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ABSTRACT Microphase separation in a series of triblock poly(pivalo1actone-block-oxyethylene-block-pi- 
valolactone) oligomers, represented by (PVL)m-SE-(OE)&IE-(PVL)m, where m = 5,7,9,12,16, and 24, was 
investigated by differential scanning calorimetry. With the poly(oxyethy1ene) soft-segment length maintained 
at 24 repeat units, a very distinct transition from phase mixed to essentially complete microphase separation 
occurs when the poly(pivalo1actone) hard-segment length, m, is increased from 9 to 12. 

Introduction 
Segmented poly(ester ethers) containing poly(pival0- 

lactone) show promise as thermoplastic elastomers. Ya- 
mashital synthesized poly(pivalo1actone-block-oxytet- 
ramethylene-block-pivalolactone) triblock copolymers by 
converting the alkoxide anions of a poly(0xytetrameth- 
ylene) glycol dipotassium salt to carboxylate anions with 
succinic anhydride, followed by pivalolactone polymeri- 
zation. Inoue and co-workers2 used aluminum porphyrin 
catalysts to synthesize low molecular weight versions of 
poly(&propiolactone-block-oxyethylene) copolymers hav- 
ing monodisperse segments by sequential addition of 8- 
propiolactone and ethylene oxide; however, this method 
is only useful for the synthesis of low molecular weight 
diblock copolymers. 

Previously, we3+ focused on the synthesis of a mono- 
disperse telechelomer (a telechelomer is a self-reacting 
monomer capable of step polymerization only) and its step 
polymerization to segmented copolymer. This approach, 
termed chain propagation/step 'propagation polymeriza- 
tion, utilized living anionic chain propagation to synthesize 
the narrow molecular weight distribution segments of the 
telechelomer sequentially. Then step polymerization of 
the telechelomer results in a segmented copolymer, and 
although the overall molecular weight distribution will be 
large-Mw/M, > 2-within each segmented copolymer the 
segments should maintain their narrow molecular weight 
distributions. 

In a previous study aimed at gaining a better under- 
standing of microphase separation, we6 utilized DSC to 
quantitatively investigate the microphase separation be- 
havior in a series of poly(pivalo1actone-block-oxyethylene- 
block-pivalolactone) oligomers with the poly(oxyethy1ene) 
soft-segment length varying from 4 to 24 repeat units. 
The B-A-B triblock structure with two poly(pivalo1ac- 
tone) hard segments was chosen because it is the simplest 
segmented copolymer that can form a two-phase physical 
network in which the hard-phase domains are covalently 
linked by the soft segment. This study showed that a 
minimum of 14 oxyethylene repeat units are required to 
achieve some degree of microphase separation and that 
essentially complete microphase separation is achieved 
when the poly(oxyethy1ene) soft-segment length is in- 
creased to 24 repeat units, with a poly(pivalo1actone) hard- 
segment length of 12 repeat units. 

In the present study, the effect of the hard-segment 
length on microphase separation is examined. The goal 

+ Current addreas: &search Laboratories, Eastman Chemical Co., 
P.O. Box 1972, Kingsport, TN 37662-5150. 

is to determine the minimum length of hard segment 
necessary to achieve a high degree of microphase separation 
with a constant poly(oxyethy1ene) soft-segment length of 
24 repeat units. 

Results and Discussion 
Synthesis. A series of poly(pivalo1actone-block-oxy- 

ethylene-block-pivalolactone) oligomers, represented by 
(PVL),-SE-(OE)24-SE-(PVL),, were synthesized accord- 
ing to the scheme presented in Figure 1. The poly(pi- 
valolactone) hard-segment length (m) varies from 5 to 24 
repeat units, and the poly(oxyethy1ene) soft-segment 
length was maintained constant at 24 repeat units by 
beginning with narrow molecular weight distribution poly- 
(oxyethylene) glycol. 

The hydroxyl end groups of the poly(oxyethy1ene) glycol 
were converted to carboxylic acid end groups in refluxing 
toluene with excess succinic anhydride, producing d h y -  
dr oxysuccin yl) - w- ( (h ydr oxy succinyl) oxy) poly (ox ye thyl- 
ene) (HOOC-(OE),-COOH). 

The molecular weight of the poly(oxyethy1ene) mac- 
romolecular initiator, HOOC-(OE)n-COOH, was deter- 
mined by titration with 0.10 N potassium hydroxide in 
methanol, giving a number-average molecular weight (M,) 
of 1260. This value agreed well with the proton NMR 
integration of the poly(oxyethy1ene) methylene singlet and 
the succinate methylene singlet. The existence of a narrow 
molecular weight distribution-Mw/M,, C 1.05-was con- 
firmed by size-exclusion chromatography. 

HOOC-(OE),-COOH was converted to the dicarboxy- 
late salt KOOC-(OE),-COOK by reaction with potassium 
metal in dry tetrahydrofuran under vacuum. Tetrahy- 
drofuran solutions of KOOC-(OE),-COOK were used to 
polymerize pivalolactone under dry argon to produce the 
(PVL),-SE-(OE)24-SE-(PVL), oligomers. The length of 
the poly(pivalo1actone) hard-segment block (m) is easily 
controlled by the stoichiometric ratio of initiator to 
monomer due to the anionic ring-opening polymerization 
mechanism, and (PVL),-SE-(OE)24-SE-(PVL), with m 
= 5, 7, 9, 12, 16, and 24 were synthesized. 

Characterization. The proton NMR of (PVL)l&E- 
(OE)~~-SE-(PVL)I~ in Silanor-C with 1 % trifluoroacetic 
acid is presented in Figure 2. The average value of m is 
easily determined by detecting and integrating the proton 
NMR signals of the 1.23 ppm methyl singlet (a) of the 
main-chain poly(pivalo1actone) segment and the 1.31 ppm 
methyl singlet of the terminal pivalolactone unit. Addi- 
tional information regarding the amount of incorporated 
pivalolactone is obtained from comparison of the poly- 
(oxyethylene) methylene singlet (c) at 3.72 ppm, the poly- 
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Figure 1. Synthetic scheme for the synthesis of a series of poly- 
(pivalolactone-b~k9.yethylene-block-piv~o~~ne) oligomers, 
represented by (PVL),-SE(OE)2,-SE-(PVL)m. 
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Figure 2. 200-MHz proton NMR of (PVL)WSE-(OE)~~-SE- 
(PVL)12 in Silanor-C with 1 % trifluoroacetic acid. 

Table I 
Intrinsic Viscosities ( [ p ] )  of (PVL),,,-(OE)u-(PVL), 

Oligomers and Calculated Number-Average Molecular 
Weights (M.) 

n 5 I 9 12 16 24 
M" 2400 2900 3100 3900 4600 6100 
[VI (dL/g) 0.075 0.081 0.0825 0.084 0.098 0.104 

(pivalolactone) methylene singlet (d) at 4.12 ppm, and the 
succinate link methylene singlet (b) at 2.69 ppm. 

Due to the solvent resistance of the poly(pivalo1actone) 
segments, the (PVL)m-SE(OE)M-SE-(PVL)m oligomers 
with m > 7 are insoluble in most organic solvents including 
acetone, methylene chloride, chloroform, acetonitrile, di- 
methyl sulfoxide, and cold N,N-dimethyifor"ide. They 
are soluble in acidic solvents such as 3-methylphenol, 4- 
chlorophenol, and methylene chloride with 1% trifluo- 
roacetic acid. The (PVL)m-SE-(OE)&E-(PVL)m oligo- 
mers are soluble in hot N,N-dimethylformamide and 
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Figure 3. Plot of the Mark-Houwink equation (eq 2) for the 
(PVL),-SE-(OE)*r-SE-(PVL), oligomers. 
precipitate only slowly on cooling. 

Recently, Guillet'ls showed that [VI is accurately esti- 
mated from a single measurement of the viscosity of 
polymers in the molecular weight range 103-108 using the 
Solomon-Ciuta equation+ 

(1) 
Table I presents the molecular weights determined by 

proton NMR and the measured intrineic viscosities of the 
(PVL)m-SE-( OE)u-SE-( PVL), oligomers (0.005 g/mL 
solutions in methylene chloride containing 1 % trifluoro- 
acetic acid at 30 "C) calculated by eq 1. 

For linear polymers, a plot of In [VI versus In Mv produces 
slope = a and intercept = In K according to the Mark- 
Houwink equation:1° 

where K and a are termed the Mark-Houwink parameters. 
Dondos et del1 showed that this relationship also holds 
for linear block and random copolymers. The error 
resulting from substituting Mn for My is s m d  for narrow 
molecular weight distribution samples,u and from the plot 
of eq 2 for the (PVL)m-SE-(OE)u-SE-(PVL)m oligomers 
in Figure 3, a = 0.35 and K = 0.48 mL/g. 

The validity of the calculated Mark-Houwink param- 
eters for the (PVL)m*SE(OE)H43E(PVL), Oligomers was 
checked by size-exclusion chromatography (SEC) analysis 
versus polystyrene standards-see Experimental Section 
for the determination of the Mark-Houwink parameters 
for polystyrene. The samples were analyzed at concen- 
trations of 0.005 g/mL in methylene chloride containing 
1 % by volume trifluoroacetic acid. Under thae  conditions, 
the (PVL),-SE-(OE),-SE-(PVL), oligomers gave only 
weak signals as detected by a differential refractometer. 
Nevertheless, the peak molecular weights, which should 
correspond well with Mn for narrow molecular weight 
distribution polymers, agreed well with the known com- 
position. 

Analysis of Micropham Separation. DSC is an 
excellent method of detecting glase transitions and melting 
points.12 For a polymer containing an amorphous soft 
phase and a crystalline hard phase, DSC evaluation of 
microphaee separation is accomplished by (1) comparing 
the observed glass transition temperature of the soft phase 
(TgOb) of the segmented copolymer with the g h  transition 
of the soft-segment homopolymer (Tgs) and (2) comparing 
the observed melting point temperature of the hard phase 
(T,, ,o~) with the melting point of the hard-segment ho- 
mopolymer (T,H). The strength of this procega lies in its 
ability to produce a complete description of the microphaae 
separation behavior, providing information about the soft 
and hard phases. 

Analysis of the Soft Phase. The low-temperature 
DSC scans of (PVL)m-SE-(OE)24-SE-(PVL)m triblock oli- 

[TI = [2T, - 2 In (t/tdl(c/2) 

I n [ n l = a I n M v + I n K  (2) 
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Figure 4. Low-temperature DSC scans of (PVL),-SE-(OE)%- 
SE-(PVL), oligomers. 

gomers, with soft-phase glass transitions normalized per 
gram of sample, are presented in Figure 4. Each sample 
was quenched from 50 "C to freeze the soft phase into a 
fully amorphous state at Tgob and to guarantee that the 
thermal history of each sample is identical. 

Factors known to affect Tgoh include molecular weight, 
end groups, percent crystallinity, thermal history, and di- 
luents.12 Thus, with all other factors being equal, an 
increase in Tgoh is an indication of the presence of a dil- 
uent. 

Woodl3 demonstrated that the observed glass transition 
temperature of a single-phase two-component system is 
the linear weighted addition of the two individual glass 
transitions: 

where W1 and W2 represent the weight fractions of 
components 1 and 2, Tg(1) and TJ2) represent the glass 
transition temperatures of components 1 and 2, and k is 
a constant. Several have attempted to 
assign physical significance to the constant k, while Wood 
supports determining k by studying samples of known 
Composition and plotting the results according to the 
following rearranged form of eq 3: 

TBOb = (-l/k)(Tib - Tg('))(Wl/ W2) + Ti2)  (4) 
A plot of TgOb versus (TgOb - T,CW W1/ W2) produces a 
line having slope = -l/k and intercept = Ti2).  

Wood's equation has been shown to apply to microphase- 
separatad segmented copolymers having a mostly crys- 
talline hard phase that is rich in component 2 (called the 
hard segment) and a mostly amorphous soft phase that is 
rich in component 1 (called the soft segment).6J"20 
Because this is a two-component two-phase system in 
which only the amorphous soft phase participates in the 
glass transition, the individual weight fractions W1 and 
WZ in eq 3 become the weight fractions of the soft and 
hard segments in the soft phase,Mss and MHS respectively: 

(khfss + MHS)T,"b = kMsST: + MHSTgH (5)  
where Tgs and TgH represent the glass transition tem- 
peratures of the ideally microphase-separated soft and 
hard segments, respectively. 

Solving eq 5 for Mss produces eq 6 

Mss = (kT,H - kT,O")/(T,O" - T: + kT,H - kT,Ob) (6) 

From eq 6 and noting that MHS = MSS - 1, the soft-phase 
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Table I1 
Results of Quantitative DSC Analysis of the Soft-Phase 

Microphaee Separation of (PVL),,,-(OE)u-(PVL), 
Oligomers 

m 5 7 9 12 16 24 
ws 0.50 0.45 0.38 0.29 0.25 0.18 
T g O b  ("C) -46 -44 -42 -60 -62 -52 
ACpobJWs (J/g) 0.76 0.74 0.65 0.79 0.81 0.4 
MSS 0.46 0.43 0.39 0.98 1.1 0.6 
SRs 0.95 0.98 0.5 

composition is determined from the observed glass tran- 
sition temperature of the amorphous phase, provided that 
suitable values for k, Tgs, and TgH are found. 

The recordedvalues for T g h  and change in heat capacity 
per gram of soft segment (ACpoh/Ws) of (PVL),-SE- 
(OE)24-SE-(PVL),, reported in Table 11, show a distinct 
difference in the glass behavior of the soft phase in the 
samples with m > 9. The samples for m = 5,  7, and 9 
exhibit TgOb between -46 and -42 "C, and the samples for 
m = 12 and 16 exhibit Tgob at -60 and -61 "C, respectively, 
indicating a marked increase in the soft-phase purity in 
these samples. Tgob for m = 24 is difficult to determine 
due to the small weight percent of soft phase in this sample, 
and the error in the reported value of -52 "C, although 
unknown, is expected to be large. Thus, calculated values 
for m = 24 will be reported with a single significant digit, 
and very little interpretation will applied to these values. 

The values of MSS, also reported in Table 11, were 
calculated according to eq 6, using k = 0.24, TgH = 7 "C, 
and TgS = -60 "C, as determined in the previous study.6 
The values o f M s  clearly show that substantial microphase 
mixing occurs for the samples for m = 5, 7, and 9. The 
low-temperature DSC trace for (PVL)5-SE-(OE)2(-SE- 
(PVL)5 shows that portions of this material are rich enough 
in poly(oxyethy1ene) to permit cold crystalhation followed 
by a melting transition; however, the value of 0.46 for Mss 
indicates that no microphase separation has occurred. 
Perhaps a value of 0.24 for k, determined for triblocks 
containing 12 poly(pivalo1actone) repeat units, is inac- 
curate for this sample. 

On the basis of the calculated values of Ma, the soft 
phase in the samples for m = 12 and 16 is nearly pure in 
soft segment, and the value of 0.98 for MSS of (PVL)12- 
SE-(OE)2&E(PVL)12 indicates that the soft phase con- 
tains 98 % by weight poly(oxyethy1ene) soft segment. The 
observance of a cold crystallization and the melting of the 
crystalline regions in the soft phase of (PVL)l&E-(OE)24- 
SE-(PVL)le clearly indicate high soft-segment purity, and 
a value of 1.1 was calculated for MSS. A value greater than 
unity for MSS reveals the limitations of estimating TgS, 
the glass transition temperature of the ideally microphase- 
separated soft segment, with the glass transition temper- 
ature of the poly(oxyethy1ene) initiator HOOC-(OE),- 
COOH, 

Soft-Segment Segregation. Camberlin and Pas- 
cault21$22 introduced a method of determining the soft- 
segment segregation (SRs), which is defined as the weight 
fraction of soft segment in the soft phase with respect to 
the total weight of soft segment in the copolymer: 

SR, = (ACib/ Ws)/AC: (7) 
where ACPob/ Ws represents the observed change in heat 
capacity per gram of soft segment in the copolymer and 
ACps represents the change in heat capacity at the glass 
transition of the soft-segment homopolymer. Camberlin 
and Pascault21922 used eq 7 to quantitatively determine 
the soft-segment segregation of segmented copolymers 
containing methylenebis(pheny1 isocyanate)-based poly- 
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Table 111 
Results of Quantitative DSC Analysis of the Hard-Phase 

Microphase Separation of (PvL),-(oc)~~-(PvL), Oligomers 
m 5 7 9 12 16 24 
WH 0.50 0.55 0.62 0.71 0.75 0.92 
MHH 0.98 0.99 0.9 

Tmob("C) 142 152 172 200 201 207 
TmH(OC) 174 182 190 201 205 215 
P 0.73 0.76 0.76 0.99 0.94 0.94 

SRH 0.99 1.0 0.9 

Macromolecules, Vol. 25, No. 21, 1992 

urethane and polyurea hard segments and varying soft 
segments. Brunette et used a similar equation to 
quantitatively determine the soft-phase composition of 
segmented copolymers containing methylenebis(pheny1 
isocyanate)-based polyurethane hard segments and poly- 
(oxybutadiene) soft segments. 

Equation 7 does not take into account the contribution 
to ACpoba by the hard segments in the soft phase, and 
Wagener and Matayabas23 showed that when this con- 
tribution is considered, a slightly different equation results: 

where ACpH represents the change in heat capacity at the 
glass transition of the hard-segment homopolymer. If the 
multiphase copolymers are very well microphase separated 
or if ACpH is very small, then eq 8 reduces to eq 7, and 
since the change in heat capacity for poly(pivalo1actone) 
is too small to be detected by DSC, eq 7 is valid for mi- 
crophase-separated poly(pivalolactone-block-oxyethylene) 
copolymers. 

The values of SRs, also in Table 11, were calculated 
according to eq 7, where ACps = 0.83 as previously 
determinede6 A value of 0.95 for (PVL)I~-SE-(OE)~~-SE- 
(PVI.r)lz indicates that 95% of the poly(oxyethy1ene) soft 
segmentsin this sample is located in the soft phase, leaving 
5 7% in the hard phase or a mixed interface. A value of 0.98 
for (PVL)leSE-(OE)24-SE-(PVL)16 indicates that essen- 
tially all of the soft segments are located in the soft phase. 

Determination of the Hard-Phase Composition. 
Once both Mss and SRs are known, it is a simple matter 
to determine the composition of the hard phase. Assuming 
that only two phases are formed, the weight fraction of 
the hard segment in the hard phase (MHH) can be 
estimated+ 

M H H  = 1 - [MssWs(1 - SR,)/(Ms, - sRsws)I (9) 
Similar to SRs, the hard-segment segregation (SRH) is 
calculated by the following equation:6 

SRH = (MSSMHH - sRsw&fHH)/(MsSwH) (10) 
where WH represents the weight fraction of the hard 
segment in the copolymer ( WH = 1 - Ws). 

The calculated values of MHH and SRH,  listed in Table 
111, indicate high hard-segment purity in all of the mi- 
crophase-separated samples. A 0.99 value of MHH for 
(PVL)lz-SE-(OE)zr-SE-(PVL)12 indicates that the hard 
segment of this sample contains 99 % by weight poly(pi- 
valolactone) hard segment, and a 1.0 value of SRH for 
(PVL)16-SE-(OE)24-SE-(PVL)16 indicates complete mi- 
crophase separation. 

Figure 5 presents the high-temperature DSC scans of 
(PVL)m-SE-(OE)M-SE-(PVL)m, showing the hard-phase 
melting endotherms (Tmoba). The values of Tmobs, listed 
in Table 111, increase with increasing hard-segment length 
m. 

Block copolymerization decreases the observed melting 
point (?"mob") of a crystalline segment, and Tmobs in a block 

6 m = 5  - 
Temperature ("C) 

1 so 200 0 

Figure 5. High-temperature DSC scans of (PVL),-SE-(OE)zh- 
SE-(PVL), oligomers. 

copolymer can be calculated by eq 11:24 

l/Tmobs = l/TmH - (R/LW) In pH (11) 
where TmH represents the melting point of the hard- 
segment crystalline homopolymer, AH represents the heat 
of fusion per mole of repeat unit of the crystalline hard 
segment, and pH represents the hard-segment crystalline 
sequence propagation probability. This equation has been 
used to calculate Tmoh of the poly(hexamethy1ene seba- 
cate) segment due to block copolymerization with a poly- 
(dimethylsiloxane) ~ e g m e n t . ~ ~ ~ 2 ~  Wagener and Waniga- 
tunga2' used eq 11 to calculate the upper and lower limits 
of the poly(pivalo1actone) hard segment in their poly(ox- 
yethylene-block-pivalolactone) telechelomers. The upper 
limit, with pH = 1, equals TmH, and the lower limit was 
calculated using pH = WH. The lower limit is the Tmob 
expected if no microphase separation occurs, and the upper 
limit is the Tmobs expected for complete microphase 
separation. From this range, they were able to qualitatively 
determine the hard-phase composition. 

An interesting application of eq 11 is obtained by solving 
for pH: 

(12) 
From eq 12, pH can be calculated, and pH should be a very 
good approximation for MHH. The values of pH for the 
(PVL),-SE(OE)24-SE-(PVL), oligomers in Table I11 were 
calculated from eq 12 using a value of 3550 cal/mol of 
repeat unit28 for AH and the TmH of homopoly(pivalo- 
lactone) with the corresponding molecular weight, also 
listed in Table 111. 

The calculated values of pH indicate that the crystalline 
hard-phase purity increases with increasing hard-segment 
length for m = 5-12. The values between 0.73 and 0.86 
for m = 5,7, and 9, in contrast to the soft-segment data, 
indicate that the hard segment has partially microphase 
separated. For example, the 0.73 value of pH suggests that 
the crystalline hard phase of (PVL)~-SE-(OE)M-SE-(PVL)~ 
is richer in poly(pivalo1actone) hard segment than the 0.50 
value, from WH, that is expected if no microphase 
separation occurs. The 0.99 value of pH for m = 12 is 
identical to the MHH calculated from the soft-segment data 
and indicates that the crystalline hard phase of (PVL)lz- 
SE-(OE)24-SE-(PVL)12 is completely microphase sepa- 
rated. The 0.94 value of pH for m = 16 also indicates a 
high degree of crystalline hard-phase purity; however, this 
value is slightly lower than the 0.99 value of M H H .  The 

pH = exp[(l/TmH - 1/Tmobs)AHlR3 



~aCrOmOkCde8, Vol. 25, No. 21, 1992 

Table IV 
Intrinsic ViSCOBitieS ( [ q ] ) ,  Number-Average Molecular 

Weightr (Ma), and Polydirpenitier (&/Ma) of Polystyrene 
Standardr Uled for Univeml SEC Calibration 

Mu 9Ooo 17600 37000 48900 
MwIMu 1.06 1.06 1.06 1.06 
[VI (dL/g) 0.062 0.105 0.172 0.209 

0.94 value of pH for m = 24 agrees well with the 0.9 value 
of MHH. 

Experimental Section 
Instrumentation. NMR data were obtained on a Varian XL- 

200, and all chemical shifta are reported in units of ppm down- 
field from tetramethylsilane internal standard. Silanor-C or 
chloroform-d was used to make dilute solutions of the samples 
(about 0.3 g/mL), and to samples containing poly(pival0lactone) 
trifluoroacetic acid was added until a clear solution formed. All 
NMR sample solutions were filtered through glass wool prior to 
analysis. 
All DSC and TGA data were obtained on a Perkin-Elmer 7 

Series thermal analysis system equipped with a TAC7 micro- 
controller and a PE7600 computer equipped with Perkin-Elmer 
TASI software. Both inetrumenta were calibrated by a two-point 
method. TheTGA wascalibratedwithnickelandperkalloy Curie 
point Standards with dry nitrogen purge gas (50 mL/min). The 
DSC was calibrated with cyclohexane and indium with dry helium 
purge gas (25 mL/min) for subambient operations and with in- 
dium and tin with dry nitrogen purge gas (25 mL/min) for 
operation above 50 "C. Reported melting point temperatures 
represent the peak of the melting endotherm, and reported glass 
transitions represent the temperature of the midpoint of the 
glass transition. All reported DSC results are the average of 2-8 
scans, at  a rate of 20 OC/min, of each sample. In each case 
reported, the variance was less than 5 % . 

All viscometry data were obtained on an Ace Scientific vis- 
cometer, ubderhalden type, using a Haake E2 constant-temper- 
ature water bath maintained at 30 f 0.01 "C. 

Polymerizations of ethylene oxide were maintained at 5 1 
"C using a Precision Scientific Precision Lo-Temptrol low-tem- 
perature bath containing Sears antifreeze pumped through a 
copper coil immersed in an insulated 2-propanol bath. 

All SEC data were obtained on a Waters 6OOOA liquid chro- 
matograph equipped with a concentration-sensitive differential 
refractometer detector. All data were collected and analyzed on 
a Zenith (Model 48 personal computer equipped with a Metra- 
Byte multi-IO card and an Epson dot matrix printer. Sample 
solutions of 0.5 g/mL in methylene chloride containing 1% by 
volume trifluoroacetic acid were fiitered through 0.45-rm filters 
and analyzed using TSK 5OOO- and 3000-Acol~1nns. For analysis 
of poly(oxyethy1ene) polymers, the instrument was calibrated 
with narrow molecular weight distribution poly(oxyethy1ene) 
glycols. For analysis of poly(oxyethy1ene-block-pivalolactone) 
polymers, the instrument was Calibrated with narrow molecular 
weight distribution polystyrene standards by universal calibra- 
tion. From the viscometry determination of [q ]  for the poly- 
styrene standards (Table N), the Mark-Houwink parameters 
for polystyrene in chloroform containing 1 % trifluoroacetic aced 
were determined, K = 0.010 and a = 0.71, by a plot of eq 2 (Figure 
6). 

Chemicals. All solvents used were reagent or HPLC grade. 
Tetrahydrofuran was refluxed over potaseium-sodium alloy (2: 
1) overnight, distilled onto fresh potaesium-sodium alloy (21), 
degassed, and stored under reduced preseure for vacuum dis- 
tillation into the reaction flask. Anhydrous diethyl ether was 
taken from freshly opened containers only. All solvents used in 
SEC and viscometry analysis were filtered through 0.5-rm filters 
prior to use. 

The narrow molecular weight distribution (5 % by weight) poly- 
(oxyethylene) glycols were donated in pure form by Union 
Carbide. When needed dry, the poly(oxyethy1ene) glycols were 
dried under vacuum at 100 "C in a modified drying pistol for 
several days. 
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Figure 6. Plot of the Mark-Houwink equation (eq 2) for the 
polystyrene standards used for GPC universal calibration. 

Pivalolactone, donated in pure form by Dr. H. K. Hall, was 
dried over calcium hydride at reduced pressure overnight and 
then distilled at reduced pressure just before use. 

Ethylene oxide (Aldrich) was cooled to -30 "C, opened in the 
hood and poured onto calcium hydride, degassed, vacuum distilled 
onto fresh calcium hydride, and stored under reduced pressure 
at -30 "C. 

Potassium metal (Aldrich) was cut in hexane, placed into a 
sidearm of the reaction flask, and distilled directly into the 
reaction flask under high vacuum. 

Succinic anhydride (Aldrich) was dried under dynamic vacuum, 
sublimed under vacuum into an ampule containing a breakseal, 
b e  sealed in the ampule, and sublimed directly into the reaction 
flask. 

Standardized potassium hydroxide solutions in methanol were 
made from fresh containers of potassium hydroxide and stan- 
dardized with dried potassium biphthalate with phenolphtha- 
lein indicator. 

Synthesis of HOOC-(OE).-COOH. In a 250-mL round- 
bottom flask fitted with a condenser, magnetic stirbar, and 
calcium sulfate drying tube, 10.0 g (10 mmol) of poly(0xyeth- 
ylene) glycol (IO00 g/mol) and 10.0 g (100 m o l )  of succinic 
anhydride were refluxed for 24 h in 100 mL of toluene with stirring. 
The toluene was removed under reduced pressure. The resulting 
white residue was dissolved in 100 mL of deionized water, stirred 
for 30 min, filtered, and then extracted with four 25-mL portions 
of methylene chloride. The combined methylene chloride extracts 
were washed with two 25-mL portions of deionized water and 
dried over anhydrous sodium sulfate for at least 2 days before 
being filtered. The methylene chloride was evaporated to a 
concentrated solution and transferred to a drying pistol. The 
product was dried to a constant weight under vacuum while 
heating and refluxing water, resulting in a 92 % yield. Molecular 
weight: 1260 (NMR) and 1260 (titration). Elemental analysis: 
theoretical, 52.7% C and 8.3% H; found, 52.1% C and 8.4% H. 

Synthesis of KOOC-(OE),,-COOK. After drying under 
high vacuum at 100 "C for several days, 1.15 g (0.91 mmol) of 
HOOC-(OE),-COOH was dwolved in 75 mL of dry tetrahy 
drofuran by vacuum transfer. The flaskcontainingHOOC-(OE),- 
COOH in tetrahydrofuran was sealed and attached to a 250-mL 
reaction flask containing a sidearm for potassium metal and a 
magnetic stirbar. Approximately 1 g of potassium was placed 
into the sidearm, and the flask was flame sealed and taken to 
high vacuum. The potassium was distilled into the reaction flask 
under dynamic vacuum, forming a mirror, and the sidearm was 
removed by flame sealing. The stopcock to the dynamic vacuum 
was closed, and the tetrahydrofuran solution of HOOC-(OE),- 
COOH was allowed to pour onto the mirror, with immediate 
bubbling. The reaction was periodically degassed to remove 
hydrogen. After 24 h, the tetrahydrofuran solution was decanted 
into a second round-bottom flask and evaporated under reduced 
pressure, resulting in 1.2 g of a white powder which was dried by 
high vacuum and stored under argon. 

Synthesis of (PVL),,,-SEE-(OE).-SE-(PVL), Macromo- 
lecular initiator KOOC-(OE),-COOK was quickly weighed (1.0 
g) and placed into a round-bottom flask with a stirbar, and the 
flask was attached to the vacuum line. The flask was taken to 
high vacuum, and 40 mL of dry tetrahydrofuran was vacuum 
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transferred into the flask. This initiator solution (0.020 mmoli 
mL) was stored under argon. 

To a 250-mL round-bottom flask with a magnetic stirbar under 
argon waa added 10 mL of the initiator solution by syringe. With 
stirring, pivalolactone (9.9 mmol/mL) was added by syringe to 
obtain initiator to monomer ratios of 1:5,7,9,12,16, and 24. The 
reaction was stirred under argon overnight, and the product was 
isolated by evaporation of the tetrahydrofuran under reduced 
pressure. Elemental analysis: (PVL)5-SE-(OE)24-SE-(PVL)6 
theoretical, 54.3% C, 7.9% H, and 3.3% K found, 54.6% C, 
8.2% H, and 1.4% K; (PVL),-SE-(OE)2&E-(PVL)7 theoretical, 
54.8% C, 7.9% H, and 2.7% K; found, 55.0% C, 8.1% H, and 
1.3% K; (PVL)&E-(OE)&3E-(PVL)@theoretical, 55.5% C, 7.9% 
H, and 2.5% K; found 55.5% C, 8.3% H, and 1.1 % K; (PVL)I1- 
SE-(OE)H-SE-(PVL)I~ theoretical, 56.5% C, 8.0% H, and 2.0% 

SE-(PVL)le theoretical, 57.0% C, 8.0% H, and 1.7% K; found 

theoretical,57.7% C,8.0% H,and1.3% K;found57.1% C,8.0% 
H, and 1.0% K. 

Conclusions 
Quantitative determination of the microphase separa- 

tion in a series of (PVL),-SE-(OE)24-SE-(PVL), oligo- 
mers was achieved by DSC analysis. The poly(oxyeth- 
ylene) soft-segment length was maintained at 24 repeat 
units, and the poly(pivalo1actone) hard-segment length 
(m) was varied from 5 to 24 repeat units. For shorter 
hard-segment lengths, the soft phase is microphase mixed; 
however, the crystalline hard phase appears to exhibit a 
small degree of microphase separation. A very distinct 
transition from microphase mixed to essentially complete 
microphase separation occurs when m is increased from 
9 to 12. Complete microphase separation occurs for 
(PVL)~~-SE-(OE)~~-SE-(PVL)I~. In this series, the hard 
segment is the major component, and microphase sepa- 
ration occurs to a larger extent in the hard phase than in 
the soft phase. 
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K; found 55.7% C, 8.0% H, and 1.1% K; (PVL)le-SE-(OE)24- 

55.3% C, 8.0% H, and 1.0% K; (PVL)~~-SE-(OE)Z~-SE-(PVL)Z~ 
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