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INV~STXGATION OP THB (> Tg) RELAXATION

OF HOMOPOLYMERS MID BLOCK C0POLY~~RS

OP STY REHE BY TORSIONAL BRA ID ANALYSIS

J. K. Gillhaa

Pot ymer ttt.riais Progrø~
Department of Chami oat Angin..rvtg

Prince ton Uniu.r.i t~jPrinceton, N.w J ersey 08544

ABSTRACT

Investigation of the C> T~~ r.laxation in amorphous polymers

of styra n. by the techniqu. of torsional braid anal ysis is reviewed.

For the most part the relaxation behaves lik, the glass transition in

its dependence on molecular weight, on avera ge molecula r weight in binary

I polystyren. blends , and on composition in a polystyrene hcmoq.n.ously p1*.-

ticis.d throughout th. rang . of ccsçosition . Diblock and triblock copoly-

mere also display a T > To) relaxation above the of the polystyrene phase.

Unlike the glass transition, th. relazation app ears to depend on the

nature of the substrate.

Two res ults in particular suggest that th. ~~~ ~relaxation is molecu3.arly

based . 1.) The T~~ temperature is determined by the in~~ er avera ge molec-

ular weight for binary blends of polystyrene when both components have

molecular weight. below (the critical molecular weight for chain entangle—

ments) . 2) Eclsopolymere , and diblock and tr iblock copolymers of styr en.

have a T > ~~)r.lazetion at approximately the same temperatur. when the

molecular weight of the styrene block ii equal to that of the ho’.mpolyusr . ~~ 
-
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INTI~)DUCTION

The existence of a relaxation located above the temperature of the

glass transition in amorphous polymers is a subject of controversy .

Evidence for such a “transition” and the main features of its behavior

have been s”~~ ized (1) . Since the transformation involves a change from

one liquid state to another it has been designated TLL .

Ther~~mechanica1. experiments above Tg for amorphous polymers are

f acilitated by using supported samples . One method employs a mixture of

low molecular weight polymer in a matrix of the same polymer having high

molecular weight . In thi s way the dependency of a T > Tg relaxation on

molecular weight has been studied for l,4-polybutadiene (2) . The dynamic

mechanical experiment (~. 50 Hz) revealed the relaxation by a loss peak .

Another approach investigates a composite specimen consisting of polymer

and inert (generall y glass) filaments in a torsional pendult~n experiment .

The technique -- torsional braid analysis (3) -- has been employed to pro-

duce the results (4—U ) which form the basis for the present art icle. Use

of the composite specimen adds to the contro versy in that mechanical loss

peaks can arise fr om relati ve motion of polymer and subst rate . As a basis

for discussion the loss peak observed ismediate ly above Tg by TBA is desig-

nated the (or T ‘ Tg) relaxation since values so obtained appear to be

equal to those obtaine d using qua si-static techniques such as DTA (1,4) .

EXPERIMENTAL

Torsional Braid Analysis (TRA)

Experiments were perfor med using a fully automated torsional pendulus%

which operates at about 1 Hz throu ghout the ran ge -195 to 500 C. A review

(3) s~iw ar izes it. development , applicati on and experimental procedures .
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The instrument generates a series of freely damped waves each of which

is characterized by the period (P , sec) of oscillation and logarithmic

decrement (A — in A~/A~~1. where Aj  is the amplitude of the j th oscilla-

t ion in a damped wave) . A computer plots thermomechanical spectra of the

specimen (in inmiediate t ime on an XYY plotter ) which present

the relative rigidity, 1/P 2 which ii directly proportional to the in—phase

shear modulu s ( G ’ ) ,  and logarithmic decrement whi ch is directly proportiona l

to the ratio of the out—of-phase shear modulus (G ” ) to G ’ . C’ and G” are

material para meters which characterize the storage and loss of mechanical

energy on deformation . “Transition ” temperatures are assigned using peaks

in the logarithmi c decrement.

Temperature i. changed at controlled rates in both heating and cooling

modes .

As an example of the thermomechanical spectra which were used to measure

the Tg and Ttt relaxations, Fig. 1 shows TM data for a sample of polystyrene.

is the temperatur e of the minimum of A between Tg and Ttt .

Specimens for TM were prepared generally from 10 percent solutions

(g weight polystyrene/m i volume benzene ) by heating the impre gnated glass

braid in the TM apparatus to 200°C in flowing helium gas . Therm omechanical

spectra were usually obtained in helium during cooling at 1. 5°C/mm from

the maximum temperature used in preparing the specimen to below the glass

transition and during subsequent heating at 1.5°C/minute . A set of TM

data for anioni c polystyrenes of different molecular weight. is shown in

Fig. 2 (4) .
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Materials

A set of styre ne homopolymer samples , obtained from the Pressure Chemi-

• cal Co., Pittsburgh , Pa. ,  had been synthesized by an anionic polymerization

procedure which produces “monodisp erse” material , Mw/Mn 1.1. Thermamechan-

ical TEA spectra have also been obtained using samples from fractionation

of thermal ly polymerized styrene (4) .

The plasticizer , m—bis (m—ph enoxyphenoxy)benzene , ((C 6H 5OC 6Hi O) 2C6H i ;

MW — 446.5, BP 273—276°C (1 smi Hg pressure ) ] was obtained from Eas tman

Organi c Chemicals , Rochester , N. Y. This was used as a plasticize r because

• of its similarity to polyphenylene oxide which forms a homogeneous solution

with polystyrene throughout the total range of composition , and because

benzene could be removed from a braid impregnated with a solution of poly-

styrene/plasticizer/benzene without removing plasticizer by heating to 175°C

in flowing helium (6) .

Details concerning the block copolymers of styrene are shown in Table

1 (8) .

RESULTS AND DISCUSSION

I.  Homopolymere, Blends of Hoinopo lymers and P lasticized Honvpo lym.r.

The Tg and T~~ temperatures for ‘monodisperse” anionic polystyrenes

are plotted vs 1/Mn (Fig. 3) ,  as is customary in investigating the influence

of free volume. The curves were drawn using TEA data; DTA results were

added (4) . Th. Tg plot shows two regions , each of which follows the r.1a—
—

tionship Tg — Tg, - XgM~ . The plot of the Tit temperatures vs 1/Mn also

displays two regions . Plot. of Tit and Tg vs 1/Mn for samples f rom frac-

tiona ted therma l polystyrene were similar (4) . The molecular weight at

‘4
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which the relationships chan ged corresponded approximately to the critical

molecular weight for chain entanglements ( N ) .  (It appears that TEA provides

a convenient method for obtaining estimates of

The Tg’ Ttt and Tmi temp eratures for “monodisperse” anionic poly-

styrenes are plotted vs log Mn in Fig . 4. (The direct proportionalit y between

Tmi and log M~ above Mn - 10,000 for the “monodisperse” polystyrenes is

noteworthy. ) The corresp onding results for fractions of the rma l polystyrene

were similar (4) . These plots are similar to isoviscosity plots relati ng

temperature to molecular weight (F ig. 5) .

Atte mpts have been made to distinguish between free volume and iso-

viscosity bases for the Ttt relaxation by exami ning binary blends of

“monodisperse” anionic polystyrenes (5,10) . When both components had Mn <

both the Tg and T
~~ 

relaxations were avera ged , and an equation similar

to that used for avera ging Tg was obeyed:

lC1’~~ 
WA/AT

~,L + WB/BT Lt

where AT Q L ? ~Ttt and Ti& 
are values of (°K ) for polymer A , polymer B

and the blend of A and B, and WA and W5 are the resp ective weight fractions

of polymers A and B in the blend . Further , when both components of the

blend had Mn c N ,  Tg and Ttt of the blend s varied linear ly with 1/Mn

(Fig. 6) .  However, when one component had Mn ~ M0 and the other Mn 
> K0

although the Tg was an averaged value 
(Fig . 7), T

~~ 
relaxations of the

individual components were observed (data not shown). The averaging

equation and the dependence of Tt~ 
on 1/Mn for blends suggest a free—volume

basis for the Ttt  relaxation (12).
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Results (Figs. 8 and 9) on a plasticized anionic polystyrene show that
the Ttt relaxation was observed throughout the range of compositi on and

followed an equation of form ( 12) which again is similar to that used for
i.e.

- + BTtt WE + 
~~A

W
B

wher e K is an empirical constant , AT&t and W
~ are the Tit temperature and

weight fraction of the pur e polystyren e, and BTLL and N8 are the T p.& tem-

perature and weight fraction of the pure plasticizer, respectively.
K — —5 9.6°K , ATt& — 424 K and — 274 K for the particular plasticizer/
polystyrene. The corresponding values for the T~ transiti on are K — -lll K,

T — 380°K and T — 255°K.A g  E q

Another relaxation (Fig. 8 , Ttt > T~~) was observed which var ied

linearly with weight percentag, composition with ATU — 484’K , BT LL —

289°K and the empirical constant K — 0.

A s’~~~ary of the TM data for hamopolymers (4), polymer blends (5) and

plasticized polymer (6) appears in Figure 10 (7) in which the temperatures

T~~, T~~’ and T
mi (°K) are plotted versus Tg (K) to explore relationships

between the relaxations. It is apparent that the ratio Tt&/Tg is approxi-

mately constant over a wide range of temperatur e, except above K0 and at

high plasticizer content.

IT. Block Copoiyirmra of Styr ’.n. (8)

Tn- and diblock copolymers of styre ne containing a rubber block

J (Table 1) display a relaxat ion ~~ > s”g~ 
in the TEA spectra at higher

temperat ur es than the Tg of the polystyrene phase 
~s

Tg~• Thermomechanical
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spectra of three are shown in Figs. 11—13. Temperatures (K) (Table 1) of

the T >  ~~~ STg relaxatio ns vs a) molecular weight of the styrene block,

b) the sum of mol cular weights of the styrene blocks per molecule, and

a) molecular weight of the block capolymers, are plotted (full lines) in

Figs. 14-16. Corresponding temperatures (°X) for anionic styrene homopolyasre

are included (dashed lines) in Figs. 14—16. It is apparent that the strongest

correlation (i.e. that with the most monotonic variation) exists for the

T> 5T~ and STg t~~~eratures vs the molecular weight 
of the styrene end-block

per molecule (Fig. 14) . It is also apparent that the two processes of the

block copolymers parallel those of the hoiscpo]ymers and therefore that the

T > sTg 
relaxations in block copolymens and homapolymars of styrene probably

have a comeon origin.

II I. Infiuonoe of Substrat e (10)

The influence of substrate on the and Tg relaxations has been

investigated by exem{ning homopolymers and binary blends of polystyrene

supported by glass , Womex (duPont) , carbon • and polytetrafluoroethylefle

(Teflon • duPont) braided strands of filaments • The influence of the

four substrates on the Tt& and Tg temperatures 
of the homopolymers using

glass as a reference material is si~~~~rized numerically in Table 2. Figure

17 presents data Obtained with glass and Teflon substrate s. Table 2 and

Fig . 17 show that for hcsopolymsrs Ttt temperat ures are affected more than

the Tg temperatures by the substrate . corres pond ing dat* for binary blends

(Table 3 and Fig. 18) again show the greater influen ce of substrate on the

than on the Tg temperatures.

It is noted (data not shown ) that the ?
~~~

‘ (T&& ’ > T,~1 > T~ ) relaxation

is discernible using )Iomsx~~~. carbon and Teflon substrates even though it

_________  - -
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may not be ~eadi1y apparent in thermoa.chanical spectra obtained using glass

as a substrate.

IV. The Nature of the ~- c• R.Za~~tions

Zn general the thermomechanical TM spectra for low molecular weight

materials show two loss peaks designated Tt& and T
i1’ above Tgi the temper—

att ires of which increase with molecular weight. Similar ly , as the molecular

weight incre ases on isothermal polymerization of ther mosetting materials ,

two loss peaks appear in TEA spectra prior to vitrification. It is apparent ,

and has been demonstrated (11) that Tit ’ corresponds to the fj~st relaxation

and that ~~~ corresponds to the second relaxation which occur on isother mal

cure . The first process on isotherma l cure, and therefore Ta’, are con-

sider ed to occur when the fluid attains a fixed viscosity , as in th. determina-

tion of gelation times by rheoloqical means • At lower Viscosities the substrata

moves fr..ly relat ive to the fluid, whereas at higher viscosities the sub-

strata and fluid move together — the T~~ ’ relaxation loss peak represents

the intermediate state . The T11’ relaxation in ther moplastics there fore

represen ts the lower temperatur . limit for fre . flow just as gelation tim.

represents the similar limit in time for process inr~ ther mosetting witerials

isothermally . On the basis of this reasonin g the Tit ’ relaxati on is a

macroscopic phenomenon of the polymer /subs trat , composite .

The Tit relaxation of TEA may also be a campos it. phenomenon (7 ,13, 34 )

which may account for the influence of the substrate on it. However , in

addition to correlations by other technique s (1) , two TM results in par-

ticular provide support for a molecular mechanism of th. polymer itself .

1) The temperature T~~ is determined by the number average molecular weight

for binary blends of polystyrene when both components have molecular weights

-~ — •—- • • .~-— - • •
~~~ —~~ .~~

•—
~~~~~~~~~~

•
~~

—-—. - 
~~~~~~~~~~~

- — —
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below th. critical molecular weight for chain entanglements ( 2 4 ) .  If , as

is generally accepted (15) , the viscosity is a function of the weight average

molecular weight , then the T11 relaxation cannot represent an isoviscous

state. The occurrence (2) of a relaxation peak in binary blends of low molec-

• ular weight polybutadiene in high molecular weight polybuta diene at a temper-

ature and frequency determined by the molecular weight and not the amount

of th. low molecular weight species also is inconsistent with an isoviscous

state • 2) Homopolymers , and diblock and triblock capolym.rs of styrene,

have a T > STg relaxation at approximatel y the same temperature when the

molacular weight of the styre ne block is equal to that of the homopolymsr .

That the viscosity of block copolymers is much higher than that of homo-

polymers of the sa~~ total molecular weight (15) also preclu des an isoviscous

state for the co~~~n phenomenon .

CO1ICWSIONS

Investigation of the (> T~) relaxation in amorphous polymers of

sty rene by the technique of torsion al braid analysis has been reviewed.

For the most part the relaxation behaves lik, the glass transition (Tg ) in

its dependence on molecular weight , on average molecular weight in binary

polystyrene blends, and on composition in a polystyrene homogeneously

plasticized throughout the ran ge of composition. Diblock and triblock

copolymer s also display a T > Tg relaxation above the Tg of the polystyrene

phase.

• Two results in particular suggest that the Ti1 relaxation is molecu—

larly based. 1) Th. temperatur e T11 is determined by the number average

• molecular weight for binary blend s of polystyrene when both components

• — — • •~~~~~~~~~~~ Il 
— -.: -_~~~~

-- - ____________________________________________ S 4 a  - —.
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have molecular weights below K (the critical mol.cular weight for chain

entanglements) . 2) Hcmopolymers , and diblock and triblock ccpolymsrs of

styrene , have a T ~ Tg relaxatio n at approximately the same temperature when

the molecular weight of the styrene block is equal to that of the homopolym.r.
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FIGURE CAPTIONS

Fig. 1. Thermomechanical spectra (relative rigidity (1/P 2 ) and logarithmic

decrement (A ) vs. temperature) of a polystyrene (“ anionic” , Mn a

37 ,000 ; Mw/Mn < 1.1). Data: 200°C -
~~ -50°C , AT/At  = 1.5°C/mm ,

helitm~ atmosphere.

Fig. 2. Thermosiechanical spectra (logarithmic decrement vs temperature)

of anioni c “monodispers e” polystyrenes : effect of molecular

weight (Mn). Curves have been displaced vertically by arbitrary

amounts for purposes of clarification. Line drawings are shown

for the decreasing temperature mode.

Fig. 3. TEA and DTA . Anionic “monod isperse ” polystyrenes : Tg and

vs. 1/Mn . (For DTA, Tg was defined as the peak of the endothertn.)

Fig. 4. TEA and DTA. Anionic “monodisperse” polystyrenes: T~~, T and Tivs log Th. Note the three distinct states of amorphous t~~~ moplast~cs,
i.e. glassy state, fixed fluid and true liquid (see reference 1),
separated by Tg and TU.

Fig. 5. Polystyrene. Zero—shear melt viscosity data from the literature:

temperature vs log molecular weight for different isoviscous levels.

Data points (TEA) and dashed lines are for T13, and Tg of anionic

“inonodisperse” polystyrenes vs log Mn.

Fig. 6. Blends of “monodisperse” anionic po].ystyrenes (AMn 2 ,050 ;

B
MI

~ 
a 20 ,200) : effect of M on Tg and Ti1 (5).

Fig. 7. Blends of “monodisperse” anionic polystyrenes (AMn a 9,600 ;

a 111,000): effect of Mn on Tg•

Fig. 8. Thermomechanical spectra (logarithmic decrement vs temperature)

of a plasticized polystyrene: effect of composition (weight

percent plasticizer/weight percent polystyrene) . Anionic poly—

styrene : Mn a 37,000; Mw/Mn < 1.1. Plasticizer: (C6H50C6Ht~O) 2C6Ht~.

Curve s have been displaced vertically by arbitrary amounts for pur-

poses of clarification.
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Fig. 9. Plasticized polystyrene: Tg~ ~~~~~ T11 and T11’ vs weight percent

plasticizer. Anionic polystyrene: Mn a 37,000 ; Mw/Mn < 1.1.

Plasticizer; (C6H5OC6Hs40)2C6H~ . T~~ is the temperature of

minimum damping between Tg and

Fig. 10. T11, T11 , and T
mi~ 

(°K ) vs T
g 

(.°K). for homopolymers , polystyrene/

polystyrene blends, and plasticized polystyrene, by TEA .

Fig. 11. S/B/S 12K/33K/14K Tn -block copolymer.

Fig. 12. S/B/S 45.7X/ 113K/45.7K Tn —block copolymer.

Fig. 13. S/DM.S 52K/ll7K Di-block copolymer.

Fig. 14. T > sTg and sTg Vs molecular weight of styrene block.

Fig. 15. T >sTg and 
s
T
g 
vs molecular weight of polystyrene per molecule.

Fig. 16. T > sTg and sTg vs nolecu].ar weight of styrene block copolymer.

Fig. 17. Anionic “monodisperse” polystyrenes: effect of substrate

on Tg and T11 vs 1/Mn . Glass i. Tef1on~~~ A 0

Fig. 18. Blends of “monodisperse” anionic polystyrenes (
AMn 2 ,050;

a 20, 200) : effect of substrate on Tg and T11 vs l/M

Data Glass i. , Nomex 
(R) 

A 0 0 , matching data

Other polystyrene binary blends, from left to right, (AMn =

9200 + a 15,200), 
~~~ 

~ 3100 + 3Mn 36000) , 
~~~~ 

= 2100

+ B~~ 
— 3 100) , +.

— - ~~~~~~~~~~~~~~~~~~~~~ -
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TABLE 1. BLOCK COPOLYMERS OF STYRENE

Polymer MW Cx 1&~~) T > ST * sTg**
Structure* of Blocks (°K) (°K) (°C)

S/hyd—B/S 7.5/37.5/7.5 399 365 175

S/hyd—B/S 10/50/10 400 368 225

S/B/S 12/33/14 407 365 170

S/B/S 16/85/17 404 366 200

S/B/S 20/84/22 407 363 170

S/B 22/55 421 371 175

S/hyd—ip 37/65 442 379 175

S/B/S 44 . 3/108.4/44.3 436 375 175

S/B/S 45.7/113/45. 7 434 373 175

S/DtIS 52/117 441 380 175

S/B 91.5/ 114.6 440 373 200

S B , hyd-B, hyd-ip ,  DMS E polysty rene , polybutadiene , hydrogenated

polybut adiene , hydrogenated polyisoprene , and polyd.tmethylsiloxane,

respective ly .

**
sTg and T > 5Tg temperature of peak of A associated with the Tg of the

polystyrene phase and with a relaxation above sTg~ 
re spectively.

Specimens were prepared by heating to temperature Tmax • 

— - - - 
~
- ________________
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TABLE 3. INFLUENCE OF SUBSTRATE ON T AND Tg 12.

TDW
~~

ATURES OF BINARY BLENDS

Blend ATg ( ‘C) (‘C)

— a (P.) * CR)
Mn Glass Noasx Glass Ncmex

20,200 0 +0.5 0 —4.5

10,710 0 +1.0 0 —4.0

7 ,290 0 +2.0 0 —4.0

5,530 0 0 0 -3.0

4, 450 0 +3.5 0 —6.0

3 , 720 0 0 0 —4 .5

3 , 200 0 +1.0 0 —3.0

2,83.0 0 +1.5 0 —3.0

2,500 0 +1.5 0 +2.5

2,250 0 +2.0 0 +2.0

2 ,050 0 +0.5 0 +1.5

Avg. ATg: +1.5 Avg. AT11 —2.36

*Reference
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