders of 
magnitude. In these studies emphasis was placed on single- 
line ELDOR where the pump and observing frequencies 
are both set within a single inhomogeneous ESR envelope. 

The extension of ELDOR into the long 7C region suggests 
the possibility of studying molecular motions in bulk poly- 
mers. The central purpose of this work is to apply ELDOR 
to the study of two types of motion in polymeric materials: 
those of the macromolecules and those of low molecular 
weight additives. Results on polystyrene with nitroxide la- 
bels either on the terminal groups or on the side chain phe- 
nyl rings are described. Also presented are the results of 
various nitroxide molecules added interstitially to polypro- 
pylene and polystyrene. 

Experimental Section 
Three nitroxides were used in the interstitial experiments. The 

4-N-maleimido-2,2,6,6-tetramethylpiperidine-l-oxyl (maleimide) 
was synthesized according to the procedure of Griffith and 
McConnell.lG 4-Hydroxy-2,2,6,6-tetramethylpiperidine-l-oxyl 
(TANOL) was obtained from Synvar and di-tert-butyl nitroxide 
(DTBN) from Eastman Organics. 

Amorphous polypropylene was Easbond from Tennessee East- 
ment Co.; semicrystalline polypropylene, Profax 6501, is the prod- 
uct of Hercules, Inc. Amorphous and semicrystalline polystyrene 
were from Monsanto and Dow Chemical Co., respectively. 

To incorporate nitroxides into polystyrene and amorphous poly- 
propylene, the polymer was dissolved in spectral grade benzene 
(Baker) and nitroxide was added. The solution was dropped onto 
Teflon sheets and the solvent was removed under vacuum to con- 
stant weight. In the case of semicrystalline polypropylene, it was 
swollen with a benzene solution of nitroxide for several days. The 
polymer was filtered and washed with benzene and vacuum dried 
to constant weight. The concentration of the additive was always 
less than 0.2% by weight which is M; it is found only in the 
amorphous phase. 

Two different types of spin-labeled amorphous polystyrene were 
used in these experiments. One was labeled a t  the para position of 
the phenyl group (SL 1). 

-CCHL-CH+ 
I 

t - Bu -k-O. 


