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ABSTRACT: A series of semifluorinated triblock oligomers of the form F(CF,),(CH,),(CF,),F (FnHmFn 
in our notation) have been synthesized and characterized by thermal analysis and low-frequency Raman 
measurements. Only a single endotherm is observed for the series of F12HmF12 (6 5 m 5 22) molecules 
corresponding to the crystalline melting point. In the limit of vanishing m, the melting point of F(CF&F 
has been predicted by extrapolation and compared with that which recently appeared in the literature. 
Low-frequency (30-330 cm-') Raman measurements revealed the presence of two bands attributable to the 
longitudinal acoustical mode oscillations (LAM) of the extended molecule. 

Introduction 
The use of the Raman-active longitudinal acoustical 

mode (LAM) to characterize ordered chain extension in 
long-chain oligomers' and polymer crystalline lamellae2 has 
been well e~tabl ished.~ The relationship between vibra- 
tional frequency and inverse chain length has been found 
to hold in most cases and allows the determination of the 
length of an ordered chain sequence once a calibration 
curve has been determined. In particular, the Raman- 
active LAM has been usefulb7 in the study of semiflexible 
diblock oligomers of the form F(CF,),(CH,),H (referred 
to as FnHm in our notation). These molecules have been 
of particular interest because they are precursors of sem- 
iflexible polymers and, in addition, exhibit solid-solid 
phase transitions7 that have been shown to be analogous 
to the "rotator" phase in n-paraffins. Previous studies4 of 
these materials above their melting points using the Ra- 
man-active LAM indicated that only the n-alkyl part of 
the molecule became disordered, while the stiffer fluoro- 
carbon portion remained rigid (provided that the number 
of CF2 units was equal to or less than 12). This unique 
behavior of the FnHm molecules prompted the synthesis 
of a series of triblock materials of the form F12HmF12 
(with 6 5 m 5 22). 

The preparation of linear diblock materials FnHm is 
generally accomplished in two steps by the addition of 
perfluoroalkyl iodide F(CF2),I to a 1-alkene C,H2, that 
produces an iodine-containing intermediate (FnHmI), 
which is subsequently dehalogenated to the final diblock 
compound (FnHm). The first step generally involves 
heating the perfluoroalkyl iodide neat with the olefin in 
the presence of an initiator. Many initiators and catalysts 
for this process have been described, but simple free radical 
initiators such as azobis(isobutyronitri1e) (AIBN) at  an 

0024-9297/88/2221-1806$01.50/0 

elevated temperature (typically >70 "C for AIBN reac- 
tions) are very effective. The second step most often in- 
volves the reduction of the iodide intermediate with zinc 
in ethanolic HC1. We have found that these reaction 
conditions suffice for most FnHm where n = 6-12 and m 
= 6-20. Reactions involving perfluoroalkyl or olefin com- 
ponents with boiling points significantly less than 70 "C 
require the use of pressure vessels or flow systems. 

Brace has reported the successful preparation of the 
triblock halogenated (FnHmFnI2) compounds F4H6F412 
and F4H8F412 (from iodoperfluorobutane and 1,5-hexa- 
diene and 1,7-heptadiene, respectively) under conditions 
essentially identical with those used for the diblock FnHmI 
materials.8 The dehalogenation of these iodine-containing 
materials to F4H6F4 and F4H8F4 apparently has not been 
described. In these low molecular weight cases it was 
possible to fractionate and purify the diiodo intermediates 
by simple distillation. Brace also describes reactions be- 
tween l,&butadiene and 1,6-heptadiene with iodoper- 
fluorobutane; the butadiene reaction leads to an unstable 
product, and the heptadiene reaction is unusual in that 
cyclic reaction products pred~minate .~  

In the case a t  hand, the overall synthetic approach as 
in Figure 1 is the same. However, with the larger per- 
fluoroalkyl iodides (n = 12) and diolefins (particularly m 
= 22), the preparation of the triblock FnHmFnI2 inter- 
mediates and FnHmFn materials required some modifi- 
cations in the methods that-had previously been success- 
fully used for the preparation of the diblock materials and 
the smaller triblock systems. It was impossible to distill 
any of the intermediates or products, and their general lack 
of solubility or unusual solubility made their overall 
preparation, purification, and subsequent characterization 
more difficult. The initial reaction between the per- 
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Figure 1. Synthetic scheme for FnHmFn molecules. 

fluorododecyl iodide and the a,w-diene was not modified 
significantly except that routine analysis of the progress 
of the reaction by gas chromatography was not possible. 
The dehalogenation reaction was particularly troublesome 
in that the  intermediates were not soluble in boiling eth- 
anol nor did they melt at the boiling point of ethanol (78 
"C). Higher boiling alcohols including l-propanol or 1- 
butanol were substituted and a cosolvent such as n-octane 
was introduced. Again, the progress of the dehalogenation 
reaction could not be easily followed by gas chromatog- 
raphy as in the case of the diblocks, and so large excesses 
of zinc and prolonged reaction times were employed to  
ensure complete reduction. Other reduction systems ex- 
amined including zinc in acetic acid or zinc in pyridine 
were not found to be beneficial. Solvents for crystallization 
of the FnHmFnI2 and FnHmFn included 1,1,2,2-tetra- 
chloroethane, perfluoro(dimethylcyclohexane), and most 
often perfluoro(buty1tetrahydrofuran). 

T h e  triblock materials were characterized by melting 
point, Raman spectroscopy, combustion analysis, and 
proton NMR. T h e  trends in the melting points and 
LAM-1 frequencies are as expected for the series of linear 
semifluorinated compounds with 2n + m varying between 
30 and  46. The combustion analyses obtained for the 
FnHmFn compounds were often not in adequate agree- 
ment with the expected compositions. In some cases the 
total C, H, and F content was only about 98.5% of the 
sample, and  the F content was always low in spite of 
multiple recrystallizations and determinations. The proton 
NMR spectra of these triblocks were difficult to obtain due 
to  their insolubility in conventional solvents. Proton 
spectra were finally obtained at  100 "C in tetrachloro- 
ethane-1,2-d2 but even here some unusual broadening of 
signals was found perhaps due to  partially dissolved ma- 
terial. In the iodinated intermediates FnHmFnI2 the 
characteristic absorptions of of RFCH2C(H]ICH2- were at 
6 4.38 (m, 1 H), of RFC(HJzCHICH2CH2- were at 6 2.90 (d 
of m,  2 H),  and of RFCH2CH12C(H]2- were at 6 1.87 (d of 
m, 2 H). In the F n H m F n  no proton was found at 6 4.38, 
indicating complete loss of iodine; instead the absorption 
of protons RFC(HJ2CH2CH2- was at 6 2.10 (m, 2 H), the 
absorption of protons RFCH2C(HJ2CHZ- was at 6 1.65, and 
the absorption of protons RFCH2CH&(HJ2- was near 6 1.45 
(m, 2 H). Any remaining aliphatic protons were not fully 
resolved and appeared at 6 1.27-1.43. In the particularly 
insoluble cases a broad absorption was also found a t  6 
2.2-3.4, and water appeared at 6 2.15. 

More thorough studies will be required to  optimize the 
preparations and purifications of these compounds, and 
other synthetic approaches will be required for the  prep- 
aration of F n H m F n  with m < 6. Typical reactions with 
1,5-hexadiene and  1,21-docosadiene, which give the  
smallest and largest triblocks prepared, are  provided. 

E x p e r i m e n t a l  Sec t ion  
Characterization. Differential scanning calorimetric (DSC) 

measurements were made on a Dupont 1090 thermal analyzer. 
The melting temperatures tabulated in these studies correspond 

to the minimum of a DSC endotherm recorded at heating rates 
of 1-5 "C/min. In some cases, for F12H20F12 in particular, the 
melting was observed to be broad (>3 "C). 

Proton magnetic resonance spectra were obtained on a Bruker 
AM-500 spectrometer. Internal lock was on deuterium in CD- 
C1,CDCl2. 

Raman measurements were made by using a Jobin-Yvon HG2S 
double monochromator equipped with the four-slit spatial filter 
configuration to increase stray light rejection. Excitation was 
provided by a Spectra Physics 165-08 argon ion laser operated 
at 488.0 nm. A thermoelectrically cooled RCA 31034A-02 pho- 
tomultiplier tube was attached to the double monochromator and 
connected to standard photon-counting electronics. All data were 
processed and analyzed with a Nicolet 1180 data system. Unless 
otherwise noted all spectra were recorded at 2-cm-' resolution by 
using a laser power of 150 mW and have not been either analogue 
or digitally filtered. High-temperature measurements were carried 
out by passing heated helium gas over the sample. The sample 
temperature was measured with an uncertainty of f 3  "C by using 
a thermistor placed 2-3 mm from the laser spot on the sample. 

Synthesis. F12H6F1212. 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,- 

26,26,27,27,28,28,29,29,30,30,30-Pentadecafluoro- 14,17-diiodo- 
triacontane. Into a 200-mL pear flask with reflux condenser, 
stir bar, and nitrogen inlet were placed perfluorododecyl iodide 
(23.50 g, 313 mmol), n-octane (5  g), and lJ-hexadiene (1.23 g, 
15 mmol). The resulting mixture was warmed in a 90 "C oil bath, 
and AIBN was added through the condenser in portions (10 mg, 
5X) over 15 min. The bath temperature was then raised to  125 
"C, and more AIBN (10 mg, 5X) was again added over 15 min. 
The reaction was maintained at 125 "C for 15 min and then 
transferred to a l-L flat-bottom flask with the aid of Freon T F  
(200 mL). The resulting slurry was boiled, more Freon TF was 
added (500 mL) until dissolution was almost complete, silica gel 
(about 5 g) was then added, and the solution was hot filtered. The 
filtrate was concentrated with stirring to about 200 mL, gradually 
cooled with stirring to room temperature, and then stirred in an 
ice bath. The white solid was isolated by suction filtration and 
washed with cold Freon TF to give 12.83 g of product. This 
material was further purified by two recrystallizations from 40 
mL of perfluorotetrahydrofuran to give 12.35 g (52%) of product: 
mp 142 "C; 'H NMR (CDCI2CDCl2) 6 1.99-2.20 (d, 4 H), 2.77-3.04 
(d of m, 4 H), 4.37 (br s, 2 H). 

9,9,10,10,11,11,12,12,19,19,20,20,21,21,22,22,23,23,24,24,25,25,- 

F12H6F12. 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,- 
12,12~19,19,20,20,~1,21,22,22,23,23,24,24,25,25,26,26,27,27,28,- 
28,29,29,30,30,30-Pentadecafluorotriacontane. Into a l-L 
three-neck round-bottom flask with magnetic stirrer, condenser, 
bubbler, and HC1 gas inlet were placed F12H6F1212 (3.14 g, 2.0 
mmol), n-octane (125 mL), and 1-butanol (125 mL). The resulting 
slurry became homogeneous prior to boiling, and HC1 gas was 
admitted as the solution was maintained at a gentle boil. Zinc 
powder (6.54 g, 100 mmol, 25 equiv) was then added in small 
portions over the next 30 min, and the solution boiled an addi- 
tional 30 min after completion of addition. The solution was 
gradually cooled to less than 100 "C; water (25 mL) was added 
and then cooled to room temperature with stirring. The resulting 
solid was isolated by suction filtration and washed with 1:l bu- 
tanol/water (50 mL). This solid was air dried on the filter, taken 
up in boiling Freon TF (250 mL) containing MgSO, and silica 
gel, and hot filtered. The filtrate was boiled down to 50 mL and 
diluted with acetone (50 mL) and refrigerated to give 2.26 g of 
crude product. This material was further purified by two con- 
secutive crystallizations from perfluorodimethylcyclohexane (1.99 
g, 75%): 'H NMR (CDC12CDC12) b 1.46-1.49 (m, 4 H), 1.65-1.69 
(m, 4 H), 2.06-2.01 (m, 4 H). Anal. Calcd for CmHl2FM: C, 27.25; 
H, 0.91; F, 71.84. Found: C, 27.06; H, 0.86; F, 70.54. 

F12H22F1212. 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9~9,10,10,11,- 
11,12~12~35,35,36,36~37~37,38,38,39~39~40,40,41,41~42~42~43,43,- 
44,44,45,45,46,46,46-Pentadecafluoro- 14,33-diiodo- 
hexatetracontane. Into a 250-mL round-bottom flask with reflux 
condenser, stir bar, and nitrogen inlet were placed perfluorodo- 
decyl iodide (23.50 g, 31.5 mmol) and 1,21-docosadiene (4.60 g, 
15 mmol). The resulting mixture w&s warmed in a 100 "C oil bath, 
and AIBN was added through the condenser in portions (25 mg, 
5X) over 15 min and then maintained at 100 "C to give a ho- 
mogeneous pink mixture. The reaction was then cooled and 



1808 Twieg and Rabolt Macromolecules, Vol. 21, No. 6, 1988 

490 

450 

410 

370 

? 
2 330 
F 

290 

250 

- 

i-" 

210 

170 

130 

I I I I I I I I I  1 1  

Melting Points 

Fluorocarbons, 

/ 
/ 

/ b l H t n F . 2  (mS22)  

'*-O-O-B-O- 
/ 

/ 
/ F12Hmlm<lOl F12Hm(mt141  

I 1  I I I I / /  I I I 

6 10 14 18 22 26 30 34 38 40 46 

Number of Backbone Carbon Atoms 

Figure 2. Plot of DSC-determined melting points for linear 
hydrocarbons, fluorocarbons, diblock semifluorinated molecules, 
FnHm ( n  = m), and F12Hm (m  I 22). Data points correspond 
to triblock F12HmF12 (m 5 22). The heating rate for the latter 
was 10 "C/min. 

transferred to  a 500-mL Erlenmeyer flask with the aid of Freon 
TF (300 mL). A small amount of silica gel and magnesium sulfate 
was added, and the resultant slurry boiled and hot filtered. As 
the Freon TF was boiled away, it was replaced by acetone until 
only 200 mL remained. The slurry was cooled and filtered, and 
the white solid washed well with acetone and finally recrystallized 
twice from 75 mL of perfluoro(buty1tetrahydrofuran) to give 20.99 
g (79%) of product: mp 110 "C (also present was a smaller 
endotherm at 103 O C ,  which might be due to contamination by 
monoadduct C34H42F251); 'H NMR (CDC12CDC12) 6 1.28-1.56 (m, 
32 H), 1.78-1.93 (d of m, 4 H), 2.79-2.98 (d of m, 4 H), 4.34-4.39 
(m, 2 H) (also present were resonances due to apparent contam- 
ination by the monoadduct C34H42F251, 2.07-2.05 (dd), 4.95-5.04 
(dd), and 5.85-5.91 (dd)). 

F12H22F12. 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11~11,- 
12,12,35,35,36,36,37,37,38,38,39,39,40,40,4 1,4 1,42,42,43,43,44,44,- 
45,45,46,46,46-Pentadecafluorohexatetracontane. Into a 1-L 
three-neck round-bottom flask with stir gas, gas inlet, condensor, 
and bubbler were placed the F12H22F1212 (5.28 g, 3.0 mmol) and 
1-propanol (150 mL). The resulting slurry was brought to a gentle 
boil, and n-octane was added until the solution became homo- 
geneous (50 mL). To this boiling solution HCl gas was admitted, 
and then zinc powder (9.81 g, 150 mmol) was added in portions 
(gas evolution and foaming) over the next 90 min. After zinc 
addition was complete, the slurry was boiled 30 min more, water 
(10 mL) was added, and the solution was cooled with stirring. The 
crude solid product was isolated by suction filtration, washed with 
1:l MeOH/water, and air dried. The crude product was taken 
up in boiling perfluorotetrahydrofuran (200 mL) with some silica 
gel and magnesium sulfate and hot filtered. The product was 
isolated by filtration (3.65 g), and this material was recrystallized 
again in the same fashion, to yield 3.21 g (71%) of product: 'H 
NMR(CDC12CDC12) 6 1.27-1.44 (m, 36 H), 1.63-1.66 (m, 4 H), 
2.08-2.14 (m, 4 H). Anal. Calcd for C4H4Fm: C, 35.72; H, 2.87; 
F, 61.41. Found: C, 36.98, H 3.16; F, 58.31. 

Results and Discussion 
Thermal Analysis. Differential scanning calorimetric 

(DSC) measurements were carried out on the triblocks, 
FnHmFn, and the resulting melting points are shown in 
Figure 2, where they are plotted as a function of the total 
number (2n + m) of backbone carbon atoms. Also shown 
for comparison are curves of two other series of oligomers 
FnHm (m = n) and F12Hm (0 5 m < 22), whose melting 
points have been previously determined. Of particular 

F12HBF12 

A 1 
I 

' I  1 e 

300 200 100 0 

Figure 3. Low-frequency (30-330 cm-') Raman spectra of 
F12H8F12 obtained in both the melt and solid state. Approxi- 
mately 150 mW of power (at 488.0 nm) was used to obtain these 
spectra at a resolution of 2 cm-'. The sharp peak remaining at 
39 cm-' in melt spectrum is not a vibrational band but is due to 
a laser plasma line. 

interest are the melting curves for the fluorocarbons1° and 
hydrocarbons" since they represent the limiting behavior 
of the melting points for the F12HmF12 triblock materials. 
For the triblocks, as m increases the melting point curve 
is approaching (or a t  least running parallel to) that of the 
hydrocarbons. Since in the F12HmF12 molecules the 
fluorocarbon sequences remain fixed in length, then as m 
increases to large values the effect of the fluorocarbon end 
groups on the overall energetics of packing into a lattice 
will be increasingly diminished. Hence, a t  very large m 
values the melting points should eventually coincide with 
those of the hydrocarbons since the effect of the end groups 
becomes negligible. 

At the other extreme (small m values) the melting curve 
of the F12HmF12 molecules reveal an interesting insight 
into the melting points of perfluorinated n-alkanes. As 
shown in Figure 2, a t  short hydrocarbon sequences (low 
m values) the F12HmF12 curve undergoes a change in 
slope toward higher melting points. The intersection of 
this curve with the fluorocarbon melting curve occurs a t  
an abscissa value of 24 backbone atoms, corresponding to 
m = 0 in the F12HmF12 series. This would predict that 
the melting point of the fluorocarbon, F(CF&F, would 
be 463 K. Interestingly enough, a t  the time of these 
measurements, fluorocarbon molecules with greater than 
20 backbone atoms were not available, and hence no in- 
formation regarding melting points was available in the 
literature. In contrast, melting points for n-paraffins have 
been available for over 25 years.'l However, very recently, 
Starkweather12 successfully synthesized and purified a 
sample of F(CFJZ6F and reported its melting point to be 
465 K, in excellent agreement with that obtained for our 
extrapolation of the melting point data for the F12HmF12 
materials. FnHmFn with 0 < m < 6 have not yet been 
prepared, so this interesting convergence in melting points 
remains to be studied in detail. 

Raman Measurements. Low-frequency (30-330 cm-') 
Raman spectra of a typical triblock semifluorinated n- 
alkane, F12H8F12, are shown in Figure 3 at both ambient 

Frequency (cm-' ) 
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Table I 
Observed LAM Frequencies for Fn Hm Fn Triblock 

Copolymers 
Raman frequency, cm-' 

solid 
comuound LAM-1 LAM-3 melt 

F12H6F12 42 116 95.5 
F12H8F12 40 112 94.7 
F12HlOF12 37 109 93.5 
F12H12F12 35 105 93.0 
F12H20F12 32 101 93.5 
F12H22F12 30 100 93.2 

e 
[ t I I 

Figure 4. Schematic representation of molecular topography of 
F12HmF12 in the solid (top) and melt (bottom) state. The 
rectangular portion represents the F12 segment, while the line 
indicates the hydrocarbon sequence: L, extended molecular length; 
I ,  length of hydrocarbon sequence; L ', length of helical fluorocarbon 
sequence. 

temperature and in the melt state a t  135 OC. A number 
of spectroscopic changes occurr as the material goes from 
the solid state to the melt. A t  room temperature, three 
bands of moderate intensity are observed. The most in- 
tense a t  40 cm-' can be assigned to the Raman-active 
LAM-1. The weaker band found a t  112 cm-' can most 
reasonably be assigned to the multinodal vibration LAM-3, 
although its intensity is somewhat larger than would be 
expected from similar studies on n-alkanes.13 The medium 
band at 295 cm-' has been previou~ly'"'~ assigned to a CF2 
bending vibration in ordered fluorocarbon sequences. 

Substantial changes occur in the bands assigned to 
LAM-1 and LAM-3 upon heating the F12H8F12 above its 
melting point. Both disappear and are replaced by a broad 
band a t  95 cm-'. This position is very close to that (96 
cm-l) found for LAM-1 in F(CFJ12F in the solid state.4 
Similar results were found for the entire series of 
F12HmF12 compounds as shown in Table I. In all cases, 
although the position of LAM-1 and LAM-3 bands differ 
considerably for each of the triblock copolymers in the 
solid state, the position of the single broad band in the melt 
spectrum is always found in the vicinity of 94 cm-l. A 
reasonable explanation for this observed behavior is shown 
schematically in Figure 4. In the solid state, the observed 
LAM-1 and LAM-3 frequencies can be attributed to the 
longitudinal oscillations of the entire extended molecule 
of length L. This would then suggest that as the length 
of the F12HmF12 moleucles increases (larger m values), 
the frequencies of the LAM-1 and LAM-3 vibrations 
should decrease as expected from the frequencylinverse 
chain length relationship observed for LAM. As shown 
in Table I, this is exactly what is observed. For example, 
LAM-1 varies from 42 cm-l found for F12H6F12 to 30 cm-I 
observed for F12H22F12. This fact is graphically illus- 
trated in Figure 5, where the frequency of LAM-1 in the 
solid state is plotted versus the inverse of the total number 
of backbone carbon atoms. For comparison, also plotted 
in this figure are similar data for the LAM-1 frequencies 
of both a series of hydrocarbon and fluorocarbon oligomers. 
Interestingly enough there is a deviation from the fluoro- 
carbon curve that increases at large values of m, i.e., at long 
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Figure 5. Plot of observed LAM-1 frequency of triblocks versus 
total number of backbone carbon atoms (2n + m). Data for 
fluorocarbon and hydrocarbon oligomers are included for refer- 
ence. 

hydrocarbon lengths for the F12HmF12 materials. This 
is thought to reflect the fact that at low m values the 
F12HmF12 compounds are essentially fluorocarbons and 
as such undergo a LAM-1 vibration characteristic of the 
helical conformation adopted by these molecules. On the 
other hand at large m values (long hydrocarbon lengths), 
the LAM-1 vibration of the F12HmF12 molecules begins 
to reflect the LAM-1 of the planar zigzag hydrocarbon 
portion of the molecule, and hence the frequencies begin 
to move toward those of the hydrocarbon curve. At in- 
finitely large values of m, the LAM-1 frequencies of the 
F12HmF12 molecules would be expected to be coincident 
with those of the hydrocarbons, since the length of the 
fluorocarbon "end groups" would be negligible compared 
to the length of the planar zigzag portion. 

An explanation of the observations in the melt state is 
a bit more complex. Qualitatively the replacement of 
LAM-1 and LAM-3 by a single band in the region of 94 
cm-' can be understood by reference to the lower portion 
of Figure 4. As the F12HmF12 compounds enter the liquid 
state, the central hydrocarbon part will most certainly 
disorder due to the fact that the planar zigzag conforma- 
tion in the solid state is primarily due to intermolecular 
interactions in the l a t t i ~ e . ~  Once those constraints are 
removed, the introduction of gauche bonds in this part of 
the molecule is facilitated, thus leading to random disorder. 

The F12 components, on the other hand, have been 
shown previously to retain their rodlike shape in the 
melt4J0 since their helical conformation is stabilized by 
intramolecular steric effects. Although it is possible that 
defects such as helix reversals can be introduced17 at ele- 
vated temperatures, these defects have been shown to 
preserve the axial nature of the molecule16 and, as such, 
do not influence the LAM-1 frequency of the F12 segment. 
Hence the molecular picture in the melt state is illustrated 
in the lower part of Figure 4. The connective hydrocarbon 
segment of length 1 becomes randomly disordered above 
the melting point, interrupting the extension of the 
F12HmF12 molecule. Thus, the observed LAM-1 fre- 
quency results from the longitudinal oscillations of the 
fluorocarbon segments of length L'. The slight perturba- 
tion in frequency from that of the F(CF2)12F molecule is 
due to the fact that the rod of length L' is not oscillating 
as a rod with free  end^^,^ since it is attached to the F12Hm 
segment. This observation was first made in a series of 
diblock copolymers$ FnHm, and was attributed to the fact 
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Longitudinal Atomic Displacements for LAM-1 Table I1 
Valence Force Constant Valueso Used for the Calculation 

of Low-Freauencv Motions in F12HmF12 Molecules 
force constant value 

CC stretch 3.963 mdyn/A 
CCC bend 0.942 mdyn j A  
CC,CC stretch-stretch interaction 0.148 mdyn/A 
CCC,CCC bend-bend interaction 0.492 mdyn A 
CC,CCC stretch-bend interaction 0.166 mdyn 

"From ref 19. 

that a slight perturbation of the LAM-1 frequency of the 
F12 rod is caused by the first three-four bonds of the 
attached hydrocarbon molecule. An analogous effect ap- 
pears to occur in the melt of the F12HmF12 molecules as 
seen in Table I. When there are six or eight CH2 groups 
in the connecting link between the two rods of length L 
in the melt, there is a slight perturbation of the LAM-1 
frequency. Whem m becomes 10 or larger, no further effect 
on the frequency is observed. One can conclude that the 
origin of this effect is due to the small amount of coupling 
that may still result in the melt from short segments of 
length I (see Figure 4). As the length increases, this cou- 
pling disappears, and no further perturbation of the 
LAM-1 frequency occurs. 

Normal Coordinate Analysis. Normal coordinate 
analyses were undertaken to further understand the nature 
of the LAM in both diblock and triblock semifluorinated 
n-alkanes in the solid state. A 1517 helical conformation 
for the F12 segment was assumed on the basis of the 
room-temperature structure of poly(tetrafluoroethylene).l8 
For comparison, a planar zigzag conformation of the 
fluorocarbon segment was also considered. 

In all cases an isolated chain in the skeletal approxi- 
mation was used. Thus the CF2 and CH2 groups were 
treated as point masses, i.e., they were considered as single 
atoms having masses of 50 and 14 amu, respectively. 
Previous studies on a series of n-paraffinslg have shown 
that this approximation has only minor effects on the 
actual calculated LAM frequency. A similar valence force 
field20B21 defined for an ethylene-tetrafluoroethylene co- 
polymer including CC stretching, CCC bending, and CC 
torsional force constants and their nearest-neighbor in- 
teractions was used for both hydrocarbon and fluorocarbon 
parts of the molecule considered in this study. Force 
constant values, transferred from previously published 
results,20 are listed in Table 11. 

It is also instructive to plot the Cartesian displacements 
of each atom corresponding to a LAM vibration since the 
effect of a perturbation can easily be assessed by studying 
atomic motions. One such example is shown in Figure 6, 
where the longitudinal atomic displacements for LAM-1 
are plotted in both a diblock (F18H18) and a triblock 
(F12H12F12) semifluorinated n-alkane. Several interesting 
observations can be made. In the F18H18 molecule neither 
the calculated frequency nor the atomic displacements for 
LAM-1 were affected by the conformation of the fluoro- 
carbon segment, i.e., assuming either a helical or a planar 
zigzag conformation for the F18 segment caused no change 
in the calculated frequency or atomic displacements. More 
importantly, as shown in Figure 6, a displacement of the 
node in atomic motion for LAM-1 was observed. Instead 
of being located at  the chain center as is usually the case, 
the node in atomic displacement is shifted into the fluo- 
rocarbon portion of the molecule. This observation has 
also been observed by Minoni and Zerbi5 for a series of 
varying length diblock semifluorinated n-alkanes. In 
contrast, the mass-weighted Cartesian displacements for 
a symmetric triblock molecule (F12H12F12) are shown in 

Diblocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A H  F- F H +.--- 

Figure 6. Longitudinal atomic displacements (plotted vertically) 
of backbone carbon atoms for LAM-1 in both diblock and triblock 
semifluorinated n-alkanes. F and H indicate length of fluoro- 
carbon and hydrocarbon sequences in each molecule. 

Table I11 
Comparison of Observed and Calculated Values (cm-') of 

LAM for F12HmF12 Molecules in the Solid State 
LAM- 1 LAM-3 

F12HmF12 exptl calcd exptl calcd 
F12H6F12 42 39 116 121 
F12H8F12 40 37 112 116 
F12HlOF12 37 35 109 112 
F12H12F12 35 33 105 109 
F12H20F12 32 27 101 101 
F12H22F12 30 27 100 99 

the lower part of Figure 6. Clearly the node of LAM-1 is 
located at  the center of the molecule since it is symme- 
trically weighted and contains the same number of CH2 
and CF2 groups on both sides of the center. 

Surprisingly enough, even with the skeletal and point 
mass approximations, there is a reasonable agreement 
between calculated and observed LAM values for the 
triblock molecules as shown in Table 111. More impor- 
tantly is the calculated change in relative frequency as the 
chain length changes. For LAM-1 a change of 12 cm-' is 
predicted in going from F12H22F12 to F12H6F12. This 
is an excellent agreement with the observed change of 12 
cm-'. Likewise, a frequency difference of 22 cm-' is pre- 
dicted for LAM-3, compared with 16 cm-' actually ob- 
served. Thus it appears as if the approximations made 
previously are justified since the calculated and observed 
values of LAM-1 and LAM-3 follow the same trends, as 
expected. 

Of equal importance is the atomic displacements of the 
triblock molecule during the LAM-1 vibration shown in 
Figure 6. It is clear that no decoupling of the longitudinal 
motion occurs at  the juncture of the fluorocarbon portions 
of the molecule. However, as shown, the atomic dis- 
placements of the CH2 and CF2 groups are different due 
to the fact that these normal modes were calculated by 
using mass-weighted Cartesian displacement coordinates. 
Taking this fact into consideration, it is apparent that 
during the LAM-1 vibration the entire extended molecule 
undergoes lontitudinal motion. 

Conclusion 
Thermal studies of a series d F12HmF12 compounds 

have revealed a single endotherm above room temperature 
attributable to a crystalline melting point. Extrapolation 
of these points to m = 0 (corresponding to F(CF2)24F) gives 
a value of 463 K for the melting point of the corresponding 
fluorocarbon, compared to a value of 465 K recently re- 
ported.12 

The spectroscopic results of this work have shown con- 
clusively that a LAM vibration does exist in triblock sem- 
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ifluorinated n-alkanes in the solid state and that, fur- 
thermore, i b  vibrational frequency is characteristic of the 
entire extended molecule. Thus no decoupling of the chain 
vibration occurs a t  the juncture between the helical and 
planar zigzag conformations. 

In the melt state, however, the molecular picture is quite 
different. A disordering of the hydrocarbon segment of 
the F12HmF12 molecule occurs a t  the melting point, ef- 
fectively decoupling the longitudinal oscillations of F12  
segments. Hence the observed Raman frequency reflects 
the LAM of the much shorter F12 segment. At short 
lengths (small m values) of the disordered hydrocarbon, 
the LAM frequency of the F12 segment is perturbed due 
to a slight coupling with the other attached F12 segment. 
When this length exceeds 10 CH2 groups, there is no 
further perturbation on the LAM frequency. 
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ABSTRACT: Mass diffusion coefficients of camphorquinone (CQP) in the polystyrene-dioctyl phthalate 
(plasticizer) system are measured at various temperatures and concentrations of dioctyl phthalate (DOP) by 
using the laser-induced holographic grating relaxation technique. The mass diffusion coefficient of CQP shows 
a strong dependence on the concentration of DOP, which is explained in terms of the free volume increase 
introduced by the plasticizer. At a given temperature, the diffusion coefficient of CQP in polystyrene (PS) 
containing 12.4% of DOP is more than lo4 times higher than that in pure PS. The apparent activation energy 
is found decreasing as the plasticizer concentration increases. 

Introduction 
The study of the diffusion process of small molecules 

in macromolecular matrices is fundamental to the basic 
understanding of the diffusion mechanism and many op- 
erations of polymer processing. It is of key importance to 
many diffusion-controlled processes such as permeation, 
diffusion-controlled chemical reactions, and controlled 
drug delivery. In these processes, it is desirable to control, 
either to increase or to decrease, the diffusion rate. One 
of the ways to accomplish this is by altering the polymer 
matrices. In our previous work, we have reported reducing 
the diffusion coefficient by forming cross-links in the 
polymer hosts.'V2 In this study, we report increasing the 
diffusion rate by plasticizing the polymer host. Plastici- 
zation is the process in which the plasticizer molecules 
neutralize secondary valence bonds or van der Waals force 
between polymer molecules. It then increases the chain 
mobility and the fractional free volume of the polymer. As 
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a result, it reduces moduli or stiffness, increases the ability 
for elongation and chain flexibility, and lowers the glass 
transition temperature of the polymer. 

Since plasticization increases the chain mobility and 
fractional free volume of the p ~ l y m e r , ~  we expect the 
diffusion rate of the probe molecule to increase. I t  is the 
objective of this work to carry out a quantitative study of 
the dependence of the diffusion coefficient on the degree 
of plasticization and temperature of the plasticized poly- 
mer. The plasticizer used is dioctyl phthalate (DOP), a 
member of the most important plasticizer family. I t  is an 
external plasticizer that interacts with the polymer without 
undergoing the chemical reaction. The organic diffusant 
and the polymer used are camphorquinone (CQ) and 
polystyrene (PS), respectively. 

In the vicinity of the glass transition temperature of PS, 
the diffusion coefficient of CQ is in the range of 10-14-10-10 
cm2/s, depending on the plasticizer concentration and the 
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