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The t parameters describe the contact energies between 
the respective pairs of segments. In the case of copolymer 
mixtures each ti, has to be understood as the mean contact 
energy between the copolymers i and j (the other param- 
eters, s and u*,  denote the coordination number and the 
hard-core segment volume, respectively). 

In the case of interest, mixtures of polystyrene (segments 
A) and copolymers with a fraction x of brominated seg- 
ments (B), the t parameters become 

€11 = C A A  

€22 = ~ ' t g g  + 2 ~ ( 1  - ~)tAg + (I - x ) ' ~ A A  

t i 2  = (1 -  tu + XCAB 

where tAA, tAB, and tgg denote the contact energies between 
styrene-styrene, styrene-bromostyrene, and bromo- 
styrene-bromostyrene segment pairs. Insertion of these 
expressions results in 

or 

with 

The second parameter, rl2, appearing in eq 4 has been 
introduced by Patterson13 to specify the dissimilarity in 
thermal expansion, that is, in free volume between the two 
polymeric components. I t  is defined as 

712 = 1 - T1*/T2* 

where Tl* and T2* denote the reduction temperatures of 
the two components to be used with the scaled equation 
of state. Assuming 

T2* - Ti* i= x(TB* - TA*) 

where TA* and TB* denote the reduction temperatures of 
polystyrene and polybromostyrene, gives 

712 X ~ A B  

with 
TAB = 1 - TA*/Tg* 
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Separation and Characterization of Cyclic Sulfides Formed in the 
Polycondensation of Dibromoalkanes with Aliphatic Dithiols 
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ABSTRACT: Mass spectrometric and gel permeation chromatographic analyses are used to identify the cyclic 
oligomers formed in the polycondensation reactions of dithiols and dibromoalkanes leading to  aliphatic 
polysulfides. A correlation exists between the two sets of data obtained by these techniques. Cyclic oligomers 
with only an even number of repeating units are detected among the polycondensation reaction products. 
This fact is considered evidence that these oligomers are generated directly from the reacting monomers and 
not by degradation of the corresponding polymers. 

Introduction 
The formation of cyclic oligomers in polycondensation 

reactions is a phenomenon frequently 
Current methods of detecting oligomers contained in 

polymer samples are based on gas, liquid, and size exclu- 
sion chromatography, combined with some structural 
identification methods. These techniques are indeed 
powerful, but sometimes low volatility of samples, low 
solubility in suitable organic solvents, or low resolution in 
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liquid chromatography make alternative and rapid meth- 
ods of detection and identification of complex mixtures 
of low molecular weight compounds highly desirable. 

Mass spectrometry (MS) is particularly suitable for the 
detection of these materials since they are volatile under 
high vacuum a t  relatively mild temperatures at  which 
polymers remain undecomposed and therefore undetect- 
ed.4-6 

We have been interested in the synthesis and charac- 
terization of a series of polysulfides: -( (cH2)6s)n-, poly- 
(hexamethylene sulfide) (I); -( (CH2)3S)n-, poly(tri- 
methylene sulfide) (11); -((CH2)2S)n-, poly(ethy1ene sulfide) 
(111); and -(CH2S),-, poly(methy1ene sulfide) (IV). These 

0 1986 American Chemical Society 



2690 Montaudo e t  al. 

581 614 382 

Macromolecules, Vol. 19, No. 11,  1986 

polymers are obta ined  f rom the polycondensation of di-  
bromoalkanes wi th  dithiols, and gel permeat ion  chroma- 
tography (GPC) and MS have  been used t o  de t ec t  and 
identify t h e  cyclic oligomers formed in  t h e  polymerization 
reactions. Severa l  of these  cyclic mater ia l s  have  been 
obtained through high-dilution reaction c o n d i t i ~ n s , ~ - l ~  b u t  
i t  is of general  in te res t  t o  de t e rmine  the d is t r ibu t ion  of 
cyclic oligomers genera ted  dur ing  polymerization condi- 
t ionsS2J 

Our s tudy  is a imed  at compar ing  t h e  d is t r ibu t ion  of 
cyclic oligomers de tec ted  by  two methods (GPC and MS) 
and exploring t h e  uti l i ty of the MS technique  for the de- 
tec t ion  a n d  characterization of oligomers conta ined  in  
polymeric samples.  

Experimental Section 
Polymer Synthesis a n d  Oligomer Extraction. Poly(hex- 

amethylene sulfide) (I), poly(trimethy1ene sulfide) (II), and 
poly(ethy1ene sulfide) (111) were synthesized from the corre- 
sponding dithiols and dibromides according to the method de- 
scribed by Marvel e t  al." In a typical procedure, 0.84 g (0.035 
mol) of Na was dissolved in 25 mL of absolute ethanol. 1,6- 
Hexamethylenedithiol (2.58 g, 0.0172 mol) was then added, and 
the solution was heated. To  the resulting boiling solution were 
added benzene (45 mL) and 1,6-dibromohexane (4.20 g, 0.0172 
mol). After the vigorous and spontaneous reaction subsided, 45 
mL of benzene was added, and the mixture was refluxed overnight. 
After the mixture cooled, it was filtered. The solution was 
evaporated in vacuo to yield a white powder. MS and GPC 
analysis showed that the recovered white powder consists mainly 
of cyclic oligomers. The residue, which consisted of polymer and 
NaBr, was repetitively washed with water. This was then dried 
under vaccum and dissolved in hot N-methylpyrrolidone (NMP). 
A white powder was recovered after freezer cooling. 

Poly(methy1ene sulfide) (IV) was synthesized from Na2S-9H20 
and CH2C12 as reported in the literature.' Because there does 
not exist a solvent for both the polymer and the low molecular 
weight cyclic oligomers, it was impossible to analyze the reaction 
product by GPC. Therefore the analysis of low molecular weight 
compounds was accomplished by MS. 

GPC Analysis. A Waters 6000A apparatus equipped with four 
pStyrage1 columns (in the order 1000-, 500-, 10000-, and 100-8, 
pore size) was used. A Model R 401 differential refractometer 
from Waters was used as the detector. The analyses were per- 
formed at  25 "C in toluene and tetrahydrofuran (THF) at  a flow 
rate of 1 mL/min. 

Mass Spectrometry. Mass spectra were obtained on a Kratos 
MS 50s double-focusing mass spectrometer equipped with an 
Eclipse/l20 data system from Data General running under DS 
55 Kratos software. MS analysis was carried out by the direct 
insertion probe for solid materials heated from 30 to 400 "C a t  
heating rate of 10 "C/min by the method described e l~ewhere .~  
Electron impact (EI) mass spectra were obtained a t  18 eV. 
Chemical ionization (CI) was performed with ammonia (99.998%) 
as reagent gas, purchased from Matheson Gas Products. 

Viscometry. Inherent viscosities of the experimental polymers 
(qmh = In qr/c; c = 0.5 g/dL) were measured in a Desreux-Bishoff 
suspended-level viscometer that contained a coarse sintered-glass 
filter attached just below the reservoir through which the solution 
passes as it rises into the capillary. The measurements were 
performed on purified polymers (see above) in NMP a t  80 OC. 
The values are as follows: polymer I, q,nh = 0.25; polymer 11, qinh 
= 0.13; polymer 111, vinh = 0.15; polymer IV, insoluble. 

Results 
Cyclic Oligomers Formed in the Synthesis of 

Polymer I. The GPC t race  reported in Figure 1A shows 
that the soluble material  extracted f rom the crude sample 
of polymer I conta ins  a series of low molecular weight 
compounds .  T h e  de tec t ion  and identification of these  
compounds  were achieved b y  introducing t h e  ex t rac ted  
mater ia l  i n t o  the ion source of the MS using the d i rec t  
insertion probe for solid samples. The probe temperature 
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Figure 1. (A) GPC trace (toluene) and (B) MS total ion current 
(TIC) of the extracted material from the crude sample of polymer 
I: peak I, dimer; peak 11, tetramer; peak 111, hexamer; peak IV, 
octamer. 
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Figure  2. E1 mass spectra corresponding to the three cyclic 
oligomers of polymer I: (a) dimer; (b) tetramer; (c) hexamer. 

was then gradually increased on  a linear program, and the 
evolving products were analyzed by  repetitive mass scans. 
A heating rate of 10 "C/min was found adequate t o  permit 
t h e  best time-temperature resolution of the mixture. The 
to t a l  ion cu r ren t  (TIC) curve obta ined  for t h e  ex t rac ted  
material  f rom polymer I is reported i n  Figure 1B. Figure 
2 shows three mass spec t ra  recorded at temperatures 
corresponding to the TIC maxima observed in  Figure 1B. 
In all three cases intense peaks corresponding t o  molecular 
ions of cyclic hexamethylene  sulfide oligomers appear .  

In Figure 2a, t h e  peak  at m/z  232 (base peak) corre- 
sponds  t o  cyclic d imer ;  the peak  at m/z  199 arises from 
the pa ren t  ion at m / z  232 af ter  SH (m/ z  33) loss. T h i s  
t rans i t ion  is subs tan t ia ted  b y  a metas tab le  peak  at m / z  
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Table I 
Cyclic Oligomers Detected in the Synthesis of Polymers I-IV 

no. of repeating units in the cyclic oligomers cyclic compound method of 
7 8 9 10 11 12 13 14 formula detection 2 3 4 5 6 

t 
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Figure 3. Dependence of the elution volume on log M of the cyclic 
oligomers: (-) toluene; (---) THF; (0, w) polymer I; (0, 0) 
polymer 11. 

170.7. A fragment ion at  m/z 116 also appears with high 
intensity in the spectrum and corresponds to the splitting 
of the cyclic dimer in two halves. In Figure 2b, the peak 
at  m/z  464 corresponds to cyclic tetramer. as in the 
previous case the E1 loss of mlz 33 from the molecular ion 
to generate the peak at  m/z 431 also occurs. However, the 
base peak in the spectrum appears at  mlz 116. The peak 
at  m/z 382 generated from the parent ion at  mlz 464 after 
C,Hs (mlz 82) loss is also present in the spectrum. This 
transition is substantiated by a metastable peak a t  m/z  
314.5. 

Essentially the same features are seen in the spectrum 
in Figure 2c, which shows a peak at  m/z 696, assigned to 
the molecular ion of the cyclic hexamer. 

The GPC trace (Figure 1A) shows six well-separated 
peaks, whereas only three cyclic oligomers were detected 
by MS because the thermal decomposition of higher oli- 
gomers occurs before their volatilization. 

However, the linear dependence of elution volume on 
log M (Figure 3) shows that the peaks in Figure 1A are due 
to oligomeric members of the same homologous series. It 
can be noted that only cyclic oligomers with even repeating 
units are detected (Table I). 

In order to estimate the reliability of the cycle distri- 
bution obtained by MS, the mass spectral intensity of the 
three cyclic oligomers (dimer, tetramer, and hexamer) at  
the corresponding TIC maxima (Figure 1B) have been 
compared with the intensities of the corresponding three 
GPC peaks (Figure 1A). Figure 4 shows the correlation 
obtained between the two sets of data. 

Cyclic Oligomers Formed in the Synthesis of 
Polymer 11. The GPC trace in Figure 5A also shows that 
the soluble material extracted from the crude sample of 
polymer I1 contains a series of oligomers. Figure 5B re- 
ports the TIC curves vs. temperature for the material 
extracted from the crude sample of polymer 11. 
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Figure 4. Percent ion intensity (MS) vs. peak intensity (GPC) 
of the cyclic oligomers detected for (w) polymer I and (0)  polymer 
IT. 
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Figure 5. (A) GPC trace (toluene) and (B) MS total ion current 
(TIC) of the extracted material from the crude sample of polymer 
11: peak I, dimer; peak 11, tetramer; peak 111, hexamer; peak I V ,  
octamer; peak V, decamer. 

In Figure 6 the ammonia CI mass spectra corresponding 
to the temperature of maximum evolution rate of the four 
oligomers detected are reported. The spectra show peaks 
corresponding to the (MH)+ ions of the cyclic sulfides at  
mlz 149, 297, 445, and 593, respectively. Chemical ioni- 
zation was preferred in this case because the stability of 
higher oligomers to E1 is low, so that molecular ions be- 
came weak in the E1 spectra. Also in this case a correlation 
exists between GPC and MS intensities (Figure 4), and all 
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Figure 6. Ammonia chemical ionization mass spectra corre- 
sponding to  the four cyclic oligomers of polymer 11: (a) dimer; 
(b) tetramer; (c) hexamer; (d) octamer. 

50 100 140 200 o c  

Figure 7. MS total ion current (TIC) vs. temperature of the crude 
sample of polymer IV: peak I, trimer; peak 11, tetramer; peak 
111, pentamer; peak IV, hexamer. 

seven oligomers separated by GPC (Figure 5A) can be 
safely assigned to cyclic oligomers on the basis of the linear 
dependence of elution volume on log M (Figure 3). Finally, 
only cyclic oligomers with an even number of repeating 
units have been detected. 

Cyclic Oligomers Formed in the Synthesis of 
Polymer 111. The GPC and MS analysis of the soluble 
material extracted from the crude sample of polymer I11 
reveals only the cyclic dimer (dithiane). 

Cyclic Oligomers Formed in the Synthesis of 
Polymer IV. Solubility problems do not allow the analysis 
of the crude polymer IV by GPC to check for oligomer 
content. 

Figure 7 reports the TIC vs. temperature curve for a 
crude sample of polymer IV, and Figure 8 shows the am- 
monia CI mass spectra corresponding to the four oligomers 
detected. Chemical ionization was also preferred in this 
case because of the low stability of higher oligomers to EI. 
The ammonia CI spectra of the cyclic sulfides show peaks 
corresponding to the their molecular ions at  mlz 138 and 
m / t  185, 231, and 277, respectively. In these CI spectra 
the peak intensities of the M+ molecular ions are very 
intense but decrease as the molecular weight of the cyclic 
sulfides increase (Figure 8). 

Conclusions 
The foregoing data show the ability of the MS technique 

to separate and detect the oligomers contained in crude 
polymeric samples (Figures lB, 5B, and 7 and Table I). 
GPC should always be used in the case of soluble com- 
pounds, since it affords higher oligomer separation12 
(Figures 1A and 5A and Table I), and therefore the advent 
of thermospray LC-MS  technique^'^^'^ may provide a re- 

loo] 1 %  

Figure 8. Ammonia chemical ionization mass spectra corre- 
sponding to the cyclic oligomers of polymer IV: (a) trimer; (b) 
tetramer; (c) pentamer; (d) hexamer. 

markable advance in the field. MS remains, however, an 
alternative technique in the case of intractable samples 
(e.g., polymer IV). 

In the polycondensation reactions of dibromoalkanes 
and dithiols leading to polymers I and 11, cyclic oligomers 
containing an even number of repeating units (dimer, 
tetramer, hexamer, ...I have been detected (Table I). For 
polymer 111, only cyclic dimer was observed. 

The knowledge of the distribution of the cyclic oligomers 
produced in the polycondensation reaction leading to po- 
lysulfides provides an answer to the question of whether 
these oligomers are formed from the reacting monomers 
or by degradation of the polymer. This question is seldom 
re~olved .~  In the present case, the fact that only an even 
number of repeating units are contained in the cyclic ol- 
igomers formed in the condensation reactions of di- 
bromoalkanes and dithiols (Table I) provides evidence that 
these oligomers are formed directly from the monomers 
and not by degradation of the corresponding polymers. 
However, in the case of polymer IV, the structure of the 
dihalide (CH2C1,) does not allow conclusions to be drawn. 
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