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ABSTRACT: Lamellar single crystals grown in dilute solutions can be used as templates for tethered chain
analysis. Two series of diblock copolymers, poly(ethylene oxidegkpolystyrene (PEM-PS) and poly(-

lactic acid)blockpolystyrene (PLLAb-PS), were used as model templates to generate tethered PS blocks on the
single-crystal basal surfaces. Controlled and tunable reduced tethering dénditfined byonR? (whereo is

the tethered chain density and is equal to the reciprocal of the covered area of the chBjrisatiee radius of
gyration of this tethered chain in its end-free state at the same conditions), could be achieved in a broad range
(up to 24) by changing the molecular weights (MW'’s) of the crystalline and amorphous blocks and by varying
the crystallization temperaturel,) of different PEOb-PS and PLLAb-PS solutions. For PEO and PLLA
homopolymers crystallized in dilute solutions, the lamellar crystal thickneskgssf) were observed to be
proportional to the reciprocal undercoolidgT (where AT = T4 — Tx and Ty is the equilibrium dissolution
temperature of the crystals). Theof the tethered PS chains on the crystal surface increased with decradsing
because at a fixed MW of the PEO or PLLA block, an increase irdfagst was evidence of a decrease in the
number of folds. When we plotted the relationships betweegrisr and Ty for these two series of diblock
copolymers, sudden and discontinuous changes of the slopes in some of these were obgerve&i7aG*).

This was as a result of the drastic interaction change of the neighboring PS tethered chains. An average reduced
surface free energy of the tethered PS chalits)(was defined and used as a parameter to characterize the PS
tethered chain interactions. The relationship betwE®nand & showed a discontinuous transitioncgt which

had a close similarity to the hard-sphere-like interaction model. This could be identified as the onset of the
tethered PS chain overcrowding in solution. This transition indicates that the extra entropic surface free energy
created by the repulsion of tethered PS chains started to affect the nucleation barrier of the PEO or PLLA block
crystallization. On the basis of the scaling laws, the onset of highly stretched brush regime could be identified at
o = 14.3 @*). In the I'PSvs & plot, the transition appears to be continuous. Thus, a crossover regime in the
tethered PS chains exists betweéen—= 3.7 andcg** = 14.3. It is defined as the regime where the interaction of

the tethered PS chains undergoes changes from being noninteracting toward penetration to, finally, chain stretching
normal to the surface.

Introduction an approach to study interactions of tethered PS chains on a

Crystalline-amorphous diblock copolymers have been widely Single-crystal substrate with controlled and uniform tethering
used as templates to construct nanophase structures in investiggiensities. We utilized the single-crystal thicknegi¢sr) grown
tions of polymer phase structures and their transformations in in different solutions as a probe to monitor changes with respect
multiple length scales. The majority of the work in the past 15 [© the crystallization temperatur@j. The dcrysris sensitive
years has been focused on the diblock copolymers in the bulk!C the extra surface free energy generated by the tethered PS
statel 14 It has also been known for about 40 years that the chains when they experience repulsive interactions with each

crystalline-amorphous diblock copolymers, in particular poly- other:?

(ethylene oxideplockpolystyrene (PE®-PS) copolymers, can Direct and precise thickness determinations of the tethered

grow single crystals in dilute solutions. It was reported that the amorphous chaingdam and dcryst, are difficult in solution;

single crystals have a “sandwiched” structure with the PEO however, after a single crystal is dried, ttieryst is identical

single crystal in the middle covered by two nano-PS block layers to that in solution. An overall thickness of a crystalline

on the top and bottom of the PEO basal surf&cé’ The PS amorphous block copolymer single crystalo(eraiL) after

blocks at the surface of the PEO block single crystals can be drying can be measured using atomic force microscopy (AFM).

viewed as tethered chains on a substrate. We have developedt includes three layers: a lamellar single-crystal layer covered
by two amorphous block layers on both sides or a “sandwiched”

t The University of Akron. structuret> 18 To calculate th@lcrystand thedaw values based

;‘- Institut of Charles Sadron. on thedoveraLL data, we need to know volume fractions of the

D'\,\’/'Iiﬁ:ggfggﬁ/ e'?;tt't“‘e of Technology. crystalline and amorphous blocks. On the basis of the molecular

*To  whom Corregbondence should be addressed: e-mail Weights (MW’s) and densities of the blocks in the solid state,
scheng@uakron.edu. the dcryst and daw thicknesses can be estimated using the

10.1021/ma052166w CCC: $33.50 © 2006 American Chemical Society

Published on Web 12/30/2005
ublished on We CDV



642 Zheng et al.
following approximationg$
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whereMST"STandMi™ are the MW's of the crystallizable and
amorphous blocksacryst andpav are densities of the crystal-
line and amorphous blocks, respectively, agyst andvau
represent volume fractions of crystallizable and amorphous
blocks. Since polymer crystals do not reach 100% crystallinity,
the pcryst has to be further considered as a combination of
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regimes. The “noninteraction” regime and the “highly stretched
brush” regime, particularly, are the primary focus. It has also
been reported that the transition between these two regimes is
rather broad, allowing a “crossover” regime to exist. In the
theoretical treatments, of which the interaction between tethered
chains and substrates is ignored (no favorable interaction exists),
the quantityo has been frequently used to describe how close
a tethered chain is with its neighbors. The reduced tethering
density ¢), proposed by Kent has been defined by= o7R?,
whereRy is the radius of gyration of a tethered chain at its end-
free state in the same conditions (i.e., solvent and temperature).
This definition provides a parameter that is independent of the
MW of tethered chains and the type of solvent used. In the
noninteraction regime, the tethered chain behavior has been
approximated by renormalization group the&tyVhen entering

the crossover regime, the “single-chain mean-field theory” was
used to describe the interactiols3” The highly stretched brush
regime has been treated with scaling |&%Z numerical, self-
consistent-field theor§3—46 and Monte Carlo simulatiorfg-49

In the experimental aspects, most results reported were in
the noninteraction and crossover regimes. The observations

blocks (the two-phase model). Therefore, the crystallini) (

in solution. Since the transition between the noninteraction and

and the crystalline and amorphous densities of the crystallizable Crossover regimes does not exhibit a significant increase of the

block (p&gyst and pgcrysy) are necessary parameters. The
pcryst value is thus

Peryst = Perys™W T+ pgrysi(l — W) (1c)

layer thickness, it is qualitatively understood that the tethered
chain crowding may happen arouwd= 1—3. Kent's study
showed that the strongly stretched brush regime was not reached
even at a value of ~ 1233 On the other hand, another study
reported that tethered chains started to be stretched at an

On the other hand, the density of the tethered chains at aeStimateds ~ 6, but the sample employed had a broad MW

surface g, which describes how close the neighboring tethered

distribution (PDI= 1.7)5° which likely affects the results. So

Cha|ns are |ocated’ |S deﬁned to be the reciproca| averagethe iSSUe remains, Where are the onsets Of the tethered Chain

covering area of each chai®, Therefore, the physical meaning
of tethering density is the number of tethered chains in a unit
area surfacé? 23 For a crystalline-amorphous diblock copoly-

overcrowding and highly stretched brush regimes?

In this publication, using two series of crystallinamorphous
diblock copolymers, PE®-PS and poly(-lactic acid)block

mer, when the amorphous blocks are tethered onto single-crystapolystyrene (PLLAb-PS), we report our experimentally mea-

surfaces of the crystalline blockSando can be calculated by

CRYST
n

NAPCRYSTdCRYST) a

whereN, is Avogadro’s number. The factor 2 comes from the
fact that each lamellar single crystal has two folded surfaces.
Under thermodynamic equilibrium consideration, 50% of the

Napcrystdcryst
ZMSRYST

o=1/S= 1/( @)

amorphous chains are located on each of the two single-crystal

surfaces when formed in solution. The thickness of the crystal

sured and calculatedtryst values and use them as the probes
to quantitatively identify the onsets of tethered PS chain
overcrowding and highly stretched PS brush regime via the
investigation of how thedcryst values change under the
influence of varying the tethered PS chain interactions on the
crystal surfaces of the diblock copolymer single crystals.

Experimental Section

Materials Preparation. Two series of diblock copolymers, PEO-
b-PS and PLLAb-PS, were synthesized via the anionic polymer-

is needed because it is a measure of the number of chain foldsization of styrene followed by anionic polymerization of ethylene

This number is important in determining the number of tethering
points. Theoretical treatment of single crystals of crystattine
amorphous diblock copolymers was first proposed by DiMarzio
et al?*

In the past few decades, several approaches in forming
tethered chain molecules on substrates have been utilized. The

are physical adsorpti@h26 or chemically grafting chains onto
substrates via the “grafting to” meth&d® or “grafting from”
polymerizationg®32 All these approaches have advantages

oxide or ring-opening polymerization oflactide. Detailed synthetic
procedures can be found elsewh®®& The M of the PS
precursor was characterized by size exclusion chromatography
(SEC) using polystyrene standards. THEE? and ME"* were
determined based on thﬂﬁs and proton nuclear magnetic reso-
nance {H NMR), and the polydispersity in the final diblock

¥:opolymer was determined by SEC using universal calibration. The

detailed molecular characterizations of these two series of diblock
copolymers are listed in Tables 1 and 2. The PS bulk density (
is 1.052 g/crd, the crystalline PEO bulk densityfzo) is 1.239

along with specific issues that must be addressed. In particular,glcmgl and the amorphous PEO bulk densipfd) is 1.124

physical adsorption may not generate high enougfalues to
reach the highly stretched brush regime, while the two chemical

g/cme.53 The value of the PLLA bulk densityfy; ») is less certain
in the literature. It is known that the difference between ghg ,

approaches may have less precise control over the uniformity gng 5.4 is small near room temperatufeWe measured the

of ¢ or the uniformity in controling MW’s of the tethered
chains.

ppLLa Of homo-PLLA single crystals grown in amyl acetate dilute
solution, and thep Ao = 1.281+ 0.005 g/crd, which is close to

Advancements in theoretical developments of tethered chainsthe reported value (1.275 g/ént® It is also in good agreement

on flat solid substrates have been achieved for the different brushwith the averageps,,,, 1.283 glcrfy, of the a-form of PLLA

Ccbv
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Table 1. Molecular Characterizations of Homo-PEO and PEOb-PS Diblock Copolymers

sample ID MPEQkg/mol) MPS (kg/mol) MOVERALL (kg/mol) PDIMw/M feeo

1. PEO 56.3 0 56.3 1.05 1.00

2. PEOb-PS(17.6-3.0) 17.0 3.0 20.0 1.04 0.829

3. PEOb-PS(11.6-4.6) 11.0 4.6 15.6 1.03 0.671

4. PEOb-PS(40.1-7.7) 40.1 7.7 47.8 1.05 0.816

5. PEOb-PS(23.6-5.0) 23.0 5.0 28.0 1.06 0.797

6. PEOb-PS(16.75.0) 16.7 5.0 21.7 1.06 0.740

7. PEObB-PS(20.3-6.8) 20.3 6.8 27.1 1.04 0.718

8. PEOb-PS(9.4-6.7) 9.4 6.7 16.1 1.02 0.545

9. PEOb-PS(8.7-9.2) 8.7 9.2 17.9 1.05 0.447

10. PEOb-PS(11.6-17.0) 11.0 17.0 28.0 1.07 0.356

Table 2. Molecular Characterizations of Homo-PLLA and PLLA-b-PS Diblock Copolymers
sample ID MPH (kg/mol) MPS (kg/mol) MOVERALL (kg/mol) PDIMy/Mh fpLLa

11. PLLA 12.9 0 12.9 1.24 1.00

12. PLLA-b-PS(27.3-6.0) 27.3 6.0 33.3 1.08 0.789

13. PLLA-b-PS(56.8-9.2) 56.8 9.2 66.0 1.14 0.835

14. PLLA-b-PS(31.8-9.2) 31.8 9.2 41.0 1.13 0.740

15. PLLA-b-PS(19.9-9.2) 19.9 9.2 29.1 1.07 0.640

16. PLLA-b-PS(15.6-9.2) 15.0 9.2 25.2 1.10 0.573

17. PLLAb-PS(11.6-9.2) 11.0 9.2 20.2 1.04 0.496

18. PLLA-b-PS(18.6-19.3) 18.0 19.3 37.3 1.11 0.434
crystals calculated from the lattice parameters (1-26303 g/cr, For the AFM and TEM sample preparations, a few drops of the
the range is due to different values of the lattice parameter). solution containing single crystals were placed onto carbon-coated
Therefore, in this publicatiomp.a = 1.28 g/cni was used (with cover glasses and washed with pure amyl acetate several times.
an error of less than 1%). The samples were subsequently dried in a vacuum oven at room

To measureRy values of PS molecules, different MW’s of PS  temperature for 3 days to evaporate the solvent. The single crystals
homopolymers (between 3.0K and 20K g/mol) were polymerized were then directly used for AFM experiments or transferred onto
via anionic polymerization. Both PEO and PLLA homopolymers the copper grid for TEM observations.

(MPE° = 56.3K g/mol,M{"* = 12.9K g/mol) were also synthe- Both the bright field (BF) images and the selective area electron
sized to be references in growing single crystals to compare with diffraction (SAED) patterns of the single crystals were carried out
those of the diblock copolymers. in a JEOL (1200 EX Il) TEM at an accelerating voltage of 120

Equipment and Experiments. A self-seeding technique was  kV. Calibration of the ED spacing was done using TtCdpacing
utilized to grow single crystals of all the samples listed in Tables and their higher order diffractions. An AFM (Digital Instrument
1 and 2. The detailed procedures were reported previdt3lyis Nanoscope IlIA) was utilized to measure the lamellar thickness
procedure was used for single-crystal growth of the PEO ho- and the surface topology of the single crystals. The tapping mode
mopolymer and PE®-PS diblock copolymers in both amyl acetate was used in order to limit damage to the samples. The scanner
and a mixed solvent (chlorobenzene/octane, 1:1.1 weight ratio) andwas calibrated in both lateral and vertical directions using the
PLLA homopolymer and PLLA3-PS diblock copolymers in amyl standard grid. A typical measurement condition was at a scan size
acetate. Note that the mixed solvent is close to @hsondition, of 10um, a scan rate of 1 Hz, operation and resonance frequencies
while amyl acetate is a good solvent for PS blocks. In brief, e.g., of 300 kHz, and a resolution of 512 512.
the PLLA or PLLAb-PS sample was added into amyl acetate with
a concentration of 0.01 wt % and heated to 18Qwhich is above Results and Discussion

the dissolution temperature, in an oil bath with well-controlled .

temperature for 15 min to form a homogeneous solution. The _Lamellar Thicknesses of Homopolymer and Copolymer

solution was then left at room temperature overnight to allow the Single Crystals.Parts a and b of Figure 1 show two TEM BF

crystallization of the polymers. Subsequently, the sample was heatedmages for lamellar single crystals of PEEPS(11.0Kk-4.6K)

to the self-seeding temperatui® & 110°C) in the oil bath for 15 grown in the mixed solvent afy = 25 °C and PLLAb-PS-

min in order to dissolve most of the crystals, except for some small (19.9K—9.2K) grown in amyl acetate &, = 72 °C, respec-

seeds (less than 1% of the crystals remained). The sample was thefively. Two SAED patterns have also been inserted in these

quickly switched into another isothermal oil bath with a preBet two figures. In Figure 1a, the PEBPS single crystal exhibits

Isothermal crysﬁalllzatlon timesf@ h to 1 daywere re_quwed to a square-shape bound by four (120) planes. A lozenge-shaped

complete the single-crystal growth process depending orTthe single crystal is observed for the PLLBAPS grown in amyl

values. . N . acetate, as shown in Figure 1b. The single crystal is bound by
A sequential crystallization of these two sets of diblock four (110) planes. These crystal habits in Figure 1ab are

copolymers with PLLA or PEO homopolymer was also prepared . . . ’
by following the procedure as described in ref 17. After the !dentical with those observed in PEO and PLLA homopolymer

complete crystallization of the diblock copolymer, a few drops of Single crystalg>1655%61 Moreover, these two SAED patterns
the samples containing the copolymer single-crystal seeds wereare recognized to be the [001] zone patterns of the monoclinic
added into the homogeneous solution of homopolymer which had lattice of PEG>1659.60gnd the orthorhombic latticex¢form)
been kept in the same crystallization oil bath. Note that the of PLLA556>homopolymer single crystals, indicating that the
homogeneous homopolymer solution was prepared by heating thechain directions in both “sandwiched” crystals are parallel to
mixture of homopolymer and solvent at 0.01 wt % to T&Dfor their lamellar surface normal. All other copolymers listed in

15 min. The solution was then quickly switched directly into the r4p)1e5 1 and 2 can also grow single crystals, as shown in Figure
crystallization oil bath (at a presdy) for about 10 min to reach 1ab

the thermal equilibrium before adding the diblock single-crystal ) )
seeds. During this 10 min period of time, no homopolymer crystals ~ We first used PEO and PLLA homopolymers to grow single
were found. The homopolymer then grew on the diblock copolymer crystals at different isothermal, values in amyl acetate dilute
single-crystal seeds to form composite single crystals. solutions. Their lamellar thicknesses were measured using ,%:B/{/
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(b)

Figure 1. TEM BF images of lamellar single crystals of PEERS-
(11.0K—4.6K) (sample 3 in Table 1) in chlorobenzene/octane mixed
solution atT, = 25 °C (a) and of PLLAb-PS(19.9K-9.2K) (sample

15 in Table 2) in amyl acetate solution Bt = 72 °C (b).

60 66 72 78 84

e

90

Jll
If'

11

L 4

—
(=]

—

o

Thickness dp;; 5, NM

Thickness dpgq, nm

" . . : . 8
24 27 30 33 36 39
Crystallization Temperature, °C

Figure 2. Relationships between the lamellar crystal thicknessTand
values for both the homo-PEO (a) and homo-PLLA (b) fractions.
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Figure 2 shows two sets of lamellar crystal thickneks{st)
data with changinglk values for both the PEO and PLLA
homopolymers. Despite the different dependencied@f st

on Ty for these two homopolymers, both sets of data exhibit a
general trend that thdcryst values increase with increasing
Tx. These data fit well with the known behaviors of polymer
single crystals grown in dilute solutions reported previod3ly.

The doveraLL Values of the “sandwiched” lamellar single
crystals of the PE®-PS and PLLAb-PS diblock polymers
were measured using AFM, and tbg=oanddp | A values can

Macromolecules, Vol. 39, No. 2, 2006

be calculated on the basis of eq 1a. The question is: can we
provide experimental evidence to confirm that the calculated
dreoanddp A Values are correct? An experiment was designed
to answer this question. We used the PE®S or PLLAb-PS
single crystals as seeds to further grow PEO or PLLA ho-
mopolymer single crystals on the seeds. Note that the ho-
mopolymers can only nucleate on the facetted growth fronts of
the middle, single-crystal layer of the diblock copolymer seeds
with the identical chain orientation and thickness. Namely, for
the PEO homopolymer, it grows on the (120) planes of the
middle layer of the “sandwiched” single-crystal seeds, while
the PLLA homopolymer grows on the (110) planes of the
copolymer seeds.

Figure 3 represents an experimental observation of a com-
posite single crystal using PLLA-PS(56.8k-9.2K) and the
PLLA homopolymer. In Figure 3a, a lozenge-shaped lamellar
single crystal with two different thicknesses is observed using
the height image of AFM. The center thicker part is the block
copolymer “sandwiched” single-crystal grown in amyl acetate
at Ty = 72 °C. The outside facetted, thinner single crystal is
the further growth of the PLLA homopolymer at the same
Figure 3b illustrates a height profile of these two parts of the
single crystal measured via AFM, and at the conjunction
between the PLLA-PS and PLLA homopolymer single
crystals, the thickness of the PLLA homopolymer crystal is 9.0
nm (Figure 3c is the enlarged height profile near the conjunc-
tion). Furthermore, with increasing the crystallization time, as
shown in Figure 3b,c, the height of the PLLA homopolymer
single crystal gradually increases, and finally, it reaches 9.5 nm.
This is due to the fact that the lowest nucleation barrier for the
PLLA homopolymer to overcome 8k = 72 °C is associated
with a greater value of the lamellar thickness compared with
that for the PLLAb-PS copolymer. However, at the conjunction,
the PLLA homopolymer has to be confined to a thickness
provided by the (110) growth front of the PLLB-PS copoly-
mer.

Using AFM, we can measurdoyeraLL thicknesses of the
copolymer single crystals. The difference betweerddigrar.
and the conjunction which connects the copolymer with the
homopolymer single crystals islbs The PEO or PLLA
homopolymer lamellar crystal thickness at the conjunctions can
be obtained since it is equal tdoverai. — 2dps These
homopolymer lamellar thicknesses at the conjunctions thus serve
as experimentally measuréggoor dp | 4 Values for the diblock
copolymer crystal layer. The homo-PLLA part of the composite
single crystals may completely slip down on to the glass
substrates, as shown in Figure 3. In this case, the thicknesses
measured at the conjunctions of the copolymer seeds is a direct
measure of thelp  a. The measured experimental value is 9.0
nm, and the calculatedes | A, based on eq 1a in this case, is
also 9.0 nm, showing good agreement between observation and
calculation. To obtain the complete slippage, which provides
the most consistent result, gentle vertical vibrations of the
samples were generated by a piezoelectric element.

Figure 4 shows a sequentially crystallized composite single
crystal of PEOb-PS(20.3k-6.8K) and PEO homopolymer at
Tx = 35.0°C in amyl acetate. The square-shaped single crystal
is observed in the AFM height image. The center, thicker part
is the block copolymer single crystal, and the outside, thinner
part of the composite single crystal is attributed to the PEO
homopolymer (Figure 4a). Figure 4b represents a height profile
of the composite single crystal and the thickness of the PEO
homopolymer single crystal at the conjunction (Figure 4c is the
enlarged height profile near the conjunction). Tdeo vaIueCDV
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Figure 3. AFM micrographs of a homo-PLLA single-crystal grown from a PLbARS(56.8k-9.2K) (sample 13 in Table 2) seed: (a) the three-
dimensional height view; (b) a two-dimensional height view; (c) an enlarged helght view at the connection point between theFd_téed and
homo-PLLA single crystal. The thickness of the homo-PLLA single crystal at the connection point is 9.0 nm.
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Figure 4. AFM micrographs of a homo-PLLA single-crystal grown from a PE®S(20.3k-6.8K) (sample 7 in Table 1) seed: (a) the three-
dimensional height view; (b) a two-dimensional height view; (c) an enlarged helght view at the connection point between bHeSP&€ad and
homo-PEO single crystal. The thickness of the homo-PEO single crystal at the connection point is 8.9 nm.

(a)

is 8.9 nm, which can be compared with the calculateg value 13

of 8.9 nm based on eq la. This indicates, again, that our 3
calculation based on eq 1a is reliable. For all the copolymers, 12 ot N
their calculateddreo and dpi 4 values were identical to the £ o’

. . . . = *
experimentally observed thicknesses in multiple repeated mea- s 3 A
surements without exceptions. = o A ..“

Figure 5 shows relationships between the experimefta) g 10 . -"
values andTy for four different PEOb-PS diblock copolymers ] ¢ a o
. . \ . . . . =< 9 ] P 4
with different MW’s crystallized in two different solutions (the £ "y e ®
mixed solvent and amyl acetate) as examples. PHTS- = g a"t
(11.0K—4.6K) was grown in chlorobenzene/octane, and the a4
other three samples [PE®PS(17.0Kk-3.0K, 40.1k-7.7K, and 7 , , }
20.3K—6.8K)] were grown in amyl acetate. Three types of 20 25 30 35 40

behavior for thedpgo changes withly can be observed. First,

PEODb-PS(17.0Kk-3.0K) in amyl acetate behaves similar to the Crystallization Temperature, °C

PEO homopolymer. Second, PEERPS(11.0k-4.6K) in the

mixed solvent and PE®-PS(40.1Kk-7.7K) in amyl acetate  Figure 5. Relationships between tftzeo and Ty for four PEOb-PS

exhibit increases of theigovalues withTy in the low-Ty region diblock copolymer samples crystallized at differditvalues. From

. . _ top to bottom, they are PEGPS(11.0k-4.6K) (sample 3 in Table 1)
until a Ty is reached. For PE®-PS(11.0Kk-4.6K), theT,* = in chlorobenzene/octane mixed solvent, PEPS(17.0k-3.0K) (sample

27.2°C, while for PEOb-PS(40.1K-7.7K), theTy* = 28.3°C. 2) in amyl acetate, PE®-PS(40.1K-7.7K) (sample 4) in amyl acetate,
Below theTy*, the deeo changes are similar to that of the PEO and PEOb-PS(20.3K-6.8K) (sample 7) in amyl acetate. CDV
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Figure 6. Relationships betweeds o and Ty for four PLLA-b-PS
diblock copolymers crystallized at differemf values in amyl acetate.
From top to bottom PLLAB-PS(56.8k-9.2K) (sample 13 in Table
2), PLLA-b-PS(27.3K-6.0K) (sample 12), PLLA-PS(31.8k-9.2K)
(sample 14), and PLLA-PS(19.9K-9.2K) (sample 15).

homopolymer as shown in Figure 2a and that of PEPS-
(17.0K—3.0K) in Figure 5. Above thd,*, both of thedpgos
suddenly reduce their dependencelgnThird, thedpgovalues

of PEObH-PS(20.3K-6.8K) only slightly increases witfiy in

the wholeTy region studied. No sudden change of tgo
values is found. The slope of thidxeo increase withTy for
PEOb-PS(20.3K-6.8K) is similar to those of the other two
samples above thel* values. For all the samples shown in
Table 1, thedpeo changes withT, have been measured for the
single-crystal grown in amyl acetate and/or the mixed solvent.

Macromolecules, Vol. 39, No. 2, 2006

d — 2)/er — Zj/er
CRYST AhdAT Ahd(Td_Tx)

®3)

where Ty is the equilibrium dissolution temperatung, is the
folded surface free energy, ardhy is the equilibrium heat of
dissolution. When we plot relationships between the reciprocal
thicknesses vs isothermBl values for these two homopolymers,
two linear relationships can be observed (see below in Figures
7 and 8). This is a simple rearrangement of eq 3:

dervst  2Veld 2ye 2y Ty *

4)

The slope of this relationship ddrysTVs Tx) is equal to—Ahy/
(2yeTy), indicating that the reciprocal thickness is proportional
to the reciprocay.. These two sets of data will be used as the
references to compare with thlpeo and dp 4 values of the
single crystals in our two series of diblock copolymers grown
in dilute solutions.

Figures 7 and 8 represent relationships betwedgxrdbr (1/
dreo Or 1Mdpa) and Tk for the complete data set of the
homopolymers and the copolymers we have measured. Figure
7 includes a homo-PEO and nine PB@RS copolymers
crystallized in amyl acetate or the mixed solvent. Both the homo-
PEO and a PE®-PS(17K-3.0K) with the low M}® exhibit
single linear relationships betweendd#o and Ty throughout
the T range. Their slopes are almost identical, indicating that
the short PS chains do not significantly affect thevalue

Their behaviors always belong to one of these three typescompared with that of the PEO homopolymer single crystals.

described.

Four relationships between thg | o values andk are shown
in Figure 6 for PLLAb-PS copolymers with different MW'’s:
PLLA-b-PS(56.8Kk-9.2K, 31.8Kk-9.2K, 27.3K-6.0K, and
19.9K—9.2K). All of these diblock copolymer single crystals
were grown in amyl acetate. It is evident that PLbARS-
(56.8K—9.2K) and PLLAbH-PS(27.3Kk-6.0K) in Figure 6
exhibit the sudden reduction of tlip, | » dependence at* =
78 and 72°C, respectively. They belong to the second type of
behavior in the PE®-PS samples shown in Figure 5. The other
two samples PLLAB-PS(31.8Kk-9.2K and 19.9K-9.2K) only
show slight increases of thés  a values withTy. They are
identified to be the third type of behavior in Figure 5, and their
slopes are, again, similar to those of PLIbAS(56.8K-9.2K)
and PLLAD-PS(27.3K-6.0K) above theifT* values.

By knowing thedcryst, pcryst, andMSTST the o values
can be calculated on the basis of eq 2. SinceRjealues of
the PS homopolymers with different MWs in both solvents are
known (determined via light scattering?the & can also be

By increasing the ratio betwedn;*andM"=°, the second type

of behavior possessing two slopes can be found in tbg=d/

vs Ty plot for PEOb-PS(11.0Kk-4.6K) in the mixed solvent

and for PEOb-PS(40.1K-7.7K) and PEOB-PS(23.0K-6.0K)

in amyl acetate. The slope changes in these samples occur at
o* = 3.7, as reported previoustj.Whens < 3.7, the slopes

of these two samples are close to those of the homo-PEO and
PEOb-PS(17K-3.0K). These results imply that belan= 3.7

the PS blocks do not influence thgvalue. Wher > 3.7, the

PS blocks start to influence trébeo via an effect on theye
value as evidenced by the appearance of the second slope in
these two copolymers. For the rest of the copolymers, which
have increasingly largs1?¥MFE° (all are in amyl acetate), the
third type of behavior, namely, only a single linear relationship
can be observed for each sample. Quantitative study shows that
the absolute values of the slopes in these copolymers decrease
with increasingW; YMPE°. These observations indicate that the
single crystals of these copolymers must poss$ess 3.7 in

the Ty region studied; therefore, thig = 3.7 has to appear at
lower values of Ty. Furthermore, as thev”9IMFE° value

obtained. For the copolymers listed in Tables 1 and 2, we can jncreases, thelpeo value atd* = 3.7 (dped®) should also

generate a wide range &f from close to O up to 24. Thi&
range should be broad enough to cover from the “noninteraction”

regime where the tethered chains are independent from eacrbrop

other to the “highly stretched brush” regime where the tethered

chains exhibit their stretched conformations along the surface bigg

normal direction.

Relationships between IMcryst Values and Ty for Ho-
mopolymer and Copolymer Single Crystals. We further
examine quantitative relationships betwekgyst and Ty for
the PEO and PLLA homopolymers. In principle, tthgryst of
homopolymer single crystals should be proportional to the
reciprocal undercooling, NT. Namely, thedcryst follows a
linear relationship with IAT:63-65

decrease. This can be understood by the fact théat at 3.7
the dpeg* is proportional toMF = Y(R92. Note that the R92 is
ortional to 17985, Namely, with increasing thev’Y
MPEC the PS block requires a larger covering area and thus a
er number of folds of the PEO crystal; i.e., a smallgis*

is needed to keep a constant entropic repulsion generated by
the tethered PS chains @t.

Similar observations are found in a series of PLb/ARS
single crystals grown in amyl acetate, as shown in Figure 8.
The homo-PLLA possesses a single linear relationship in the
plot between Idp 4 and Ty, while PLLA-b-PS(56.8K-9.2K)
and PLLAb-PS(27.3k-6.0K) have two slopes that can be
observed in thd@ region studied. Again, the slope changes oc&brv
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0.14 of thesedpeoOr dpi1a Values can thus be observed (decrease in
N\ \‘\ From bottom to top, the slope). The physical meaning of tfiis value is when an
‘%* sample ID: 3,2,1,4-10 area which is covered by a single PS tethered chaiRj
- “ﬁfﬁ e t__ '10 statistically accommodates 3.7 chains, the PS chains start to
T o1z ¥ \ :E: _-1'_-9 feel that they are overcrowded by their neighbors. Therefore,
= -"'-};& '8 this should be the onset of tethered chain overcrowéfivghen
@ \ N %:.:l ~Il7 0 < 3.7, the PS chains are in the noninteraction regime.
= \\ - 6 Other PEOB-PS and PLLAb-PS copolymers having larger
0.10 \ ih:"\s ratios of theM? M E° and theM?IM™™* in Figures 7 and 8
\ “\ ‘"\l 4 possess single slopes in tiigrange. Our calculations indicate
‘v A \ that theG values for these copolymer single crystals possess
’*N‘,‘ 'y values greater than 3.7 (up to 24); therefore, the number of folds
0.08 : : =~ 2 for these crystalline blocks does not generate enough covering
20 25 30 35 40 area for the tethered PS chains to be free of interaction. The

repulsion caused by the interactions of the tethered PS chains
is, as a result, remarkably high and prevents a normal increase
) ) ) of the dpgo anddpia in theseTy > Ty* regions compared to
Figure 7. Relationships between dio and Ty for 10 PEOb-PS the observations in the homopolymer single crystals, PEO-
diblock copolymer (and PEO homopolymer) samples crystallized at PS (17.0Kk-3.0K), and those five copolymers below th@i

differentT values in both chlorobenzene/octane (for sample 3 in Table . .
1 only) and amyl acetate (for samples 20). From bottom to the top ~ Values. It should be noted that a more precise representation of

Crystallization Temperature, °C

samples +10 are (3) PEG-PS (11.0k-4.6K), (2) PEOb-PS (17.0Kk- these interactions witfi, in theory, should obey an exponential
3.0K), (1) PEO homopolymer, (4) PE®PS (40.1K-7.7K), (5) PEO- law relation. The fact that observed linear relationships in
?ég%}gg'gf) 5'(%|)<)|5é@b—iEsogFjl?(—ge?siz)%(sgl)o};)éc%-)PgE(gb?-E—s Figures 7 and 8 with constant slopes wher- 3.7 indicates
9.2K), and (10) PEQ»PS (17.0K-11.0K). ' that they. values exhibit little changes wiffy in the T region

studied. This is certainly a first approximation to illustrate that

0.125 s within the Ty region the interaction generated by the PS chains
: are close to constant. Therefore, eq 4 can also be used to
0.120 t — M8 calculate they. values based on the slopes of these linear
"-0-_ — W relationships because the other paramethg &ndTy) are kept
= 0115 ~E. g to be invariant, and only the, values possess a sudden increase
E “1-.. 2 Sy
= A, ato* = 3.7.
LS S
3 0.110 . \: 14 Reduced Surface Free EnergyHow can we quantitatively
=] N \’\ understand this interaction among the tethered PS chains? Let
= 0.105 us first consider the components in the surface free energy term,
ye. FOr a single crystal of a diblock copolymer, thgconsists
0.100 From bottom to top, \‘}zi of three contributions:ye = ycrystps+ ¥ps + YPs/SOLVENT
sample ID: 11-18 TR whereycrystpsandypsisoLventare the interfacial energies at
0.095 the crystal/PS and PS/solvent interfaces, agls the contribu-
60 70 80 90 tion generated by the interaction among the tethered PS chains.

In our experiments, the PEO or PLLA crystal surfaces do not
Figure 8. Relationshins betweendd, andT, for eight PLLAD-PS favor interaction with the PS blocks; therefore, there are always
digl ock éop olymer (ar?d PLLA h Om(lali;\mym e;) samgl es crystallized at more solvent/crystal contacts than PS/crystal contacts, and it is
different T, values in amyl acetate. From bottom to top samples 11 'éasonable to assume thajzvstesis equal to the surface free
18 are (11) PLLA homopolymer, (12) PLLB-PS (27.3k-6.0K), (13) energy of the homopolymer single crysfalryst. For a good
Ettﬁ-g-gg (ig-gig-gﬁ)q (ig) Ettﬁﬁ-gg (fégﬁggﬁ) (ﬁ) or 6 solvent, the contributioryps/soLventcan also be ignored
PLLA-b-PS ((11.6K—9.'2K)),'a$1d )(18) PLLAD PS (1%3.0}?19.23@(. ) when compared witfycrysr. The totalye is thus close to the
ypEO OF YpLLA IN the noninteraction region. This is supported
ato* = 3.7. The slopes of these samples, in the region where by the experimental observation that the slopes of some diblock
0 < 3.7, are similar to that of the PLLA homopolymer. Only copolymers are the same as the homopolymer in the noninter-
one slope can be observed with a further increase irMﬁFé action region. On the basis of the above assumptionsyshe
MPHA as is the cases for the rest of the copolymers. Again, can be simplified tgze = ycryst+ yps For a given copolymer
the absolute value of the slope decreases with an increase irfample which exhibits two linear relationships, thecan be
the MPSIMPLLA. calculated in these twdy regions (below and abovg?*).

It can be concluded that our observations ofdbgystvalue We now need a quantity of relative surface free energy
changes withTx in single crystals of these two sets of utilizing the homopolymers as references. This can be ap-
copolymers can reflect the changes of interactions of the PSproximated by a ratio between the two slopes of the copolymers
tethered chains. In Figures 7 and 8, the slope changes at theand the homopolymers. For example, for PBE®S copolymers
Ty* for each of those five copolymer samples occuigat= we use the ratio ofe/ypeo and for PLLAbD-PS copolymers,
3.7, disregarding the different types of crystalline blocks, ydypLLa. The contribution from the tethered PS chains can thus
different MW's, and different solvents used. A qualitative be presented by an average reduced surface free enEfgy:
explanation is that ai* = 3.7 the tethered PS chains start to = ydypeo — 1 or ydypLia — 1 for both series of copolymers.
interact with each other and generate repulsion. The interactionThis value is dimensionless, and for PEO and PLLA homopoly-
hampers the increase of theeo or dp 4 during single-crystal mers,I'PS= 0. For the PE(s-PS and PLLAb-PS copolymers
growth of the PEO or PLLA blocks. A much slower increase in the “noninteraction” regimel'™S is also 0. This has bee&DV

Crystallization Temperature, °C
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5 - suddenly “feel” overcrowded by their neighbors, and the
> repulsion of the PS chains provides a significant contribution
4 P od to the TPS This behavior is similar to the hard-sphere-like
: -¥ interaction modef® After this sudden transition, thdPS
3 / continuously increases with TheT'PS continuously increases
,’ with & until it reaches 4.5 af = 24. ThisI'"Sincrease can be
rrs 7 / described by two linear relationships with different slopes. The
¥ 5~37 first linear relationship ends &t = 14.3, and then the slope
1 { Onset of overcrowding suddenly decreases whér> 14.3. This may reveal that further
: increases of th& leads to the layer thickness increase of the
. ‘: PS tethered chains due to the extension of chain conformation
0 deviated from the coils. The question is: how do we judge
: whether this slope change@t= 14.3 corresponds to the onset
-1 ’ of the highly stretched brush regime based on our experimental
0 5 10 15 20 25 observations?

Where Does the Highly Stretched Brush Regime Start?
. . ~ In the highly stretched brush regime of tethered polymer chains
Reduced Tethering Density, & in a good solvent (such as PS chains in amyl acetate) without
Figure 9. Relationship between the™ and & values for both series  the adsorption interaction between tethered chains and the
of PEOb-PS and PLLAB-PS diblock copolymers crystallized in dilute g pstrate  the scaling law suggests that overall free energy cost
solutions. . ’ . .
per tethered chairf)(with a length ofN is attributed to a balance
between the entropic effect of the tethered chain, which has to
be deviated from the unperturbated coil chain conformation,
and the favorable interaction of the tethered chain with the good
solvent. The free energy cost can be expressed as foffows:

experimentally confirmed in Figures 7 and 8 since, for the five
copolymers belowl* values, the slopes of these copolymers
are almost identical to those of the homopolymer single crystals.
For those diblock copolymers with the PS tethered chains which

are interacting with each othel”S > 0, and thel'™S value 32 N
increases as the interactions among the tethered PS chains f~ kT( 2+ﬂ) (5)
increases. For example, as calculated from the data of RREO- 2N& |

PS(40.1K-7.7K) grown in amyl acetate (Figure 7), th&S= ) ) ) )
0 whenT, < T,*, and thel”S = 1.8 whenT, > T¢*. where thel is the thickness of the tethered chain layer in

solution, v is the excluded volume parameter, aads the
segmental size of the tethered chain. The equilibrium thickness,
[, can be obtained by a minimization of thevith respect td

It should also be noted that at differeff values for the
single-crystal growth of a specific diblock copolymer wh&n
> 3.7, thed value should change. However, in all of these

diblock copolymers, thei& changes in the entirg, region is eq 5:

smaller than one. When PE®PS(20.3K-6.8K) was crystal- 203

lized betweenTy = 23.0 and 37.2C, e.g., thes value changes log= 33\ 3R and foq™ 3—kTNaf”31/2'302/3 (6)
from 5.8 to 6.4. Since experimental observations of the 2

relationships between thedbkyst and Ty are linear and thé
value change for each diblock copolymer is relatively narrow  Since thefeq s the free energy cost for a single tethered chain,
within the Ty range studied, an average value and, thus, an  whose covering area isd,/at equilibrium, the free energy per

averagd PSvalue at an average[for PEOb-PS(20.3K-6.8K), unit area resulting from the tethered chains can be expressed as
e.g., the averagé = 6.1] for each of the diblock copolymers

are used to represent the interaction of tethered PS chains on Vs = fo ~ KT(Na®v? 0)a” #%6?" ~ kToa 2o?®  (7)
the crystal surface.

Since theypeo is different from theypa based on the  Note that this scaling relation can only be applicable in the
experimental data shown in Figures 7 and 8, we also need tohighly stretched brush regime. The left side of eq 7 can be
normalize these two sets of data for PB®S and PLLAb- obtained in our experimental dalf&S, sinceyps= I'"Sypgo (OF
PS copolymers. Furthermore, we assume that the additionalyy, »). In the right side of this equation, the parameteend
surface free energy caused by the repulsion of the PS tetheredh are constants, th& = Ty, ando and & can be calculated.
chains is independent of the type of crystal substrates (PEO orUsing a new variables = T 5023, eq 7 can be rearranged to be
PLLA,) for both series of copolymers. The normalization factor g linear relationship betwedPS andx. By definition, in the
can thus be estimated to be about 0.8 forlthevalues obtained highly stretched brush regime of the experimental tethered
in the series of PLLAB-PS diblock copolymers compared with  chains, the plot of the™™S and x should fit into a linear
those obtained in the series of PEXRS copolymers. relationship with a nonzero slope and a zero intercept.

Figure 9 shows a plot between the normaliz88vs & values Figure 10 shows the linear relationship betweenItfeand
obtained from the single crystals grown in amyl acetate for both x (the dashed line) and the experimental data for both series of
series of PE-PS and PLLAb-PS copolymers. When the PEOb-PS and PLLAB-PS copolymers crystallized in amyl
increases from 0 to 3.7, tH&"Svalues keep to zero, indicating  acetate. In the regime where thealues are low, thEPSkeeps
that the PS tethered chains are in the noninteraction regime.near 0, corresponding to the noninteraction regime; asxthe
Note that thes = 1 represents the case where the neighboring values increase, the”Svalue increases almost vertically it

PS tethered chains start to touch each other. Whendl < = 3.7 (equivalent tox = 220). This is the onset of the tethered
3.7, more than one PS tethered chain is in the covered area ofthain overcrowding, which can be described as a hard-sphere-
7RZ, but no repulsion is generated. &t = 3.7, thel"Svalues like interaction. It is evident in Figure 10 that when thealue

jump to 1.8, revealing that the tethered PS chains atdhis is below 3.7, the scaling laws’ prediction overestimates theEB‘?/
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Hard-sphere-like model: for a real hard-sphere system, whe@r,

free energyG = 0; whend < 2r, G — . There is a sharp transition

of free energy atl = 2r (or & ~ 1). For our systems, the transition is
also sharp, which is similar to the hard-sphere model. However, the
polymer coils are not uncompressable hard spheres; they can penetrate
into each other. At some point, therefore, the energy will not continue
the sharp increase towasd but rather slow down. After this “yield”

point of the chains, when they start to overcrowd each other, the hard-
sphere model is void.
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