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ABSTRACT The morphology of two statistical copolymers of n-butyl acrylate (A) and dimethyl(3- 
methacrylamidopropyl)(3-sulfopropyl)ammonium betaine (B) of B molar fraction 0.04 and 0.12 (copolymers 
AB-4.0 and AB-12) were analyzed through solid-state NMR spectroscopy (I3C CP/DD/MAS) over a broad 
temperature range (160-360 K). In spite of the complexity of molecular motions and carbon line overlapping, 
the measurement of selective hydrogen rotating frame spin-lattice relaxation time 2'1, through l3C detection 
clearly shows that spin diffusion actually occurs over rigid microdomains of about 1 and 2.2 nm for the 
unclustered AB-4 and clustered AB-12 copolymers, respectively. These minimum dimensions, corresponding 
to the ahortest path for magnetization relaxation, are likely characteristic of the zwitterionic multiplets which 
are the primary dipolar aggregates in these heterogeneous materials and are compatible with literature models 
relying on antiparallel alignment of the dipoles in close-packed structures. 

Introduction 
In the first two parta of this series we reported the 

synthesis' and the structural characterization2of statistical 
amorphous copolymers of n-butyl acrylate (A) and di- 
methyl(3-methacrylamidopropyl) (3-sulfopropy1)- 
ammonium betaine (B). In copolymers of low to moderate 
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B content (0.04 < FB (molarcontent) < 0.35), strong specific 
dipolar interactions between zwitterionic units (p  fr: 25 
D) result in a very typical biphasic structure characterized 
by two giasstransitions in differential scanning calorimetry 
(DSC) related respectively to a soft matrix (227 < Tgs (K) 
< 263) containing only low amounts of B units ( F B ~  < 
0.07) and to hard domains (303 < TgH (K) < 393) containing 
still rather high amounts of A units (0.45 <  FA^ < 0.73). 
Solid-state NMR ('H wide line and 13C high resolution) 
as a function of temperature and composition2 confirmed 
the fair purity of a mobile phase and the strong chemical 
heterogeneity of a rigid phase. These are quantitatively 
correlated with the soft matrix and the hard domains 
identified in DSC.2 

Moreover, small-angle X-ray scattering (SAXS) suggests 
a random distribution of heterogeneities within the 
polymeric matrix which still persist in the liquid state, far 
above the TgH of the hard domains. Rigid entities above 
TgH are also detected by lH wide-line N m .  Thus the 
mdtiphmorphology of these statistical copolymers may 
be considered as well ascertained, but a number of 
structural problem, quite typical in the field of i o n ~ m e r s ~ , ~  
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and zwitterionomers,6 still remain to be quantitatively 
analyzed shape, dimensions, and size distribution of the 
heterogeneities. 

For the biphasic copolymers (FB > 0.04), the presence 
of the "ionic peak" in the SAXS pattern does not allow 
one to derive reliable values of the dimensions of the 
scattering centers. The radius of gyration of about 1.4- 
2.0 nm previously reported2 for a copolymer of low B 
content (FB = 0.04) from a Guinier analysis of the SAXS 
profile at 433-453 K (temperature of vanishing of the ionic 
peak) would correspond to spherical units of 1.8-2.5-nm 
radius. On the other hand, the lH second moment MZ of 
about 10 G2 of the rigid p h a d  indicates strong spin-pin 
dipolar interactions which allow spin diffusion over these 
entities? as confi ied by a single TI ('H) >150 ms (60 
MHz) and >300 me (200 MHz). The minimum value of 
150 ms reveals domain sizes lees than 10 nm. Thus, the 
major goal of the present work is to probe the structure 
heterogeneity at a smaller scale by measuring spin diffueion 
in the millisecond range6,' with TlJH). The wide chemical 
shift spread of the 13C nuclei and the CP-MAS techniques8 
allow the selective detection of species involved in different 
dipolar envir~nments.~ 

Two representative statistical AB copolymem (the f i  
following the symbol AB is related to the molar fraction 
of B units) were selected for extensive solid-state NMR 
measurements: "unclustered" sample AB-4.0, ahowing 
only one Tg at 233 K in DSC but exhibiting microphase 
separation according to lH NMR and SAX$ analysis, and 
"clustered" sample AB-12, showing two g b  transitions 
at 240 and 337 K. The former appears of definite interest 
as typical of borderline behavior; the latter, however, 
provides better signal to noise ratio in the I3C NMR due 
to a greater amount of rigid phase.2 

NMR Background 
Numerous papers deal with applications of solid-state 

NMR to morphological investigations of heterogeneous 
stru~turea,6JO-~5relying on the short range of the magnetic 
dipole-dipole interactions. Because of energy-conserving 
flip-flops, magnetization can migrate on distances of some 
nanometers (Tl,) or tens of nanometers (TI) in hard, Le., 
near-rigid lattice domains (where magnetic interactions 
are not averaged by molecular motions). 

In spite of impressive effort for the quantitative analysis 
of the spin diffusion mecanism,14J6 a number of funda- 
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mental problems st i l l  remain to be solved. For the complex 
systems at hand, crude approximations1s will be used for 
estimation of diffusion length 

(L2)  = D,t, 
where D, is the homonuclear H-H spin diffusion coefficient 
related to MZ (1-nm diffusion length in 1 ms for M2 = 20 
G2)7 and tl is the diffusion time. < L 2 N 2  is then the 
shortest path to a relaxation sink. During lH spin-lock, 
spin diffusion is slowed6 down by a factor of 2. 

We use resonant 1H - l3C magnetization transfer (cross 
polarization (CP)) for the selective detection of a carbon 
dipolar environment. The gain in selectivity is, however, 
severely hampered by loss in sensitivity, especially when 
the rigid fraction is small, such as in the case of copolymers 
of low zwitterionic content. Therefore, no attempt will be 
made to analyze the cross-polarization rates as experi- 
mentally determined, although spectra are distinctively 
different at different contact times. 

In contrast to literature results on well-organized 
heterogeneous systems,17 quantitative correlation of the 
fractions of given mobility as derived from lH wide line 
shape analysis2 (rigid, intermediate, and mobile compo- 
nents) with morphology as revealed by CP dynamics 
appears hazardous for the investigated systems: if the 
magnetization transfer rate Tcp depends strongly on 
dipolar heteronuclear interactions within distances of 1-6 
A, the enhancement fadors vary also with the whole carbon 
dipolar environment.18J9 

13C magnetization evolution during CP is described by 
the following e q ~ a t i o n : ~ ~ J ~  

T1,(H)-')-'{exp[-t/Tl,(H)I - exp[-t(l/Tcp + l/Tlp(C))l) 
where SO is the Hartmann-Hahn maximum 13C magne- 
tization, Tcp is the characteristic time of the heteronuclear 
magnetization transfer, T&) is the component of the 
rotating frame spin-lattice TI, of carbons under 'H 
decoupling, and t is the contact duration. 

With the usual assumption Tl,(C) >> Tcp, this simplifies 
to 

s = soTcp-l{Tcp-l + Tlp(C)-l - 

i.e., magnetization grows exponentially with the Tcp time 
constant and decays exponentially with Tl,(H). 

The CP signal after a 1H spin-lock of duration T follows 

s2 = s exp[-~/T,,(H)l 
In heterogeneous multiphase materials, the spin-lattice 
relaxation in the rotating frame is often distributed. 

Experimental Section 
Materialr. The synthesis and characterization of the An and 

Bn homopolymers and AB copolymers were previously described.' 
The copolymers showed good chemical homogeneity, and mo- 
lecular weighta M, were in the range (1.1-2.6) X 1V. Poly- 
I((dimethy~ino)p~pylopyl)methacryla"del (B'n) was obtained by 
standard free radical polymerization in dioxane solution. 
All of the samples were dried at 80 OC under 1.3 Pa for 24 h 

before experimenta and handled under Nz gas. Poseible residual 
water was not a problem in our measurementa. 

NMBTechniques. Experiments were performed on a Bruker 
CXP 200 spectrometer ('H resonance at 200 MHz, l9C resonance 
at 60.3 MHz). A Bruker VT-MAS 7-mm probe with a zirconia 
rotor allowed 1-2-kHz magic angle sample spinning (MAS) in 
the 160-360 K temperature range. Accurate adjustment of 
rotation angle at cor1(1/d3) was performed on KBr. The long 
measuring time (typically 24 h for one relaxation curve) implied 
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Figure 1. W high-resolution spectra of aample A,, in solution 
(bottom) and of the mobile component from SPE (top) on aample 
AB-4.0. 

constraints on the spinner operation: (i) The driving and bearing 
gas was provided by evaporating liquid NZ a t  7 ban, from a v-1 
of 160 L (Cryodiffueion EMP 1601, giving 3-4 days of continuous 
operation. (ii) The cooling of the bearing gas was achieved by 
a heat exchanger immersed in liquid N2 (Dewar of 25 L). The 
NZ consumption was monitored by weight watching, and refilling 
was done on-line from a 100-L storage tank every 6-12 h, 
depending on the temperature. 

We used 4-pa 90° pulaea, i.e., 40-kHz 'H and '9C radiofrequency 
field strengths. 

13C spectra of the mobile fraction were recorded with single 
pulse excitation (Bloch decay), lH high-power decoupling, and 
MAS(SPE).8 Standard pulse sequences8 were used for CP-MAS 
spectra, while selective Tl,(H) were measured by 'H spin-locking 
followed by CP and dipolar decoupling.g Phase cycling and add- 
subtract were systematical. 

Due to the low signal to noise ratio, statistical analpie of the 
data was mandatory. It waa performed on an IBM-PC with the 
ASYST language (peak integration, curve fitting by nonlinear 
iterative least squares minimization). 

'3c solution spectra were recorded on Bruker AC 200 and AM 
400 spectrometers at room temperature and with broad-band 
MLEV lH decoupling. Solventa depended on the polymer under 
investigation: CDCl, for A,, D20 for B',, and B,,, and trifluoro- 
ethanol (TFE) for Bn and AB copolymers. 

Results 
W Chemical Shift Assignments. The analysis of 

the copolymer spectra requires previous assignments of 
the l i e s  of the parent homopolymers. 

The chemical shifta of An carbons are already knownao*21 
(Figure 1). The assignment of the B n  linea was carried out 
using the solution spectra of ita tertiary amino polymeric 
precursor B'n, of the zwitterionic model compound triethyl- 
(sulfopropy1)a"onium betaine22 and DEPT measur& 
menta (Table I). 

Note that carbonyl, quatemary, and a-methyl carbons 
are split by configurational effede and 80 easily recog- 
nizable. The tertiary amine quaternization inducea chem- 
ical shifts for C2, C3, and C4. In the spectrum shown 
Figure 2B, the pattern of the AB-12.0 copolymer is quite 
well the superposition of those of the parent homopoly- 
mers. The carbonyl ia sensitive to neighboring unite.' The 
zwitterionic carbons are readily apparent in the eolid-state 
CP-MAS spectrum (Figure 2A). 

Cross-Polarization Dynamicr. The CP-MAS spectra 
show all of the lines of the B, solution spectrum at contact 
times of 100-400 cce and moetly the linea of A,, at longer 
contact times of 1-6 ms (eee Figure 3). 
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Figure 2. 13c high-resolution spectra: solid-state CP-MAS 
spectrum of AB-12.0 at 360 K with a contact time tCp = 600 ps 
(A); solution spectra at 300 K for sample AB-12.0 (B) and B, (C). 

Table I 
I 9 c  Line Assignments (Shifts in ppm from TMS) 

Bn AB-12.0 (TFE) 
carbon B’,D20 D2O TFE A B 

cs 
CO 
CB 
co 
c 1  
c 2  
c 3  
c 4  
c5 
C6 
c7 

49 48.0 47.3 41.5 47.4 
20 20.2 20 
57 56.4 35.4, 36.3 59 

182 181.8 179.2 174.5 176.6 
41 39.1 37 64.4 41 
28 24.4 22.4 30.7 23.0 
59 65.1 19.1 63 0.5 
47 53.6 51.3 13.7 50.9 

65.1 63 * 0.5 
21.1 17.3 18.8 
50.2 46 46 

B S;H3 a B H  

?=O 

? 

- + 2 - + 3  9 -E-CY-y-+ q 
F=O 
y -H 
y 2  1 y 2  1 
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y 2  3 y 2  3 
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y 2  6 
7H2 7 
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A 
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There is an ambiguity on this two-step behavior: the 
longer Tcp of A units can originate either from some 
mobility leading to reduced dipolar interactions even for 
the units incorporated in ionic aggregates (and) or from 
the magnetization of the acrylate carbons by 1H spin 
diffusion to the interface between hard domains and the 
mobile surroundings. From preceding we know 
that A unite remain incorporated in rigid domains observed 
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Figure 3. CP-MAS spectra as a function of contact time ~ C P  for 
AB-4.0 at 300 K (lo00 scans, 3-8 recycling). 

Y \  
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Figure 4. Intensity of line at 63.6 f 2 ppm as a function of 
contact duration (same conditions as in Figure 3). The solid line 
is a best fit of two exponentials (five parameters) according to 
M ( t )  = 0.011 + exp(-t/l.6 ms) - exp(-t/0.60 ms). 

at low frequency (from the very low f’requency of DSC to 
ca. 10 kHz by lH NMR) at  temperatures above the lower 
Tg so that both effects take place at the time scale of cross- 
polarization. 
In all cases, numerical analysis of standard c rm-  

polarization dynamics will be difficult because of the 
carbon line overlapping in the spectra due to the solid- 
state line width of the glassy compounb, signal evolution 
involves at least two time comtanta for the growth and 
two for the decay. Such an analysis is outside the 
experimental accuracy, and at most three time constants 
(for example, two for the growth and one for the decay) 
amounting to seven parmetere were statistically adjusted, 
delaying the determination of the decay constants Tl,(H) 
to a direct measurement performed in a second stage. 

With these assumptions (see the example in Figure a), 
results of growth and decay ratm of signal intensity as a 
function of contact times for sample AB-4.0 are given in 
Table 11. The decay in crm-polarization is clearly not 
only due to TlJH) but involves a nonnqligible contri- 
bution of T1,PC)D arising from some molecular motions.* 
This complexity is best men for sample AB-12: the data 
obtained are difficult to analyze because of line overlap 
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Table I1 
Time Constants (ma) for Growth (TcP) and Decay (Labeled TI,(H)) of CP Magnetization on Sample AB-4.0 

spectral region (ppm) TCP Ti,(H) TCP Tlp(H) TCP Ti,W) TCP Ti,(H) 

300 K 250 K 220 K 200 K 

13.7 f 2 1.05 17.6 0.20 4.8 2 0.5 (10%) 0.62 6.6 
4 (90%) 4.9 

19.1 f 2 0.70 1.1 (28%) 0.17 3.7 0.15 5 
15.3 (72%) 1.5 10 

36.6 f 2 0.42 4.1 0.08 4.3 1.5 6.5 

42.2 f 4 0.27 1.9 0.30 (50%) 3 1.5 6.8 

63.6 f 4 0.6 (56%) 1.6 0.21 1.7 3 7 

4.5 

1.70 (50%) 4.4 

1.6 (44%) 

Table 111 
Tlp(H) Values for Sample AB-4.0. 

spectralregion(ppm) 160K 180K 200K 220K 250K 270 K 300K 320K 340K 360K 
13.7 f 2 1.52 (d) 1.98 (d) 4.3 (a) 6.2 (a) 0.93 (a) 0.78 (b) 2.4 (e) 1.3 (c) 2.3 (c) 9.3 (c) 

5.5 (e) 3.2 (e) 
19.1 f 2 1.85 (d) 2.40 (d) 4.7 (a) 6.0 (a) 0.91 (a) 0.53 (b) 1.94 (e) 0.93 (c) 2.0 (c) 4.3 (c) 

5.8 (e) 3.4 (e) 
36.6 f 2 1.92 (d) 2.37 (d) 5.2 (a) 6.2 (a) 0.96 (a) 0.48 (b) 1.33 (e) 0.70 (c) 1.6 (c) 2.5 (c) 

5.9 (e) 3.5 (e) 
42.2 f 4 2.07 (d) 2.37 (d) 5.2 (a) 6.6 (a) 1.01 (a) 0.57 (b) 0.90 (e) 0.65 (c) 3.3 (c) 2.4 (c) 

6.0 (e) 3.6 (e) 
63.6 f 4 2.34 (d) 4.74 (d) 5.2 (a) 5.8 (a) 1.52 (a) -0.25 

4.9 (e) fO.01 (b) 
0 Contact time value (Tcp) of (a) 400 pa, (b) 500 pa, (c) 600 pa, (d) 1 ma, and (e) 2 ms. 
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Figure 5. Intensity of lines at 13.7 f 2 (+) and 19.1 f 2 pmm 
(*) as a function of contact time on sample AB-12.0 at 200 K. The 
solid line is operator best-fit with growth constants of 0.18 and 
2 ms and decay constants of 9 and 17 ma. 

and strong C-H dipolar interactions giving individual TCP 
as exemplified Figure 5. 

Tl(H) Measurements. The hydrogen spin-lattice 
relaxation of samples AB-4.0 and AB-12 measured at 60 
and 200 MHz are (mono)exponential in the investigated 
temperature range. Tl(H) at 60 MHz increases from a 
broad minimum of 170 ms at 190 K to 250 ms at 300 K. 
Tl(H) at 200 MHz increases from 320 to 550 ma in the 
same temperature range. The ratio of ca. 2 of relaxation 
times at the two the magnetic fields points to spin diffusion 
for controlling relaxation rates. 

Tl,(H) Measurements. The T1JH)’s of sample AB- 
4.0 (Table 111) show that spin diffusion becomes efficient 
for equalizing relaxation rates below 200 K only for the 
spectral pattern between 17 and 50 ppm. Outside this 
temperature window, the TlJH) values depend on the CP 
duration and are not exponential. 

The Tl,(H) temperature variations of sample AB-12 
are drawn Figure 6. From 190 to 250 K, spin diffusion is 
suggested by the similarity of the spectra recorded by 
varying the spin-lock duration 7 prior to 13C detection 
(Figure 7). Spin diffusion is actually operative as revealed 
by a (mono)exponential decay (Figure 8). Full 2D ex- 
perimenta along delay 7 and contact duration t cannot be 
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1 8 0  2LO 300 Temperature 360  ’ 
Figure 6. Temperature variation of selected Tl,,(H) for sample 
AB-12.0. Each point is determined by 20-30 delayed spectra of 
lo00 scans. Contact time of 0.4 (*), 0.8 (A), 1 (+I, 2 (X), and 3 
ma (0). 

performed on the old ASPECT 2000 computer at hand 
due to memory and disk space limitations. 

Discussion 
The spread of T1(H) and TlJH) minima over a 

temperature range of 50 K is indicative of a distribution 
of correlation times. This does not allow discussion of 
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imum size of the corresponding rigid microdomaine may 
be calculated to be about 1 and 2.2 nm for sample AB-4.0 
at 160 K and sample AB-12 at 200 K, respectively. These 
distances are high enough to be compatible with the a 
priori assumed 3D continuous model. The second-moment 
constancy2 of the rigid phase in this temperature range 
supporta the validit9 of the approach. 

The significant increase of the diffusion length with 
zwitterion content may be ascribed to a corresponding 
increase of the aggregation number and of the size of the 
dipolar aggregates. These estimated dimensions may be 
critically compared with some data related to similar 
systems. 

According to molecular mechanics comp~tat ion,~~ low 
molecular weight model compounds such as n-hexyldi- 
methyl(sulfopropy1)ammonium betaine are likely packed 
in platelets, disks, or tubes, allowing antipardelalignment 
of their dipolar heads in an extended conformation (p  = 
27.7 D, corresponding to a charge-to-charge distance of 
0.58 nm). Spherical structures are never energetically 
favorable. Semitelechelic polyieoprenes of low molecular 
weight (M, < 4700) bearing one identical zwitterionic end 
groupz4 show long-range order corresponding to a trian- 
gular array of cylinders of 1.3-nm diameter (hard core of 
interacting zwitterions). It is worth emphasizing that thew 
models cannot be directly transposed to the statistical 
copolymers under study since the microenvironment of 
the interacting zwitterionic unita is strongly different: the 
backbone and the neighboring unita result in drastically 
higher steric hindrance with respect to an end group. 
Moreover, B units are not exclusively located 88 isolated 
units in AB*A triads: even for copolymers of lowB content, 
because of very different reactivity ratios of the two 
monomers' ( r ~  = 0.42 and re = 6.01, the fractions of B 
units in AB*B and BB*B triads are 0.17 and 0.01 for 
copolymer AB-4.0 and 0.37 and 0.06 for copolymer AB- 
12.0. All of these features do not allow any reliable a priori 
assumption on the shape and the size of the zwitterionic 
aggregates, which may also show some polydispersity in 
aggregation number. 

In any case, the diffusion distances of a few nanometers 
as derived from solid-state NMR spect,"py are com- 
patible with the radius of gyration of about 1.4-1.9 nm of 
the scattering entities derived from SAXS analysis on 
copolymer AB-4.0 between 433 and 483 K.z They are stil l  
compatible with the dimensions of the other sulfopropyl 
betaine aggregates measured on the semitachelk poly- 
isoprene8 (see above) or calculated for some model 
aggregates (see, for instance, the more stable 'lateral" 
configuration of a tetramer of n-hexyldimethyl(sulfo- 
propy1)a"onium betaine associating two dimers side by 
side over thickness higher than 1 nmZ4). 

z 

300 200 100 0 
PPM 

Figure 7. Selective 13C detection of Tl,(H) for sample AB-12.0 
at 190 K with a contact time of 1 ms. Each spectrum results from 
lo00 scans at a 5-5 repetition time. 
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SPIN- L O C K  DURATION 

Figure 8. Tl,,(H) measured (same sample and conditions as in 
Figure 7) by integration of spectral regione ((+) 63.2 f 2, (A) 38.0 
f 2, and (*) 30.2 f 2 ppm) and exponential fitting which indicates 
a unique T,,(H) of 2.65 f 0.2 ms. 

molecular motions in terms of correlation times and 
activation energies as manifested through TZ or T1,(13C), 
in contrast to the proposed behavior for the homopolymer 
A,.19120 For the complex materials under study, the 
multicomponent wide linee2 preclude a difficult Tt,(H) 
component d y s i s  (i.e., analysis of the distribution of 
time constants in terms of a sum of exponentials), even 
measured directly on the more sensitive H channel. 

At temperatures above TB, the spin-lattice relaxation 
is likely controlled by the ammonium methyl groups, which 
provide efficient relaxation sinke with very short spin- 
diffusion paths. At  lower temperatures, the uniqueness 
of the relaxation rate points to spin diffusion over longer 
distances. 

Assuming in a fiist approrimation that spin diffusion 
occurs in a continous three-dimensional space, the min- 

Conclusion 
In spite of a number of unavoidable drawbacks (com- 

plexityofsolid~~teNMRspectraaadmoleculatmotions), 
probing spin diffusion provides a reliable estimate of the 
dimensions of the rigid aggmgaba characteristic of the 
zwitterionomers under study. The NMR spectroecopy 
clearly teste the material at a very local ecale and thus 
likely focueee on the B-rich multipleta which are the 
primary aggregates in these complex heterogeneous ma- 
terials, without significant sensitivity to their posaible 
packing within clusters previously identified by DSC 
measuremente.z Optimization of the NMR techniques 
would allow a better characterization of the rigid multiplete 
still present at temperatures far above the higher To for 
clustered copolymers such as AB-12.2 However, a truly 
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quantitative structural description of the zwitterionomers 
in terms of shape, size, polydispersity, and distribution of 
thew heterogeneitiea still remains a challenge. Finally, a 
more regular distribution of the dipolar interacting units 
along the macromolecular chain, such aa in some segmented 
poly(ionenes) described in the literature,%*% would prob- 
ably result in a better defined multiplet structure and 
potential long-range order in these zwitterionomers. 
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