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the amount of initiator but can be increased at will by the 
amount of protic compound added. 

Registry No. 1 (X = OCH,CH3), 98539-97-0; 1 (X = 
OCHzC(CH3)3), 113474-64-9; 1 (X = Cl), 71102-37-9; 1 (X = 
OZCCH&HClCH3), 113474-65-0; 2 (R = H), 25322-68-3; 2 (R = 
CH3), 25322-69-4; 2 (R = CH2CH3) (homopolymer), 24969-07-1; 
2 (R = CH,CH3) (SRU), 108421-58-5; 2 (R = CH20CH3) (hom- 
opolymer), 28325-89-5; 2 (R = CH20CH3) (SRU), 113474-57-0; 
2 (R = CHzCl) (homopolymer), 24969-06-0; 2 (R = CH2Cl) (SRU), 
61710-61-0; 4 (R = CH3) (homopolymer), 38566-36-8; 4 (R = CHJ 
(SRU), 26099-72-9. 
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Chain Transfer by 2-Iodopropane and Propionic Acid Chloride in 
the Polymerization of Tetrahydrofuran 
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ABSTRACT The polymerization of tetrahydrofuran was initiated by thP addition of silver hexafluoroantimonate 
and an excesa of 2-iodopropane or propionic acid chloride. Rapid chain transfer to the acid chloride was observed. 
Chain transfer to 2-iodopropane was slow and occurred with the incorporation of the 2-propyl group at  the 
end of the chain. A mechanism is proposed which involves an iodonium ion intermediate. 

Introduction 
The ring-opening polymerization of cyclic ethers, ini- 

tiated by the carbenium or oxocarbenium ion generated 
by the reaction of an alkyl or acyl halide with silver hex- 
afluoroantimonate, has been extensively studied by this 
laboratory1 and in others.2 This system allows rapid and 
quantitative initiation with the proper choice of the alkyl 
or acyl halide. In previous experiments the ratio of halide 
to silver salt was intentionally kept below unity. Therefore 
the initiator concentration was determined by the halide 
concentration as the limiting reagent. This was preferred 
as the silver salt is much more difficult to purify than the 
halide. We now wish to report our results on the use of 
an excess of the halide on the polymerization of tetra- 
hydrofuran. 
Experimental Section 

Silver hexafluoroantimonate was recrystallized in dry diethyl 
ether under high vacuum. The fine white needles which resulted 
were transferred under vacuum into a tared flask equipped with 
a Rotoflo stopcock and pumped on for 24 h. A few crystals were 
removed under dry nitrogen and the flask was weighed. The 
elemental analysis of the crystals was consistent with the formula 
AgSbF6-C,Hlo0. A standard solution was prepared by distilling 
T H F  onto the silver salt and off of the salt twice under vacuum 
to remove the residual diethyl ether, followed by dilution to the 
mark with THF.  

Polymerizations were carried out under vacuum as described 
elsewhere.' Tetrahydrofuran was distilled twice from sodium 
metal and stored under vacuum in the presence of sodium-po- 
tassium alloy. Propionic acid chloride and 2-iodopropane were 
distilled from calcium hydride and stored under vacuum in the 
dark. 

Samples for NMR spectroscopy were prepared by the reaction 
of AgSbF, with 2-iodopropane in THF-d8 at -78 "C under vacuum 
in a round-bottom flask. The polymerization mixture was de- 
canted from the silver iodide into the NMR sample tube under 
vacuum and the tube sealed just prior to placing the tube in the 
probe. 

Results and Discussion 
Propionic Acid Chloride. The polymerization of THF 

was initiated in bulk by 0.141 M propionic acid chloride 
and 2.1 X M AgSbF6 and followed by dilatometry at 
24.5 "C. Aliquots were removed at 90,290,570, and 7200 
min and quenched with sodium phenoxide. The first-order 
plot for the consumption of the monomer was linear and 
went through the origin yielding a rate constant of 3.0 X 
low2 L mol-' s-l. This is identical with that determined by 
using the silver salt in excess of the halide. The GPC data 
on the aliquots from this run were in sharp contrast to 
those with the silver salt in  excess, with the acid halide at 
2.1 X M. The initial aliquot had a broad molecular 
weight distribution with a low molecular weight tail (Figure 
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Figure 1. GPC awes of poly(tetrahydrohan) prepared by using 
propionic acid chloride and AgSbF6 as initiator. (a) [Propionic 
acid chlorideIo/[AgSbF6] = 67.1; [AgSbF,] = 2.1 X low3 M. Time: 
(-) 90 min; ( - - - )  290 min; (---) 7200 min. (b) [2-Iodo- 
propane],,/[AgSbF,! = 91.2; [AgSbF,) = 1.9 X M. Time: (-) 
25 min; (- - -) 70 min; (- - -) 120 min. 
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la). As the reaction progressed, the distribution became 
more narrow and the molecular weight increased. The 
molecular weight after 7200 min was approximately l/m 
of that of the polymer prepared with an excess of silver 
salt.3 This was consistent with transfer to the acyl chloride 
which was competitive with propagation as shown in 
Scheme I.* 

2-Iodopropane. For various ratios of 2-iodopropane to 
AgSbFG, with the halide in excess (1O:l to 1701), the 
propagation rate constant a t  24.5 "C was 3.0 X L mol-' 
s-l, and the GPC data were consistent with those where 
the silver salt was in excess when the polymer was 
quenched within a few hours (Figure lb). When the 
polymer was quenched after 24 h a slight decrease in 
molecular weight was observed. This could occur due to 
chain transfer to 2-iodopropane. To clarify this point the 
following experiment was carried out. A polymerization 
mixture with [AgSbF,] = [2-iodopropane] = 1.9 X loV3 M 
was divided into three portions under vacuum. The 2- 
iodopropane concentration of two of the aliquots was in- 
creased to 0.35 M. One of these aliquots and the aliquot 
with equimolar silver salt and iodide were terminated after 
48 h with an excess of potassium methoxide in methanol. 
The other aliquot was terminated after 162 h. Its mo- 
lecular weight (M,  = 160000) was significantly lower than 
that observed for the aliquots terminated after 48 h, which 
had nearly identical molecular weights (M, = 278000 and 
272 000 with excess halide). 

In order to gain some insight into the transfer reaction, 
the following IH NMR experiment was carried out. By 
use of THF-d, mixed with sufficient THF-do such that the 
2-iodopropane methyl doublet did not saturate the signal, 
polymerization was carried out in the probe of a Brucker 
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Figure 2. 'H NMR spectra of poly(tetrahydr0furan) prepared 
with 2-iodopropane; [2-iodopropaneIo = 0.1 M; [AgSbF,J = 7 X 

M. Reaction time: (A) 2 h; (B) 3 months; (C) 1 year. 

Scheme I1 

Scheme I11 

200-MHz NMR spectrometer. During the first 2-h period 
the only change in the spectrum was due to the conversion 
of monomer to polymer. The sample was then stored in 
the dark at room temperature and spectra were taken after 
3 and 1 2  months. As seen in Figure 2 the ratio of 2- 
iodopropane to 2-propyl ether end groups of the polymer 
decreased with time. No new signals appeared in these 
spectra. 

The conversion of 2-iodopropane to 2-propyl ether end 
groups is evidence for the transfer reaction. We wish to 
postulate two possible mechanisms for the transfer. The 
first (Scheme 11) occurs with nucleophilic attack on the 
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oxonium ion by 2-iodopropane to form an iodonium 
Attack of the iodonium at  the methine carbon by THF or 
polymer results in the formation of iodide-terminated 
chain and initiates a new chain. The other mechanism 
(Scheme 111) involves the decomposition of the SbF, ion 
to form a fluoride-terminated chain and SbF5. The Lewis 
acid reacts with 2-iodopropane to generate a carbenium 
ion which subsequently initiates a new chain. 

The SbF6 ion is one of the most stable counterions used 
in cationic polymerization. The rate of its decomposition 
is not known in this type of system. Likewise the relative 
stabilities of iodonium and oxonium ions are not clear.6 
Presently we favor the first of the two mechanisms for the 
following reasons. The 19F NMR spectrum of the polymer 
after 3 months did not exhibit any signals for an alkyl 
fluoride end group. Additionally one may expect that 
Scheme I1 would be independent of the halide concen- 
tration, since the reaction of SbF5 with alkyl halides is 
known to be fast' and the decomposition of the counterion 
would be rate-determining,8 Although strict temperature 
control was not maintained for the NMR sample, we 
calculated from the NMR and GPC data the apparent rate 
constants for the two rate laws9 

-d[C,H,I] /dt  = kapp[ (C4H,O),+SbF,-] 

The NMR data indicated a pseudo-first-order rate con- 
stant of 3 X lo-' s-l, while the GPC data indicated that 
the rate constant should be 2 X lo4 s-l, a discrepancy of 
1 order of magnitude. Assuming a pseudo-second-order 
rate law, both the NMR and GPC data yield rate constants 
of 5 x lo+ L mol-' s-l. 

In conclusion, rapid chain transfer to propionic acid 
chloride and slow chain transfer to 2-iodopropane in the 
polymerization of THF have been demonstrated. Such 
reactions permit the preparation of polymers with the 
molecular weight determined by chain transfer allowing 
for the use of only small amounts of silver salt. Addi- 
tionally, this may be useful in systems where chain transfer 

to polymer is slow, for the preparation of asymmetrically 
substituted telechelic polymers and block and graft co- 
polymers. 
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Polymer Monolayers Prepared by the Spontaneous Adsorption of 
Sulfur-Functionalized Polystyrene on Gold Surfaces1 
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ABSTRACT Polystyrene containing one terminal thiol group (PS-SH) and styrene-propylene sulfide block 
copolymers (PS-PPS) were allowed to adsorb on evaporated gold films supported on glass. The resulting 
supported films were characterized by X-ray photoelectron spectroscopy, external reflectance infrared 
spectroscopy, and scintillation counting of radioisotope-labeled polymers. The polymers adsorb rapidly and 
irreversibly, and the polymer monolayers can be washed with fresh solvent without desorption. The effects 
of molecular weight, concentration, and solvent power on adsorbance were determined for PS-SH. The effect 
of propylene sulfide block size for a series of PS-PPS copolymers on the number of adsorbed chains was 
determined. 

Introduction reticaP8 and experimental"" groups. 
The modification of surfaces by adsorption of polymer 

molecules is important to a range of technologies (for ex- 
ample, corrosion,3 lubrication? colloid stabilization5) where 
interfacial effects are dominant. This field of research has 
received considerable attention recently from both theo- 

0024-9297/88/2221-1204$01.50/0 

This paper describes the preparation of thin films of 
polystyrene on evaporated gold surfaces by adsorption of 
modified polystyrenes from solution. Two types of mod- 
ified polymer were studied: polystyrene containing one 
terminal thiol group (PS-SH) and styrene-propylene 
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