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Interpolymer Complexation of Poly(acrylic acid) and .
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ABSTRACT: Interpolymeric complexes of poly(acrylic acid) (PAA) and poly(acrylamide) (PAAm) at 60, 20,
5, and 0% ionization () were studied by 1H/ 130 aolution-state and 20 solid-state cross-polarization magie
anglespinning (CPMAS) MR experiments. Thesolid-state NME results support a model in whichionization
(e or pD) alteration leads to conformation and sepment changes along the PAA-PA Am polvmeric backbone,
Solid-state relaxation measurements show short T) values at high fonization (« = 60% ) but long T values
toward low fonization (@ < 20%). This is consistent with a model in which the PAA and PAAm polymers
take on a stretched but mobile conformation at high ionization but become immobile and restricted at low ¥
ionization. Dynamic restrietion of the polymer is attributed to symbiotic hydrogen bonding of the carboxyl
group of PAA and the amide residue of PAAm to form interpolymer complexes, Other relaxation parameters
such as "H-1C cross-polarization times Tew(SL), proton spin-lattice relaxation times in the rotating frame
Ty(H), and ¢ dipolar-dephasing results are aleo consistent with this model,

I. Introduction

Understanding the structure and dynamics of inter-
macromolecular complexes is of interest because of the
occurrence of such structures in many systems of binlogical
importanee.’ The mechanism of complexation is an
important prerequisite in predicting the microscopic
structure and, through structure correlations, the mac-
roscopic properties of these biopolymeric materials. Non-
covalent binding forces derived from electrostatic, hy-
drogen bonding, and hydrophobic interactions have heen
attributed to be the main driving force for complexation
of biopolymers.®" Investigations of the dynamics and
structural characterization of the these materials may
provide insight into the macromolecular organization,
which, inturn, may reflect the infrastructure and dynamics
of the complexation mechanism at a molecular level.

Interpolymer complexation between poly(cthylene ox-
ide) and poly(acrylic acid) has been characterized previ-
ously by NMHR techniques,® although only the polymer
blend of poly(acrylic acid)-poly(acrylamide) (PAA-
PAAm) hes been studied hy this technique.®1® Inter-
polymer complexation between PAA and PAAm has
previously been characterized by fluorescence measure-
mentis using pyrene-labeled PAAm (py-PAAm) fluores-
cence probes.’l? The results were interpreted in terms
of the occurrence of weak or negligible interactions for
PAA and py-PAAm at pH = 7.0 and the occurrence of
strong stable complexes at pH = 4.5 (shown in Scheme 1).
This report describes the investigation by NMR spec-
troscopy of intermolecular complexes of PAA and PAAmM
for various degrees of ionization of PAA in a comparative
manner. The modes of binding interactions, i.e., com-
plexation of the carboxylic and amide residues, are
monitored by NMR relaxation parameters. Althoughonly
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qualitative, the results of this study provide complemen"
tary but otherwise independent evidence on the coope _
ative binding nature of PAA-PAAm asreported previously,
by fluorescence technigues 1112 b4

NMR relaxation techniques were used to monitor
motions in the mid-kilohertz and megahertz frequenc
range, which may provide clues on the impact strength o
these materials.’®® The main mechanism for 1*C spin-
lattice relaxation is due to 'H-12C dipole~dipole intera
tions, with smaller contributions arising from chemical
shift anisotropy and spin rotation.’” For low molecul
weight polymers in the solution state, the epectral densit;
offers a correlation time (r.) in the motional narrowin
limit. Inthislimit, (w << 1/7.), T is inversely proportion
to r.and is field independent. In the solid state, however.
the spectral density vields w?r, << 1, and T, is dirﬂc_ﬂ
proportional to r.and iz field dependent.1™8 Anindication
of fast segment mobility, as it relates to the correlatic
times for these polymers, is therefore expected to }i'll‘-"!d'
large Ts in the solution state but small 7)s in the soli
state.’® In our experiments, NMR spectra were meéd-
sured by a fast inversion—recovery pulse sequence, and.
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Two other relaxation techniques used here are (1) the
oble spin-lock contact time experiment and (2) the
solar-dephasing experiment.13-1518-2022-24 For (1), g

od contact time was added to the hasic CPMAS pulse
wnuence. The results were fitted to eq 2.

gt b
()]

Mit) is the gignal intensity as a function of contact time
i M) is the normalization constant, Tep(SL) is the cross-
L] _polarization time constant during the spin-lock period,
‘and T',(H) is the proton spin-lattice relaxation time in
the rotating frame.**?! The former relaxation parameter
probes the static H-C dipolar interaction, whereas the
tter monitors the rates of proton spin diffusion.
i In the dipolar-dephasing experiment, (2), a time delay
! inserted in the carbon channel of the CPMAS experiment
~* after the 1H-12C spin-lock period.1#202% The integrity of
. the signals after this period probes both the direct C-H
wdipolar coupling for a given C resonance and the
- diminution of this dipolar coupling due to segment
e dynamics. The parameters derived from these measure-
-0 mentscan be interpreted in terms of the molecular motion
i of the polymer chains as a function of variables such as
“pH or icnization.

e

i Experimental Section

= A Materials, Poly(acrylicacid) purchased from Polysciences
- Was used without further purification with a manufacturer-
- kpecified molecular weight of M, = 90 000.
-~ Thepaly(acrylamide) sample was kindly supplied by American
Lyanamid and had a number-average molecular weight, My, of
~12000. The polymer was purified by reprecipitating from
4 Bqueous solution using acetone as n nonsalvent.
. B. Preparation. (1) Solution-State NMR Studies. Poly-
?ﬁ mer samples were prepared by dissolving dried polymers in D.0.
L Solution spectra were taken at ambient temperature (20 £ 2 °C)
- With chemical shifta referenced to TMS.
& B (2) Solid-State NMR Studies. Polymer solutions were
thof = = Prepared in triple-distilled water. Poly(acrylic acid) (PAA) was
= § 1 Meutralized to various extents by adding a predetermined volume
' .--i'“:'-nr'tﬁndﬂfd sodium hydroxide solution. Equimolar (monomer
= § - moles} solutions of poly(acrylamide} and poly(acrylic acid) were
: lij,‘t mixed for ghout 24 h and subsequently freeze-dried to remove
| ¥

¥
Tt

* Walercompletaly. Solutionsof poly(acrylic acids) neutralized to
. ¥&rious extents were also freeze-dried.

= Beven samples were prepared for the solid-state NMR stud-
= & (1) PAAm, neutral; (2) PAA, degree of ionization (a) = 60%:
= ) PAA, o = 0%; (4) PAA-PAAm, o = 60%; (5) PAA-PAAm,
B = 20%; (6) PAA-PAAm, & = 5%; (T) PAA-PAAm, & = 0%.
g PDs of the samples before freeze-drying were 7.0, 4.75, 3.88,

& &d 3.5 for ¢ = 60, 20, 5, and (%, respectively.
i Instrumentation. Solution- and solid-state NMR mea-
- Mrements were acquired by a Bruker AF-250 FT-NMR spec-
1 meter, and the spectra were recorded on an HP 58904 digital
T “’F’- Detailed experimental conditions are described in a
ind:.t- 'ﬁ:: pl'ﬁ"-".l.om IE]}DI"LH
A

R
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D. Solid-State NMR. Each sample (ca. 250 mg) described
above was packed in & T-mm-o.d. sapphire (Al;04) rotor with
Kel-F end caps (Doty Scientific). The high-power preamplifier
for the CPMAS experiment was provided by IBM instruments,
and the probe was designed by Doty Scientific. Carbon-13 cross-
polarization magic angle spinning with high-power heteronuclear
decoupling, ca. 40 kHz, was used to obtain high-resolution NMR
spectra, The dipolar-dephasing, pulse sequence experiment
provided proton-decoupled earbon resonance assignments. In
this experiment, a 50-us dephasing period was used. The CPMAS
experiment consisted of malching the Hartmann—Hahn condition
[(+B:)c = (vBy) H], contact times of 1500-2000 us, a pulse width
for 'H of 5.8 us, and recyeled delays between 2 and 58 (6 ¢ for
C Ty measurements). Spinning rates were between 3 and 5
kHz, and chemical shifts were referenced to the methyl carbon
of external hexamethylbenzene (Me, § = 16.7 ppm vs TMS). All
measurements were taken at ambient temperature (20 *C).

Spin-lattice relaxation times for C nueclei were measured by
the fast inversion-recovery pulse sequence (90°—(1H spin lock,
BC econtact)-90°-r—90°-fid). All T) measurements were per-
formed at raom temperature. Recyeled delays wereset to 65 (ca.
(3-4) ® T), with delay times of 0.05, 1.0, 5.0, 15.0, 45.0, and 120.0
6. Insome instances, however, delay tirmes up to 320 = were used,
Ts from the measured Y% spectra were calculated by the Bruker
spectrometer Aspect 3000 computer and confirmed by curve-
fitting routines (KaleidaGraph 2.1.3 for the Macintosh). Other
pulse programs included variable spin-lock contact times and
variable dipolar-dephasing experiments. In the polarization
transfer spin-lock experiment, contact times between 50 and G000
8 were used; the resulting siznal intensities from the *C NMER
spectra were curve fit in KaleidaGraph to determine the rise
time Teu(SL) and decay period T'(H) of the carbon signal
intensities.

I1I, Hesults and Discussion

A. Solution-State NMR. In the literature, tacticity
analyses have been made for polyacrylates based on 'H
and *CNMR results.”* Forour experimental conditions
(20 °C), only triad sensitivity could be ohserved at best.
Figure 1, shows the 'H NMR spectra of (a) PAAm in D0
under neutral conditions, (b) PAA at pD = 3.5, (c) PAA
at pId = 7.0, (d) PAA-PAAmM at pD) = 3.5, and (&) PAA-
PAAm at pD = T7.0. These spectra all show a pD
dependence with significant resonance line broadening
(line width, W2 > 40 Hz). Despite the occurrence of line
broadening, resonance assignments are readily made based
on the integrated area of the signals by literature com-
parigon®’#5.3L335 or by computer simulation analysis, 341
For PAAm in ;0 (Figure 1a) the broad resonance centered
at 2.08 ppm is assigned to the e-protons and the resonance
at 1.53 ppm is assigned to the S-protons of the monomer
unit, which are consistent with the 1:2 integration. The
tacticity of PAAm has previously been assigned as &
mixture of izsotactic and syndiotactic species based on 'H
NME methods.®® Our result is not consistent with this
but representative of a more complicated microstructure
which will be discussed in the context of the 17C NMR
result.

TheH NMR spectrum for PAA at pD = 3.5 (Figure 1b)
shows a more complicated resomance pattern with four
distinct resonances centered at § = 2.26, 1.80, 1.63, and
1.52 ppm; weaker signals are observed at 2.65, 1.97, and
150 ppm. The three resonances between 1.50 and 1.80
ppm are assigned to the S-protons, and the 2.26 ppm
resonance is assigned to the a-proton. Previous tacticity
analysis of PAA at pH = 2 is consistent with our result
here in which the triad distribution of the rr, mr, and mm
sequences is assigned to the methylene resonances at 1.80,
1.63, and 1.52 ppm, respectively.®’® At pD = 7.0, the
PAA 'H NMR spectrum shows two broad resonances
centered at 1.96 (a-proton) and 1.39 ppm (S-protons),
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Figure 1. 'H (a-e, left) and 20 {a"™~e, right) solution-state NMR spectra in Dy0 va TMS for (a) PAAm, (h) PAA at pD = 2.5, (o]
PAA at pD = 7.0, (d) PAA-PAAm at pD = 3.5, and ie) PAA-PAAm at ph = 7.0, :

(Figure Ic). Tacticity assignment based on the 'H NMR Table 1. 'H and C Chemical Shifts and Carbon.13
results is difficult at this point because of the poar Spin-Lattice Relaxation Times (T}) for PAAm, PAA, and.
resolution of the signals. The sharp signal at 2.10 ppm ig PAA-PAAm Mixture at Various Ionizations (pD) va
assigned to adventitious acetone, PAA-  PALJE

A mixture of PAA and PAAm at pD = 3.5 (Figure 1d) PAA PAA  PAAm  PAA4'
shows a '"H NMR spectrum similar to that of the PAA 1H

_ PAAm pD=35 pD=70 pD=35 pD =740
NMR spectrum at pD = 3.5 (Figure 1b). Proton resonances C=0 (ppm) 1874 1894 188.2 1825 1878

T =y T y T T =y
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| i from the spectrum in Figure 1d indicate a downfield shift 1827 188
A1 ! of the resonance at 2.26-2.31 ppm but otherwise minor ’ 183
e differences in the chemical shifts of the other signals at W T (8) — 2.8 2.2 1.4 18104
7he 2.11, 1.83, 1.67, and 1.60 (shoulder) ppm. This 'H NMR 1.4 :2 P
spectrum can be characterized as the zum of 1H signals -+ 5
8! from the "H NMR spectra of PAA at pD) = 3.5 (Figure 1b) E{" fppm] g;sug ifg i;fg f:m f'gug 1
Ji d PAAm (Figure 1a). Tacticity assignment based on i) : : j R 188
. an m (Fig v assig 34.3 48.9 4.1 &8
"tk the methylene resonances is similar to those of PAA- 48.8
4 PAAm at pD = 354 In comparison, the 'H NMR #5.8 Jth
il spectrum for PAA-PAAm at pD = 7.0 (Figure 1e) shows HC Ty (s) —= 0.2 0.4 0.2 0.2 58
i broad structureless resonances at higher field (W, jzca, 50 = 0.2 “'g F
K Hz): é=2.08 and 1.54/1.44 ppm. The 'H assignments are e
analogous to the other assignments; the upfield resonances H;; (ppm) 1.59 1.80 1,39 1.8 1,54 55
. are assigned tothe §-protons, and the downfield resonances 1.63 1.67 144
b are assigned to the a-proton. The chemical shifts are listed 1.52 1.60
in Table 1. Cs {ppm) 30.0 38.5 42.3 38.0 41
The corresponding C NMR spectra under various ﬁgé 1.9 40.8 38.1 w’? -3
ionization conditions are shown in Figure la’-e’, The BC T () P B o1 0.2 01
chemical shifts are given in Table 1. The NMR spectrum 4 == 0.1 0.1 0.2 0.2 &

for PAAm in Dy0 shows six resonances centered at 187.4 —
(C=0);36.3, 34,3 (C,); and 20.0, 28.1,26.3 ppm (Cz) (Figure
1a). Based onthe carbonyl resonances, our PAAm sample
is consistent with & homopolymer (<5 % hydrolysis). 210205
The methine, C,, resonances show only two signals, short

38.5, 37.9 ppm (Cs). Under less acidic conditions,
7.0, the resonances broaden and shift downfield to 1888

of the triad sensitivity reported by Lancaster which was
obtained at 70 °C.* The methylene resonances, Cy, are
more diagnostic of triad sensitivity, however, with the 30.0
and 26.3 ppm signals assigned to the rr and mm config-
urations, respectively, and the 28.1 ppm signal assigned
tothe heterotactic (rm + mr) configuration. #1050 We make
no attempts here to computer simulate these spectra to
quantify the tacticity of the structure.

For PAAatpD = 3.5 (Figure 1b') the 1*C NMR spectrum
shows carbon resonances at 182.4 (C=0); 45.2 (C.); and

(C=0); 49.6, 49.0 (C.); and 42.3, 40.6 (C;) (Figure 10N
Analysis of PAA by Chang consists of minimal find;
structure at low pD.* Furthermore, Schaefer analysis of
PAA consists of a syndio-, hetero-, and isotactic sequene 4
at high pH but mostly isotactic sequence at low pH.
pure Bernoullian atactic sequence for PAA has b
suggested by Truong, which iz more consistent with
resulig 810 T

shows carbon resonances at 183.5, 182.7 (C=0); 45.5( -J-'
and 38.0, 38.1 ppm (Cs). AtpD = 7.0 (Figure 1¢') the
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. :;_r_-"t NMR spectrum for the PAAm-PAA polymeric mixture
" = ghows & more complicated chemical shift pattern. Res-
=% nances are observed at 187.8, 186.8, 183.1 (C=0); 49.8,
! ~ 49.1,48.3,45.8 (C.); and 41.8, 40.0 ppm (Cy). Essentially,
S8 the two carbonyls from PAA and PAAm are observed in
o " this spectrum, whereas at lower pD, only the carbonyl
USR . from PAA is resolved, with the splitting of this resonance
' indicative of complexation between the carboxylic group

 of PAA and the amide group of PAAm ®

The ¥C T spin-latlice relaxation times are listed in
Table 1; measuremens could not be obtained for PAAm
_ in D20, owing to the excessive number of accumulations
peeded to obtain adequate signal-to-noise, The T values
~ for the carbonyl resonances for PAA at pD = 3.5 and pD
¥ = 7.0 (28 and 2.2 s, respectively) do not indicate any

.\ gignificant changes. This same trend (Tys of 1.4 and 1.8/
1.4 8, respectively) is observed for the carbonyl resonance
f of PAA-PAAm at pD = 3.5 and pD = 7.0, The relaxation
. times for the carbon atoms of the aliphatic backbone show
- a similar behavior in which the T\s do not show any
gignificant variation with pD changes.

" Relaxation pathways for polymeric samples may be
= linked to a number of intermolecular processes; the
- [nteractive process of polymer complexation, a chain self-
coiling mechanism 5111243 4 pH effect on ionicity,43142
tacticity, ¥ residual Ho0,% and/or segment conformational

rturbation.”’ The trend-free Ty relaxation results in

able 1 suggest that segment mobility is just one of many
. other mechanisms for relaxation in the solution state. Our
TMS resulis were not conclusive since these values show only
~ minor deviation with little connection between long

ﬂ; if correlation times (short 7's) and restricted mobility at
; low pD.¥ These effects must be deconvoluted to arrive
— ‘at any conclusion about mobility and relaxation time in
86,8 1| thesolution state.? We make no attempts here, however,
8410 %qumtily these contributions. Finally, the inconclusive
8 result in solution-state studies of this work compared to
8 | that of the fluorescence work may be attributed to the
';a - difference in experimental conditions. The luminescence
05 - Bludies used dilute concentrations of the polymer, whereas
3.1 . the NMR solution-state measurements required higher
9.3 toncentrations to produce acceptable signal-to-noise.
38 .\ These and other differences in experimental conditions
2 1 may have resulted in relaxation measurements more
g ; Iepresentative of ionization effects and concentration
= Hactors rather than conformation and mobility.
b4 B. Sclid-State NMR. The 9C CPMAS and dipolar-
4 dephasing (DD) spectra for samples of PAAm, PAA (a =
g 0,60%), and PAA-PAAm (« = 0, 5, 20, 60% ) are shown
Y InFigure 2, with spectraa—g corresponding to the CPMAS
Pectra and spectra a’—g’ corresponding to the dipolar-
1 ophasing spectra. In general, the alkyl resonances, C,
2 # &re broad and difficult to resolve. Baszed on the

oy R assignment above and assignments of other
e Polyacrylates in solution-5243 and the solid state 52545
. Weintensesignal downfield iz assigned to the C, resonance,
Eh: with the shoulder upfield assigned to the Cj resonances.
Chem.cq shifts are listed in Table 2 together with the
In-lattice relaxation times, Th. The YC CPMAS spec-
for PAAm under neutral conditions (Figure 2a),
8 four resonances with the following assignments;
dery 7 180 ppmy; G, 51/42 ppm; and Cg, 37 ppm (shoul-
Hn}' nder dipolar dephaszing, the broad resonance
: “md a8l 42 ppm is suppressed, while the resonances at
4 8nd 51 ppm are affected only slightly.
'@%Nt.m 2b,b" and ¢,¢’ show the CPMAS and DD spectra
Ahatog =g and 60% and are consistent with the
Spectra obtained by Fyfe.?® Thedipolar-dephas-
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Figure 2. 30 cross-polarization magic angle spinning (a~g) and
dipolar-dephosing (a™—g') solid-state WMR spectra vs external
hexamethylbenszene for (2) PAAm, (b) PAA at & = 0%, (c) PAA
ato = 80%, (d) PAA-PAAm at « = 0%, (2) PAA-PAAm at
;ﬂ%?é, if) PAA-PAAm at « = 20%, and (g) PAA-PAAmal o« =
¢

ing spectra under these two conditions show the total
suppression of the alkyl signals upfield (=34-45 ppm) and
about a 30% suppression of the earbonyl signals. Fur-
thermore, the ¥*C resonances for o = 0% are shifted ca.
&=7 ppm further downfield than those for o = 0%, while
line broadening for the carbonyl at « = 60% is not as
severeasthoseata = 0%. The chemical shift assignments
for & = 0% consist of C==0, 177 ppm; C, 40 ppm: and Cp,
34 ppam, with line broadening of Wy,» = 500 Hz for the
carbonyl and 1200 Hz for the alkyl resonances. 142785
Assignments for & = 60% consist of C=0, 186 ppm; C,
45 ppm; and Cjz, 40 ppm.

The CPMAS spectra for the PAA-PAAm polymeric
mixtureat o =0,5,and 20% (Figure 2 d—f) all show similar
speciral features, The carbonyl resonances are centered
around 178 ppm, with the broad alky] resonances ranging
from 54 to 33 ppm; the C.s are assigned to the signal
centered at =40 ppm, whereas the Cgs are assigned to the
shoulder at =34 ppm. Dipolar dephasing leads to the total
suppression of the alkyl resonances and partial suppression
of the carbonyl resonances. Line broadening of the
carbonyl and alkyl resonances is unaffected by ionization
changes.

Finally, the CPMAS spectrum of PAA-PAAmM at & =
60% (Figure 2g) shows poor signal-to-noise even after
acquiring 4 times as many fids as those of the other
polymeric samples. In the carbonyl! region, there are at
least two signals (181 and 177 ppm), while in the alkyl
region (39 and 32 ppm) a broad Gaussian-like resonance
appears. Although the spectrum is noisy, the dipolar-
dephasing result is similar to the preceding three: total
suppression of the alkyl carbon resonances and partial
suppression of the carbonyl resonances. The 15C chemical
ghifts are compiled in Tahle 2.

The broad rezonances observed in the CPMAS result
from distribution of chemical shifts due to steric con-
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Table 2. Carbon-13 CPMAS NME Chemical Shifts and Relaxation Times T, Te(SL), and Ty.{H) for PAAm, PAA, ang
Various lonizations (a) vs External Hexamethylbenzene (Me, § = 16,7 ppm)

PAA-PAAm Polymers at

Macromolecules, Vol. 27, No, 1,

B

PAA PAA PAA-PAAm  PAA-PAAm  PAA-PAAm  PAA-PAAL
PAAm a=0% a = 60% a=0% a=5% a=20% o =60%
C=0 (ppm) 180 177 186 178 179 178 11%
Ti(s) a7 18 15 44 a1 33 E :
Ten(SL) (us) - — — 1406 932 1485 ggg j
Ty.(H) (ms) - — - 1.9 2.6 L5 i,. "II
G (ppm) 51 40 45 40 40 41 a9
42
Ty (s} ] 25-21 14-8 58 a6 a0 17
1
TeniSLY (pa) - - - o8 104 124 300
Ty,(H) (ms) - — — 4.4 4.3 a9 75
Cy (ppm) a7 84 40 4 a3 34 a2
Ty (s 1 14 6 30 26 14 [
Tey(SL) (es) = = — 85 48 118 714 58
Ty,(H) (ms) — — - a7 4.2 4.0 5.5
straints limiting molecular motion in the solid state. In = — el
thesolution state, random fluctuation of the polymer time- i iz et UG
averages all possible arrangements, so that the chemical £ Pl M= ok i
shift from the nuclear spins is averaged. However, in the §red T T Ce wreM
solidstate, conformations are frozen out with the chemical E L s T T T —1 o 0% sa0m
shift sampling all possible conformations, This situation Beondred /.:,f-”"_ — ;
is reflected in line broadening and the relaxation times, i s = E e
as discussed below. 53 4//— Fa | T
As mentioned earlier, the PAAm CPMAS spectrum # "“'_._' - | 5
shows an anomalous resonance at 51 ppm which persists 'fp?_ & [
upon dipolar dephasing. Magnetization survival after a L SR R e T T s e
50-ps dipolar-dephasing period is associated with carbons Time (a]

having weak 'H-13C dipolar coupling because of inefficient
polarization transfer, .8, quaternary carbon, or rapid
rotation along the C-H bond. 142025 We attribute the
perseverance of the resonance of 51 ppm to the latter;i.e.,
the terminal segments of the PAAm backbone undergo
rapid random fluctuation, causing ineffective H-C dipolar
coupling.*® With the exception of the PAAm, 51 ppm
resonance, all other alkyl resonances are suppressed upon
dipolar dephasing, suggesting that the motion involved
along the polymeric backbone is not significant enough to
diminish the H-C dipolar coupling,

Differences in line broadening and resolution in the
CPMAS spectra of PAA st o = 0 and 60% may originate
from various stages of hydrogen bonding, ionic environ-
ment, and/or conformational arrangement gz a result of
the degree of lonization (a). At high ionization, the PAA
possesses repulsive Coulombic interactions among the
—COO0- groups along the polymeric backbone which give
rise to resolved C, and Cs resonances. 11242 Moreover,
ionization in the medium tolow range (see Scheme 1) may
contribute to different polymeric environments, giving rise
to multiple signals, i.e., greater broadening.®® For the
PAA-PAAm CPMAS spectra at « = 0, 5, and 20%, the
line broadening and resonance pattern are similar, in
contrast to PAA-PAAm at o = 609,

The T; values were determined for polymeric samples
at various degrees of ionization. The signal intenasities of
the Ty stacked plots were fitted to eq 1, and Figure 3 shows
a representative curve fit for the C, resonances of PAA—
PAAm at a« = 60, 20, 5, and 0% ; the T values are listed
in Table 2. Carbon-13 T relaxation values for PAAm
(Table 2) fall between 31 and 375 except for the anomalous
resonance at 51 ppm, which possesses a T of ca. 5 s. Short
relaxation times for this resonance are consistent with a
PAAm terminal group undergoing rapid fluctuation with
correlation times in the order of the Lamor frequency (~ 60

Figure 3. Plote of *C relative signal intensities vorsus de
times (s} for the CPMAS fast inversion—recovery pulse sequ
experiment of the C, resonance (4 = 40 ppm) at a = 0, 5, 20,
60%.

e

than those of PAA at & = 0 and 60%. The Tis for P
at a = 0% are 18 (177.3 ppm), 21-23 (40 ppm), and 14}
(34 ppm shoulder) and those for & = 60% are 13 (18
ppm), 8-14 (45 ppm), and 6 s (40 ppm). It is noted that}
since the alkyl resonances overlap, the best T} estimal
for C, and C; are a composite of the Ty values for
overlapping signals. Because of severe line hroadening
the signals in the CPMAS spectrum, the T, vu]uull_
expected to have error limits of 20%. !
For the PAA-PAAm polymeric mixture at o = 0,5
and 60%, the T; values decrease systematically as i
ization increases. For example, at @ = 0%, T;s for thés
C=0, C,, and C; resonances are 44, 58, and 30 o
respectively, while those at & = 0% are 19/21, 17, and 8
s, respectively; T values for PAA-PAAm at a = 6 8
20% fall hetween these two limits. o
The spin-lattice relaxation results suggest that
extent of ionization plays an important role on
conformation and motional behavior of the polymer. 3
Ty results for PAAm show that the carbonyl reson
has a relaxation time similar to that of its C, an
resonances (neglecting the 51 ppm reannance} :
consistent with PAAm nondependency on io
effects. In comparison, the T values of PAA at 60
0% do show a strong correlation to ionization che
For example, between 60 and 0% ionization, the cark
relaxation time increases by 38% (13to 18 5), with asin
result for the alkyl resonances, The T, variation for P
PAAm also shows a similar trend with more prono
differences. A more detailed study would involve d
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ﬁ'l. Plots of ¥C relative signal intensities versus contact
{ms) for the variable contact time CPMAS pulse sequence
ment of the Cs resonance (5 = 34 ppm) at « = 0, 5, 20, and

ﬁin of the other relaxation factors by a variable-
rature study, but, qualitatively, the results discussed
are sufficient to describe the interpolymer com-
ation process.
alitative analyvsis of the T result for the interpolymer
“BAA-PAAm complexes must take into consideration
tributions due to ionization effects and segment
ty A7 If the T result for the homopolymer PAA is
as & baseline reference for the contribution due to
tion effects and other relaxation mechanisms, then
pnces between the two systems, homopolymer PAA
Interpolymer complexes PAA-PAAm, should reflect
ributions only due to segment dynamics a8 a result of
lexation. The T results in Table 2 show a large
on between the two ionization limits for PAA-
m compared to that of PAA. Qualitatively, all else
plng equal, we attribute the increase of Ty at lower
gation (o = 0%) for the PAA-PAAm system relative
¢ homopolymer PAA system to the longer correlation
associated with the complexation process, thereby
I ﬁ1§he segment mobility of the interpolymer
tact times ranging from 50 to 6000 ps were used for
arinble contact time experiment of PAA-PAAm at
80, 20, 5, and 0%. Figure 4 shows a representative
Bagnetization buildup and decay for the C;resonances
| Ten(SL) and Ty,(H) values listed in Table 2. The
Its show that maximum magnetization polarization is
oached fastest for « = 0% and slowest for & = 60%.
netization buildup depends on the strength of the
~dipolar interaction, which is also influenced hy
lar mobility between the two dipoles.13-16.18-2022,48
rapid growth of the 1¥C signals, short Ter(SL), at
t lonization therefore is diagnostic of the strong C-H
interaction as a result of restricted mobility, while
1 h."l'ﬁ}' Ten(SL) values at high ionization are consistent
rapid segment dynamics, resulting in weak C-H
Purcoupling, Thus our relaxation results suggest that
Mam chain undergoes rapid contortion at high
On (& = 60%), resulting in less efficient cross-
Tization of the abundant 'H spins to the rare 1°C spins
‘ icted mobility of the chain at lower ionization (a
i J"?“ldmz_ strong H-C dipolar coupling, and efficient
o - Polarization transfer. This systematic trend for
eH(SL) values under the different ionization con-
- 210Wn in Table 2 is in agreement with the spin-
Telaxation result and polymeric model established
! Udrescence study,
S the T1Q'[H} values for these samples do not show
At variation for the different ionization conditions,
%€ that polymeric chain dynamics are not near

_ kH; domain of the spin-locking field used in the
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experiment and further that the proton spin diffusion has
equilibrated.

IV. Conclusions

The interaction between twopolymers, PAA and PAAm,
which undergo complexation has been investigated by
NMR techniques in thisreport. The following summarizes
the behavior of the interpolymer complexes as reflected
by the WMR results. The average structure of PAAm
does not have any pD dependence as suggested by the
similarities of the T values for the different resonances
of PAAm, The average structure of PAA, on the other
hand, is ionization dependent; at high pD or ionization,
it exists in the ionized form which affects the polymeric
backbone in two ways. First, the Coulombic repulsion
tends to stretch the polymer segments, and as a result,
this leads to the second effect, namely, rigidity of the
polymer. We do not observe this in our relazation results,
however.

Asthe pD) decreases or as e approaches zero, the ionized
form of the carboxyl group becomes protonated. Less
“lonized form™ leads to less Coulombic interaction, which
leads to the contraction of the polymeric segments and
inereased segment mebility. Our relaxation data suggest
that at 60% ionization we are already in this regime of
inereased segment mobility, As the ionization decreases,
H-bonding processes become operative and influential on
the behavior of the polymer segments. At low enpugh
ionization, the H-bonding network begins to accumulate
due to the contraction of the polymers. Thus the
contracted form now becomes immobile, and a point is
reached in which the contracted form is less mobile than
the extended form which exists at higher ionization. This
picture of restricted mobility of the polymer segment is
consistent with the systematic trend observed in both the
Ty and Teg(SL) result,

When PAA and PAAm are mixed to form an inter-
polymer complex, there is a parasitic relationship; that is,
PAA dictates the configuration of the complex. At high
pl, the two polymers act independently and there is no
interaction between the two polymers, but at low ioniza-
tion, PAA is deionized and either can intramolecularly
H-bond to itself or canintermolecularly H-bond to PAAm
psreflected in the relaxation results. Astheintermolecular
interaction becomes efficient, the PAAm takes on prop-
erties associated with PAA.

For the homopolymer, the T result will not only have
contributions from the model discussed above but also
have contributions from other factors such as the pD effect
on lonicity, tacticity, and/or residual HyO interaction. We
use the relation results for this system to provide a
reference point for the interpolymer complexation process.
That is, if we compare the relaxation results of the
homopolymer at the two extreme conditions, a = 60 and

7%, to that of the interpolymer complexes under these
same conditions, then we can qualitatively assert that the
differences in the T results are due to ths segment
dynamics of the latter. The results here indicate longer
Ty for the PAA~-PAAm system at 0% ionization than that
of PAA homopolymer, which is consistent with a more
effective complexation process of PAA to PAAm. Inter-
pretation of the Tog(SL) result is consistent with thias
model,

In conclusion, the solid-state NMR studies of poly-
{acrylic acid) and poly(acrylamide) at various ionization
support a pelymer model in which at low levels of ionization
the PAA-PAAm solutions form an interpolymer complex
resulting in a relatively rigid polymeric mixture exhibiting

b o) | T
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slow chain motions. Athighlevelsofionization,the PAA-
PAAm complexes exist as random polymeric chains with
rapid segment dynamics. Although the solution-state
NMR studies were not conclusive, due to concentration
effects or the nature of the H-bond in these materials, the
solid-state CPMAS studies are consistent with the model
established from fluorescence studies. Moreover, the
results here show that interpolymer complexation is very
strong in the solid state. Finally, the results demonstrate
that CPMAS NMR is a powerful experimental technique
for investigation of the effect of interpolymer complexation
on segmental motion and macromolecular dynamics in
the solid state.
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