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A variable-director 3C NMR analysis of lyotropic aramide solutions
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The order and dynamics of two aromatic polyamides in their lyotropic phases were investigated with
the aid of variable-director nuclear magnetic resondhNd@R). In these experiments polymers were
dissolved in concentrated sulfuric acid and allowed to equilibrate inside the main NMR magnetic
field B, to yield macroscopically-aligned liquid crystalline solutions. These ordered fluids were then
rotated away from equilibrium for brief periods of time, and their natural abund&i@é&IMR

spectra collected as a function of different angles between the liquid crystalline direct®y.ahlde
resulting spectra showed peaks shifting as well as broadening as a function of the director’s
orientation, variations that were also found to be concentration- and temperature-dependent. All
such changes could be successfully accounted for on the basis of an exchange model involving
molecular reorientations of the polymer chains that are occurring in the intermediate NMR time
scale. Based on this assumption, the experimental line shapes could be used to extract a detailed
description of the macromolecular order and dynamics in these fluids. The former appeared
substantially high, and not very different from the one characterizing order in commercial extruded
aramide fibers. The latter enabled an estimation of the hydrodynamic radii adopted by the
macromolecules in their mesophases, which ended up in close agreement with dimensions recently
reported on the basis of small-angle neutron scattering analyse200® American Institute of
Physics. [DOI: 10.1063/1.1349706

I. INTRODUCTION mote aramide liquid crystallinity, as well as to understand
the statistical mechanics that control these forms of macro-
Interest in understanding the behavior of liquid crystal-molecular ordet*~® Part of these studies involved the ap-
line polymers is driven by both basic and applied plication of a variety of physical techniques to the experi-
consideration$=*° From a fundamental standpoint, new fea- mental quantification of molecular parameters within these
tures are known to arise when combining the anisotropigolutions. Nuclear magnetic resonani®VIR) can play an
properties of liquid crystaléLC) with the macro- and meso- important role in this regard, as over the decades it has be-
scopic characteristics of polymers. From a technologicatome one of the best established tools for investigating mo-
standpoint, these unusual features have been put to practidetular properties both in monomeric L¥¥5?*as well as in
use towards the development of a variety of ultrastrong mapolymers?>~2*Key in enabling many of these studies is the
terials exhibiting an increasing number of commercial appli-anisotropy of NMR interactions, which when properly ana-
cations. Among the most successful examples of the lattdyzed can yield structural and dynamic characteristics. Dur-
are the aromatic polyamides, or aramides, main-chain meng recent years we have been exploiting some of these fea-
sogenic polymers that can be processed into high perfottures to monitor via natural abundanti NMR, the order
mance fibers with superior tensile, chemical, and thermabf aramides in HSQ, solutions as a function of their mono-
stabilities!* '3 Such processing involves dissolving the ara-meric structuré®=2’ An example of the features displayed by
mides at suitable temperatures and concentrations into a lydthese experiments is presented in Fig. 1, which compares
tropic phase where macromolecules are spontaneousbjata recorded for the two aramide polymers poly
aligned with respect to their neighbors. Bulk alignment is(p-benzamidg  (PBA) and polyp-phenylene-2,6-
then imposed on these liquid crystalline solutions by externahaphthylamide (PPNA) in their respective isotropic and
shearing fields, leading to an ordered fluid from which poly-nematic phases. In the first of these phases fast molecular
mer fibers can be coagulated and spun. Absolute sulfuriceorientations average away the anisotropic components of
acid counts among one of the few solvents capable of soluhe chemical shift tensor€CSA), resulting in conventional
bilizing and processing these otherwise intractable, stronglgets of-*C peaks positioned solely on the basis of each site’s
hydrogen-bonded polymers. electronic nature. By contrast peaks arising from molecules
In view of these considerations it is not surprising thatin the mesophase are shifted from their isotropic values, as a
much attention has been devoted to exploring the temperaesult of the organization of the aramide macromolecules and
ture, concentration, or molecular weight conditions that pro-of their subsequent alignment parallel to the main external
NMR field By. To analyze such spectra a well-established
dAuthor to whom correspondence should be addressed: Department gPOdel can be adopted, according to which molecules in LC
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these phases as a function of different orientatidhde-

[PBA] [PPNA] . i
tween the nematic director and the magnetic fiBljd Ac-
16 % 14 % cording to the classical Saupe model, peak positions in these

traces should be given by a rotationally invariant isotropic

chemical shift term, plus an anisotropic displacement that
A 11% scales as P,(cos¥)=(3cog¥—1)/2. Such linear
& B3Car ooy 100 0o I3Csnirpm 100 Pz((?os\lf) depende_nce of sharp chemically-shifted peaks is
routinely observed in LC NMR experiments on low molecu-
FIG. 1. Concentration dependence of the room temperdf@ré&lMR spec-  lar weight nematics, whose directors can be taken away from
tra recorded for PBA/LEO, and PPNA/HSO, solutions. Letters I” and  their natural orientation by means of variable-angle sample
‘n” denote signals arising from isotropic and nematic phases, respectlvelyspmmnggg We have also observed a similar behavior in ther-

motropic polymer experiments where the directors were me-
potential®® This in turn leads to a description of alignment chanically taken away from equilibrium for short periods of
based on the motionally-averaged Saupe ordering matriyMe With the aid of a stepping motdf. vet in addition to
{S”}i’j:l_slzs a second-rank tensor whose principal valuesthese expected shifts, t_he aramidg3i), spectra in Flg._m) _
can be summarized for uniaxial aramides in terms of a singl§NOW @ clear broadening of the resonances at orientations
macromolecular order parametsy;,. We have measured Nntermediate betweew =0, 90°. S
such parameters for a variety of aramide polymers and of ~Such departure from the standard predictions implies
sample conditions and, on the basis ofsapriori knowledge  that at least one of the model's underlying premises is being
of CSA tensors determined in the solid state, used this inforviolated. In view of the high aspect ratio of the aramides
mation to extract molecular level conclusions about the efmaking up the liquid crystal, it is justified to assume that the
fects of monomeric structures on the polymers’ order. assumption being broken relates to the rapidness ascribed to
In spite of its successful account of thé&C spectra we the rotational tumbling of the macromolecules with respect
found that this model provides only an approximate descripto the NMR time scale. Indeed the strong anisometry of rigid
tion of the lyotropic NMR of aramides. This can be appreci-aromatic polyamides could lead to a lengthening of their
ated from Fig. 2A), which illustrates typical results ob- transverse correlation times, to a point that inhibits the aver-
served whertC NMR experiments are collected on any of aging of chemical shift anisotropies into sharp motionally-
averaged peaks. EacfiC site would then lead to powder-
like LC resonances whose line shapes will shifid change
(A) [ width as a function ofP,(cosV), reflecting both the distri-
o bution and the dynamics of the macromolecules in the fluid.

WW‘M}\‘P‘MMJEG Broadening effects in such spectra can be expected minimal
at ¥=0° 90° thanks to the vanishing derivative th@aj
_WMO takes at such valud§ig. 2(B)], but substantial at other ori-

entations as is indeed displayed by the actual experiments.

WM" Although coupling a reorientational time scale into the
description of aramides’ NMR spectra does not invalidate
W° the qualitative conclusions that we have previously derived
on the basis of Saupe’s model, it complicates the quantitative
interpretation of these data. On the other hand the breakdown
90° of the fast-tumbling assumption yields, through a direct
: . . analysis of the variable-director line shapes, a sensitive tool
200 13C shift (ppm) 100 to measure not only the ordering but also the dynamics char-
(B) acterizing macromolecules in their fluid phases. Similar ef-
macromolecular . . .
f\ distributions fects have actually been observed in the past, particularly in
! ! ESR measurements where the large anisotropies that are in-
: : ! volved (100's MH2 may bring the reorientational time
& _________ scales of nonviscous LCs or even of conventional liquids
EAN ' > into an intermediate motional regin&:*3 The potential of
' variable-director LC experiments has also been demonstrated
°§’i§en’;’1esd in the NMR of polymers and membranes, with multiple-
: pulse analyses of frozen-like systems susceptible to macro-
scopic rotations by means of mechanical goniometer¥.
The application of this strategy to nematic lyotropics such as
FIG. 2. (A) Variable-director™®C NMR spectra collected on a 14% wiw those made up by the aramide80, solutions requires

PPNA solution at the indicatew-values, displaying concurrent shifts and slightly modified experimental approaches: such methods,
broadenings of the peakd) Rationalization of the experimental variable- gntly P PP

director broadenings in terms of incompletely-averaged orientational dlstrltc'gether with the analy3|3 of their spectral data and of the
butions. features that they reveal for a variety of temperatures, con-

13C shift

0° Sample Angle (y) 90°
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(A Sl Sample the LC director was allowed to align parallel to the magnetic
Spectromie? N = field By, an off-equilibrium period <150 ms during which
@;\\m the sample was reoriented away frob=0° and NMR data
\ LU

were collected, and a rotation back to equilibrium in prepa-
ration for a new scan. Reorientations were implemented with
Pulleys the aid of a Whedd®PC-interfaced motor controller system,

Rrcol H which required approximately 40 ms for turning the LC di-
oo rector by 90°. The actual acquisition of tHéC transients
m 6 'm was carr)i/ed out in the presencqe of continuous W@MY) *H
decoupling(50 kHz rf) using 4 us 7/2 excitation pulses, 2 s
®) < e e g P&y ol recyc_lg delays, 6000 scans, and no NOE enhancgmen?s; such
conditions were chosen so that no major distortions in the
BCf sl - peak intensities would occur. Temperatures throughout the
A - experiments were stabilized at the desired values using a unit
BT built from Omeg& components, and calibrated externally
axis () \ ; / with an ethylene glycol standard. Once collected the NMR
data were suitably processed and analyzed on the basis of
FIG. 3. Experimental setupA) and pulse sequend®) employed in the  yjsyal comparisons with spectral simulations. These were
variable-director determinations. calculated on a PC workstation using custom-written C pro-
grams developed on the principles described in the following
Section.

centrations, and monomeric aramide compositions, are d
scribed in the following sections.

lll. THEORETICAL BACKGROUND

IIl. EXPERIMENT . . . .
As mentioned, the broadenings observed in the variable-

The determinations described in this work focused ondirector **C NMR spectra lyotropic polyamides can be as-
two aramide polymers, PBA and PPNA, synthesized as decribed to an incomplete motional averaging of the sites’

scribed in Scheme ¥ shielding anisotropies. This implies that the resulting line
shapes, particularly at orientations other thHa®0° and 90°,
COH will be affected both by the ordering distributions as well as
_(PhO)P. Nme _ [ 2 by the rotational dynamics of the macromolecules. To obtain
MHy L, Py . A further insight into these parameters a numerical algorithm
N, PBA capable of reproducing the experimental variable-director
mcw MPA line shapes was developed. A number of m_odels accounting
. NMP -@-N 0 for such effects have been proposed, particularly by Freed
NH; et al.in connection to ESR and by Kottet al.in connection

PPNA n to multiple-pulse NMR experiments=3’ Several of Kothe's

The room-temperature intrinsic viscositieg] measured for assumptions were adopted for the present study, and adapted
these samples in 96%,80, were 1.4 and 1.3 dL @, re-  to account for the character of tA%&C NMR experiments and
spectively. Lyotropic solutions of these polymers were pre-of the aramide macromolecules.

pared by dissolving suitable sample amounts in freshly- The starting assumption made was that the overall rota-
prepared 10£1% H,SO,. Aliquots of these solutions were tional motions of rod-like macromolecules like the aramides
then readied for the variable-director NMR experiments bycan be described on the basis of two different correlation
loading them into 5 mm O.D. glass tubes, equipped with aimes: one associated with tumblings perpendicular to the
custom square-shaped end that fit tightly into a ceramic pulaxes of the main-chainr{), and another linked to reorien-
ley. Such pulley was in turn connected via Keflatrings to  tations along these main axes. Given the conventional

a stepping motor positioned outside the NMR magnet, thamolecular cross sections of the rod-like polymers there are
defined the orientation of the LC director throughout the acno a priori reasons to assume that these longitudinal reori-
quisition pulse sequence as commanded by the spectromentations will occur slowly with respect to an NMR time
eter's pulse programmer. Natural abundahi® NMR ex-  scale given by the CSAs (1Hz), and hence the effects
periments were recorded on these samples at 75.8 and 5@mbserved in the variable-director spectra were ascribed solely
MHz, on laboratory-built spectrometers operating on the bato slow “over-ended” tumbling motions in the LC. Rather
sis of a Tecmal pulse programmer. These machines werethan assuming a continuous diffusive equation for describing
equipped with a double-tuned dynamic-director probe conthese motions, a classical exchange model accounting for
taining a free-standing transverse solenoid coaxial with th@ynamics on the basis of lattice jumps was assumed. Accord-
sample tubgFig. 3A)],*° so that changes in the sample’s ing to this model(Fig. 4) the spherical coordinate&,¢)
orientation did not affect its electronic characteristics. Thedescribing the orientation of a macromolecule inside the
pulse scheme used in the data acquisition is shown in Fidluid are subdivided into a discrete setif- N, equidistant
3(B); it included an initial equilibration period during which latitudes and longitudes, each associated with a chemical
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shift precession frequenay(¢; ,¢;) characteristic for a par- well as by the angular incremeftassumed to separate sites
ticular site. The model then assumes that given a certaim the lattice.
orientation| 6; , ¢;) transverse macromolecular tumbling will By virtue of the medium’s anisotropy and of the poly-
only proceed to adjacent lattice sités mer’s propensity to adopt an ordered distribution inside the
NMR magnetic field, the lattice sites will not be equally
populated throughout the sphere. This in turn implies that the
k(e) k(6) forward and backward exchange rates between adjacent sites
16, ¢=1) = |6, ¢5) = |6i=1,)), (1 will be orientation-dependent. The axial symmetry of the
nematic phases originated by the aramides allows one to as-
sume solely ag-dependence for the rates and populations,
thus mimicking rotational diffusion as a series of successivkk=k(6;) andn=n(6;), with all the corresponding longitude
random walks. The correlation timé of the motion is then parameters ¢;} equally probable. The kinetic part of the
defined by the first-order exchange ratéq 6),k(¢)}, as resulting NMR exchange matrix then reads

Ty o |iej—1) 16 ¢;) [6i¢j+1) |6 10))
‘ ‘ ‘ ‘ { 0 _10;
—k =k, —2k_ 0 K, 0 0 [fi-sep
O
- 0 e ky—k =2k k.. 0 0 |||0cp] >1>
= ... K, k. —k;—k,— 2k k. K, |0|(PJ ) (2
0 0 k.. —k;—k, — 2k 0 MAE
0 0 K, 0 T Kk —2k, | |G
|
Individual rates in this matrix follow from the principle of w2 (3cog 6—1)
detailed balance, according to which a particuléy, ¢;) (P2(cos 9)>:j0 R(O)—————sin6do. (6
state can only change under equilibrium conditions at one of
three rates: It follows from these arguments that once tNg-N,
lattice dimensions are defined the complete exchange matrix
(6o k.| 607)= ° 5, . I becomes a function of solely two parameters: a rotational
IR sin g, correlation timer’ , and a LC order parametéP,(cos6)).
. , The time evolution of*C magnetizations arising from such
k (6;1) ()
<0i,(Pj|kT|6i‘Pj>:W(ei@”kdgi’@ﬂéi’,i—l model can then be calculated from the Bloch—McConnell
: differential equations for the transverse magnetization com-
(01 @ilk |oi@j) = (ko= (b @l Ki| 61 0j)) i 11 ponents,
The total number of lattice sitéN,=N4- N, coupled to M+(9i o) =iw(6;,¢) M.(6,¢))

the primary constank, reflecting the rate of the firsé,
— 6, reorientation step, provide then an estimate for the +> (oo 6-0IM . (8
over-end rotational correlation times via a comparison with ; (Ocer.bio)M (b, 1),

the predictions of Debye'’s rotational diffusion equation: ) .
1<i,k=Ny;1=<j,I=N,. (7)

1

7 :3A—2k0' (4)  In matrix form these equations integrate as
M. (t)=[D-exp(At)-D~']-Mq ()
Polar macromolecular populatiomg 6;) were modeled for

these calculations using an orientational distribution functiof?h€€Meq is proportional to the equilibrium populations of

R(6), which defines them 43 the lattice points, an@®,\ are the eigenvectors, eigenvalues
of theiw+1I" matrix. Evaluating the sum of all , (t) vector

0;+A/2 . components yields the complete “powder” signal for a par-

n(e;)= J o R(6) sin 6 d6, A=m/2N,, ®)  ticular chemical site; suitable addition of all the sites’ con-

tributions followed by apodization and Fourier transforma-
and is associated to a liquid crystalline order parameter  tion then provides the expected ’8C spectrum.
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FIG. 4. (A) Lattice model employed for describing the slow transverse
molecular tumbling of rigid aramides in their LC solutions. The continuous
line represents the trajectory undergone by a unit vector describing a mac-

romolecule’s main-chain axis; dots represent those orientations considerﬁqG 5 Euler transformations involved in the calculation of the variable

by the model.(B) Variations of a generic{;,¢;) orientation in terms of . 1 S .
elementary jumps to neighboring lattice sites. dlrector' 3C_frequenues in the'laboratory coordinate frame, for &fy)
orientation in the assumed lattice.

The setup of Eq(7) requires specifying the NMR shield-
ing frequency of a particular chemical site for each point ininvolved in this numerical model, the degree of mesophasic
the spherical lattice. This in turn deman@sknowledge of ~ order(P;(cos6)), and the rate of overall tumbling, , will
the site’s chemical shift tensor parametdis), defining the have on the variable-director NMR line shapes. As an aid to
series of second-rank Wigner rotations that shall enable exhis end, Fig. 6 illustrates a series of single-sit€ NMR
pressing the shifts of the various chemical and lattice sites i§imulations calculated for three orientational distribution
a common laboratory frame, arfiii ) accounting for all po- functions that were assayed:

tentially fast motions that are not being exp_hcnly cor_13_|dered R=Z exq — sir? 9/205]’ (9a)
by the exchange model of Fig. 4. The basis for defining the
chemical shift tensor elements of the sites were the 2D R=Z ex{ —sir? 6/2 sirfo,], (9b)

isotropic—anisotropi¢3C correlation spectra reported in pre-
vious solid state NMR analyses of the polym& &’ For cer- R=Z exfa,P;(cos0)], (90)
tain sites further modifications of the shielding tensor eleswhereZ is a suitable normalization factos;, are Gaussian
ments were needed to account for the different isotropidroadening factors, ana, is a distribution parameter taken
chemical shifts observed in the liqud—crystalline and solidfrom the work of Zannonf® In terms of the actual line
phases; the way by which these differences were establishesthapes all these threR(6) functions yielded similar, sen-
and accounted for are described in the following section. Asible spectra for a wide range of order and dynamic condi-
for the sequence of transformations employed to express th@ns. The only complications arose when attempting to em-
chemical shift tensors throughout the variable-director exploy exp(sir? /2 sirf o) to describe systems with low
periments, these are illustrated in Fig. 5. In addition toorder parametergwith variable-director peaks showing a
Wigner rotations they involve a series of angular averageslight increasein the 0°-90° frequency span on decreasing
that account for the fast internal and overall motions that willorder below some critical valjie or when applying the
occur in the LC phase. So for instance after the first transexda,P,(cos#)] function to systems with a high degree of
formation from the principal axes system of an individual order (with a now decreasingfrequency span for order pa-
site to the main symmetry axis of the aromatic ring, an aviameters exceeding0.5—0.6. These limitations were actu-
eraging over they-angle was introduced to consider the ef- ally to be expected from the assumptions involved in the
fects of continuous rotations about the ring’s axial substitu-derivation of these functions; they did not, however, affect
ents. A second averaging motion was also added to accoutite line shapes derived using the pxgir? 0/202] distribu-
for the fast rotation of polymer chains about their main lon-tion, which was therefore chosen for matching the actual
gitudinal diffusion axes, which are slightly tilted from the experimental spectra. Simulations also showed that the reso-
ring’s para axes (11° for the PBA and PPNA’s diamine nance’s overall excursion upon changing the director’s angle
rings; 16° for PPNA naphthyl ring ¥ will be mostly influenced by the LC ordering, whereas the
Before concluding this theoretical survey it is worth extent of the line broadening at intermediate<® <90°
summarizing the distinctive effects that the two parametersingles will show a higher sensitivity to the dynamics. This in
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<Py(cos8)>=0.0 <Py(cos6)>=0.2 <P(cos0)>=0.5 <P(cos0)>=0.8
115 ppm 150 ppm 178 ppm 191 ppm
115 ppm 93 ppm
A 110 ppm 102 """‘ FIG. 6. Variable-director NMR line
(A) shapes calculated for different orienta-
04 (Cos\y\ tio_n_al defscriptohrs, \f/vith _rOWsSA_)—(E)
arising from the functions in Egs.
6 192 . L
172 ppm 136 pprm 72 pom (98—(9c), respectively. Also indicated
are the approximate peak positions re-
104 ppm K 109 ppm 101 ppm sulting from each model whed=0°,
(B) J\\ J\ n I 90°. All spectra were computed for a
f\ = os‘Y‘ single °C site with the CSA param-
05 e eters of PBA's site 2, the indicated or-
115 ppm 150 ppm 170 ppm 123 ppm der parameter&P,(cos6)), and a tum-
115ppm bling correlation timer| =53 us.
110 ppm 105 ppm L3 ppm
©

turn can be understood from the fact thatlat0°, 90° ori-

04
//ﬁ‘{’)/\

placements at=0° and 90° and in the degree of peak

entations the frequency distributions spanned by thdroadenings observed at othErorientations, with the most

P,(cosV¥) scaling factor will be narrow and thus time scales

concentrated PBA solution displaying both the largest fre-

are at their smallest, while at intermediate director orientaguency span as well as the sharpest resonances. These two

tions it will be the 7| value that will effectively decide
whether a site originates a powder-like pattern or a liquid
like resonance.

IV. RESULTS

Figures 7 and 8 compare a series of variable-direcor
NMR spectra recorded on two different PBASD, solu-
tions, with best fit theoretical simulations derived from the

model introduced in the preceding section. Both experimen-
tal data sets were acquired at 25 °C but at different polymef

concentrations. They differ in the extents of their peak dis-

[PBA] = 16%

Experimental Calculated

Pa(cosy)

-0.5

T T I T T |
250 13C shift (ppm) 50 250 13C shift (ppm) 50

FIG. 7. Experimental vs calculated variable-direct® NMR spectra re-
corded at room temperature for a 16% PBA®&), solution. The simulation
resulted from the distribution in E¢9a) with o,=8°, 324N, lattice sites
(AG=Ap=10°), 7 =53 us, the chemical shift parameters in Table I, and a

natural line broadening of 200 Hz.

features are in good agreement with the model described in

the previous section: larger variable-director frequency spans

will be associated with higher order parameters and thus
sharper orientational distributions of the polymer chains;
consequently they will possess a smaller CSA-derived time
scale and exhibit narrower NMR peaks. In order to quantita-
tively fit these spectra, E¢8) was numerically solved, with
the tumbling rates and ordering distributions assumed for the
two LC polymer solutions varied until obtaining the optimal
imulations displayed at the right of each figure. Both in
erms of the peaks’ positions and line widths, the agreement
observed between both sets of variable-director spectra is
very good.

As mentioned, one of the steps involved in calculating
these®C NMR spectra is defining the CSA parameters for

[PBA] = 12%

Experimental Calculated

P>(cosy)
A g } \ 1

-0.5

il %%%

I
250 13C Shlf? {ppm) 50 250 13C Shiff (ppm) 50

FIG. 8. Same as in Fig. 7 but for a 12% PBASDO, solution. Simulations
includedo ,=16° and other parameters as in the previous figure.
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TABLE I. 3C chemical shift tensor values used in the variable-director . [PPNA] = 14%
erimental

9

4n ppm, following the definitions in Fig. 5.
bFrom ¥=0°, 90° dynamic-director measurements.
‘From CPMAS NMR measurements.

PBA simulations Exp Calculated
Py(cos
Site 811 (LC) 65, (LC) 853 (LC) 6o (LC)® 8o (SOl @ (deg) 2 MM
1.0
1 257 166 99 174 166 40
2 255 144 24 141 141 0
3 214 147 17 126 129 0 0.9
4 219 162 22 134 127 60
5 207 156 14 126 122 60 JJL

each site. A summary of the principal values and relative
orientations assumed for these in the PBA monomer is pre-
sented in Table I. The values of the principal tensor elements
were based on previous solid state NMR measurements, but
had to be modified to account for the isotropic chemical shift
differences observed between CPMAS and 2D dynamic-
director NMR experiments. The former measure directly
these shifts in PBA powdered samples, whereas the latter
correlate the lyotropic shifts observed in PBASD, solu-
tions at¥=0° and 90° and therefore extract isotropic dis-
placements from the peak positions,

O(V=0°)= isot Sanisor (W =90°) = Siso— Ianisd2-
(10)
These differences in isotropic shifts vary from2 to +6 2(')9 ' 10 2(')9 ' 10
ppm depending on the sitérable ), and they are in all 3C shift (ppm) © 3C shift (ppm) 0
”ke"h.OOd r.eﬂeCting the _site-speciﬁc eﬁeCtS of i_mmersing the IG. 9. Same as in Fig. 7 but for a 14% PPNAA®, solution. Simulations
aramides in such a highly protonating medium as 101%;yojved the parameters in Table Il, a Gaussian distributig- 19°, and
H,SO,.*' On deciding how to modify the solid shielding # =10.6 us.
tensor elements in order to account for these solid/LC shifts,
it was found that optimal agreement between simulated sets
and variable-director spectra was observed when modificaaxes of the naphthyl-ring carbon sites were allowed small
tions were ascribed mainly to th®; components rather than departure$<10°) from their ideal orientations. It is not clear
to uniform variations in the tensor elements. This could bewhether these have a physical basis or are a reflection of a
rationalized by a protonation-driven change in the electronic‘wobbling” motion that this ring may undergo upon rotat-
densities of the amide groups, which in turn affect the paraing with respect to its 2,6-substitution axes, which are not
magneticdsz contributions of the aromatic sites due to their entirely collinear with the two C—CO chemical bonds.
conjugation to ther— a* ring transitions. Finally, the spa- Variable-director experiments of this kind were also re-
tial orientations of the CSA tensors were set following well- peated for PBA and PPNA solutions as a function of tem-
documented guideliné$,which place the most shielded el- perature in an attempt to get insight into the energetics of the
ements perpendicular to the aromatic/amide pla@es90°)  molecular tumbling. Figure 10 presents a representative
and the least shielded ones parallel to the aromatic carboyariable-temperature data set recorded for PPNA at a non-
substituents. equilibrium P,(cosW¥)=0 orientation. The line shape varia-
Figure 9 compares a series of room temperature
variable-director'3C NMR spectra for the PPNA polymer,
with best-fit calculations derived from a model similar to the TABLE II. *3C chemical shift tensor values used in the variable-director
one employed in the PBA simulations. Table Il summarizes’PNA simulations.
the chemical shift tensors employed_ in t_hese da_ta anglysegite 511 (LC) 85, (LC) 835 (LC) S (LOP 6y (sON)® @ (deg)
The basis for the principal elements in this table is again 2D

aite

(=]

e
e

solid state NMR measurements, which due to the monomers: 248 145 —18 125 125 52
complexity were aided with ancillary measurements on 2,6- 223 148 28 133 133 >2
plexity \ Clilary , 213 138 18 123 133 60
naphthyldicarboxyl chloride. Minor differences observed be- 4 202 195 13 128 132 10
tween the isotropic solid and the isotropic *C shifts of 5 258 165 95 172 172 32
the polymer were again accounted for as in the PBA case.6 255 144 24 141 141 0
Most shielded tensor orientations were uniformly set perpen-’ 235 113 22 124 133 8
211 151 13 125 125 60

dicular to the aromatic/amide planes, yet best fits of the vari-
able director spectra were obtained when the most deshieldégbllowing the definitions in Fig. 5 and in Table I.
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[PPNA] = 14%; P(cosy) =0 PPNA Simulations
Py(cosy) =0

T(°C) 77 (us)
2_/,/&
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i_/&
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50 4

T T T ”
200 3¢ shift (ppm) 100 o

FIG. 10. Variable-temperatuféC NMR spectra collected on a 14% PPNA/ 2(|)0 T %o
H,SO, solution atP,(cosW¥)=0. 15 000 scans separategl bs delays were 13c shift (ppm)
collected in each of these experiments.

FIG. 11. Simulated set of dynamic NMR data computed to analyze the
variable-temperature/variable-director PPNA data. Traces were calculated as

. . .. inFig. 9, but forP,(cosW) fixed at zero and assuming the indicated trans-
tions are not too dramatic, partly as a result of the limitedverse correlation times.

temperature range that can be explored before beginning to
decompose the dissolved polymer. Accentuating this con-

stancy is the negllglble peak dlsp!acemer!ts, resultmg from ?utions, which also observed a weak and nonmonotonic tem-
nearly thermal-independent ordering distribution that was al-

ready revealed by our previouB,(cosW)=1 measure- perature dependence fgr*® Driven by these considerations

ments?® Yet by contrast to those conventional NMR mea- twas f.elt that ‘?mp'oY'.”g constant V'SCOS'“?S was a Jusm'? d
approximation in deriving the hydrodynamic polymer radii;

surements, the variable-director data reveal an unambiguo r
and reversible sharpening of the peaks with increasing ter#— €7 VS ”/T plqts that then result for PBA and PPNA are
ummarized in Fig. 12.

peratures arising from enhanced rates of molecular tumblingsf
Such temperature dependence can be fitted by the Stokes—
Einstein relation

7 =4mariy/3kT, (12)

where 7 is the viscosity of the solution, araf®r, relates to

the rotating solute’s effective hydrodynamic radius. By com-
paring variable-temperature/variable-director spectra with a
pool of simulated dat&Fig. 11) these rotational correlation
times 7| could be estimated, and used to estimate the mean
hydrodynamic diameters of the tumbling macromolecules.
This entailed measuring the viscosity coefficients for the
polymer solutions, and then employ these for extracting
a®, parameters for PBA and PPNA from| vs. 5/T

graphs. A feature that distinguished these viscosity measure- e PBA
ments on the polymer solutions over those of pure solvents o PPNA
was their much weaker temperature dependencies. For in- 15 . ,
stance over the=40 °C temperature range spanned by our 0.075 0.085 0.095
experimentanzso4 changes by a factor3, whereas we WT (cP/K)

. . . . . _ o
found aramide solution viscosities varying within10% FIG. 12. Stokes—Einstein plots resulting from variable-temperature 16%

0 .
(PPNA) and £20% (PBA) ranges of their room temperature pgajy 5o, and 14% PPNA/LSO, LC NMR spectra. Correlation times
values. Such behavior agrees with what had been reported Bysult from fitting P,(cos¥) line shapes; viscosities were estimated from
Papkov and co-workers for the viscosities of other PBA so-7([¢]) = 74,s0,(1+ 7inn-[€]) as detailed in the text.
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TABLE IIl. Variable-director 1°C relaxation times determined of PBA/ ation measurements with improveaiN are currently being

H,SQ, solutions: pursued on isotopically-labeled samples.
Site T, (msP T, (msP It is possible to further refine the effective hydrodynamic
P . . . .
| . Py s dimensions of the tumbling macromolecules by assuming for
sotropic : H H
Nematio ¥=0° 6310 1503 them a particular shape. For instance if macromolecules are

Nematic. ¥=90° 8510 15+3 assumed sufficiently elongated §pherd‘r:d'aro' can be ap-

proximated as B, and the effective longitudinal radii that

®Average of nearly identical values measured for both protonated sites glagy|t from the plots in Fig. 12 are130 and 105 A for PBA

25°C and 35 °C. : ; : -

bFrom fits of saturation-recovery and spin-lock experiments. and PPNA’_ res_pectlvely._ These_ dimensions are akin tO_ the
250 A longitudinal gyration radius recently reported using
small-angle neutron scattering for PPTA samples whdgge
were ~3—4 times larger than those involved in our std@ly,

V. DISCUSSION AND CONCLUSIONS and reinforce again our assumption of a molecular nature for

the slow-tumbling entities.

In addition to this size-related insight, it is interesting to

It is clear that from an analytical standpoint variable-

director NMR offers a clear molecular-level approach forremark the high degree of order that the variable-director
robing polymeric lyotropic phases. Indeed by largely disso- : . -
P g poly youropic p v argey NMR measurements reveal for the aramides in their lyotro-

ciating the spectral consequences that orientational and dé

namic parameters have into position and line shapes facto ¢ phases. For instance, a S'mp“St'? extrapolation of PBA's
a1—2% and 16% data to the concentration normally used for the

spinning of KevlaP fibers (~=20%) predicts a fluid-phase
nacromolecular alignment characterized by a sheys5°
aussian distribution. This parameter is not substantially dif-

respectively, this approach bypasses the time scale limit
tions that may otherwise bias conventiorla=0° measure-
ments. As a case in point consider the order parameter gat

ered for a 16% lyotropic PBA solution using the Cf th | that h b q
conventional measurements against that measured for ﬂ{gren rom the vajues thal have been measured on commer-

same system in the present analysis; at room temperature tﬁ@l fibers 'by means of solid ;tate Nw?{ Th|s would

former was S,,=0.71 while from the latter we find imply that in spite of the extensive manipulations that occur

(P,(cos6))=0 7% Similar trends are observed for the re between the dissolution of the aramides into their LC phases
2 - . . -

maining aramide solutions. This need for modifying the ab_and their final processing into fibers, the relative ordering

solute degrees of macromolecular order is a result of thgetween neighboring macromolecules is not significantly al-

realization that aramide reorientations are not proceeding ihered. This intriguing possibility is further being explored via

the fast tumbling regime usually assumed in LC NMR; re-2 combination of LC- and solid-phase NMR measurements

specting thel =0° peak positions while including an explicit involving fast coagulation of the samples.
dynamic that accounts for the actual NMR time scale then
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