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ABSTRACT" It is shown that certain isocyanate polymers are mesogenic in concentrated solutions at ambient
temperatures and in bulk at elevated temperatures. These polymers may be categorized into two classes:
(1) alkylisocyanate homopolymers in which the alkyl side chains are long enough to facilitate concentrated
solutions, yet short enough to prevent predominant side-chain interactions; and (2) copolymers of aralkyl
and alkyl isocyanate where the aromatic residue is at least two (~-CHy~) units removed from the backbone.
Preliminary X-ray, IR, thermal analysis, dilute solution, and mechanical properties data are also presented.

The presently known liquid-crystal polymers, exhibiting
mesogenic behavior in concentrated solution or in the pure
form, may be divided into the following categories: (1)
highly rigid, aromatic, and linear polymers with no side
groups, behaving in the concentrated solution® or in the
“melt”?* as nematic liquid crystals; (2) helical macro-
molecules, rendered rigid by means of intramolecular or
intrahelix hydrogen bonding, behaving in solution as
nematic liquid crystals;® and (3) polymers having a rela-
tively flexible backbone to which rigid, mesogenic, side
groups are attached. These polymers may show, in so-
lution or in bulk, smectic or nematic behavior, depending
on the length of the mesogenic side groups.®

To these three well-known families of polymeric liquid
crystals we wish to add another category: (4) polymers
having relatively rigid backbone, which may be planar or
helicoidal, to which relatively flexible side groups are
attached. These side groups must not distort the backbone
out of its rather extended form, must be of such a size and
nature to facilitate high concentration solutions, but not
be of such length that interactions between side chains will
completely dominate the behavior of the whole ensemble.

A family of polymers fitting the above description is the
polyisocyanate family
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where the R’s may be the same or different.

In the first paper of this series,” and in the literature,®®
it was shown that, at least, several members of the po-
lyisocyanide family also manifest mesomorphic behavior.
The polyisocyanides may be classified in category (4)
above. Many of the polyorganophosphazenes exhibiting
mesomorphic behavior!*>!? may also be classified in this
group.

In this paper, it will be shown that many polyisocyanates
do indeed behave as liquid crystals in the concentrated
solution or in the pure form. In forthcoming papers of this
series, dilute solutions'® and X-ray'* studies of several of
the polyisocyanates will be described in greater detail.

Experimental Section

Monoisocyanates were prepared from the corresponding acids
by first preparing acid chlorides and then making the azides and
performing on them the Curtius transformation to produce the
isocyanates. The procedure for the last two reactions is described,
for instance, by Boehmer'® and by Allen and Bell.'® Both, however,
are using benzene as the solvent of choice. In light of the recently
discovered carcinogenicity of benzene, a different solvent was
sought to run the reactions in. It was found that cyclohexane,
by virtue of having a boiling temperature and water-azeotroping
properties very close to those of benzene, was eminently suitable

for this purpose. Surprisingly, reactions conducted in toluene
gave much lower yields of the monoisocyanates than reactions
performed in cyclohexane. A detailed typical procedure for the
preparation of monomers will be given below.

The polymerization procedure used by us was essentially that
of Shashoua et al.™® It was found, however, that at the rec-
ommended polymerization temperature, many of the higher
molecular weight monomers tended to crystallize out of the
recommended dimethylformamide (DMF) solvent. Therefore,
pure toluene or mixtures of 1:1 by volume of toluene and DMF
were used as the solvent for most runs, eliminating monomer
precipitation and solvent freezing during the polymerization
procedure. A typical polymerization procedure will be given below.

Preparation of Isocyanate Monomers. The following
procedure is for 1 mol of starting material. The acid was mixed
in a round-bottom flask under dry atmosphere with at least 2 mol
of thionyl chloride and stirred at 35 °C < T' < 40 °C for 3 h. After
the reaction, the mixture was often allowed to stand overnight
at room temperature. Then the excess thionyl chloride was
removed by the application of vacuum accompanied by gentle
heating. The acid chloride was stored in sealed vessels until used
in the next step.

In a three-neck flask were placed 1.5 mol of sodium azide
(NaNj,), 300 mL of water, and 300 mL of cyclohexane. The
contents were cooled in an ice bath and stirred to dissolve the
NaNj;. To this solution, a solution of acid chloride in 300 mL of
acetone was added dropwise at a rate such that the temperature
in the flask never exceeded 15 °C. After the addition was
completed, the flask was stirred between 10 and 15 °C for at least
1 additional h. The solution was then cooled to about 0 °C with
the azide maintained in solution by small additions of cyclohexane.
The cold contents were transferred to a separatory funnel and
the aqueous layer was removed. The organic layer must be
maintained below 15 °C. Traces of water, which tend to coalesce
into droplets which adhere to the glassware at this temperature,
are removed by repeated decantation from one vessel to another.

The cyclohexane solution of the azide was added to twice its
volume of boiling cyclohexane at such a rate that the temperature
was kept throughout above 65 °C and preferentially at about 70
°C. After the addition was complete, the solution was stirred
between 60 and 70 °C for at least 1 additional h. Treatment with
decolorizing carbon and filtration followed. Then the solution
was cooled, the excess solvent removed in a rotary evaporator,
and the residual isocyanate purified by vacuum distillation from
which the forerun was removed. The purified isocyanate was
stored and protected from air, humidity, light, and heat until used.

Preparation of Isocyanate Polymers. To insure the absence
of all traces of water, the catalyst and the polyisocyanates were
prepared in flamed glassware. In a typical procedure, about 1
g of NaCN is finely ground. The NaCN powder is suspended in
25 to 50 mL of DMF previously treated with molecular sieves.
The suspension is stirred for at least 1 h prior to use.

A 150 mL three-necked flask is equipped with a dropping
funnel, a mechanical stirrer, and nitrogen inlet and outlet both
fitted with drying tubes. The dropping funnel is filled with 10
mL or more of the catalyst suspended in DMF. The composition
of the solvent depends on the monomer. For very long aliphatic
chain monomers, toluene is used. For intermediate length chains,

0024-9297/79/2212-0094801.00/0 © 1979 American Chemical Society



Vol. 12, No. 1, January-February 1979

Polyisocyanates and Their Liquid-Crystal Behavior 95

Table I
Polyisocyanates Prepared, Their Composition, and Reduced Viscosity

composition®:? reduced viscosity at C = 0.5%¢ 4

1 poly(methyl isocyanate) 0.16 in CHC!, and 0.06 in trifluoroethanol

11 poly(ethyl isocyanate) 0.11 in trifluoroacetic acid

111 poly(butyl isocyanate) 8.06, 3.2, 2.76, 2.05, and 1.92 in CHCI,,
2.15 in THF

v poly(hexyl isocyanate) 3.28, 2.71, and 2.08 in CHCl,, 4.22 in
toluene, 4,15 in ® solvent

v poly(octyl isocyanate) 1.7 in CHCI,

VI poly(nonyl isocyanate) 0.66 and 0.62 in CHCL,

VII poly(1-deceny! isocyanate) 3.26 in CHC],

VIII poly(undecyl isocyanate) 0.12, 0.26, and 1.00 in CHCI,

IX poly(tridecyl isocyanate) 0.14 in CHCI,

X poly(pentadecyl isocyanate) 0.18 in CHCI,

XI poly(octadecyl isocyanate) 1.00 and 0.70 in CHCI,

XI1I poly(phenyl isocyanate) insoluble in CHCI,

XIII poly(phenyl-3-propyl isocyanate) 0.95 in CHCl,

X1V poly(p-tolyl isocyanate) 0.5 in CHCI1,

XV poly(p-anisole isocyanate) 0.38 in CHCI,

XVI poly(p-anisolemethyl isocyanate) 0.8 in CHC],

XVIIL poly(p-anisole-2-ethyl isocyanate) 1.1 in CHCI,

Xvinn poly(p-anisole-3-propyl isocyanate) 1.34, 0.60, and 0.26 in CHCI,

XX poly(50% buty! + 50% nonyl isocyanate) 2.4 in CHCI,

XXI poly(52% butyl + 48% phenyl-3-propyl isocyanate) 0.61 in CHCI,

XXII poly(30% butyl + 70% p-anisolemethyl isocyanate) 0.42 and 0.32 in CHCI,

XXI1II poly(32% butyl + 68% p-anisolemethyl isocyanate) 1.05 in CHCI,

XXI1V poly(50% butyl + 50% p-anisole-2-ethyl isocyanate) 0.93 in CHCl,

XXV poly(33% butyl + 67% p-anisole-3-propy! isocyanate) 7.92 in CHCI,

XXVI poly(50% butyl + 50% p-anisole-3-propyl isocyanate) 12,08, 8.51, 8.1, 0.81, and 0.52 in CHCI,

XXV poly(75% butyl + 25% p-anisole-3-propyl isocyanate) 4.1 in CHCl,

XXVIII poly(47% p-anisolemethy!l + 53% p-anisole-3-propyl isocyanate) 2.8 in CHCI,

XXIX poly(52% p-anisolemethyl + 48% p-anisole-3-propyl isocyanate) 0.86 in CHCI,

XXX poly(81% butyl + 19% cyclohexyl isocyanate) 0.4 in CHCl,

XXXI poly(77% butyl + 283% methyleyclohexyl isocyanate) 0.6 in CHCI,

@ Except for the cyclohexyls, all alkyl side chains are linear. ® Copolymer composition is in mol % and was determined
by NMR analysis. ¢ Variations in reduced viscosity merely reflect the fact that optimization of reaction conditions was
not attempted. ¢ The low reduced viscosities in acidic solvents such as trifluoroacetic acid and trifluoroethanol reflect the
fact that the polyisocyanates hydrolyze in acidic media. A deterioration of the polymers was detected upon prolonged

standing even in solvents such as TCE and CHCl,.

a toluene/ DMF mixture is used such that after the addition of
the catalyst suspension in DMF, the volume ratio of toluene to
DMF will be 1:1. For short chain monomers or for ones containing
aromatic residues only DMF may be used as solvent. The
three-necked flask is cooled to about -79 °C in a dry ice/acetone
bath. Thirty milliliters of the desired solvent are placed in the
three-necked flask and 10 mL of monomer is added upon cooling.
After the mixture reaches the cold bath temperature, about 1 mL
of the catalyst suspension is added. More catalyst is added
dropwise over the course of the following 20 min. After a total
of 30 min, the reaction is quenched by the addition of about 100
mL of cold methanol. The resulting mixture is stirred in order
to break the gel particles. The solid polymers are filtered and
rinsed several times with methanol before being finally dried under
high vacuum at room temperature.

Characterization. Dilute solution viscosities were determined
at 25 °C using Cannon-Ubbelohde glass viscometers. The solvents
most often used were chloroform and toluene. Higher concen-
tration viscosities were measured with the aid of a Nametre
R?eodynamics direct readout viscometer at a shear rate of 4060
sl

Proton and carbon-13 NMR spectra were obtained using Varian
T-60A and Varian CFT-20 NMR spectrometers, respectively. The
solvents most often employed were deuterated Me,SO and
chloroform and trifluoroethanol. All samples were internally
calibrated with tetramethylsilane (Me,Si).

Infrared spectra were obtained from pulverized samples in KBr
pellets, from films cast from chloroform on KBr plates, and from
concentrated and dilute solutions in tetrachloroethane. The
solution spectra were obtained, after subtracting the solvent
absorption, on a nicolet 7199 Fourier transform infrared (FTIR)
spectrometer. Solid sample spectra used for comparison with the
solution spectra were also obtained with the Nicolet instrument.
All other solid sample spectra, from KBr pellet and films, were
obtained using a Perkin-Elmer infrared spectrophotometer Model
2B.

Thermogravimetric analyses (TGA) using a Cahn electrobalance
and a DuPont 951 thermogravimetric analyzer were performed
at a heating rate of 10 °C/min. Differential thermal analyses
(DTA) and differential scanning calorimetry (DSC) scans using
a DuPont 990 thermal analyzer were performed at heating rates
of 20 °C/min, with the polymers in an Argon atmosphere.

Optical microscopy studies on solutions were conducted using
a Leitz Ortholux polarized light microscope. Hot-stage microscopy
was performed on a Leitz hot-stage microscope.

X-ray diffraction patterns were obtained with a Norelco X-ray
diffractometer in parafocus geometry using Cu K radiation. The
samples were submitted to thermal cycling, mounted in a con-
trolled temperature sample holder, under nitrogen atmosphere.

An oriented film was studied using Philips microcamera with
a sample to film distance of 1.413 cm. The photographic film was
then scanned with a microdensitometer in the meridional and
equatorial directions. A solution sample was studied for wide-
and small-angle X-ray scattering patterns with a small angle and
a Debye-Scherrer camera. With the geometry employed, it was
possible to scan an angular range corresponding to Bragg spacings
of 140 to 6.3 A on the small-angle camera, producing a considerable
overlap with the range of 10 to 1.50 A of the Debye-Scherrer
camera.

Light-scattering experiments were performed on a Brice
Phoenix light-scattering photometer and osmometry on a Me-
chrolab high-speed membrane osmometer. Filtration was done
through 0.45 mum Millipore filters.

Stress-strain curves were obtained in an Instron testing in-
strument from dogbone-shaped samples punched out of films cast
from solution in a mixture of 1:2 toluene/chloroform, following
the procedure of Haward et al.®

Results
The polymers tabulated in Table I were synthesized

from the corresponding monomers. For convenience, the
polymers would be referred to herein by their number.



96 Aharoni

Figure 1. Mesomorphic structures in a 25% solution of poly-
(hexyl isocyanate) (IV) in TCE at room temperature. Original
magnification 200X.

Polarized light microscopy studies at room temperature
were conducted on solutions of the polyisocyanates in
conventional solvents and were restricted only by the
limited solubility of several of the polymers. By the use
of high-boiling solvents having refractive index significantly
different from that of the polymers evaporation of the
solvent from under the microscope cover glass was better
controlled, and the polymer was clearly visible in the
solvent.

From the homopoly(alkyl isocyanates), polymers IV, V,
VI, and VII clearly exhibited liquid-crystalline behavior
in solutions above a certain critical concentration, vy*.
Figures 1 through 5 are typical. Similarly, the copolymer
XX showed the same mesomorphic behavior, Figure 6.
From the aryl and aralkyl isocyanates, only the copolymers
XXI (Figure 7), XXIV, XXV, and XXVI (Figure 8) were
liquid crystalline above their critical concentrations, vy*.
At concentrations below vy* the solutions are isotropic, at
vy* the anisotropic phase appears, and above v,* the so-
lution is anisotropic. Only at much higher concentrations,

- usually significantly above 50% polymer, separation of
polymeric gel out of the anisotropic solution becomes
evident. The aryl isocyanates XII, XIV, and XV are only
sparingly soluble and produce microscopic particles
floating in an isotropic, highly dilute solution of the
polymer. The aralkyl homopolymer XIII is only sparingly
soluble in the conventional solvents tested, yielding an
isotropic dilute solution. The three aralkyl homopoly-
isocyanates X VI, XVII, and X VIII showed, in this order,
increasing solubility in chlorinated solvents such as TCE
or chloroform. They all produced isotropic solutions when
completely dissolved, but it may be that their low solubility
precludes them from surpassing v,* and forming meso-
morphic structures. The polymers do show nonetheless,
a tendency to become ordered in the same sequence: XVI

Macromolecules

Figure 2. Mesomorphic structures in a 15% solution of IV in
TCE at room temperature. Original magnification 200X.

Figure 3. Mesomorphic structures in ~25% IV in bromoform
at room temperature. (a), (b), and (c) were obtained from a
visually hazy layer, original magnification 200%. (d) was obtained
from a visually clear layer, original magnification 400X.

< XVII < XVIII. When polymers XVII and XVIII are
swollen in solvent during the process of dissolution, small
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Figure 4, Mesomorphic structures in ~25% VI in T'CE at room
temperature. Original magnification 200X.

particles exhibiting Maltese crosses in cross-polarized light
become clearly visible, as is shown in Figure 9. Similar
Maltese crosses appear also in microparticles of the
poly(alkyl isocyanate) VIII in the state of dissolution.
When filtered through fine-pore fritted glass filters, dilute
solutions of XVII and especially XVIII tended to deposit
fine fibrillar matter that, when observed under the mi-
croscope, was found to be highly oriented polymers. The
tendency to orient was so strong in the case of polymer
XVIII that fast stirring of its concentrated solution was
sufficient to produce fibrillar precipitation of the polymer.
Poly(butylisocyanate), III, also tended to deposit fibrillar
precipitate when filtered through fine pore fritted glass
or Millipore filters, but this tendency was not as pro-
nounced as, say, that of polymer XVIII.

From the linear alkyl homopolymers, I, I, III, VIII, IX,
X, and XI yielded isotropic solutions at room temperature.
Polymers I and II were only very sparingly soluble in the
solvents employed so that one may invoke solutions too
dilute to exhibit liquid crystallinity. This argument cannot
hold for the highly soluble polymers I1I, VIIT, IX, X, and
XI. When solutions of these polymers at ever increasing
concentrations are prepared at room temperature, a point
is reached where the polymer precipitates out as a crys-
talline solid out of the supersaturated, yet isotropic, so-
lution. When a hot and highly concentrated solution of
IIT in TCE is placed on the microscope stage, liquid
spherulites showing Maltese crosses are clearly visible.
Upon cooling to room temperature, spherulites of the solid
polymer appear floating in an isotropic solution. Later it
will be shown that the polymers IX, X, and XI show
side-chain crystallization, but such crystallization was not
observed in III and VIII. From the above, one may
conclude that alkyl isocyanate homopolymers (and co-
polymers such as XX) form liquid crystals when the alkyl
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Figure 5. Mesomorphic structures in ~25% VII in TCE at room
temperature. Original magnification 200X,

chains are sufficiently long to facilitate high-concentration
solutions, yet short enough in order for side-chain in-
teractions not to dominate completely the behavior of the
polymeric solution or its pure form. Polymers III and VIII,
both showing a tendency toward chain alignment, but not
liquid crystallinity in the sense of Figures 1 through 8,
appear to be the limiting cases of transition from meso-
genic to nonmesogenic polymers.

The two aralkyl copolymers XX VIIT and XXTIX, even
though highly soluble in chlorinated solvents, failed to
show liquid crystalline behavior. The cyclohexyl- and
methyleyclohexyl-containing copolymers XXX and XXXI
also showed no mesomorphic behavior. This behavior may
be explained by noting that the molar fraction of butyl
residues was very high in these polymers, 0.81 and 0.77,
respectively.

Within the class of alkyl-aralkyl copolymers, when the
three polymers XXV, XXVI, and XXVII are compared,
one finds that XXV and XXVI do produce liquid crystals
while XXVII does not. Here, again, a high molar fraction
of butyl residues, namely 0.75, is responsible for the in-
ability of XXVII to form liquid crystals at room tem-
perature.

In the same class of alkyl-aralkyl copolymers, when one
compares the number of ~CHy— groups separating the
aromatic residue from the backbone, one finds that for
copolymers, such as XXII and XXIII, where only one
—CH,— group is present, no liquid crystallinity is obtained,
while in copolymers with two or three -CH,— groups
between the aromatic residue and the backbone, meso-
morphic behavior is very strongly evident (polymers XXI,
XXIV, XXV, and XXVI). It is important to note that
with the appropriate number of -CH,— groups, it is im-
material whether the aromatic residue is a polar anisole
or a nonpolar phenyl. Polymers XXI and XXVI both
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Figure 6. Mesomorphic structures in a sheared ~25% solution
of XX in TCE at room temperature. Original magnification for
(a) 850X, (b) 400X, and (c) 850X.

Figure 7. Mesomorphic structures in ~15 XXI in TCE at room
temperature. Original magnification 200X.

contain about 50 mol % butyl, both have three -CHy-
groups between their backbone and the aromatic residue,
and both are liquid crystals. Yet, XXI has a phenyl while
XXVI has an anisole residue.

One may conclude that the homopolymers of aralkyl
studied here do not produce liquid crystals. If, however,
the very same monomers are copolymerized with normal
alkyl monomers, then the ability to form liquid crystals
rests on the existence of two parameters: (a) the con-
centration of the aralkyl monomer cannot be too low
(below ~0.33), and (b) the aralkyl must possess two or
more —CH,— groups between the aromatic residue and the
backbone chain.

Several flexible-backbone polymers were studied in
solution and in bulk with respect to their ability to form

Macromolecules

Figure 8. Mesomorphic structures in a 30% solution of XXVI
in TCE at room temperature: (a and b) the solution as prepared,
(c and d) a sheared solution.

Figure 9. Particles of XVII swollen in TCE, in the process of
dissolution, at room temperature. Original magnification 200X.

liquid crystals. Poly(hexyl methacrylate) was studied in
the range of 23.8 to 100% polymer concentration, poly-
(octyl acrylate) was studied in the 21 to 100% concen-
tration range, and poly(lauryl methacrylate) was studied
in the 23 to 100% concentration range, all in toluene.
None of the polymers showed liquid crystallinity or even
a tendency toward chain alignment, under the conditions
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leading to order in the mesogenic polyisocyanates. It is
apparent that extended rigid backbones are necessary for
mesomorphic behavior of the polyisocyanates besides the
structural requirements characterizing the side groups.
The rigidity and extension of such chains will be discussed
below.

The polymerization of aromatic and aralkyl isocyanates
in homo- and copolymers was very facile. In all cases, the
molar ratios in the copolymers were essentially the same
as in the feed. Conversely, attempts to homopolymerize
cyclohexyl and methylcyclohexyl isocyanates (which should
be number XIX in Table I) failed completely. When
copolymerized with butyl isocyanate, the amount of butyl
residues in the copolymers is much higher (81% in XXX
and 77% in XXXI) than the 50% butyl isocyanate that
was in the feed. In agreement with Shashoua et al.,'® one
concludes that the bulkiness of the cyclohexyl and me-
thylcyclohexyl prevents their homopolymerization. When
copolymerized with small comonomers, such as butyl
isocyanate, each bulky monomer requires more than one
small residue to be inserted in the polymer chain, ap-
parently as “spacers” between the bulky residues.

It is well documented in the literature that poly(aryl
isocyanates) possess relatively flexible?” %5 chain and an
average Gaussian segmental distribution. The poly(alkyl
isocyanates), on the other hand, are known to be endowed
with very rigid and highly extended backbone.?6-% We
thought it would be of interest to determine whether the
backbone chains of poly(aralkyl isocyanates) are flexible
or rigid and extended. Because of the poor solubility of
polymers such as XIII, XVI, and XVII in chloroform, the
properties of the polymer XVIII were studied. The dif-
ferential refractive index of a 1% solution of XVIII in
chloroform as measured at 22 °C using light wavelength
of 546 mum was determined to be An/Ac = 0.170. The
weight average molecular weight of one sample of XVIII
was determined in chloroform by the light—scattering
Zimm plot procedure to be M, = 27000 and the radius of
gyration, R, to be 190 A. From a dissymmetry number
of ~1.19 a chain end-to-end distance, A, of 650 A was
calculated. The degree of polymerization, N, of this
polymer is 140 and the projection of each repeat unit along
the contour direction, b, was calculated by Bur and
Fetters® to be ~2.0 A. Following Benoit et al.® the
theoretical radius of gyration Rgy of a rigid rod macro-
molecule whose thickness is negligible relative to its length
is

Rer? = (NB2 + hH) /12 (1)

introducing the above numerical values for N, b, and h into
the equation yields a Rgr value of 188 A. From this, one
obtains through

Cm = RGTZ/ZVb2 (2)

a characteristic ratio C., of 63 for the polymer XVIII. We
have no additional information about other molecular
weight samples of polymer XVIII, but a C.. = 63 is of the
same order of magnitude as poly(butyl isocyanate)?®3° and
poly(hexyl isocyanate).26%7

It has been demonstrated by Berger and Tidswell®® that
the intrinsic viscosity of poly(n-hexyl isocyanate) in various
solvents, including © mixtures, is about constant, a strong
indication of the inherent stiffness of the chains. We have
repeated these measurements for one sample of polymer
IV at 25 °C, obtaining [5] = 2.6 dL/g in toluene, [n] = 2.2
dL/g in chloroform, and [4] = 2.38 dL/g in a mixture of
19.5 vol/vol % methanol in toluene, a © mixture according
to Berger and Tidswell.?® Our results are in excellent
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Figure 10, Viscosity of concentrated solutions of poly(hexyl
isocyanate) (IV) in toluene at room temperature. The particular
batch used here had a molecular weight of M, = 65000. Measured
with a Nametre viscometer.

Table I1
Results of Thermal Studies on Polyisocyanates

TGA, onset of DTA-~DSC obsd transitions,

dee, °C¢ °ce
I ~50 sharp transition at ~96
II ~70 Ty ~72
III ~150 Ty(?)~15; T, 68; Ty, ~185
v ~180 T.65, Tyy ~155

A% ~180 Tg(?)-10; T, 60; T 114;
Ty, 159

VI ND T, 55;Tc, 91

VII ~150, 2 T, 68

distinct steps

VI ~155, 2 steps T, 69; T 102; Tm 41

X ~190 T 65; T 107, Tm 51

X ~180 Tcs 38; Tc 105; Tm 62

XI ND T, 104; Tm 54

XVIII ~195 Tg 2; T(W) '56

XXII ~170, 2 steps Tg(?)-20; T 83

XXV ~125 Tg 24;Te 58; Te, T1;
T 125'

XXVI ~185 Te(?)-11; T, 66; Ty, 170

XXVII ~195 Ty 4

¢ T«(W) indicates a very weak transition. T
indicates a shoulder. ND = not determined.

agreement with theirs, indicating a M,, = 65000 for the
studied sample. A study of the viscosity of this sample
as a function of concentration, presented graphically in
Figure 10, revealed a sharp drop in the viscosity of the
toluene solution at concentrations higher than 23%. This
change in the viscosity is in general agreement with the
microscope observations of solutions of this sample. Here
a 25% solution of IV in TCE at 25 °C was anisotropic
essentially throughout its volume, while a solution of 15%
concentration appeared as anisotropic islands floating in
an isotropic liquid. Similar behavior was observed when
the solvent was changed to bromoform.

The results of the thermal studies are presented in Table
II. It should be noted that in many instances the onset
of thermal decomposition corresponds to the upper melting
point T,,. Also, many glass transition temperatures, T},
were not observed and some low-temperature transmons
that were observed and are denoted by T,(?) may not be
true glass transition temperatures. Transmons above T,
and below T, were denoted by T (or T, and T, when
there were two of them). In Flgure 11 three typical
thermal scans are shown, of mesomorphic (VI), inter-
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Figure 11. DTA scans of poly(alkyl isocyanates): (a) poly-
(nonylisocyanate), VI; (b) poly(undecyl isocyanate), VIII; and (c)
poly(octadecyl isocyanate), XI. Polymer VI is mesogenic, VIII
is at the borderline, and XI is nonmesogenic but with side-chain
cocrystallization.

mediate (VIII), and long side chain (XI) poly(alkyl iso-
cyanates). The low decomposition temperatures in Table
II are in a reasonable agreement with those recorded by
Shashoua et al.’® and by Bur and Fetters.®® Several
conformational transitions of poly(hexyl isocyanate) and
poly(nonyl isocyanate) in dilute solutions were claimed.*®
As of now, we have insufficient data to correlate the
transitions in the pure polymer with those in dilute so-
lution.

The poor thermal stability of the polyisocyanates limited
our hot-stage microscopy studies to only nine polymers.
In perfect agreement with the results obtained from
concentrated solutions, polymers IV, V, XXV, and XXVI
behaved as liquid crystals over a narrow temperature
interval below their melting point, T, while polymers III,
XVI, XVIII, XXII, and XXIX melted at T, without
showing a mesomorphic phase below it. The quality of the
photographs obtained with hot-stage experiments was far
inferior to the quality of the photographs obtained from
the solution microscopy. The observed morphological
features were, nonetheless, about the same for the me-
somorphic state of the pure polymer as in the highly
concentrated solution.

Proton and carbon-13 NMR spectra were obtained from
several polyisocyanate solutions. As is customary, con-
centrations of 10 wt/vol % or more were used. Polymers
exhibiting no mesomorphic nature produced spectra
completely normal with respect to the line width of either
the protons in 'H NMR or the carbons in *C NMR.
Among such polymers one finds I, IIT, XVII, XVIII, and
XXX. The spectra of the alkyl-aralkyl copolymers XXIV
and XXVI were, however, different. In both instances, the
two 'H-NMR peaks of the two methylene groups adjacent
to the backbone nitrogen, > NCH,CH,—, were remarkably
broad, often showing a multiplicity of poorly resolved
peaks. Integration of the areas under the peaks of the
BuCH,CHj, and the aromatic protons gave the molar ratios
given in Table I. The >NCH,CH,- groups belonging to
the very same aralkyl residue gave much smaller area
under their integrated peaks. In the ®*C NMR each of
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Table 111
Carbonyl Stretching Band Position, (cm™!)
liquid
crys-
tal
solid state conc soln dil soln formed
I 1675 + 1680 + 1685 + no
2 weak 2 weak 1 weak
I 1700 1690-95 no
v 1700 1700 yes
\'% 1695 1695 yes
VI 1695 + 1695 1695 yes
2 weak
VII 1695 1695 1695 yes
VIII 1685 + 1690 1692 no
1695
X 1685 + 1690 1690 no
1695 +
1 weak
X 1687 + 1686 1690 no
1696
1698 1685 no
(very
dilute)
XII 1710 + 1700 no
2 weak
X1II 1700 1692 no
(very
dilute)
XVI 1710 no solu- no
tion data
XXI 1695 1695 1695 yes
XXII 1700 1718 no
XXVI 1700 1700 1700 yes
XXVIII not 1690 no
obtained
XXXI 1698 + 1695 1695 no
1 weak

these two -CH,— groups exhibits a very broad region with
a multiplicity of unresolved peaks. The behavior of the
two methylene groups adjacent to the nitrogen atom of
XXIV and XXVI in both 'H NMR and *C NMR seems
to indicate that some sort of chain rigidity or molecular
association is present in these polymers. This rigidity, or
association, was manifested also in certain infrared
characteristics to be described below.

Infrared spectra of polyisocyanates were obtained in a
Fourier transform infrared instrument with a 1-2-cm™
resolution. To obtain the desired signal-to-noise ratio,
between 200 and 500 scans were obtained from each
sample. Spectra were taken from solid samples (2%
pulverized polymer in KBr matrix), concentrated solution
in tetrachloroethane (20 wt/vol %), and dilute solution in
TCE (2% polymer) when possible. Several samples were
only slightly scluble, even at up to 75 °C, and the spectra
were obtained from their saturated solutions.

The C=0 (~1700 cm™) stretching vibration was used
in the analysis. This vibration is well separated from other
bands in the infrared spectra of polyisocyanates. Because
of the flat background obtainable, even in dilute TCE
solutions, the subtraction capabilities of the FTIR spec-
trometer can provide quantitative analysis regarding band
intensity, position, and shape. Even though the C=0
stretching vibration is a highly localized motion, it is
coupled to the motions of the backbone, i.e., angle bending
and C-N stretching, and can be sensitive to conformational
changes in polyisocyanates. It has been shown, for ex-
ample, that poly(p-tolyl isocyanate), XIV, exists as two
rotational isomers, each having its own absorption band
in the C=0 stretching region.®® Our results on the C=0
stretching band position for polyisocyanates in the pure
form and as a solution are presented in Table III. In Table
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III the position of the intense C==0 band (or bands) is
recorded, while the existence of additional weak bands or
shoulders is merely mentioned. The intense band in the
neighborhood of 1700 ¢cm™ is similar to the C=0 band in
the corresponding cyclic timer (isocyanurates),®” but the
high solution viscosity of all the samples studied by in-
frared assures that the observed spectra belong to high
molecular weight isocyanate polymers.

The most important observation in Table III is that the
frequency of all the C==0 stretching vibrations associated
with polyisocyanates which exhibit mesomorphic behavior
remained unchanged upon going from the solid through
the concentrated solution to the dilute solution. On the
other hand, all the samples known not to produce liquid
crystals in solution showed a change in the frequency of
the C=0 stretching motion in going from solid to dilute
solution. The magnitude of the shift for each polymer
appears to be concentration dependent, but, as of now, we
understand neither the fact that the frequency may in-
crease or decrease upon dissolution nor the differences
between one polymer and another in the size of the fre-
quency change. The spectra of the solid VIII, IX, and X
showed a strong doublet in the frequency range of interest,
and only a singlet in solution. This may be due to in-
terchain interaction or to the strong side-chain interaction,
manifested by the lower melting point, Ty, of these
polymers in Table II. In either case, the absence of such
a doublet in poly(octadecyl isocyanate) (XI) is puzzling.

Even though much more work must be done in order to
explain the whole spectra of the polyisocyanate family, in
solid and solution, certain hypotheses may be put forth.
Accordingly, alkyl and aralkyl polyisocyanates that show
no mesomorphic behavior have a somewhat different
conformational distribution in solution than in the solid
state. The polyisocyanates exhibiting mesomorphic be-
havior maintain the same distribution in the solid and in
solution. The reason for this may be that the backbone
rigidity of these polymers is higher than that of the former
group, or that these polymers, even in solution, are or-
ganized in “swarms” while in the former polymers the
macromolecules are not associated in solution. Either of
these tentative explanations results in the macromolecules
of the mesogenic polyisocyanates being highly associated
in the solid and the solution and as such maintaining their
extension and stiffness.

The preliminary X-ray diffraction studies performed by
us may be divided in two parts: studies on poly(alkyl
isocyanates) and on poly(aryl or aralkyl isocyanates) and
their copolymers with one another and with alkyl iso-
cyanates. Polymers such as XII, X1V, and XV were found
to be amorphous at room temperature and were not
studied further. The poly(p-anisole-3-propyl isocyanate)
(XVIII) and its copolymer with p-anisolemethyl iso-
cyanate, polymer XX VIII, were amorphous for all practical
purposes. The poly(p-anisolemethyl! isocyanate) (XVI)
showed, in addition to a broad, medium-intensity peak
centered at about 4.69 A, a strong and sharp peak at about
11.85 A. The copolymer XXII showed essentially the same
pattern. As is evidenced from the strong and sharp dif-
fraction peak at low 20 angles, polymers XVI and XXII
indicate a strong tendency toward some ordering, not
necessarily mesogenic. The polymers showing liquid
crystallinity, XXV and XXVI, showed a slightly higher
tendency toward organization, as is evident from the
appearance of two additional weak diffraction peaks in
their X-ray patterns. As a rule, these additional peaks
appear in the d-spacing interval between the broad me-
dium peak in the neighborhood of 4.5 A and the sharp
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Figure 12. Diffraction patterns of a mesogenic poly{alkyl iso-
cyanate), V: (a) at room temperature; (b) at 80 °C; (¢) at 32 °C
after cooling from 80 °C; (d) at 130 °C; and (e) at room tem-
perature after cooling from 130 °C. After 48 h at room tem-
perature, the structure was as in curve C.

intense peak which is always the largest d spacing for the
polymer in question. Curve A in Figure 12, of poly(octyl
isocyanate) to be discussed below, is typical. Polymer
XXVI was successfully oriented while swollen with TCE.
After fully drying, it still retained a substantial measure
of orientation. Photographic films obtained by using a
microcamera were scanned with a microdensitometer in
the meridional and equatorial directions. The strong and
sharp peak observed in polymer XXVIat d ~ 15.7 A (20
= 5.6°) in an annealed and unoriented sample was ob-
served in the equatorial scan of the oriented sample, but
significantly weaker and broader. The medium peak at
~4.,5 A d spacing is of the (00]) type while the equatorial
d spacing of ~15.7 A spacing is associated with some
lateral distance between chains. The sharpness and in-
tensity of these peaks in the mesogenic and other tending
to order polyisocyanates indicates that the interchain
lateral distances are held very close to constancy, and that
a large fraction of the polymer chains in the sample adhere
to this lateral order. It is of interest to note that even
though polymer XXVI forms liquid crystals and its X-ray
pattern shows an intense and sharp peak at ~15.7 A, for
a sample of ny,/¢ = 8.1 dL/g in 0.5% solution in TCE, the
percent crystallinity (about 30%) did not increase at all
after annealing for 18 h at 110 °C, significantly above the
T, = 66 °C determined by means of DTA.

A 30% solution of XX VI in TCE produced only a very
broad X-ray diffraction peak centered at ~4.5 A, again
indicating that such a d spacing is, most likely, associated
with some repeat along the chain direction. No additional
d spacing was observed in the wide- or small-angle X-ray
patterns.

The poly(alkyl isocyanates), a more detailed study of
which will be published separately,'* may be classified into
two categories. One, of which Figure 12A of polymer V
is typical, has an intense and sharp X-ray peak at low 20,
that is, at their largest d spacing. The other peaks are
weak, broad, and superimposed on an amorphous back-
ground. Polymers belonging to this class are II, III, IV,
V, VI, VIII, and IX. Polymer VII was not studied but, in
light of its similar behavior to VI and VIII, this polvmer
also should fall in the same category. Polymer I exhibits
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Figure 13. Stress-strain curves for mesogenic XXVI and
nonmesogenic I1I polyisocyanates. Both polymers had a viscosity
of /¢ = 8.1 dL/g at C = 0.5% in chloroform at room tem-
perature.

a multitude (35) of sharp peaks in its X-ray pattern. We
believe that because of its poor stability, the majority of
these peaks may belong to the degradation product of the
polymer, an isocyanate trimer. The second class of
poly(alkyl isocyanates), including IX, X, and XI, are
typified by an intense peak at about 4.2 A, associated with
a reduced intensity of the peak at the largest d spacing.
Because these polymers also show a second, low-tem-
perature, melting point, T, , we believe that the intense
peaks at ~4.2 A reflect the fact that the long side chains
in these polymers crystallize separately.

Preliminary results indicate that the largest d spacing
of polymers belonging to the first category should cor-
respond to twice the length of the side chain extended in
a trans conformation. In the polymers belonging to the
second category, this correlation fails and the largest d
spacing is less than twice the extended side chain.

The polymers III, IV, V, XVI, XVIII, XXII, XXV,
XXVI, and XXVIII were studied by X-rays at room
temperature, at fixed elevated temperatures, and then
again at room temperature. In all instances, the elevated
temperature was intermediate between the highest
transition temperature, T, or T, and the polymer melting
point, T,.. Except for polymer V, all polymers exhibited
at the elevated temperature a slightly better definition of
the X-ray pattern obtained initially at room temperature.
Upon return to room temperature, the peaks that became
better defined at elevated temperature remained so.
Apparently, the effect of heat cycling on all these samples,
mesogenic or not, was a mere minor increase in order.

Polymer V, poly(octyl isocyanate), of all the polyiso-
cyanates studied, showed dramatic effects of heat cycling.
In Table II, it is shown that polymer V has two transition
temperatures, T,, at 60 °C and T, at 114 °C, below a
melting point of T, = 159 °C. In Figure 12, curve A is the
X-ray diffraction pattern of polymer V obtained at room
temperature. Curve B was obtained at 80 °C, in between
T, and T, Curve C was obtained at 32 °C, after cooling
from 80 °é. It is obvious that no significant changes take
place in polymer V up to T,,. Curve D was obtained at
130 °C. Two major changes are evident, the largest d
spacing decreased from 20.52 A (26 = 4.3°) to 16.2 A (26
= 5.45°) and all the peaks at larger 20 were replaced by
an apparently amorphous very broad peak. Curve E in the
figure was taken at 25 °C after cooling over a period of
about 1 h from 130 °C. Here we find that the peak at 16.2
A lost most of its intensity, and concomitantly, the intense
peak at 20.52 A reappeared. At the same time, all the
peaks at higher 20 that were apparent at temperatures up
to 80 °C reappeared. An additional scan of polymer V,
taken 48 h after completion of the above temperature
sequence, revealed that the peak at 16.2 A disappeared
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completely and the sample regained its original structure,
producing a scan exactly the same as scan C in Figure 12.

To the best of our knowledge, there are only two X-ray
experimental studies on the structure of polyisocyanates
in the solid state. One study, by Shmueli et al.,®® deals with
poly(buty! isocyanate) and another, by Clough,*® deals with
poly(n-hexyl isocyanate). Several theoretical papers,0-43
nonetheless, differ about the chain conformation of the
poly(alkyl isocyanate) family of polymers. We hope that
our!¢ forthcoming report on the X-ray studies of poly(alkyl
isocyanates) will facilitate the resolution of these differ-
ences.

Only one study'®** devoted to the study of the me-
chanical properties of solid polyisocyanates is known to
us. This study involved poly(butyl isocyanate), poly(ethyl
isocyanate), several of their copolymers, and poly(hexyl
isocyanate). The polymers appear to undergo uniform
tensile deformation, and their stress—strain curves, all
similar to each other, lack a yield point. Changes in
percent crystallinity were not reflected in changes in the
nature of the curves. It should be noted that the
stress—strain curve for poly(ethyl isocyanate), which
showed no mesogenic behavior or tendency toward
alignment (conceivably because of poor solubility), was of
the same shape as poly(hexyl isocyanate), a liquid crystal
former.

Attempts were made, following the procedure of Haward
et al.,’®* to cast films of several of our polyisocyantes and
measure their stress—strain relationships. We have found
that coherent films that could be handled without
crumbling, and cut into dogbone-shaped samples, were
obtained only from polymers whose 7,,/c was over 4.5 dL/g
at C = 0.5% in TCE or CHCl;. Films were prepared,
through casting, from polymers III and XXVI whose 7y ,/c
in chloroform was 8.1 dL/g. Polymer III, poly(butyl
isocyanate), was used to compare our results with those
of Haward et al.’®* Polymer XXVI, a strongly mesogenic
polymer, was chosen to compare the stress—strain curve
obtained from a mesogenic polymer with that of a non-
mesogenic or poorly mesogenic one. The results, obtained
at room temperature, are shown in Figure 13. It is obvious
that the nature of the stress—strain curve is about the same
and is in perfect agreement with that of Haward et al.1%%
Polymer XXVI is somewhat more rigid than III, as is
evidenced from its higher modulus and smaller elongation
at break. As these polymers have rather close T}'s and 7'’s,
straddling the test temperature, the reason tgor the dif-
ference between the polymers may be a difference in chain
rigidity, molecular peaking, or entanglements, and not a
particular dependence on the test temperature.

Acknowledgment. It is a pleasure to acknowledge the
support of my following colleagues in obtaining the ex-
perimental data in this report: Mr. G. E. Babbitt, Dr. P.
J. Harget, Dr. S. L. Hsu, Dr. H.-G. Kim, Miss D. R.
Kozlowski, Mrs. A. C. Reimschuessel, Mr. A. Szollosi, Mrs.
E. L. Szollosi, Mr. B. Vrooman, and Mr. E. K. Walsh.

References and Notes

(1) See, for example: P. W. Morgan, Macromolecules, 10, 1381
(1977); S. L. Kwolek, P. W. Morgan, J. R. Schafgen, and L. W.
Gulrich, ibid., 10, 1390 (1977); T. L. Bair, P. W. Morgan, and
F. L. Killian, ibid., 10, 1396 (1977); M. Panar and L. F. Beste,
ibid., 10, 1401 (1977); and references therein.

(2) F.E. McFarlane and T. G. Davis, U.S. Patent 3890256 (June
17, 1975).

(3) W.J.Jackson, Jr., and H. F. Kuhfuss, J. Polym. Sci. Polym.
Chem. Ed., 14, 2043 (1976).

(4) C.S. Wang and G. S. Y. Yeh, Polymer, 18, 1085 (1977).

(5) See, for example, J. Hermans, Jr., JJ. Colloid Sci., 17, 638 (1962);
P. J. Flory and W. J. Leonard, Jr., J. Am. Chem. Soc., 87, 2102



Vol. 12, No. 1, January-February 1979

9)
(10)

(11)
(12)

(1965); C. Robinson, J. C. Ward, and R. B. Beevers, Discuss.
Faraday Soc., 25, 29 (1958); C. Robinson, Trans. Faraday Soc.,
52, 571 (1956); V. Luzzati, Prog. Nucl. Acid Res. Mol. Biol., 1,
347 (1963); W. A. Hines and E. T. Samulski, Macromolecules,
6, 793 (1973), and references therein.

See, for example, V. N. Tsvetkov, E. I. Riumtsev, I. N.
Shtennikova, E. V. Korneeva, B. A. Krentsel, and Yu. B. Amerik,
Eur. Polym. dJ., 9, 481 (1973); V. N. Tsvetkov, Ye. 1. Ryumtsev,
I. I. Konstantinov, Yu. B. Amerik, and B. A. Krentsel, Polym.
Sci. USSR (Engl. Transl.), 14, 76 (1972); V. N. Tsvetkov, Ye.
I. Ryumtsev, I. N. Shtennikova, I. 1. Konstantinov, Yu. B.
Amerik, and B. A. Krentsel, ibid., 15, 2569 (1973); L. Strzelecki
and L. Liebert, Bull. Soc. Chim. Fr., No. 2, 597 (1973); L. Liebert
and L. Strzelecki, ibid., No. 2, 603 (1973); V. P. Shibaev, R. V.
Talroze, F. I. Karakhanova, A. V. Kharitonov, and N. A. Plate,
Dokl. Phys. Chem. (Engl. Transl.), 225, 1258 (1975); A.
Blumstein, R. B. Blumstein, S. B. Clough, and E. C. Hsu,
Macromolecules, 8, 73 (1975); S. B. Clough, A. Blumstein, and
E. C. Hsu, Macromolecules, 9, 123 (1976); E. Perplies, H.
Ringsdorf, and J. H. Wendorff, Ber. Bunsenges. Phys. Chem.,
78,921 (1974); H. Finkelmann, H. Ringsdorf, and J. H. Wendorff,
Makromol. Chem., 179, 273 (1978), references therein and later
papers.

S. M. Aharoni, submitted for publication.

E. A. Kiamco, Ph.D. Thesis, University of Missouri-Kansas City
(1975), unpublished.

F. Millich, Adv. Polym. Seci., 19, 117 (1975).

R. E. Singler, N. S. Schneider, and G. L. Hagnauer, Polym. Eng.
Sci., 15, 321 (1975).

C. R. Desper and N. S. Schneider, Macromolecules, 9, 424 (1976).
C. R. Desper, M. N, Alexander, P. L. Sagalyn, and N. S.
Schneider, Polym. Prepr., Am. Chem. Soc., Div. Polym. Chem.,
18 (2), 73 (1977).

E. K. Walsh and S. M. Aharoni, in preparation.

S. M. Aharoni and H.-G. Kim, to be published.

J. W. Boehmer, Recl. Trav. Chim. Pays-Bas, 55, 379 (1936).
C. F. H. Allen and A. Bell, “Organic Syntheses”, Collect. Vol
I1, Wiley, New York, 1955, p 846.

. E. Shashoua, J. Am. Chem. Soc., 81, 3156 (1959).

. E. Shashoua, W. Sweeny, and R. F. Tietz, J. Am. Chem. Soc.,
2, 866 (1960).

. A. J. Owadh, I. W. Parsons, J. N. Hay, and R. N. Haward,
olymer, 17, 926 (1976).

. S. Schneider and S. Furusaki, J. Polym. Sci., Part A, 3, 933
965).

A =

(21)
(22)
(23)
(24)

(25)
(26)
27
(28
(29
(30

(31

)
)
)
)
(32)

(33)

(40)

(41)
{42)

(43)
(44)

Optically Active Polyelectrolytes with Variable Hydrophobicity 103

V. N. Tsvekov, Ye. I. Ryumtsev, and I. N. Shtennikova,
Vysokomol. Soedin., Ser. A, 13, 506 (1971).

V. N. Tsvetkov, I. N, Shtennikova, Ye. I. Ryumtsev, L. N,
Andreyeva, Yu. P. Getmanchuk, Yu. A, Spirin, and R. L
Dryagileva, Vysokomol. Soedin., Ser. A, 10, 2132 (1968).

L. Lecomte and V. Desreux, Polymer, 16, 765 (1975).

V. N. Tsvetkov, I. N. Shtennikova, E. [. Riumtsev, and Yu. P.
Getmanchuk, Eur. Polym. J., 7, 767 (1971).

L. Lecomte and E. Marchal, Eur. Polym. J., 12, 741 (1976).
M. N. Berger and B. M. Tidswell, J. Polym. Sci., Part C, No.
42, 1063 (1973).

M. N. Berger, J. Macromol. Sci., Rev. Macromol. Chem., 9, 269
(1973).

L. J. Fetters and H. Yu, Macromolecules, 4, 385 (1971).

A. J. Bur and L. J. Fetters, Macromolecules, 6, 874 (1973).
A. J. Bur and L. J. Fetters, Chem. Rev., 76, 727 (1976).

W. Burchard, Makromol. Chem., 67, 182 (1963).

V. N. Tsvetkov, E. I. Rjumtsev, N. V. Pogodina, and I. N,
Shtennikova, Eur. Polym. J., 11, 37 {1975).

M. G. Vitovskaya, P. N. Lavrenko, I. N. Shtennikova, A. A.
Gorbunov, T. V. Peker, Y. V. Korneyeva, E. P. Astapenko, Yu.
P. Getmanchuk, and V. N. Tsvetkov, Vysokomol. Soedin., Ser.
A, 17, 1917 (1975).

H. Benoit, D. Decker, R. Duplessix, C. Picot, P. Rempp, J. P.
Cotton, B. Farnoux, G. Jannink, and R. Ober, J. Polym. Sci.,
Polym. Phys. Ed., 14, 2119 (1976).

J. Pierre and E. Marchal, J. Polym. Sci., Polym. Lett. Ed., 13,
11 (1975).

B. Z. Volchek and V. N. Nikitin, Dokl. Akad. Nauk SSSR, 205,
622 (1972).

R. P. Tiger, L. I. Sarynina, and S. G. Entelis, Russ. Chem. Rev.
(Engl. Transl.), 41, 774 (1972).

U. Shmueli, W. Traub, and K. Rosenheck, J. Polym. Sci., Part
A-2,7, 515 (1969).

S. B. Clough in “Characterization of Materials in Research,
Ceramics and Polymers”, J. J. Burke and V. Weiss, Eds.,
Syracuse University Press, Syracuse, N.Y., 1975, pp 417-436.
N. S. Schneider, S. Furusaki, and R. W. Lenz, J. Polym. Sci.,
Part A, 3, 933 (1965).

T. C. Troxell and H. A. Scheraga, Macromolecules, 4, 528 (1971).
C. C.C. Han and H. Yu, Polym. Prepr. Am. Chem. Soc., Div.
Polym. Chem., 14 (1), 121 (1973).

A, E. Tonelli, Macromolecules, 7, 628 (1974).

A. A. Owadh, I. W. Parsons, J. N. Hay, and R. N. Haward,
Polymer, 19, 386 (1978).

Optically Active Polyelectrolytes with Variable Hydrophobicity.
3. Effects of pH-Induced Chromophore and Conformation
Changes on Chiroptical Properties of Alternating Copolymers of
Maleic Acid and Optically Active 1-Methylalkyl Vinyl Ethers

Claude Villiers, Christian Braud, and Michel Vert*

Laboratoire de Chimie Macromoléculaire, ERA CNRS No. 471, Faculté des Sciences et des
Techniques, Université de Haute-Normandie, 76130 Mont Saint Aignan, France

Emo Chiellini

Istituto di Chimica Organica Industriale, Universitd di Pisa, Centro Studio CNR
Macromolecole Stereordinate Otticamente Attive, Pisa, Italy. Received July 13, 1978

ABSTRACT: Large modifications in ORD and CD spectra of three optically active maleic acid/alkyl vinyl

ether alternating copolymers (MAc/R*VE with R* =

(S)-1-methylpropyl, sample C4;; R* = (R)-1-methylbutyl,

sample C5,; and R* = (S)-1-methylheptyl, sample C8,) were found after adding an alkaline reagent to aqueous
or methanolic solutions. When progressively ionized in water, these three polyelectrolytes show different
conformational behaviors (respectively chain extension, compact coils-to-extended coils transition, and
polysoap-like structure) depending on the length and, thus, on the hydrophobic character of etheral side-chain
alkyl substituents. These differences of conformational behavior are not reflected in the observed pH-induced
optical activity changes which primarily depend on chemical modifications of asymmetrically perturbed carboxyl
chromophores and on consequent perturbations of the other chromophoric systems. The possibility for a
folding of side chains on the polymeric backbone explaining the alkyl chain-length dependence of observed
CD bands in water but not in methanol whatever the degree of neutralization is discussed.

In the field of optically active polymers, optical rotatory
dispersion (ORD) and circular dichroism (CD) have been
used mostly for structural studies.!’? They have provided
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us with a lot of relevant information on macromolecular
conformations for helical biopolymers (poly(«-amino
acids), polynucleotides, etc.)® and for some synthetic
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