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ABSTRACT

The C Ty of —CH; side group in PPU/P (St-co-AA), AB-crosslinked polymers (i. e.
ABCP) was studied by using high resolution solid state NMR. The rotation maotion of —CHj side
group in PPU was analyzed by means of the average spectral density functions of internal rota-
tion. The results showed that the rotation of the —CHj; side group is related closely to the com-
patibility between the two components. The compatibility was studied by analyzing the proton
spin-lattice relaxation in rotating frame, spin-spin relaxation and spin-diffusion. The results
showed that the hydrogen bonds between the components play a major role in determining the
compatibility. Through spin diffusion studying, the soft phase domain size was calculated. By
studying proton spin-spin relaxation, the content of each component in each phase and that of
each phase in the samples can be obtained. The result shows that the content of interphase is

related closely to the compatibility.
" INTRODUCTION

High resolution NMR has become a powerful tool to study the structure
and molecular motion of polymers in solid state™ ~*1 because high resolution
¥C NMR spectra can be easily obtained by the combination of techniques of
cross-polarization and magic angle spinning (CP/MAS) with simultaneously
high power proton decoupling. Through analyzing the relaxation times,
such as, *C spin-lattice relaxation time (7;), proton spin-lattice relaxation

time in rotating {rame ( T'; p ) or proton spin - spin relaxation time (T3 ) ,
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information about molecular motion and phase behavior or compatibility can
be obtained respectively®® ', While by studying the proton spin diffusion,
the spin diffusion coefficient or soft phase domain size can be calculated if
one of them is known!? 1%,

In this paper, the molecular motion and compatibility of ABCP based on
prepolymer of polypropylene oxide urethane (PPU) and poly (styrene—co—
acrylic acid) [P (St-co-AA)] were studied by using the “C T, values
and 'H T4p and T'; as well as proton spin diffusion. The results of study of
the internal rotation of —CH; side group in the ABCPs by using average
spectral density function of internal rotation under MAS condition and the

phase behavior are presented.
THEORETICAL

" The dominant factor determining the relaxation is the dipole — dipole
interaction between C and 'H for most polymers. Under this condition, the

relationship between 7T, and spectral density function can be expressed
(14]
as

L TR ) 4187, () 40Ty (o) ] D
nTl— 167'6 o o\ @We J LW, DIV ANCY @,

Under the condition of MAS, for the first order diffusive internal
rotation, the average spectral density function can be expressed as!'™

Tl = 2K R (B [BJ (@,D) +CJ (w,4D) ] )
where ‘

X

J(w,x) :m 3

Jo(w)———%sinZZAJ(w,D)+%sin4AJ(w,4D) (4-2)

Jl(w):%SinZZAJ(w,D)+%sin4AJ(w,4D) (4-b)

J2 (w‘):%siHZZAJ(w,D)—i—%sin“AJ(w,é&D) » (4-c)
For the first order three equal site jump

- Tol@ = sin*24-+sin' ) (0, 7) (5-a)
J1<w):%(sinZZAJrsinm)J(w,n) (5-b)
Jg(w):%(sinZZA—f—sin“A)J(w,ri) (5-c)

where A is the angle between the C —H vector and the rotation axis. By
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fitting the C T'; to equation (1), (4), (5), the correlation time of —CHj;
rotation c¢an be obtained.

The proton spin — lattice relaxation time in rotating frame and proton
spin — spin relaxation time are very sensitive to the inhomogeneity in sys-
tem. If the polymer system is homogeneous in corresponding scale, the
multiple exponential behavior can be observed in the decay curves of proton
magnetization in 'rotating frame and transverse. That is, the decay obeys the

following formula

M= 21 Myexp(—1/T1,) (6)
i=1
for proton spin—lattice relaxation time in rotating frame. Where n equal 1

or 2 depending on the compatibility. For the proton spin —spin relaxation,
the decay obeys the following formula

M:;MQ,CXPE—O-S(t/T2,>2:|+ ;M()Jexp(_t/sz) (7)

The first term corresponds to Gaussian decay and the second Lorentzian
decay. n=2,m=1 or n=1, m=2 depending on the.compatibility. That is,
the decay curves can be decomposed into three components, two Gaussian
components and one Lorentzian component or one Gaussian component and
two Lorentzian components.

For proton spin diffusion experiment,the proton diffusion obeys diffu-

sion equation?]

C%M(Xa}”Zat):D'AM(-ryy,zat) | (8)

Where D is the diffusion coefficient and M(x,y,z,t) is the local magnetiza-

tion density at position (x,y,z) at ¢ time. When the time of diffusion is very

short, the recovery factor R(¢) can be expressed as!'?
M, () — M,((t=o0)

M G =0 — M (=)

— 2—”(@)1/2 t L b/D €

Jr ¥

where n is the number of space dimension and 4 the average square of the

R(H=1—

domain size of soft phase, M, (¢) is the magnetization of the soft phase at ¢
time. If diffusion coefficient (D) is known, &° can be calculated by data
fitting. ‘ ‘
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EXPERIMENTAL

Measurement

The “C Ty and 'H T, were measured on BRUKER MSL — 400 spec-
trometer at 293K. The sample spinning rate is 3. 7TkHz. The field strength
of decoupling and locking is 49kHz. The 90° pulse width for *C and 'H are
4.8ps and 5. 5ps, respectively. The contact time is 1. 5ms. The resonance
frequencies of 'H and *C are 400. 13MHz and 100. 6MHz, respectively. The
pulse sequencies used in this paper are showed in Figure 1 with waiting delay
D, =75s. The pulse sequence (a) was used to measure *C T, the pulse
sequence (b)used to measure 'H T;,,the pulse sequence (¢) was used to mea-
sure 'H 7T, indirectly®. In pulse ‘

sequence (c), there is a variable 2

) ) ) ! cp l Decoup. l
delay time t,during which the trans- H 7 ceoup
verse relaxation of proton occur. As 0 %0
. 13 ”cv]CPHrﬂm
a result, the magnetization of *C -
. 5 . (a)
produced by cross-polarization is

90
proportional to the magnetization of - H ;[ cp I Decoup,j
proton remaining at the end of relax-

ation time. So, the transverse relax- 13C CP JaqQ

ation behavior of proton is observed ®)

by *C signal. In pulse sequence (d) . ﬁ i Wl

used to measure proton spin diffu-

sion, a solid echo block is added to e m

avoid effects of the inhomogeneity of ©

magnetic field and dead time of 90° %0 90r %00

receiver. H HT"H ”H m lAQ
X X (d)

Data processing

The data of magnetlzation and Fig. 1 The pulse séquences used to measure
varying delay were transferred to  (a) “C T,; (b)'H Ti,; (¢)'H T, indirectly;
IBM — PC microcomputer. Then, (d)Proton Spin — Diffusion (Modified Goldman
the C T, and 'H T, were calculated ~ —Shen Seauence).
by the data fitting by using program
written in TURBO PASCAL language. By fitting the “C T’ to correspond-
ing model on VAX —11—785 computer,the correlation time of —CH; side

group can be obtained. For the rotation of —CHj;, the relationship between
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the activation energy and correlation time (or diffusion coefficient) can be

expressed byl

D:6ir=1. 7X 10%exp (—E./RT) (10

The activation energy of the rotation of —CHj; can be obtained by substitut-
ing the correlation time into equation (10). The 'H T, were calculated by
data fitting by using program written in QUICK BASIC language. By the
data fitting, the 'H T, values and content of each composition can be calcu-
lated. In the processing of spin diffusion data, at first, the decay curve was
analyzed by using the same program as that used in fitting 'H 7T’;, then the
recovery curve was fitted by using program written in TURBO PASCAL

language.
RESULTS AND DISCUSSION

The rotation of —CH; side group

The ¥ C T;s and motion parameters of —CH; side group of PPU in the
ABCPs are listed in Table 1. The longer the T',, the slower the —CHj;
rotates as the correlation time of the rotation of —CH; side group is on slow
side of Tmin. As the content of acrylic acid increases, the compatibility be-
comes better at first and then worse (see later) and the “C T'; of side —CHj
becomes longer at first and then shorter because the intercomponent and
intracomponent hydrogenbonds are dominant alternatively™®), These results

mean that the rotational motion of

—CH; side group is slower when the

content of acrylic acid is lower and

gD

faster when the content of acrylic

acid is higher. From the results of

data fitting, see Table 1, it can be r | \
. . 25 50 715 10
seen that more PS is incorporated in- [AAL(%)

to PPU phase as the compatibility
. Fig. 2 The relationship between the correla-
becomes better. So the rotation of

tion time of the rotation of the —CHj side group
—CH, side group of PPU is restrict- in PPU and the content of acrylic acid
ed. Otherwise, the side — CH;
rotates more freely. The activation
energy of rotation of —CHj side group is nearly unchanged because the.vol-
ume of —CHj group is too small. The relationship between the correlation

time of —CHj side group and the content of acrylic acid is showed in Figure
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2. It is clear that the change trends of the rotation of side —CHj and com-
patibility as the change of the content of acrylic acid are consistent to each
other. These results show that the copolymerization of acrylic acid with PS
has strong effect both on the rotation of —CHj; side group and the compati-
bility even though the content of acrylic acid is low. It can be concluded from
the above discussion that the relative strength of intercomponent or intra-
component hydrogen bond is very important in determining the molecular
motion and compatibility. When the intercomponent hydrogen bond is
stronger than the intracomponent hydrogen bond,the compatibility becomes
better and when the intracomponent hydrogen bond is stronger than the in-
tercomponent hydrogen bond,the compatibility becomes worse.

Table 1 The T, values and motion parameters of side —CH; of PPU
in ABCPs, PPU/P(St—co—AA)

Composition T, Eq * Three —Site Jump Diffusion rotation
(PPU:PS: AA) | (& X 105(S)  |E.(KT * mol™*) Dix1077(S™%) | E,(KJ » mol™
50:50:0 0. 407 2.07 35.5 1.62 33.8
50t 47.5: 2.5 | 0.415 2.11 35. 5 1.59 33.8
50:45:5 0. 449 2.28 35.7 1. 46 34.0
50:42.5: 7.5 0. 381 1.94 35.3 1.73 33.6
50 ¢ 40 : 10 0. 309 1.56 34. 8 2.14 33.1

The compatibility

The fitting results of magnetization decay in '"H T}, experiment by using
equation (6) are listed in Table 2. It can be seen that the contents of PPU in
hard phase and PS in soft phase increase at first and then decrease as the
contents of acrylic acid ({AA]) increase but that PS in hard phase and PPU

Table 2 The'H T, values and relative content of each composition in each phase
in ABCPs, PPU/P(St—co—AA) samples

PPU : P(St—co—AA)

ABCP Hard phase Soft phase Hard phase Soft phase
(PPU : PS: AA)

Tp(ms) | W(%) |Typ(ms)| W(%) | Typlms) | W(%) | Tiylms) | W(%)

50:50:0 3.09 41.0 0. 367 59.0 4.70 65. 8 1.35 34.2
50:47.5: 2.5 2. 67 63.2 0. 427 36.8 3.61 49.3 1. 46 50.7

50:45: 5 Single exponential T5,=1. 59 Single exponential T,=2. 45

50:42.5: 7.5 2.19 72.3 0. 415 27.7 3.09 51. 4 1.52 48. 6
50:40:10 | 3.68 45. 2 0. 366 64.8 4.10 66-9 | 1.23 33.1
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in soft phase decrease at first and then increase. When the content of acrylic
acid is 5% ,the decay exhibits single exponential characteristic, that means
" the sample is homogeneous in 'H T, scale. These results imply that the com-
patibility becomes better when the [AA ] increases further from 0% to 5%
but the compatibility becomes worse when the [AA7] increases further from
5% to 10%. This result is consistent with the result of dynamic mechanical
analysist®. The decay curve of magnetization in 'H T,experiment and the

fitting curve are showed in Figures 3,4.
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Fig. 3 The semi—log plot of the decay of the Fig. 4 The semi—log plot of the decay of the
.magnetization of PPU in the ABCPs in 'H T, magnetization of PS in the ABCPs in 'H T,

experiment and the fitting curve. experiment and the fitting curve.

PPU/PS/AA, 50/50/0.0,a350/47.5/2.5,b; The notes are the same as in Fig. 3.

50/45.0/5.0,c3;50/42.5/7.5,d3;50/40/10,e.

The relationships between the 'C magnetization and delay time r and
the fitting curve are showed in Figures 5 and 6. The fitting results are listed
in Tables 3 and 4. Comparing to 'H T',, '"H T’ is sensitive to smaller domain
size, so the decay curve can be decomposed into more components. For each
component in each sample,the decay curves can be composed of three com-
ponents, i. e. two Gaussian components corresponding to hard phase and
interphase and one Lorentzian component corresponding to soft phase. From
the fitting results it can be seen that the distribution of each component in
each phase has changed as the [ AA ] increases. As the compatibility
becomes better, the content of PPU in hard phase and interphase and PS in
interphase are increased, but the content of PPU in soft phase and PS in soft
and hard phase are decreased. The results are consistent with those of the

'H T, experiment and dynamic mechanical analysis. The content of each
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phase in sample can be calculated from the results in Tables 3 and 4, listed
in Table 5. It is clear that the content of interphase is closely related to the
compatibility. The better the compatibility, the more the content of inter-
phase. That means that the content of interphase plays a major role in

determining the compatibility.

s 3
Z =
E 0,

M%‘O\Q\)

] f
40 60 80 100
Hps)
Fig. 5 The decay curve of the magnetization Fig. 6 The decay curve of the magnetization

(integrated intensity) of PPU in PPU/PS/AA,
50/50/0. 0, ABCP and the fitting curve.
a) Experimental curve;b,c) Guassian decay;

d) Lorentzian decay.

1
2.5 5.0 7.5 10
[AA]

Fig. 7 The relationship between the content o

(integrated intensity) of PS in PPU/PS/AA,
50/50/0. 0,ABCP and the fitting curve.

The notes are the same as in Fig. 5.

The content of PPU in hard phase
and that of PS in soft phase can also
be calculated from the fitting results
in Tables 3 and 4, see Figure 7. The
results show that the relative content
of PS in soft phase remains almost
constant and the content of PPU in
hard phase increases as the compati-

bility becomes better. This implies

¢ that the change of the compatibility

PS in soft phase and PPU in hard phase and the results from the incorporation of

content of acrylic acid([AA])

PPU into interphase and hard

phases. This result is easy to be understood from the view of diffusion
because the T, of PPU is lower than that of PS. Comparing to PS PPU is
casier to diffuse into interphase and hard phase.
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Table 3 The 'H T, values and content of PPU
in each phase in ABCP,PPU/P(St—co—AA)

ABCP Hard phase Interphase Soft phase
(PPU 2 PS+ AA) | T,(u$) W% T, (pS) W (%) T:(uS) W%
50:50:0 8. 10 16.9 16. 4 31.7 113 51. 4
50:47.5: 2.5 7.38 18.1 15.6 37.6 79.7 44. 3
508 45: 5 7.12 19.7 15. 4 46.1 68. 6 34.2
50:42.5: 7.5 7.03 . 14. 8 16.1 34. 8 92.6 50. 4
50:40:10 7.70 11.4 12.9 25.0 102 63. 6

Table 4 The 'H T, values and content of P(St—co—AA)
in each phase in ABCP,PPU/P(St—co—AA)

ARCP Hard phase Interphase Soft phase
(PPU = PS+ AA) | T,(uS) W (%) T, (pS) W(%) T, (uS) W(%)
50:50:0 7.58 30. 8 11.1 52.0 79. 9 17.2
50:47.5: 2.5 6.22 20. 6 14.3 68.0 85.7 11. 4
50:45:5 5. 87 13.7 15. 6 75.3 80.1 11.0
50:42.5: 7.5 6.03 21. 6 12.3 63.8 71.5 14. 6
50:40: 10 6. 95 44. 5 12.4 38.7 74. 2 J 16. 8

Table 5 The content of each phase in ABCP,PPU/P(St—co—AA). (W%)

ABCP Hard phase Interphase Soft phase
(PPU : PS: AA)
50:50:0 23.9 41. 8 34.3
50:47.5:2.5 19.3 52. 8 27.9
50/45/5 : 16.7 60.7 22.6
50:42.5: 7.5 18. 2 49. 3 32.5
50/40/10 28.0 31. 8 40. 2

In spin diffusion experiment, for simplicity, the data are processed ac-
cording to Cheung's route'?). The relationships between the recovery factor
and diffusion time are showed in Figures 8 and 9. It can be seen that the rela-
tionships between recovery factor and the square root of diffusion time are
linear when the diffusion time is short (¢:(%*/D). The values of D/ cal-
culated from the initial slope of the recovery curves are listed in Table 6. As-
suming the copolymerization of acrylic acid with PS do not affect the spin
diffusion coefficient, the domain sizes of soft phase can be calculated (see

Table 6) from equation (9) because the spin diffusion coefficients of
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Fig. 9 The recovery curve of the hard phase in
PPU/PS/AA, 50/47.5/2.5,ABCP.

Fig. 8 The recovery curve of the hard phase in
PPU/PS/AA, 50/50/0. 0,ABCP.

polymers range from 107*¥*~10""cm?/s. The results show that the domain
sizes of soft phase become larger at first and smaller as the content of acrylic
acid increases further, which is consistent with the results of dynamic
mechanical analysis, '"H T, and '"H T'; experiments. For block and graft
copolymers, the systems have regular layer structure when the contents of
two components are equal®~%, Considering the similarity of structure
between the: ABCP and block and graft copolymers,the soft phase may have
layer structure, which corresponds to one-dimensional diffusion. So the layer
thickness of soft phase in the ABCPs range from 0. 7—3nm.

Table 6 The calculated domain size of soft phase in ABCP, PPU/P(St—co—AA)

ABCP D/ 5V (s 1) 5" (nm)
(PPU:PS:AA) | 1—p* | 2-D | 3-D 1-D 2—D 3—D
50:50: 0 0.389 | 0.195 | 0.130 | 0.81~2.57 | 1.62~5.13 | 2.43~7.69
50:47.5: 2.5 0.464 | 0.232 | 0.155 | 0.68~2.16 | 1.36~4.31 | 2.04~6.45
50 : 4515 0.470 | 0.235 | 0.157 | 0.67~2.13 | 1.34~4.26 | 2.01~6.37
50 42.5: 7.5 0.368 | 0.184 | 0.123 | 0.86~2.72 | 1.72~5.43 | 2.57~8.13
5040 : 10 0.351 | 0.176 | 0.117 | 0.90~2.85 | 1.80~5.68 | 2.70~8.55
* D:Dimensional
* ¥ D=10"12~10""em?/s
CONCLUSION

The rotation of side —CHj; of PPU in the ABCPs is closely related to
the compatibility. The samples are inhomogeneous or homogeneous in 'H
T, scale depending on the content of acrylic acid, but in 'H T, scale, the

samples are inhomogeneous. By measuring the 'H T, indirectly, not only the
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content of each phase in the samples but also the composition of each phase

can be obtained. The interphase plays a major role in determining the

compatibility. The domain sizes of soft phase are estimated by spin diffusion

experiment. The calculated domain sizes range from 0. 7—3nm.
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