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ABSTRACT Miscible blends of olybenzimidazole with an aromatic polyimide and a polyetherimide have 
been studied by high-resolution p3C CPMAS NMR in the solid state. The observed resonance signals in 
the spectra of individual components of the blends have been assigned, and these assignments have been 
supported by interrupted decoupling experiments. The blending of PBI with polyimide induces a broad- 
ening and a downfield shift of the aromatic polyimide phthalimide carbonyl resonance with respect to that 
of the pure material. This difference between the spectra of the blends and those of the respective mechan- 
ical mixtures has been interpreted to be the result of the formation of specific hydrogen bonds between the 
PBI imidazole amine function and the polyimide phthalimide carbonyl function. Miscibility in the blend 
of PBI with the aromatic polyimide has also been confirmed by a study of the proton rotating frame spin- 
lattice relaxation behavior. 

Introduction 
A new class of high-performance, miscible binary blends 

of polybenzimidazoles (PBI) with several aromatic poly- 
imides (PI) has recently been described.' Miscibility in 
these blends over a wide range of compositions has been 
demonstrated by differential scanning calorimetry as well 
as by dynamic mechanical analysis.'*2 Infrared spectro- 
scopic studies of these PBI/PI systems have indicated 
that misicibility in these polymers is related to a specific 
interaction involving the phthalimide carbonyl groups of 
polyimide and imidazolic amine groups of PBI.3*4 

The aim of the present work has been to obtain evi- 
dence for misicibility and interchain interaction in PBI/ 
PI binary blends by means of high-resolution solid-state 
13C CPMAS NMR.' A strong interaction between blend 
components such as hydrogen bonding should cause 
changes in the 13C chemical shifts of those resonances 
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involved in the interaction, in this case the phthalimide 
carbonyl with the bibenzimidazole amine. We report here 
composition dependent changes in the I3C CPMAS line 
shape of the phthalimide carbonyl in blends with PBI 
and show that these changes are consistent with hydro- 
gen bonding between the blend constituents. In addi- 
tion, 13C CPMAS NMR has been used to study proton 
spin diffusion in these blends,e-'O and evidence for 
misicibility was obtained from an equality of the values 
of the proton rotating frame spin-lattice relaxation time 
TlPH for the two blend components. 

Experimental  Section 
The following polymers were used in the study: poly(2,2'-(m- 

phenylene)-5,5'-bibenzimidazole) [PBI, Celanese Corp. (T, = 
420 "C)], poly[2,2'-bis[4-(3,4-dicarboxyphenoxy)phenyl]pro- 
pane-m-phenylenediimine] [Ultem 1O00, General Electric Co. 
(T, = 220 "C)], and the condensation product of 3,3',4,4'-ben- 
zophenonetetracarboxylic dianhydride and 5(6)-amino-1-(4'- 
aminophenyl)-l,3,3'-trimethylindan [XU 218, Ciba-Geigy Corp. 
(T, = 320 "C)]. Chart I lists the structures. These polymers 
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Chart I 
Structures and Codes of Compounds UsedP 

a )  
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pdy(2,2' -(mphenylene)d, S-bibenzimidazoie) 
[PBI, Celanese Corp. (T, = 420 "C)] 

? in 

poly(2, 2' -bis[4-(3,4-dicak1oxyphenoxy)phenyi)xopane. 
mphenylenediimine] 

[Ultem 1000, General Electric Co. ( T ,  = 220 "C)] 

5-11 

b) n 

condensation product of 3, 3', 4,  4'-benzcphenonetetracafboxylic 
dianhydride (BDTA) and 5(6)-amino-l-(4'-aminophenyl)- 
1, 3, 3-trimethylindan 

(XU 218, Ciba-Geigy Cop. ( T8= 320 "C)] 

The numbers on the structures correspond to the chemical 
shifts in Figures 1 and 2 .  

were purified by precipitation into methanol from 3% (wjv) 
solutions in N,N-dimethylacetamide (DMAc) and were vac- 
uum dried at 200 OC for several days. 

Miscible blends of PBI/Ultem 1000 and PBI/XU 218 in pow- 
der form were prepared by mixing 3% (w/v) DMAc solutions 
of the required materials in the desired composition ratios and 
precipitating into methanol; these solutions yielded blends in 
the form of fine powders. The powders were then filtered, washed 
with water, and dried under vacuum at 200 "C. 

Mechanical mixtures were prepared by physically mixing the 
powders of the individual blend components. The pure com- 
ponents had been previously precipitated with MeOH from 
DMAC, as described for blends. Miscible blends of PBI/ 
Ultem 1000 and PBI/XU 218 were also cast as films according 
to the methods of Guerra et al.3 and Musto et al.4 I3C CPMAS 
line shapes obtained from the films were similar to those of 
powders. 

The content of residual DMAc in the blends and in the pure 
blend constituents did not exceed 1 wt %, as revealed by ther- 
mogravimetric analysis. The blends were shown by DSC to have 
single, composition-dependent glass transitions, Tg, lying between 
those of the constituent polymers.' 

The blends were annealed in a nitrogen atmosphere for 5 
min above their reported phase separation temperatures.' For 
a 50/50 wt  % PBI/Ultem 1000 blend the annealing tempera- 
ture was 350 "C, whereas a 75/25 wt 70 blend of the two poly- 
mers was annealed at 400 "C. For the case of the PBI/XU 218 
blends the annealing temperatures were 430 and 450 "C for 50/ 
50 and 75/25 wt % compositions, respectively. 

High-resolution solid-state 13C CPMAS NMR spectra were 
obtained at ambient temperature with an IBM AF-200 spec- 
trometer operating at a 13C resonance frequency of 50.3 MHz 
and a Bruker MSL-300 at 75.5 MHz. Hartmann-Hahn spin 
lock cross polarization along with magic angle sample spinning 
(CPMAS) were used to obtain 13C spectra from the solid 
state.6r''*'2 In the present study the matched spin lock CP trans- 
fer employed % and 'H magnetic fields of 50 kHz (75 kHz for 
the MSL-300). Proton decoupling was provided at the same 
strength as the spin locking field. The sample spinning at magic 
angle was carried out at rates between 3500 and 5000 Hz for 
both instruments. Samples of about 200 mg were hand-com- 

7-10 

, , : I  , , , ,  , , , I  , / I ,  

200 150 100 5 0  0 

PPM 
Figure 1. 13C CPMAS NMR spectra of (a) PBI, (b) Ultem 
1000, and (c) XU 218; (1.5-ms contact time; the spinning side- 
bands are denoted by s). The numbers on the peaks corre- 
spond to those on the structures shown in Chart I. 

pacted into sapphire rotors with KelF end caps. For all the 
polymers 600-1000 scans were accumulated with a 3-s delay 
between pulse sequence repetitions. Chemical shifts were ref- 
erenced relative to tetramethylsilane, TMS. 

An interrupted decoupling e~periment'~ was also used for 
13C assignment. For this experiment a short delay (typically 
50-100 ps) was inserted in a 13C CPMAS sequence between car- 
bon 13C-'H proton contact and the data acquisition. The val- 
ues of 'H-'H spin-lattice relaxation time in the rotating frame 
TlPH were measured from analysis of the changes in the car- 
bon magnetization for long contact times.6 

Line fitting was carried out with the Bruker MSL-300 using 
software supplied by the manufacturer. 

Results and Discussion 

13C CPMAS NMR Assignment of PBI, Ultem 1000, 
and XU 218. The  I3C CPMAS NMR spectra of the pure 
blend components PBI, Ultem 1O00, and XU 218 are shown 
in Figure 1. Chemical shift assignments are displayed 
in Table I. The spectrum of PBI (Figure 1, curve a) con- 
sists of several lines that can be identified in order of 
increasing magnetic field as lines arising from the car- 
bons of imidazole rings attached to phenylene rings (151 
ppm), the carbons connecting benzimidazole rings in the 
bibenzimidazole system (142 ppm), and the aromatic car- 
bons bound to  the nitrogen atoms (134 ppm). The three 
remaining lines (129,120, and 111 ppm) have been assigned 
to the protonated carbons of PBI with a contribution from 
the nonprotonated carbons of the phenylene ring to the 
line centered at 129 ppm. 

The  assignment of resonance signals has been sup- 
ported by the application of an interrupted decoupling 
pulse sequence and a short contact time pulse sequence 
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Table I 
"C Chemical Shifts of PBI, Ultem 1000, and XU 218 in the 

Solid State (ppm from TMS) 
PBI PI Ultem 1000 PI XU 218 

chem chem chem 
shift carbon" shift carbon" shift carbon" - 200 benzophenone carbonyl 

165 1 165 1 
151 1 151 2 150 2 
142 2 147 3 140 3 
134 3,4 133 4 133 6 
129 5,6,7 130 4,5 
120 8,9 124 5-11 124 7-10 
111 10 

50 11 
42 12 42 12 
31 13 30 13 

" See the structures shown in Chart I for carbon numbers. 

5,6,7 

3,4 n 
I 

b )  

160 I S 0  I20  100 

Figure 2. 13C CPMAS NMR spectra of PBI: (a) 1.5-ms con- 
tact time; (b) 0.02-ms contact time; (c) 90-ps interrupted decou- 
pling with 1.5-ms contact time. The numbers on the peaks cor- 
respond to those on the structures shown in Chart I. 
that can distinguish protonated carbons (with strong dipo- 
lar 13C-lH couplings) from nonprotonated carbons with 
weak c0up1ing.l~ These spectra are shown in Figure 2 
for PBI. In the spectrum shown in Figure 2, curve b, 
obtained for short (20 ps) contact time, only the lines a t  
129, 120, and 111 ppm, assigned to the protonated car- 
bons, are present. In contrast, in the interrupted decou- 
pling experiment, the magnetization of protonated car- 
bons dephases due to a strong 13C-lH dipolar interac- 
tion, allowing the signals of carbons without directly 
attached protons to be selectively observed. The result 
of such an approach with a 90-ps delay is shown in Fig- 
ure 2, curve c. The signal of the nonprotonated carbons 
of the meta-substituted/phenylene ring can be resolved 

P P M  

in Figure 2, curve c, as a higher field shoulder of the 134 
ppm peak. 

Figure 1, curve b, presents the 13C CPMAS NMR spec- 
trum of the Ultem 1000 poly(ether imide). The lowest 
field line a t  165 ppm can be assigned to the imide car- 
bonyl carbons due to the electron-withdrawing effect of 
the oxygen. The three other lines a t  151, 147, and 133 
ppm, respectively, are the aromatic carbons bonded to 
ether oxygens, aromatic carbons attached to quaternary 
aliphatic carbons, and the remaining nonprotonated car- 
bons of the phthalimide rings. All the remaining proto- 
nated aromatic carbons and N-linked m-phenylene car- 
bons give rise to the broad resonance with a maximum 
at  124 ppm. The quaternary aliphatic carbon resonance 
appears a t  42 ppm, and the methyl carbon signal appears 
a t  31 ppm. 

Support for this assignment was also obtained by using 
the selective pulse sequences described previously (spec- 
tra are not shown). A short contact time 13C CPMAS 
experiment permitted the exclusive observation of pro- 
tonated carbons at  124 ppm, whereas with the 90-ps inter- 
rupted decoupling, the nonprotonated carbons at  151,147, 
and 133 ppm are evident. The methyl carbon signal does 
not vanish because of very weak coupling of the protons 
due to fast r0tati0n.l~ The interrupted decoupling exper- 
iment enabled the signal of the aromatic carbons directly 
bonded to the imide nitrogens to be detected separately 
at  124 ppm. 

Figure 1, curve c, shows the 13C CPMAS spectrum of 
the XU 218 polyimide. The appearance of spinning side- 
bands in the vicinity of 200 ppm obscures the resonance 
of the benzophenone carbonyl carbon a t  its usual posi- 
tion of 196 ppm.14 The imide carbonyl carbons absorb 
at  165 ppm, as in the case of the Ultem 1000 poly(ether 
imide), but the signal of the aromatic carbons attached 
to imide carbonyl groups (130 ppm) is shifted 3 ppm 
upfield relative to the position of the corresponding car- 
bon signal of Ultem 1000. The evidence for this assign- 
ment was obtained from a short contact cross polariza- 
tion experiment, and the short contact time reveals two 
lines a t  133 and 124 ppm that can be assigned respec- 
tively to the protonated carbons located in the ortho posi- 
tion relative to both kinds of carbonyl groups (strong meso- 
meric effect of electron-attracting substitutents) and to 
the remaining protonated aromatic carbons.14 

The nonprotonated aromatic carbons connected to ali- 
phatic carbons give rise to the line a t  150 ppm, and the 
carbons bonded to the benzophenone carbonyl are a t  140 
ppm. The aromatic carbons linked with nitrogen must 
contribute to the line a t  130 ppm. This line is not seen 
as a separate peak in the 90-ps interrupted decoupling 
spectrum, in contrast to the situation observed for the 
Ultem 1000 poly(ether imide). Aliphatic carbons give rise 
to resonances a t  50 (methylene group), 42 (quaternary), 
and 30 ppm (methyl groups). The signals of the methyl 
and methylene carbons remain in the interrupted decou- 
pling spectrum, indicating mobility in the aliphatic part 
of the XU 218 structure. 

13C CPMAS Spectra of PBI/Ultem 1000 and PBI/ 
XU 218 Blends. Figures 3-5 display 13C CPMAS NMR 
spectra of PBI/Ultem 1000 and PBI/XU 218 blends. For 
comparison, in each figure the spectrum of the mechan- 
ical mixture of the respective polymer pair is shown with 
a dotted line. This display of the spectra reveals changes 
in the line shape due to blending and shows changes in 
the isotropic chemical shifts that could be a result of spe- 
cific molecular interactions between blend components. 
Changes in the isotropic chemical shift originate from 
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a )  

I I I I 
175 I70 165 I60 

160 140 120 100 

Figure 3. (a) 13C CPMAS NMR spectra of (-) 75/25 wt % 
PBI Ultem lo00 blend and (- - -) 75/25 wt % PBI/Ultem lo00 

25 wt % PBI/XU 218 blend and (- - -1 75/25 wt% PBI/XU 
218 mechanical mixture. Both spectra with obtained with a 
1.5-ms contact time and a 4-kHz spinning rate. 

mec h anical mixture. (b) 13C CPMAS NMR spectra of (-) 75/ 

a )  

c - _  
I I 1 I 

175 170 165 160 

I I I 1 
175 I70 165 I60 

PPM 
Figure 4. 13C CPMAS NMR spectra of the Ultem lo00 car- 
bonyl resonance of PBI/Ultem 1000 blends: (a) 75/25 wt % 
blend (-) and 75/25 wt % mechanical mixture (- - -); (b) 50/ 
50 wt % blend (-) and 5/50 wt % mechanical mixture (- - -1. 

relatively short-range effects, so they necessarily indi- 
cate interaction between the blend constituents on a molec- 
ular level. Chemical shift changes may be induced directly 
by interchain shielding, that is by alteration of the car- 
bon electron cloud by a change in chemical environ- 
ment, or indirectly by changes in conformation through 
modification of bond angles and variations in intrachain 
nearest-neighbor d i s t an~es . '~  The spectral changes dis- 
played in Figures 3-5 provide strong evidence for inti- 
mate intermixing on a molecular scale. 

Figure 3 shows the 13C spectra of the blends of PBI 
with the Ultem lo00 poly(ether imide) and with the XU 
218 polyimide. Figure 3, curve a, shows the spectrum of 
a 75/25 wt % PBI/Ultem lo00 blend, and Figure 3, curve 
b, shows the spectrum of a 75/25 wt % PBI/XU 218 
blend. In both spectra, the corresponding spectrum of 
the mechanical mixture is superimposed as a dotted line. 
One can see that for both blends that the greatest dif- 

175 170 165 I60  

PPM 
Figure 5. 13C CPMAS NMR spectra of the XU 218 carbonyl 
resonance of PBI/XU 218 blends: (a) 75/25 wt % blend (-) 
and 75/25 wt % mechanical mixture (- - -); (b) 50/50 wt % blend 
(-) and 50/50 wt % mechanical mixture (- - -). 
ference between the spectra of the blend and the mix- 
ture occurs for the carbonyl resonance a t  165 ppm. The 
spectra of the blend and mechanical mixture also devi- 
ate a t  other chemical shifts, but the difference is small 
compared to the line intensity. These other differences 
also occur in regions where the spectra of PBI and poly- 
imide overlap, and so no effort has been made to deter- 
mine their origin. 

The 165 ppm line arising from the carbonyl carbons 
of either the Ultem 1000 or the XU 218 polyimide is well 
resolved in all blend spectra. The study of this particu- 
lar resonance may provide information about intermo- 
lecular interactions in PBI/PI  systems. The presence of 
PBI in a blend decreases the intensity and causes broad- 
ening of the polyimide carbonyl resonance. The broad- 
ening of the carbonyl resonance is greater toward higher 
parts per million values and becomes more pronounced 
as the content of PBI increases in the blends. 

Figure 4 shows an enlargement of the imide carbonyl 
chemical shift region for two blend compositions of PBI 
and Ultem 1000. Figure 4, curve a, shows a spectrum of 
a 75/25 wt % PBI/Ultem lo00 blend, and Figure 4, curve 
b, shows a spectrum of a 50/50 wt % blend. The spec- 
trum of the respective mechanical mixtures (dotted lines) 
have been included for comparison. In the imide car- 
bonyl region, only Ultem 1000 contributes to the spec- 
trum, and the spectrum of the mechanical mixture is sim- 
ilar to that of the pure polyimide. The spectra of the 
blend and the mixture have been normalized to the same 
height to emphasize differences in the line shape. Fig- 
ure 4 shows the increase in the carbonyl line width and 
indicates that the increase occurs preferentially in the 
downfield direction (greater parts per million). The spec- 
trum of the 75/25 wt% blend also shows some structure 
and appears to consist of a t  least three superimposed lines 
with centers a t  172 ppm, 168 ppm and 165 ppm. 

Figure 5 is an enlargement, similar to Figure 4, of the 
imide carbonyl chemical shift region of the PBI/XU 218 
blend. Figure 5, curve a, is the 75/25 wt % blend; Fig- 
ure 5, curve b, is the 50/50 wt % blend, and the spectra 
of the mechanical mixtures are shown for comparison (dot- 
ted lines). The spectra of PBI/XU 218 blends are sim- 
ilar to those of the PBI/Ultem 1000 blends. The spec- 
trum of the 75/25 w t  % PBI/XU 218 blend also shows 
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structure and appears to consist of three lines with shifts 
of 172,168, and 165 ppm. The 50/50 wt % blend shows 
structure as well, although the intensities of the down- 
field lines are smaller. 

Blends of PBI and either Ultem 1000 or XU 218 are 
known to undergo irreversible phase separation a t  tem- 
peratures above that of the respective blend glass tran- 
~ i t i o n . ~  Samples of both blends have been annealed at  
temperatures sufficient to induce phase separation, and 
the resulting spectra of the phase-separated blends are 
similar to those of the respective mechanical mixtures. 

It is well-known that the resonance of a carbonyl group 
in a solvent capable of hydrogen bonding is found at  higher 
parts per million values than a similar resonance in a 
nonpolar solvent. For example, the carbonyl resonance 
of acetone in a polar solvent such as water is 11.5 ppm 
downfield from its position in a nonpolar solvent such as 
cyclohexane. The shift has been attributed directly to 
the hydrogen-bonding interaction of the solvent pair.16 
Similar behavior should also be expected to occur in a 
miscible mixture of two amorphous polymers where hydro- 
gen bonding is present. The principal difference between 
the two systems is in the rate of molecular motion. The 
13C chemical shift of carbonyl in a liquid mixture is a 
time average of all the possible arrangements of coordi- 
nating molecules, including those arrangements that involve 
hydrogen bonding. In a glassy solid mixture of PBI and 
polyimide, steric constraints prevent most of the molec- 
ular motion, and one should expect a distribution of chem- 
ical shifts rather than a single average." For those par- 
ticular arrangements of the two polymer chains that involve 
specific hydrogen bonding, the carbonyl resonance should 
be shifted downfield. We suggest that the shifted reso- 
nances in Figures 4 and 5 can be attributed to that frac- 
tion of the polyimide carbonyls that are involved in hydro- 
gen bonds with the PBI amine group. 

The 13C CPMAS results presented here can be directly 
compared with Fourier transform infrared spectroscopic 
(FTIR) results obtained with similar Blend- 
ing of PBI is known to cause a composition-dependent 
shift of the phthalimide carbonyl stretching vibration of 
XU 218 from 1727 cm-' for pure XU 218 to 1720 cm-' 
for an 80/20 w t  % PBI/XU 218 blend; the effect on Ultem 
1000 is similar. In addition, the N-H stretching band of 
PBI at  3420 cm-' is also altered in the blends. As with 
the NMR data, high-temperature annealing appears to 
reverse the shift and this effect is now under study by 
FTIR  method^.^ Because thin films are typically used 
for infrared spectroscopy, the spectra in Figures 3-5 have 
been obtained by using similar films. 

The carbonyl 13C CPMAS NMR line shape is com- 
posed of a distribution of NMR lines of different chem- 
ical shifts, for which the intrinsic width of each line in 
the absence of molecular motion is narrow. Therefore 
the carbonyl NMR line shape directly reveals the distri- 
bution of chemical shifts and the molecular environ- 
ments that affect the chemical shift. This line shape must 
be composed of contributions from free carbonyl groups 
as well as those that are affected by hydrogen bonding. 
Similarly the band shape of the infrared carbonyl is the 
result of a distribution of molecular force constants for 
vibration, and it is well-known that hydrogen bonding 
causes a shift of the carbonyl stretch frequency to lower 
wavenumbers. The carbonyl infrared band shape also 
reveals the distribution of molecular environments result- 
ing from hydrogen bonding, and infrared data can be ana- 
lyzed to calculate the population of hydrogen-bonded car- 
bonyl  group^.'^"^ Both NMR and infrared data should 

be directly comparable, and it should be possible to fit 
both sets of data simultaneously with an appropriate model 
for hydrogen bonding. 

The phthalimide infrared band shape of UItem 1000 
in PBI has been resolved into two bands by line fitting, 
the first band similar to pure polyimide and the second 
band due to polyimide involved in interactions with 
PBI." In blends containing excess PBI it has been found 
that only 50% of the phthalimide intensity is altered. I t  
has been concluded that only 50% of the phthalimide 
groups are involved in hydrogen bonds with PBI. 

The carbonyl NMR line shapes of Figures 4 and 5 can 
be analyzed in a manner similar to that for the infrared 
data. The downfield carbonyl NMR resonance inten- 
sity has been attributed to hydrogen bonding with PBI. 
One can determine the fraction of shifted resonance inten- 
sity by simulation of the spectra in Figures 4 and 5 with 
a two-line model similar to the model used for infrared 
spectroscopy. The first component should have a line 
shape similar to that of pure polyimide, and the second 
component should account for resonances shifted down- 
field through interaction with PBI. For the PBI/Ultem 
1000 blends, 15% (50/50 wt %) to 30% (75/25 w t  %) of 
the carbonyl intensity is shifted downfield. For the PBI/ 
XU 218 blends, 20% (50/50 wt %) to 40% (75/25 wt %) 
of the carbonyl intensity is shifted downfield. These per- 
centages are in approximate agreement with those indi- 
cated by infrared data. A more exact comparison of per- 
centages would require a model for the PBI-polyimide 
interaction, but it is clear from both sets of data that a 
fraction of the polyimide segments interacts with PBI 
and that in blends with excess PBI a fraction of polyim- 
ide segments also remains unperturbed by blending. 

Measurement of the TlpH of PBI/Polyimide 
Blends. In polymer blends the values of the roton rotat- 

enced by the efficiency of spin diffusion among protons 
of the constituent polymers. This efficiency, in turn, is 
dependent upon short-range spatial proximity of chem- 
ically different chains. In a miscible binary blend, the 
protons of the two components are closely coupled and 
relax with a common rate through the spin-diffusion mech- 
anism. The examination of the TlpH values provides infor- 
mation about the homogeneity of blends on a molecular 
scale, and this approach is considered to be an NMR cri- 
terion for miscibility in blend systems.6 

The value of the TlPH for these blends has been deter- 
mined from a plot of the 13C CPMAS resonance inten- 
sity versus cross polarization contact time (Figure 6). After 
an initial buildup of carbon polarization a t  short contact 
times, the carbon signal intensity decays in concert with 
the proton magnetization with a time constant equal to 
the TlyH. The final slope of a plot of the logarithm of 
intensity versus contact time will yield the value of the 
TlpH. Table I1 shows a compilation of these values for 
the various carbon resonances of PBI, polyimides, and 
the blends. I t  can be seen that, as expected, the values 
of TlPH for a single blend component are similar and the 
variation in the TlPH for the various carbon lines was 
1 5 % .  The average value of T ,  for PBI was 9 ms, for 
Ultem 1000 was 10.5 ms, and &r XU 218 was 14.5 ms. 
The carbonyl function of pure XU 218 possessed an anom- 
alously long TlpH of 17 ms. 

For the two 50/50 wt % blends, the value of TlPH was 
measured for each distinguishable line in the spectrum. 
These included the aliphatic methyl resonances of poly- 
imide (32,42 ppm), the phthalimide carbonyl resonance 
of polyimide (165 ppm), and the ring protons of PBI (111 

ing frame spin-lattice relaxation time, TIP R , are influ- 
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hydrogen bonds. PBI/polyimide blends are amorphous, 
and only a fraction of the carbonyls should undergo hydro- 
gen bonding; NMR results show that only a fraction of 
the carbonyl resonances are shifted downfield. NMR 
results are in agreement with FTIR results, which also 
indicate hydrogen bonding. The extent of hydrogen bond- 
ing indicated by the two methods is similar. 

Evidence for miscibility in the 75/25 wt '% PBI/XU 
218 blend is also obtained from the measurement of 
TIPH.  The values of TlpH for the PBI and Ultem 1000 
are similar so no positive conclusions can be drawn for 
the PBI/Ultem 1000 blend. 

We have shown that when the interaction between poly- 
mers is strong, as with hydrogen bonding, one should not 
overlook the NMR data available from simple changes 
in the 13C CPMAS chemical shift. Hydrogen bonding in 
polymer blends has been studied extensively by FTIR 
methods,20 and one should note that the spectral resolu- 
tion of a 13C CPMAS spectrum is not very different from 
that of an FTIR spectrum. These two independent meth- 
ods can provide complementary data of about the same 
precision, and so, a t  least for studies of hydrogen bond- 
ing, NMR spectra should be compared with infrared spec- 
tra of polymer blends. 
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Figure 6. Variation of carbon magnetization versus cross polar- 
ization contact time for PBI (a), XU 218 (v), and 50/50 wt% 
PBI/XU 218 blend (0, v). T h e  squares refer to  the PBI relax- 
ation a t  111 ppm, the triangles refer to  X U  218 relaxation at 
30 ppm, and the half-filled symbols refer to  these resonances 
in the blend. 

Table I1 
Proton Spin-Lattice Relaxation Times in the Rotating 

Frame T,,H (ms) of PBI, Ultem 1000, XU 218, and 50/50 wt 
% Blends of PBI with Ultem 1000 and with XU 218 

PBI/XU PBI/Ultem Ultem 
XU 218 218" PBI 1000" 1000 

obsd obsd obsd obsd obsd 
peak, peak, peak, peak, peak, 
ppm TIPH ppm TIPH ppm TIPH P P ~  TIPH P P ~  TIPH 
165 17.0 165 11.3 

151 8.7 
142 8.9 

130 14.5 133 10.5 
129 9.5 

124 14.0 124 11.0 
120 8.7 

111 9.8 111 9.2 111 9 
50 14.2 50 9.5 
42 14.4 42 9.8 42 10 42 11.3 
30 14.2 30 10 31 8.7 31 10 

a 50/50 wt %. 

ppm). It can be seen from Table I1 that the values of 
TIPH for the blend samples are indeed between those of 
the pure components and can be predicted by a model 
for linear additivity of relaxation rates.20 For the PBI/ 
XU 218 blend, the value of TlpH for polyimide changes 
significantly, from 14.5 to 10.5 ms, and the value of T, 
measured from PBI changes from 9 to 10 ms. For tke 
PBI/Ultem 1000 blend the values of TIPH for the two 
pure components are similar. The PBI/Ultem lo00 results 
are thus consistent with miscibility but do not provide 
posi t ive evidence. 

Conclusions 

Results from 13C CPMAS NMR of the two PBI/ 
polyimide blends provide evidence for miscibility and, 
for these systems, support the conclusion that specific 
hydrogen bonds exist between the phthalimide carbonyl 
of polyimide and the imidazolic amine bond of PBI. Evi- 
dence for this hydrogen bonding comes from a change in 
the carbonyl spectral line shape of polyimide. Addition 
of PBI broadens this resonance, principally in the down- 
field direction, and a downfield carbonyl chemical shift 
indicates the existence of a fraction of carbonyl to amine 
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