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Figure 3. Plot of the peak positions of the melting endotherms
(T,), taken from the DSC scans at 2.5°C/min (Figure 1), vs. the
crystallization temperatures (7). Two extrapolations to the line
representing the relation T,, = T, are also drawn (see text).
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Figure 4. Plot of the peak positions of the melting endotherms
(Ty), taken from the DSC scans at 10°C/min (Figure 2), vs. the

crystallization temperature (T,). The dashed line corresponds
to the lower extrapolation line of Figure 3.

endotherms are obtained, both the lower and higher peak
temperatures, hereafter referred to as T’ and T,,”, are
indicated.

As previously discussed,!* all these double-peak-shape
endotherms are due to the occurrence of recrystallization
phenomena: the melting peak on the lower temperature
side may be indeed attributed to the fusion of original
crystals, its position being determined by the competition
of melting and recrystallization processes; the melting peak
on the higher temperature side may be attributed to the
fusion of crystals generated by the recrystallization pro-
cesses occurring during the scan. At least for the T, range
135~150 °C, we have shown!* that neither T’ nor T, are
melting peak positions of species obtained at the corre-
sponding crystallization temperature but are located below
and above, respectively, the ideal melting peak which
should characterize the species crystallized at T, in the
absence of subsequent reorganization phenomena. Hence,
T, and T,” values are not useful for the extrapolation
procedure.

The single-peak temperature data of the DSC scans at
2.5 °C/min (Figure 3) are well fitted by a single straight
line; the extrapolation of this line, to the line representing
the relation T, = T, indicates an equilibrium melting
temperature equal to ~186 °C. The same extrapolation
line fits well the T}, data for T, less than 130 °C, when the
heating rate is 10 °C/min (Figure 4). The single-peak
melting data for the highest T values (T, > 150 °C) are

not fitted by this line owing to superheating phenomena
which would characterize especially more perfect crystals.!?

Since the T,” peaks are due to the melting of crystals
generated by recrystallization phenomena, no theoretical
argument may justify a linear extrapolation of such data
to the equilibrium melting value. However, for the sake
of comparison with the literature data also the linear ex-
trapolation of the T, values corresponding to the 7 range
140-150 °C, to the line representing 7, = T, have been
reported in Figure 3; an extrapolation value of nearly 220
°C has been evaluated.

In our opinion, these results allow an easy interpretation
of the conflicting literature results on the T,.° value for
i-PP: investigations in the T, ranges below 130 °C (carried
out at high heating rates (above 10 °C/min))*® or above
160 °C® have produced T,,° ~ 185 °C; investigations in the
T, range 130-160 °C have produced T,° = 210-220 °C,
if only the end of the melting phenomenon was taken into
account,%® or both T',,° values, when the two endothermic
peaks were considered.!

As a final remark, we wish to point out the unusual
positive slope of the line which fits the T, values, reported
vs. T, for the range 140-150 °C; generally the melting peak
positions of species generated by recrystallization during
the measurement scans are largely independent of the
original crystallization temperature,'? as happens also for
i-PP crystallized at low T, values (Figure 3). Further
investigations on this subject are in progress.
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Site Isolation in Macroreticular Divinylbenzene
Polymers
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The question of site isolation is of concern in the in-
terpretation of chemical phenomena involving functionality
immobilized on insoluble polymer supports. It is now
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recognized that many factors can influence the mobility
of functionality attached to a polymer chain. A number
of the more important variables are (1) degree of cross-
linking, (2) method of affixing functional groups, (3) sol-
vent, (4) length of the tether joining the functional group
to the polymer backbone, (5) concentration of function-
ality, (6) polymer morphology, (7) diagnostic employed,
and (8) homogeneity of the polymer.

As a result of the growing importance of immobilized
catalysis and reagents in organic chemistry, research in the
area of site isolation continues to fluorish and several re-
views are now available.!?

We have been involved with efforts to generate “sites”
that contain multiplets of organic functional groups dis-
persed in a matrix of poly(divinylbenzene-ethylvinyl-
benzene).>* Subsequent chemical reactions at these sites
are interpreted within the context of events that take place
as a result of preferred stereochemical arrangements of
functionality at individual sites. The validity of this in-
terpretation is dependent upon the assumption of site
isolation. There are a number of studies that attest to the
mobility of functional groups attached to styrene—di-
vinylbenzene (DVB) copolymers.}*® We felt it was im-
portant, therefore, to compare the mobility of functionality
used in our studies with materials used in these earlier
reports. It was particularly important to use the same
diagnostic as in the earlier studies so that a valid com-
parison between the two systems could be made.

Phosphine displacement on tricarbonylnitrosylcobalt
(Co(INO)(CO);) has proved to be useful for determining
the degree of site isolation (Figure 1). Collman reported
that the bis(phosphine)—cobalt complex (2) results from
the heating (70 °C, 24 h, diglyme) of a cross-linked (2%)
resin containing the monophosphine—cobalt complex (1)
(1.2 mmol phosphine/g, Co/P ratio 0.42).° Regen and Lee
subsequently studied the diminution of the IR absorbance
band for the monophosphine complex (1) (with increase
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in the IR absorbance for bis(phosphine) complex (2)) as
a function of polymer swelling using a similar matrix
containing the monophosphine complex (1.1 mmol of
phosphine/g, Co/P ratio 0.39).” They observed that ad-
dition of a very small quantity of m-xylene (a good swelling
solvent) with heating (70 °C) to a cobalt-monophosphine
polymer sample resulted in a sharp decrease in the amount
of monophosphine complex. Less than 20% of the mon-
ophosphine complex remained after addition of an equal
weight of xylenes to the dry polymer. Addition of n-hex-
adecane (a poor swelling solvent) with heating to a dry
cobalt-monophosphine-containing polymer sample had no
effect.

Regen and Lee also investigated formation of the bis-
(phosphine)—cobalt complex on 20% cross—linked macro-
porous polymer.” After addition of xylenes to the ma-
croreticular polymer containing monophosphine complex
(0.65 mmol of phosphine/g, Co/P ratio 0.30), only 35%
of the monophosphine complex remained. More recently
Guyot and Bartholin systematically surveyed the rela-
tionship between resin structure and site isolation em-
ploying the same cobalt—phosphine diagnostic. Variables
included in their study were degree of cross-linking,
phosphine loading, and cobalt-phosphine ratio. Extensive
formation of bis(phosphine)~cobalt complexes in the
presence of good swelling solvents was also observed.? The
conclusions drawn from the three investigations may be
summarized as follows: site-site interactions decrease with
increasing cross-linking, good swelling solvents enhance
site-site interactions, and extensive site—site interactions
are observed at cobalt loadings even as low as 0.1 mmol/g
on macroreticular copolymers of 25% DVB and phosphine
loading of 0.23 mmol/g. It should be noted, however, that
the preceding studies utilized polymers that were func-
tionalized with phosphine ligands after polymerization.
The present study utilizes resins containing a higher degree
of cross-linking than found in previous cases and employs
phosphine groups that are introduced by copolymerization.
As will be shown, these modifications result in a greater
degree of site isolation at comparable loadings of cobalt-
phosphine complexes.

Results and Discussion

A copolymer of practical-grade divinylbenzene and p-
styryldiphenylphosphine (0.27 mmol/g, Co/P ratio 0.4)
was prepared by using CH;CN as cosolvent by bulk po-
lymerization initiated with AIBN. Treatment with [Co-
(CO)5(NO)] (excess) in THF for 720 h at room temperature
yielded a polymer containing the monophosphine complex
(40% of available phosphine site occupation, 0.11 mmol/g).
This was evidenced by the presence of the IR bands at
2020, 1970, and 1760 cm™. The bands for the bis(phos-
phine) complex at 1940 and 1700 cm™ were absent.?

Portions of the polymer complex were placed in flasks
under nitrogen and either xylenes or THF was added. The
mixtures were heated to 70 °C for 169 h and dried, and
the spectra recorded. Careful examination of the IR
spectra revealed no change in the critical regions corre-
sponding to mono- and bis(phosphine) commplex.’

As a control, a polymer containing monophosphine—co-
balt complex (0.11 mmol/g) was treated with a xylene
solution containing triphenylphosphine. The IR spectrum
of the resultant polymer was examined to determine
whether one of the carbonyl ligands of the complex was
displaced by triphenylphosphine ligand. Bis(phosphine)
complex was not observed to accumulate to any detectable
extent; rather, the IR bands for the monophosphine com-
plex diminished with time. The diminution of the ab-
sorbance bands is due to loss of cobalt displaced from the



816 Notes

polymer by non-polymer-bound phosphine groups; less
than 10% of the cobalt remained on the polymer after
treatment.

The key observation from the present study is that
site-site interaction could not be detected under the given
experimental conditions. Several differences between the
present study and earlier investigations may account for
this finding. Among the more important factors are the
degree of cross-linking and the method of phosphine in-
corporation. Increased levels of cross-linking have already
been shown to diminish site—site interaction. What is
important in the present study is that at DVB levels above
50%, effective site isolation can be achieved.

The importance of phosphine incorporation is somewhat
more difficult to evaluate. Collman et al. utilized a com-
mercially available polymer (Biobeads SX-2) derivatized
by sequential bromination (Br,, FeBr;), lithiation (n-BulLi,
THF), and treatment with Ph,PCL8 This procedure can
lead to nonuniform distribution of Ph,P functionality
caused either by some areas of the polymer being less
accessible than others or by clustering of one of the de-
rivatizing reagents.® Any nonuniform distribution would
translate into areas of high local concentrations. The
polymers investigated by Regen and Lee” were derivatized
by essentially the same process.

Collman attempted to address the question of nonsta-
tistical derivatization. He prepared a “popcorn” polymer
prepared from styrene, divinylbenzene, and p-bromo-
styrene.® While this avoided the uncertainty in the bro-
mination step, the polymer still required lithiation and
treatment with Ph,PCl. The lithiation sequence can result
in nonuniform functionalization due to the known pro-
clivity of lithium reagents to form clusters.!

A potential drawback to introducing phosphine ligands
by copolymerization of p-styryldiphenylphosphine would
be a tendency to form block copolymers. The reactivity
ratios of p-styryldiphenylphosphine (A) and styrene (B)
have been evaluated by Rabinowitz, Marcus, and Pellon,
ra = 1.43,rg = 0,52.1! At a monomer ratio A/B =~ 25, one
estimates an initial average mean sequence m(M,) = 1.057,
and m(Mg) = 14. The use of reactivity ratios (rg) for
styrene in place of ethylvinylbenzene and divinylbenzene
should not significantly alter the conclusions—the prob-
ability of p-styryldiphenylphosphine next nearest neigh-
bors should be low.!? If the preceding analysis is correct,
the average “area” of each cobalt complex, calculated from
the surface area of the material (100 m?/g), is 150 A2/Co.

Two additional factors may contribute to our results.
The morphological properties of macroreticular polymers
can be modified by the choice of precipitant.® We have
shown that acetonitrile results in greater average pore size
than, for example, toluene.? The macromolecules in the
present study may differ somewhat in the microenviron-
ment of individual phosphine residues. QOur polymer
preparation also differs from earlier results in that the
material is mechanically ground prior to use. The influence
of this step on the results is at present difficult to assess.

Although these results do not permit accurate quanti-
fication of site-site interactions, it is clear that effective
isolation can be achieved by a judicious selection of pa-
rameters that influence functicnal group mobility.

Experimental Section

Divinylbenzene-Styryldiphenylphosphine Copolymer
(0.27 mmol of Phosphine/g). A solution of p-styryldiphenyl-
phosphine {2.31 g, 0.0080 mol),!? freshly distilled divinylbenzene
(26.2 g, 0.20 mol, Matheson, typical composition after purification
by distillation m-divinylbenzene 42%, p-divinylbenzene 16%,
m-ethylvinylbenzene 29%, p-ethylvinylbenzene 13% ), acetonitrile
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(28 g, 0.60 mol), and AIBN (0.164 g, 1.0 mmol) was divided into
two portions and placed into two medium-walled glass tubes which
had constricted necks for sealing. The tubes were degassed on
a vacuum line through five consecutive freeze-thaw cycles. The
tubes were sealed on the line, covered with wire gauze, placed in
an oil bath, and incubated at 75 °C for 12 h and then at 125 °C
for 12 h. The tubes were cooled and broken open, and the white
crumbly polymer was ground up with a mortar and pestle. The
polymer was sized by sieving. The fraction 60-200 mesh was
collected and washed in a Soxhlet extractor with methanol for
1 day. The polymer was removed and dried under vacuum:
surface area (BET) 104.0 m?/g; IR (KBr) ,,, 3025, 2970, 2930,
1607, 1490, 1450, 1390, 1120, 900, 830, 710 cm™. Anal. Calcd:
C, 90.78; H, 8.25; P, 0.87; N, 0.10. Found: C, 90.45; H, 8.00; P,
0.87.

Dicarbonylnitrosylcobalt-Polymer-Bound Phosphine
Complex. Dry polymer (2.5 g, divinylbenzene—styryldiphenyl-
phosphine bulk copolymer, 0.27 mmol of phosphine/g) was placed
in a nitrogen-purged flask and THF (100 mL freshly distilled from
benzophenone-Na) was added via needle tubing. Tricarbonyl-
nitrosylcobalt (50 uL, Alfa) was added via syringe. The flask was
wrapped with aluminum foil and placed on a wrist-action shaker.
After 720 h the excess tricarbonylnitrosylcobalt and the THF were
removed under vacuum. The IR spectrum (KBr) of the polymer
showed bands at 2030, 1980, and 1760 cm™ indicative of the
monophosphine (polymer-bound) dicarbonylnitrosylcobalt com-
plex. Elemental analysis indicated that cobalt was attached to
40% of the phosphine groups. The IR bands for the bis(phos-
phine)-monocarbonylnitrosylcobalt complex (1940, 1700 cm™)
were not detected. Anal. Caled: C, 89.28; H, 8.00; P, 0.85; N,
0.39; 0, 0.66; Co, 0.81. Found: C, 89.20; H, 8.36; P, 0.79; N, 0.12;
Co, 0.32.

Treatment of Polymer Complex with Various Solvents.
A portion of the polymer complex was transferred into a flask
and dry solvent (100 mL of xylenes or THF or decane) was added.
The flask was fitted with a reflux condenser and a nitrogen
bubbler. The apparatus was wrapped with aluminum foil. The
flask was purged with nitrogen and heated to 70 °C for 168 h.
The solvent was then removed under vacuum and the polymer
was examined by IR. The IR spectrum was identical with that
of the untreated polymer. If air was purposely allowed in the
reaction during heating, all three of the IR bands for the complex
disappeared. The IR bands for the bis(phosphine)-bound complex
(1940, 1700 cm™) could not be observed. Treatment of poly-
mer-bound cobalt complex resulted in diminution of intensity of
the IR peaks at 2030, 1980, and 1760 cm™ and resulting loss of
cobalt from the polymer.
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Communications to the Editor

The QELS “Slow Mode” Is a Sample-Dependent
Phenomenon in Poly(methyl methacrylate)
Solutions

Recent studies of the spectrum of light scattered from
semidilute polymer solutions have attempted to charac-
terize and interpret the two observed relaxation modes.!1!
The fast relaxation has been established as being charac-
teristic of cooperative or mutual diffusion,'? but the origin
of the slow mode is as yet unexplained. Early studies
concluded that the slow mode was representative of
polymer self-diffusion.*®1°® However, discrepancies be-
tween apparent diffusion rates from the slow mode and
self-diffusion data from other techniques called this con-
clusion into question.”® In particular, the magnitude of
the slow-mode diffusion data is consistently 1 or 2 orders
of magnitude lower than that of the self-diffusion data.
Most recently, the formation of transient entangled mac-
romolecular clusters has been proposed as the physical
mechanism responsible for the slow-mode relaxation.®!!
We report here the results of a comprehensive light scat-
tering study of nine poly(methyl methacrylate) samples
‘in solutions in methyl methacrylate. The existence of the
slow mode is found to be sample dependent and not an
intrinsic property of semidilute polymer solutions. Fur-
thermore, evidence is presented to support the transient
cluster hypothesis as the mechanism responsible for the
slow mode in solutions where we observe it.

Experimental Section. The properties and sources of
the PMMA samples studied are given in Table I. Each
polymer sample was dissolved in methyl methacrylate
(Aldrich Chemical Co.) to a concentration of 0.100 g/mL.
Light scattering cells were rinsed repeatedly with filtered
solvent to eliminate dust. The 0.100 g/mL solutions were
filtered through 0.2-um Rainin nylon filters into the clean
cells. Less concentrated samples were prepared by dilution
with filtered solvent. Samples of higher concentration were
prepared by fitting the scattering cell with a 0.45-um
Rainin filter unit as a lid, which allowed for MMA evap-
oration under dust-free conditions. All concentrations were
determined by weighing, and all sample cells were sealed
after preparation.

An identical procedure was used to prepare sample so-
lutions of one of the PMMA samples in chloroform.

Dynamic light scattering experiments were carried out
on a Malvern Type PCS-100M spectrometer using a Lexel
Model 95-2 argon ion laser and a Langley-Ford Model 1096
correlator. Total intensity light scattering measurements
were made on a Sofica apparatus.

Results and Discussion. The autocorrelation functions
obtained for dilute solutions of the PC and PL samples
were well represented by single exponentials. Dilute so-
lutions of the more polydisperse PI, D, and FR samples
showed a broader distribution of diffusive relaxation times
as determined by analysis using the CONTIN program of
Provencher.!® For all samples studied, the distribution of
relaxation times in dilute solution was unimodal. At higher
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Table I
Characteristics of the PMMA Samples

sample Me M,/M:¢ source
PC-60 60500 1.09  Pressure Chemical Co.
PC-125 125000 1.08  Pressure Chemical Co.
PC-179 179000 1.08  Pressure Chemical Co.
PC-240 240000 1.09  Pressure Chemical Co.
PI-105 105000 1.9 Polysciences, Inc.
PI1-703 703000 2.7 Polysciences, Inc.
PL-265 265000 1.12  Polymer Laboratories, Ltd.
D-66° 66000 14 DuPont
FR-200 ~200000 2 free radical polymerization, in situ,

40 °C

¢M and M, /M, values reported by supplier except as follows:
PI-105 and PI-703 values from our measurements using low-angle
light scattering and GPC; FR-200 values predicted from kinetics.
5D-66 sample was kindly provided by Dr. D. Y. Sogah of E. L. du
Pont de Nemours and Co. Inc.

concentrations, however, discrepancies in the scattering
behavior among the different PMMA samples were ob-
served. The PI, PL, D, and FR samples exhibited uni-
modal relaxation time distributions up to the highest
concentrations studied. In contrast, solutions of the PC
samples of concentrations greater than ~1% polymer
displayed distinctly bimodal autocorrelation functions and
relaxation time distributions. The onset of this bimodal
behavior with increasing concentration corresponds to the
onset of molecular overlap (c*) and the peak in the total
intensity vs. concentration profile. Figure 1 shows short-
and long-time correlation functions for a semidilute solu-
tion of the 179 000 molecular weight PC sample. Shown
also are the diffusion coefficient distributions for the two
modes (only the fast-mode distribution is shown for the
short-time correlation function; the CONTIN program cannot
accurately determine the slow-mode distribution from the
short-time correlation function data). Both of the two
diffusive modes in these solutions are seen to have quite
narrow distributions. Direct comparison of these distri-
butions shows that the distribution of relaxation times in
the slow mode is comparable in breadth to that for a dilute
solution of monodisperse PMMA and narrower than for
a dilute solution of polydisperse PMMA. The bimodal
nature of the diffusive relaxation time distribution of the
PC samples in semidilute solution was unaffected by a
change in solvent (CHCl;), elevation of the temperature
(up to 66.6 °C), and length of time in solution (up to 1
year).

A careful determination was made of the characteristic
diffusive relaxation times in each sample prepared. A
study of the angular dependence of the relaxation rates
indicated a linear dependence on ¢? (g is the scattering
wavevector), affirming the diffusive nature of both the fast-
and slow-mode relaxations. The fast-mode diffusion
coefficients for several of the samples studied and the
slow-mode diffusion coefficients for samples exhibiting this
relaxation are plotted vs. concentration in Figure 2. The
fast-mode diffusion coefficient is independent of molecular
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