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Mechanisms of Polymer-Supported Catalysis. 7. Carbon-13 NMR 
Relaxation of Toluene in Cross-Linked Polystyrene 
Phase-Transfer Catalyst Gels 
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ABSTRACT Carbon-13 spin-lattice relaxation times (2'') and nuclear Overhauser effects have been determined 
for toluene in cross-linked polystyrene gel beads 16-18% ring substituted with benzyltri-n-butylphosphonium 
chloride groups. Toluene inside the beads and toluene outside the beads gave separate 13C peaks for each 
carbon atom. The Tl values and rate constants for exchange of toluene between the sites were measured by 
selective T, experiments with concurrent relaxation and exchange. The Tl values of all protonated carbon 
atoms of toluene inside the beads were reduced to 0.05-0.33 times their values in low-viscosity toluene solutions. 
The T, values of aromatic carbon atoms of toluene outside the beads were reduced to 0.25-0.5 times their 
values in low-viscosity toluene solutions. The Tl results are explained by slower rotational diffusion of toluene 
in the cross-linked polystyrene gels. The self-diffusion coefficient of toluene in the gel is estimated from the 
exchange rate constants to be 0.02 times that in liquid toluene. 

In 13C nuclear magnetic resonance spectra of cross-linked 
polystyrene gels in toluene,' the solvent peaks appear as 
doublets instead of proton-decoupled singlets. Since the 
NMR samples consist of toluene-swollen beads 0.1-0.3 mm 
i n  diameter immersed in toluene, the two peaks of each 
doublet were assigned to toluene inside the beads and 
toluene in the interstices. Similar doublets have been 
reported for organic  solvent^,^^^ counter ion^,^*^*^ and 
~ a t e r ~ . ~ ' ~  in ion-exchange resins. The polystyrenes in this  
investigation were 16-18% ring subst i tuted with benzyl- 
tri-n-butylphosphonium ions (I). T h e y  have been used 
extensively as phase-transfer catalysts for reactions such 
as that of aqueous sodium cyanide with 1-bromooctane in  
tol~ene.'l-'~ This paper reports the spin-lattice relaxation 

*Address correspondence to W.T.F. at the Department of Chem- 
istry. 

1 

times of the toluene doublets in the 13C NMR spectra and 
the rate constants for exchange between the two environ- 
ments. 
NMR relaxation of small organic molecules has been 

studied in  a variety of synthetic and naturally occurring 
heterogeneous systems, chiefly using 'H, 2H, 13C, and 19F 
n ~ c 1 e i . l ~  The 13C spin-lattice relaxation t ime (T,) is 
particularly useful because its  measurement requires no 
isotopic labeling and relaxation b y  the direct  dipolar 
mechanism is intramolecular, allowing interpretation in  
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terms of rotational correlation times. 13C TI values for 
functional groups covalently attached to silica and 
for small molecules adsorbed on  silica ge1,14-22 alumina,23 
sheet silicates,24 and zeolites20~25-28 all are shorter than in 
liquids of low viscosity. 

Polymer gels exhibit high-resolution 13C NMR spectra 
when swollen by good solvents.2H0 Both 13C spin-lattice 
relaxation of the chains in cross-linked polystyrene gels32137 
and ESR line width measurements of rotational diffusion 
of nitroxyl radicals bound to cross-linked 
indicate substantial motion in the gels, although the mo- 
bility of the network polymer chains is less than that of 
the corresponding chains in polymer solutions. The degree 
of rotational freedom decreases with increased cross-linking 
and increases with increased swelling of the network. 
Similar results have been found in magic angle spinning 
'H NMR s t ~ d i e s . ~ ~ ~ ~  Overall rotational diffusion of water 
in agarG and of pyridine in calcium alginate4' is slower in 
the gels t han  in low-viscosity liquids. 

Experimental Section 
Sample Preparation. Reagent grade toluene was used without 

further purification. A typical sample was prepared by placing 
the polymer bead@ in an NMR tube, adding toluene, and allowing 
the beads to swell. Air bubbles were removed by application of 
a slight vacuum or centrifugation and by shaking the tube. To 
some samples benZene-d6 or toluene-d8 was added to provide the 
spectrometer frequency lock signal. Some of the samples con- 
taining benzene-d6 were sealed under vacuum after degassing with 
three to five freeze-pump-thaw cycles. Others were only capped 
and contained dissolved air. In some samples the spectrometer 
lock signal was provided by Me2SO-d6 in a sealed 5-mm NMR 
tube placed concentrically in the 12-mm tube. To minimize the 
amount of interstitial solvent a vortex plug was inserted to the 
level of the polymer beads. The samples with no interstitial 
toluene were prepared by evaporating the toluene from a sample 
containing a tube of MepSO-d, and weighing the entire 12-mm 
tube before each spectral measurement to determine the net 
weight of toluene. With 47 wt % toluene the polymer beads 
appeared translucent, but with less toluene they became opaque. 

Spectra. Spectra were obtained at  75.43 MHz with a Varian 
XL-300 instrument and a t  25.2 MHz with a Varian XL-lOO(15) 
instrument equipped with a Nicolet TT-100 pulse Fourier 
transform accessory. At 25.2 MHz 12-mm sample tubes, a 6000Hz 
frequency range, 8K data points, exponential multiplication of 
the FID equivalent to 0.5-1.0-Hz line broadening, and 60-200 
acquisitions were used. At 75.43 MHz 5-mm sample tubes, a 
6000-Hz frequency range centered 1500 Hz downfield from the 
toluene methyl peaks, 4K data points, 3.5-Hz line broadening, 
and 36-48 acquisitions were used. The sample, with a bed depth 
of at  least 30 mm, was centered in the receiver coil of the in- 
strument. Samples were spun at  10 Hz. Line widths were 
measured by TI'-100 computer simulation of 400-500-Hz spectral 
width expansions of the methyl region of the spectra. Probe 
temperature at  25.2 MHz was measured with a calibrated ther- 
mometer in a 12-mm tube of toluene immediately before and after 
each experiment. Probe temperature at  75.43 MHz was read 
directly at  the console of the calibrated instrument. 

Spin-lattice relaxation data at  25.2 MHz were obtained by the 
fast inversion-recovery method using 8-16 spectra per experiment 
with the longest delay time between 180' and 90' pulses equal 
to 2-10 times (usually 4-5 times) the apparent toluene methyl 
group TiA value. The three adjustable parametera program TIIR~ 
with the Nicolet computer was used to measure peak heights and 
calculate apparent Tl values. This procedure gave good agreement 
of T, values of a degassed solution of toluene in benzene-d6 with 
the highest toluene T, values in the literature. 

Selective inversion in the 75.43-MHz spectra was achieved with 
the Dante soft pulse sequence49 for the 180' pulse of a fast in- 
version-recovery TI experiment. Details are described elsewhere." 

Nuclear Overhauser effects were measured from peak heights 
of fully decoupled and gated decoupled spectra using a 90' pulse 
length and a delay between acquisitions of 10 times the apparent 
toluene methyl TLA value. In duplicate 25.2-MHz control ex- 
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Figure 1. NMR spectrum of 100/2OO-mesh, 2% cross-linked 
polystyrene 1 in 3/1 tol~enelbenzene-d~, degassed. The spectrum 
comes from an NOE experiment which used a 75-s delay between 
pulses. The benzene-d6 shows larger peaks in this spectrum than 
in most TI spectra because of the long delay. 
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periments the NOE value of ethylene glycol was found to be 1.93 
and 2.03, in good agreement with the theoretical value of 2.00. 

Computation of TI. Details of the method are described 
separately.50 A Fortran program, MT-NMR, for an IBM 7081D 
computer fit magnetization intensity vs. time data by Marquardt 
nonlinear least-squares analysis to the Bloch equations modified 
for chemical exchange in the format of Led and GesmaP as shown 
in Scheme I, in which A and B are excited toluene carbon atoms 
and A and B are toluene carbon atoms a t  equlibrium magneti- 
zation, RIA and R I B  are relaxation rate constants, TIA and T1B are 
relaxation times, and k A  and kB are rate constants for exchange. 
The change in magnetization of each signal is a sum of two 
exponential functions which involve the rates of spin-lattice 
relaxation of nuclei in both environments and the rate of ex- 
change.61 The least-squares analysis minimizes deviations from 
seven adjustable parameters in a conventional Tl data set: MA-, 
MAo, MB-, and MBo, the magnetization peak heights of signals A 
and B at  time infinity and time zero, R I A  and RIB, and k,,. The 
reverse rate constant k B  is a dependent variable calculated from 
k B  = kA(Y it!fA"/MB", where CY = ( h e  width of A)/(linewidth of 
B). In the complementary selective inversion experiments the 
initial magnetization *MAo and *MBo made a total of nine ad- 
justable parameters in the computation. First RM was fiied equal 
to its value in homogeneous solution, and the calculations were 
carried out with six or eight adjustable parameters. Then RIA 
was set free and the calculation was repeated. 

A Second Fortran program, MT-GEN, was used to  generate 
synthetic data sets with any desired values of the above variables 
and any desired random errors in peak heights. Application of 
MT-GEN showed that typical experimental data sets had ap- 
proximately 3% standard deviations of peak heights. The 
standard deviations of relaxation rate constants calculated with 
seven adjustable parameters from 25.2-MHz data were usually 
5 2 5 %  of the reported value. The standard deviations in kA and 
kB from 25.2-MHz T1 experiments were 0.3-3.0 times the calcu- 
lated values and are not reported. The complementary selective 
inversion experiments at  75.43 MHz allowed calculation of all 
relaxation times and rate constants with standard deviations of 

Results 
Figure 1 shows a typical 13C NMR spectrum of toluene 

in a 100/200-mesh (75-150 pm) polystyrene gel (l).l2 
Every carbon signal appears as a doublet due  t o  toluene 
inside and outside the beads. The narrower peak of each 
doublet at lower field (peak B) is due  to toluene inside the 
beads. T h e  assignment is based on reduction in peak area 
and eventual disappearance of peak A as solvent is re- 
moved from the  interstices and on the  longer spin-lattice 

4-12%. 
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Table I 
Effects of Removal of Toluene from Interstices and Partial 

Evaporation of Toluene from Beads" 
line 

wt % width,b Hz app TIB, 5 tlC 
toluene CH, o,m CHa o,m p CH, o,m,p 

sod 17 34 5.6 3.4 2.4 1.4 1.4 
47e 25 45 5.4 3.1 2.3 0.9 1.1 
42f 30 49 5.5 2.5 2.1 0.9 1.1 
171 36 55 3.8 1.68 1.23 0.8 1.2 
7ea 52 67 2.1 0.64 0.55 0.8 0.9 

'100/200-Mesh beads, 2% cross-linked, 30 OC, 25.2 MHz. 
Combined width of all peaks in multiplet when peaks are resolved 

or of one broad peak when not resolved. 'Determined from peak 
heights of signal B or of broad peak from combined signals A and 
B when peaks are not resolved. dCalculated from swelling ratio. 
These data are for beads with interstitial toluene and are averages 
from three to five experiments. e One experiment. f Average of two 
experiments. #Toluene content estimated from spectral signal to 
noise, line width, and number of acquisitions. 

relaxation time of peak A than of peak B (TIA > TIB). In 
a large number of experiments with 2% cross-linked, 
60/100- and 100/200-mesh particles a t  30 "C  the methyl 
carbon line widths a t  25.2 MHz ranged from 3.5 to 8.0 Hz, 
and the ratio of the line widths (a) ranged from 1.25 to 
1.91. At 75.43 MHz methyl carbon line widths were 16-42 
Hz and a was 1.86-2.20. Separations between the methyl 
peak maxima were 10-12 Hz at  25.2 MHz and 23-36 Hz 
a t  75.43 MHz. 

"Apparent" spin-lattice relaxation times were calculated 
from conventional inversion-recovery T, data for every 
resolved protonated carbon signal of toluene by fitting the 
data to a single-exponential function. The data also were 
used to calculate "real" T1 values which take into account 
exchange of toluene between the beads and the interstices 
according to Scheme I, as described in the Experimental 
Section. Selective inversion TI experiments a t  75.43 MHz 
were carried out only on the toluene methyl carbon signals. 

One sample was studied from -31 to +74 "C a t  25.2 
MHz. Over the entire range there was no apparent change 
in the line width of the methyl peak A (random variation 
from 5.5 to 8.0 Hz). The methyl peak B due to intra- 
particle toluene decreased markedly in relative area from 
+14 to -31 "C, and ita width could not be measured. The 
separation between the methyl carbon peak maxima was 
invariant (10.5-11.5 Hz) from +1 to +74 "C. From +1 to 
-31 "C the area of methyl peak B decreased from 42% to 
25% of the total methyl signal area. At  +1 and -31 "C  
the aromatic carbon doublets were no longer resolved. 
Apparent TI* and TIB values of every signal increased as 
the temperature increased from +I to +74 "C  and became 
nearly equal a t  74 "C, as shown in Figure 2. 

"C 
-11 

I I 

74 6 1  5 4  P O  30 1 4  * I  

I I ' 1 1 '  ' 

f \ ! 
0.1 I ' I 4 1 1 

3 . 0  3 . b  3 . 8  4 . 2  

10' T-', K - '  

Figure 2. Temperature dependence of apparent methyl carbon 
relaxation times Tu (0) and Tm (0) of toluene in 2% cross-linked 
100/200-mesh beads. The 30 "C data points are averages of five 
experiments. All other data points are single experiments. 

T, ; : 1 4 $ ! Z ? j  a 9 
- n r - - - ~ m n - n -  - 

'1 
Figure 3. TI values of the toluene methyl carbon in a gel dried 
to 7% toluene determined at various frequencies across the broad 
peak. (See Table I.) Data used in each calculation were maxima 
or minima of signal intensities within a range of five spectral data 
points. 

Removal of the interstitial toluene and evaporation of 
the toluene from the beads caused disappearance of the 
upfield half of each doublet and severe broadening of the 
remaining signal as shown in Table I. TIB dso decreased 
as the toluene content of the beads decreased. With the 
broadest methyl signal in a bead sample containing only 
7% toluene by weight, the apparent TIB values calculated 
from signal intensities at various positions across the broad 
peak decreased from the center to the edges. (See Figure 
3.) 

Table I1 summarizes real Tl and exchange rate constant 
data a t  ambient temperature. In accord with Scheme I 

Table I1 
Spin-Lattice Relaxation Times ( 8 )  and Exchange Rate Constants 

Ti, fixedb TIA variable 
carbon freq, MHz TlR k a  kn Ti A Ti R kA kR 

60/100-Mesh Beads 
CH3 25.2 3.2 10.2 3.8 
o,m 25.2 1.63 7.4 2.3 
P 25.2 1.01 6.1 1.42 
CH3 75.43 5.3 0.25 0.42 13.4 6.2 0.22 0.37 

100/200-Mesh Beads 
CH3 25.2 3.3 9.0 4.7 

P 25.2 4.1 1.82 
0,m 25.2 6.5 2.4 

CH3' 75.43 5.0 0.42 0.69 12.8 6.0 0.39 0.62 

'Each value is an average from three to five experiments; 25.2 MHz at 30 "C; 75.43 MHz at 23 "C. * TIA at 25.2 MHz was fixed to values 
for degassed toluene/benzene-d6 in Table IV. T I A  of CH3 at 75.43 MHz was fixed to 15.0 8. 150/200 mesh. 



2884 Ford, Periyasamy, and Spivey Macromolecules, Vol. 17, No. 12, 1984 

Table I11 
Nuclear Overhauser Effects ( q )  on Toluene Peaks" 

sample frea, MHz CHdA) CHdB) o,m(A) o,m(B) d A )  dB) 
100/200 meshb 25.2 1.1 1.2 1.2 1.2 1.5 1.3 
60/100 mesh 25.2 0.9 1.0 1.0 1.0 1.3 1.1 
partly driedC 25.2 0.9 1.1 1.1 
t01uene/C~D,~ 25.2 0.54 1.80 1.89 
60/100 meshb 75.43 0.77 0.80 0.95e 1.05e 

a~ = (peak height with full 'H decoupling)/(peak height with decoupler gated off during delay) - 1. A = toluene outside beads. B = 
toluene inside beads. o,m data are average values; 25.2 MHz at  30 "C; 75.43 MHz at 23 "C. bAverage of two experiments. '42 wt % toluene. 
See Table I. dLiterature values for solutions are as follows: CH3 0.61, o,m 1.4-1.73, p 1.3-1.74 (at 38 oC)60; o,m 1.55-2.0, p 1.6-1.85 (at 23 
0C)61. e Peaks not resolved. 

Table IV 
T1 Values ( 8 )  of Toluene in Solutions 

this work' 38 "C 
unde- unde- 

carbon freq, MHz degassedb gassed degassed gassed 
CH, 25.2 16.1 13.3' 16.3 
o,m 25.2 23.6 16.OC 24 20.5 
P 25.2 18.8 13.lC 18 15 
CH3 75.43 15.6 14.2b 

25.2 MHz at 30 OC; 75.43 MHz at  23 OC. 15 wt % benZene-d6. 
CAt 25.2 MHz with a 10% solution of poly(styrene-co-(chloro- 
methyl)styrene), 75 wt % styrene in copolymer. 

magnetization intensities as a function of time were treated 
as sums of two exponential functions by the Bloch equa- 
tions modified for chemical exchange.4s5g For 25.2-MHz 
experiments samples were prepared with and without 
dissolved oxygen, with benzene-de internal reference and 
with Me2SO-d, external reference, with a vortex plug 
packing the sample, and with excess solvent in the tube. 
None of these variables affected the T1 values outside of 
experimental error. For 75.43-MHz experiments samples 
were prepared with either benzene-d6 or toluene-d8 as in- 
ternal reference, and no significant effects of reference 
solvent on the Tl values or exchange rate constants were 
observed. 

Nuclear Overhauser effects (3) and TI were determined 
for toluene solutions (Tables I11 and IV). One possible 
cause of reduced Tl and 7 values in the heterogeneous 
samples is paramagnetic impurities. ESR experiments on 
two typical polymer bead samples in toluene revealed no 
detectable signal, which corresponds with upper limits of 
lOI5 free spins in the ESR sample and 1.7 WM of para- 
magnetic species in the NMR samples. From data on the 
effect of Cr(acac), on T,  value^!^^^ 9.0 mM Cr(acz& would 
be required in the polymer beads to cause the observed 
reduction in TI of ortho and meta carbops of toluene from 
solution values to those observed in the polymer beads. 
Although a different paramagnetic species would not have 
exactly the same effect as Cr(acac), on T,, the absence of 
detectable free spins in the beads makes it highly unlikely 
that the lower TI and 7 values both inside and outside of 
the beads are due mainly to relaxation by paramagnetic 
impurities. 

The component of T1 due to direct dipolar relaxation 
(Tl(DD)) is inversely related to the correlation time for 
rotational diffusion. Comparions of Tl(DD) values in bead 
samples and in toluene solution are in Table V. 

Discussion 
The Tl values of all toluene carbon atoms inside the gel 

polymer beads are 0.33-0.05 times the TI values in toluene 
solutions. The I3C TI values of toluene in the interstitial 
liquid also are consistently lower than in toluene solutions, 
by factors of 2-4 for the aromatic carbons. (Compare TIA 
values in Table I1 with those in Table IV.) 

Table V 
TI(DD) ( 8 )  of Toluene Carbonsa 

T, i\ 

60/lOO mesh 
5.8 20.3 6.9 59 CH3 25.2 

o,m 25.2 2.9 12.3 4.2 26 
P 25.2 1.7 8.7 2.4 19.9 
CH3 75.43 13.3 35 15.5 

100/200 mesh 
17.9 8.5 59 CH3 25.2 6.0 

o,m 25.2 10.8 4.3 26 
P 25.2 5.8 3.0 19.9 
CH3e 75.43 12.5 33 15.0 

'Calculated from T1(DD) = 2T1/7. T1A fixed to value for de- 
gassed liquid toluene. CSee Table 11. dDegassed. See Table IV. 
e 150/200 mesh. 

Protonated aromatic 13C nuclei in degassed toluene so- 
lutions undergo spin-lattice relaxation primarily by the 
direct dipolar mechanism with a small contribution from 
spin rotation. The methyl carbon relaxes with a greater 
contribution from spin rotation. The reductions in all T1 
values in the polymer bead samples suggest that rotational 
diffusion of toluene is slower both inside and outside the 
gel beads in toluene solutions. The increases in T1 for all 
carbon atoms as temperature increases (Figure 2) indicate 
that spin rotation is not the primary relaxation mechanism, 
because spin rotation relaxation causes T, to decrease as 
temperature increases. 

The case for dominant direct dipolar relaxation is not 
so clear when one examines the nuclear Overhauser effect 
(7 )  values. The increased 7 at  25.2 MHz of the methyl 
carbon both inside and outside the beads compared with 
toluene solutions indicates greater direct dipolar and less 
spin rotation contribution to methyl carbon relaxation. 
However, none of the 9 values approach the theoretical 
limit of 2.0 for direct dipolar relaxation only under the 
extreme narrowing condition, worc << 1, in which wo is the 
spectrometer frequency and rc is the rotational correlation 
time. Major contributions to relaxation by interaction with 
dissolved oxygen or other paramagnetic impurities can be 
ruled out, and the spin rotation contribution should be 
smaller inside the beads because of slower molecular 
motion. More likely, relaxation of the toluene aromatic 
carbons both inside and outside the beads occurs mainly 
by the dipolar mechanism, and a small fraction of the 
toluene molecules lie in an environment in which motion 
is highly restricted. Rotational correlation times in the 
restricted environment must be much longer than in the 
extreme narrowing limit to account for the reduced 7 
values. Diffusion in and out of such an environment 
should be very fast compared with the time required for 
detection by NMR. The fraction of molecules with re- 
stricted motion must be very small to account for observed 
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Tl values of 1 s or more. Consequently the signals in the 
spectra should not be broadened markedly. 

Reduced Tl values in incompletely swollen beads (Table 
I) support a distribution of rotational correlation times of 
toluene inside the gel beads. The Tl values a t  different 
frequencies of the broad toluene methyl peak in Figure 3 
indicate that the toluene molecules which contribute most 
to the breadth of the peak have shorter relaxation times 
that the toluene molecules that contribute primarily to the 
center of the peak. 

Considering both possible explanations of the low q 
values, limits may be placed on the factors by which ro- 
tational correlation times (TJ are increased in the gel 
samples. If relaxation occurs entirely by the direct dipolar 
mechanism, comparisons of the T1 values in Table I1 with 
direct dipolar T1 values for toluene in the absence of 
polymer beads in Table V show increases in rC by factors 
of about 3-20. If the reduced q values are due to some 
unidentified relaxation mechanism, direct dipolar con- 
tributions to Tl can be calculated from T1(DD) = 2T1/q. 
Comparisons of the Tl(DD) values in gels with those in 
toluene solutions in Table V show that the relaxation times 
inside the gel particles, TIB, are shorter by factors of 612 ,  
and the relaxation times outside the gel particles, TIA, are 
shorter by factors of 2.1-3.3 than in toluene solutions. 

Previous NMR relaxation studies of ion-exchange resins 
found shorter T1 values for water protons and for 13C 
counterions inside the beads than for the same species in 
bulk water,P6 but in no case was the relaxation time of the 
interstitial species reported. Values of proton and deuteron 
T1 and T2 of water in a 10% agar gel were explained by 
two distinct correlation times differing by a factor >loo, 
with less than 1% of the water molecules in the restricted 
e n ~ i r o n m e n t . ~ ~  Pyridine carbon atoms in a calcium algi- 
nate gel had T1 values 0.14-0.36 times as long as in a 1 M 
solution in D20.47 The q values were 0.7-0.9 in the gel 
compared with 1.4-1.6 in s~lut ion.~ '  

Coverage of a monolayer or less of small molecules on 
silica gel surface or in a sheet silicate or inclusion of small 
molecules in zeolites increases rotational correlation times 
to greater than the 13C NMR extreme narrowing limit.'"% 

One other example of different relaxation times inside 
and outside of particles is that of 31P of inorganic phos- 
phate inside and outside of rat liver mi t~chondr ia .~~ The 
inside and outside 31P relaxation times Ti were 0.6 and 25 
s, and the exchange lifetimes were 5-20 min. 

The rate constants for exchange of toluene in and out 
of the polymer beads could be determined with reasonable 
accuracy only from the 75.43-MHz selective inversion data. 
The rate constants are comparable with the rates of 
spin-lattice relaxation. If the rate constant for approach 
to equilibrium is limited by toluene diffusion in the gel 
phase, the diffusion coefficients (D,) calculated from the 
rate constants and the particle radii@ are about 6 X lo-' 
cm2 s-l, compared with a likely value of De = 3 X cm2 
s-l for liquid toluene at  25 0C.67 The rate constants de- 
termined here set an extreme upper limit for the rate of 
exchange of toluene in and out of catalyst 1 in a phase- 
transfer catalysis experiment."-14 The beads in the NMR 
experiment were tightly packed, while in a typical 
phase-transfer catalysis experiment the beads occupy less 
than 170 of the reaction mixture. The De of toluene in the 
catalyst is somewhat greater than an estimated D, = 1.3 
X lo-' em2 s-l for intraparticle diffusion of 1-bromooctane 
that was calculated from kinetic data for reaction of 1- 
bromooctane in toluene with aqueous sodium cyanide 
using the same catalyst l.68 
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ABSTRACT: The phase diagram of the system cellulose acetate (CA)/(hydroxypropyl)cellulose (HPC)/ 
N,N-dimethylacetamide (DMAc) at 20 "C was investigated. The CA and HPC samples chosen have similar 
size and semirigid conformation composed, respectively, of N 14 and - 12 Kuhn statistical segments - 140 
A long. The binary systems CA/DMAc and HPC/DMAc exhibit a cholesteric mesophase above polymer volume 
fractions v i  - 0.33 and v i  - 0.35, respectively. Ternary systems exhibit a single isotropic phase only when 
the combined volume fraction is below -0.05. When (u2 + us) is between -0.1 and -0.35, two isotropic phases 
exist, one containing prevalently CA and the other HPC. This incompatibility in the isotropic phase is in 
line with an evaluation of enthalpy parameters for the CA/HPC pair. Above the critical volume fraction, 
there is a composition range, which roughly corresponds to the biphasic gap of the corresponding binary systems, 
in which three phases coexist. The volume fraction of the anisotropic phase of HPC increases at the expense 
of the isotropic HPC phase in the presence of the anisotropic phase of CA. All compositions are invariant 
until all isotropic phases disappear. Henceforth, two anisotropic phases are stable, each containing pure polymer. 
It appears that compatibility between polymers forming similar mesophases may not be often observed, in 
contrast to the case of low molecular weight liquid crystals. 

In  a previous paper1 we discussed the  phase behavior 
of ternary systems composed of a rodlike polymer, a 
flexible polymer, a n d  a solvent. T h e  systems were poly- 
(p-benzamide) (PBA)/polyterephthalamide of p-amino- 
benzhydrazide (X-500) /N&-dimethylacetamide (DMAc) 
+ 3 70 LiCl, a n d  PBA/poly(acrylonitrile) (PAN)/DMAc 
+ 3% LiC1. The results showed complete exclusion of the  
flexible coils from the  mesophase formed by the  rodlike 
solute. An analysis of t he  role of polymer compatibility, 
as conventionally defined by  enthalpy parameters in the  
case of a n  isotropic mixture of two random coiled poly- 
m e q 2  was performed. T h e  results showed tha t  no de- 
mixing should have been expected for t he  PBA/X-500/ 
DMAc + 3% LiCl and  for t he  PBA/PAN/DMAc + 3% 
LiCl systems in the composition range investigated. Thus,  
in line with theoretical prediction? t h e  exclusion of t he  
flexible polymer from the  mesophase is a n  entropy effect 
related to  the interference of random coils with the mutual 
orientation of rodlike molecules. 

Rodlike molecules, able to  form mesophases in binary 
polymer/solvent systems, should not exhibit the latter type 
of repulsive interference when suitably dissolved in ternary 
systems. Indeed, theory4 predicts that two rodlike poly- 
mers having different axial ratios, and not necessarily the  
same chemical composition, should form a single aniso- 
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tropic phase a t  sufficiently high concentration. T h e  ex- 
pectation concerning chemically different polymers is ap- 
parently verified by the  not too extensive data reported 
in the  l i t e r a t ~ r e . ~ , ~  Indeed, in the  case of low molecular 
weight liquid crystals, the  well-known compatibility rule 
between mesogens forming similar mesophases is used as 
a tes t  for mesophase iden t i f i~a t ion .~  Lack of miscibility 
between low molecular weight mesogens forming similar 
mesophases has also been observed, bu t  i t  is the  exception 
rather than  the  rule. Gross differences in chemical con- 
stitution, resulting in large unfavorable mixing enthalpies, 
may be advocated in the  latter cases. 

In  the  case of two mesogenic polymers, t he  expected 
compatibility of the  mesophases may, however, not  be 
observed on account of t he  poor compatibility generally 
exhibited by polymers in isotropic phases and  of differ- 
ences in the conformation of the  mesogens. In  the present 
paper we investigate the  role of compatibility in the  iso- 
tropic phase for two polymers exhibiting similar confor- 
mations. The  two polymers are cellulose acetate (CA) and 
(hydroxypropy1)cellulose (HPC) dissolved in DMAc. It will 
be shown tha t  CA and H P C  are not  compatible in both 
isotropic and anisotropic solutions, giving rise to  situations 
involving three coexisting phases which have not yet been 
theoretically predicted. 
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