PacTtBopbl nonMmepos

* Pa3amepbl MakpoMoneKkysi CoM3MmepmMbl C pasMepamm KOSonaHbIX YacTul, NO3ToMy
NpoABNAT pAa 3eKTOB XxapakTepHbIX AN HUX, TuHgangd, 3amenneHHas ondgysmns u
ap.). OgHako sBAATCA MOMEKYNAPHO-ANCIEPCHBIMU CUCTEMAMMN U YOOBIIETBOPSAIOT
OCHOBHbIM KpUTEPUAM UCTUHHbBIX PACTBOPOB:

* 1. camMonpon3BosibHOCTb 06pa3oBaHUs

e 2. TepMoguHamMmmyeckasi yCTOM4YMBOCTb, 0OpaTUMOCTb, PaBHOBECHOCTb
* 3. 04HOda3HOCTb, FOMOreHHOCTb

* 4. MNOCTOSAHCTBO KOHLEHTPaLUK

OcobeHHOCTb Npouecca pacTBOPEHNSA NONIMMEPOB - CTaans HabyxaHus.

HabyxaHue — nornoweHne HU3KOMOSEKYNAPHbIX XNOKOCTEN (NapoB), CONPOBOXAatoLLeecs
yBenuyeHnem obbema 1 n3ameHeHneM KoHpopmaLumu.

PaCTBOp HI/I3KOMOJ'IeKyﬂ$'-IpHOIZ XNOKOCTU B NOJNTMMepe.

KoadpdnuneHTbl A dysnm He BESNNKU, CMELLIEHMNE NPOLIECC MeAEHHbIN, PUKCUPYIOT
NPOMEXYTOYHble CTaauun. N3-3a nameHeHns opmMbl MakpOMOIeKy bl paCTBOPUTESTb He
TOMNbKO 3anosTHAET NyCTOTbI( KanunnapHasa KOHAEeHcauma B TB.T.), HO 1 yBenninsaeT
pasmepbl KIybKoB U paCcCTOAHUS MeX4y HAMU, He HapyLUasa CnioLWHOCTMW.

HeorpaHnyeHHoe HabyxaHne caMonpon3BoSibHO NepPEXOaNT B paCTBOPEHME.
OrpaHn4yeHHoe HabyxaHne camonpoun3BoNbLHO ocTaHaBnNueaeTcs. (JInHenHble, ceTyaThle)
« [ns nepBblx n3ameHeHnem ycrnosuu (T, C) MOXXHO nNepeBecTn B HEOrpaHUYEHHOE



dakTopbl, onpeaensioLMe pacTBOPEHNE N HabyxaHne

1. Xumnyeckasi npmpoaa rnosimmepa n pacBTopuTens
2. MM

3. ['nbkocTb Lenu

4. ®a30B0OE COCTOAHME

5. ycToTa ceTku

6. Temneparypa

[Tpnpoaa nonumepa n pacteoputens («nogobHoe B

nogobHom» [NapameTp pacTBOPMMOCTU (MNOTHOCTb
9Heprumn Koreamnm S = VAE®/v,

roe AE® — sHeprusa ncnapeHns Morns, v — MOSibHbIM 00beMm



[TpaBunio pas [mbbca

[MpaBunno gas 3anmcblBaeTcs cneayroLwmm odbpasom:

do+ c =k + nrge d — 4yncno gas (Hanpmmep, arperaTHoe COCTOAHUE),
C — 4ucno creneHen csoboabl, k — KOMMOHEHTLI CUCTEMbI (MPUMEPHI:
H,O, CO,), n — 4MCno napameTpoB, onpeensoLinx paBHOBECHOE
COCTOSIHME CUCTEMBI

[Mpn nepemeHHOM AaBneHun (T. €. Ans XXUAKOCTEN 1 rasos, T. K.
N3MEeHEeHWe AaBleHnsa Ha COCTOSAAHME TBEPOOro Terna npakTU4eCcKkn He
BNUSIET) NpaBuIio a3 CBOAUTCS K BbIPaXXEHMIO:

s +c=k+2.
B cnyyae ogHOKOMMOHEHTHOM CUCTEMbI OHO YNpOoLLaeTcs Ao:

d + € = 3, YTO 3HAYUT, YTO B OJHOKOMMOHEHTHON CUCTEME NPU
3aJaHHOM JaBreHun n Temriepatype MoryT COCyLEeCTBOBaTL TP
doasbl. Ha dpasoBon anarpamme 310 COOTBETCTBYET TPOMHOW TOYKE.

[Mpn n3ameHeHun NMbo gasneHust, NIMH6o TemnepaTypbl MOryT
COoCyLlecTBOBaThL ABe dpasbl N BTOpada nepemMeHHasa 3aBucnuma, Yto
COOTBETCTBYET NHUN. ECcnun dpasa ogHa, TO YMCIOo cTeneHen
CUCTEMbI paBHO OBYM, 1 TeMnepaTtypa 1 gaBrneHne MorytT MEHATLCS
00 TeX nop, Noka cuctema He OKaXXeTca Ha O4HOU U3
orpaHn4MBaroLLMX 0bnacTb IMHUA.




[TpaBunno gpas [mbbca

« @+ C=K+1anaKoOHOeHCMPOBAHHbIX

® — yucno das, K- yuncno komnoHeHTOB, C —4ncno creneHemn ceobdbobl,
4YMCNO NEPEMEHHbIX, KOTOPbIE MOXHO U3MEHATb MPOU3BOSIbHO, HE MEHSAS
4yncro gas.

K =1, ®=1, C=1;
K=1,®=2,C=0
K=2,®=1, C=2; Temnepartypa 1 KOHLEHTPaL M OQHOro N3 KOMMNOHEHT

K=2, ® =2, C=1; nameHeHue temnepartypbl Bbi3biIBa€T U3IMEHEHNE
KOHUEHTpaLum obomx KOMNOHEHTOB

Bblpa>KeHI/IeM noagvYnHEHNA CMCTEMbI NMpaBusly (*)83 ABINAETCA AnarpamMmma
COCTOAHUA, Cba3OBaFI anarpamMmma.

KpvBasi pacTBOPUMOCTM B KOOpAMHATaX TemnepaTypa — CocTan

BoiBoa: C=®(K-1)+2-K(P-1)



TepmMmoagnHamunka cmelleHns

« OHTpPONUS ,
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where N 4 and Ny are the numbers of lattice sites occupied by each respect:
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CymmapHoe N3MEHEHUNE SHTPOMNN NPU CMELLUEHNIN

AS,ic = A5y +npASy = —k(nylng, + nglngy)
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Figure 4.2: Binary mixtures of (a) a regular solution of 50 white balls and
50 black balls, (b) a polymer solution of 5 black ten-ball chains and (¢) a

polymer blend of 5 white ten-ball chains and 5 black ten-ball chains.

Mixture ASice %
50 black balls and 50 white balls 0.69

5 ten-ball black chains and 50 white balls 0.38

5 ten-ball black chains and 5 ten-ball white chains | 0.069

Table 4.2 The mixing entropy per site for the three situations depicted in
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Figure 4.3: The mixing free energy of an ideal mixture is always favorabl
and all compositions are stable. The bottom curve is a regular solution wit
N, = Ny = 1. The middle curve is a polymer solution with N, = 10 an
Ny = 1. The top curve is a polymer blend with N, = N = 10.



IHeprna cmelleHuns. drnopu-XarrmHe

OHeprusi B3anmMoaencTBus
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IHeprna cmelleHuns. drnopu-XarrmHe

AU =

I

[MapameTp B3anmMoagencTaus

CB. aHeprusa cMmeLleHus

AF,.;. =

Flory-Huggins
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equation for polymer solutions.

J.;\;r
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[Mpun NpUTSKEHUU X < 0, Yawe X > 0
NOMOXUTENbHbLIN



[TapameTtp ®ropu-XarrmHca

[TapameTp pacTBOPUMOCTH
XunbaedbpaH
Aeodpanaa R
ONCIMNEePCNOHHbIE CUTTbI [ £ ' A
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NIOTHOCTb KOre3MOHHOW

PP AB,
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v, 1s the volume per site.
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N3-3a nameHeHnsa oobema nosasnaeTcs
TemnepaTypHo He3aBUCUMasi KOHCTaHTa A

x(7T)

(3HTP.)

B

= A+ —

T

Polymer Blend A B (K) | T range (°C)
dPS/PS -0.00017 | 0.117 150-220
dPS/PMMA 0.0174 2.39 120-180
PS /dPMMA 0.0180 1.96 170-210
PS/PMMA (0.0129 1.96 100-200
dPS/dPMMA 0.0154 1.96 130-210
PVME/PS 0.103 -43.0 60-150
dPS/PPO 0.059 -32.5 180-330
dPS/TMPC 0.157 -81.3 190-250
PEO/dPMMA -0.0021 S0-160
PP /hhPP -0.00364 1.54 30-130
PIB/dhhPP 0.0180 -7.74 30-170

rstyrene; PS

sl IR

poly(ethylene oxide); PP

'
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Table 4.3 Temperature dependence of the Flory interaction parame-
of polymer blends (Eq. 4.31) with v, = 100 A*. dPS
polystyrene; PMMA — polymethylmethacryvlate; dPMMA
mterated polymethylmethacrylate; PVME — polyvinylmethylether; PPO
)y (2.6-dimethyl 1,4-phenylene oxide); TMPC — tetramethylpolycarbon-
polypropylene; hhPP
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PaccmoTpuM, Kak M3Me HAETC ST SHTPOIIHS B XO[€ TpoIlecca:
Bompmmuacteo HMC ¥  monuMmepoB, Yy KOTOPBIX HET CIEIMAJbHBIX B3aMMOJECHCTBUM,
pacTBOPSIIOTCA ¢ TIoryolne HueM teruia, T.e. AH>=0. 3nauenue AH Hebonbimoe, TAS — Toxke HEGONBITIOE.

Jlma onpenene nua AH cyIecTByeT oA X0, OCHOBAaHHBINA Ha IapaMeTpax pacTBOPUMOCTH - O.

5=54.

8 — MIOTHOCTh AHEPrUM KOre3UK. BennmunHa XapakTepu3yeT CTENEeHb B3aUMO e CTB U MOTIEKY.
Y C¢TaHOBJE HO, UTO

2
AH = (81 _82) '¢1¢2 s

npu 61 =& AH =0.

Ecrpy Tabnuiie! 3aauennii 8. AH Bcerga nmonoxkurenpbHo 1 AG < 0.

YTOOH pacTBOPWIOCH O HO B IPYTOM HY3KHO, UTOOBI 81 U &2 OBLIINA OIM3KHA.
MoK HO paccuuTars:

6" = (a%V)T = a%’

o — KO3 PUITMEHT 06 BEMHOTO pacIIUpeHIU,
B — xoahduie HT 06BLEMHOTO CHKATHSL.

[Tommmep 81 (kam/en)?
I16 8
IICT 9,2
15 7.2
I[TJIMC 7,5
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Figure 4.5: Composition dependence of free energy, with examples of systems -
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das3o0Bble gnarpamMmmbl

Flory-Huggins equation for polymer solutions.

naeanbHas - 0 5 ga umao e o aae  n
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Figure 4.7: Composition dependence of the free energy of mixing at thre
" 1 12?:<? ) temperatures for a hypothetical blend with Ny = 200 and Nz = 100, fc
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Figure 4.8: Composition dependence of the free energy of mixing for a sym-
metric polymer blend with the product yN = 2.7 (top figure) and the corre-
sponding phase diagram (bottom figure). Binodal (solid curve) and spinodal

(dashed curve) are shown on the phase diagram.
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Figure 4.10: Temperature dependence of y for mixtures of hydrogena
polybutadiene (88% vinyl) and deuterated polybutadiene (78% vinyl) and
calculated phase diagram from Flory-Huggins theory with Ny = N = 2
and v, = 100 A®. Adapted from N. P. Balsara, Ch. 19 of Physical Proper
of Polymers Handbook (J. E. Mark, editor) AIP Press (1996)

Figure 4.11: Temperature dependence of y for mixtures of polyisobutylene
and deuterated head-to-head polypropylene and the calculated phase dia-
gram from Flory-Huggins theory with Ny = Ny = 6000 and v, = 100 A%,
Adapted from N. P. Balsara, Ch. 19 of Physical Properties of Polymers
Handbook (). E. Mark, editor) AIP Press (1996

If B > 0in Eq. 4.31, then y decreases as temperature is raised. This
situation is depicted in Fig. 4.10. The highest temperature of the two-
phase region is the upper critical solution temperature (UCST) T..
For all T' > T., the homogeneous mixtures are stable. On the other hand,
if B < 0 in Eq. 4.31, then vy decreases as temperature is lowered. The
lowest temperature of the two phase region is the lower critical solution

The free energy of mixing per site can then be rewritten for small ¢.

_ ¢:} 1 ﬁﬁ‘j / 1 Q_'.I)‘:%
AF.‘.'."J = kT Tl I ' X — - -\ 2 —
| [m ne+e ( ;\-,_g) T3 (h” X) TN, T ]
(4.61)
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Figure 1. Examples for the variation of the Flory—Huggins
interaction parameter, x (Eq. D14), with the volume fraction ¢;

of polymer for the systems benzene/polyl(isobutylene) (PIB), n-
pentane/PIB and cyclohexane/PIB at the indicated temperatures,
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fMigure 2. Examples for the variation of the Flory-Huggins
nteraction parameter, y (Eq. D14), with the volume fraction ¢;
f polymer for the systems cyclohexane/polystyrene (PS), n-
ictane/poly(dimethyl siloxane) (PDMS) and toluene/PS at the
ndicated temperatures.
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[ IpuMephI:

1. YmapoupoyH bl O CTUPOT
B IICT BBoiaT 5 — 15 % 11Ib 1 oH pacupenesieTcs
B BHJIC JUCKPETHBIX BKJIFOYCHHUIA.
IICT — matpuna, I1b — ¢aza.
OOpa3zyiomuecss Opy yjaape TpenuHbl racarcs 11b
(JIoKaJbHBIE OOpaTUMBbIE JIe(hOpMaIlim).

2. TepmonmacToniaacThl

1I1C

TepMOBHaCT OoIlJIaCTaMM ABJBIIOTCH 6J'IOKCOHOJ'II/IM€pBI, IIPUMCPOM KOTOPOI'O MOZKCT CIIYVKUTDH

onoxconommmep 1ICT + I1b

@AVAVAVAVAVAVAT

OTanyaercs HATMYMEM XMMUUYECKOHN CBs3M Ha KOHIAX. OHU TakKK€ HECOBMECTHUMBI, HO HAJIMYUE
CBSI3U CIIOCOOCTBYET 00Pa30BaHMI0 MUKPOYACTHI] — JIOMEHOB. Pa3Mephbl 4acTuil COTHU A°.
Conomumep CT-B-CT. Hons cruponbHbix 0510k0B 30%. Takue marepuanbl U Ha3bIBAKOTCS

TEPMO3JIaCTOIIACTHI (COYETAHUE CBOMCTB Kay4uyKa U IJIACTUKA).
Hwuxe T 010Kku nommcTuposia 00bEIUHEHBI B JOMEHBI.

Brllie TeMeparypel CTEKI0BAHUS - BI3KOTEKYYe€ COCTOSIHUE, HMXKE — CTEKIIO00PA3HOE.
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FIGURE 2. DIBLOCK MORPHOLOGY depends on block composition. Interfacial curvature of block copolymers can be controlled
/by adjusting the composition f or changing the molecular architecture. Shaded regions are block-segregated microdomains colored
.ccording to monomer type, with blue for type A and red for type B monomers. a: Self-assembly of symmetric (fy =/3 = 1/2)

A /B

linear AB diblocks leads to a lamellar morphology. b: Increasing the volume fraction of one block (in this case, /4 > 1/2) induces
interfacial curvature, resulting in a nonlamellar morphology, such as cylindrical or spherical. ¢: A branched A,B architecture can
result in a nonlamellar morpholog\ even in a compositionally symmetric molecule, due to asvmmetric interfacial crowding.

and elastic energies per copolymer chain of a lamellar
phase:

Fiameniar/kBT = 3(A/2)?/ (2NG?) + (y2p/kpT)Z. (1)

The first term is the stretching energy for a chain of N
total monomers to extend a half-period in the lamellar
phase. The second term describes interactions that are
confined to the narrow interfacial regions between A and
B microdomains. This interaction energy per copolymer
chain is expressed as a product of the A-B interfacial
tension, y.p, and the interfacial area per chain, X. Ac-
cording to a classical theory of polymer—polymer inter-
faces, yap = (kgT/a®Vx4p/6. Next, the area per chain can
be ehmlnated by invoking the vo]ume filling constraint,
S M2 = Na3. Insertion of these results into equation 1 and
minimization with respect to A leads to
A =1.03a YA¥N?/? and F,, ., = 1.19(x45N)1/3. This pre-

Fgisoraer’e BT = Xanfaf8N = (xapN)/4.

Equating Fi,oi0r 10 Fiicorder 1€ads to x4sN = 10.4 as the
location of the order—disorder transition (ODT). This is
remarkably close to a more accurate mean-field estimate
of 10.5 obtained by Ludwik Leibler.* Thus, symmetric
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[Khandpur et al. Macromolecules 1995] ¢da3oBeie AmarpamMbel HaHOCTPYKTYp, oOpasyromiucs B o0beMe B
pe3yibTaTe MHKpoda3zHoro pa3aeneHHs AB QHOIOK COMOTHMEPOB B 3aBUCHMOCTH OT 00BEMHOI JIOTH OJHOTO U3
KOMIIOHEHTOB H OT KOMOMHHPOBAHHOI'O IMapaMeTpa B3auMoaencTBHA ¥ N, rae y mapameTp @uopu-Xarrudaca u N
HHIEKC monmuMepu3anuu. CxXeMbl WLTIOCTPHPYIOT THOHYHBIE Mopodomoruu: S — chepb, C — rekcaroHaIbHO
yhnopsaodeHHble NHIHHAPBE, G - rHpouaHas OWKOHTHHyambHas ¢aza, L — mamemna; PL — rekcaroHaibHO
nepdopupoBanHas 1aMeiia, disordered — HeynmopsaoueHHas (dasa.
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Puc. 2. Oonactu TMOTEeHIIHAIBHBIX
HAHOTEXHOJIOTHYECKHX MpPHMEeHeHHH OJI0K
COIIOITMMEPOB: HOH-TPOBOASAIIHE MeMOpaHBI,
ONTHYECKHE MaTepHabl,
MOJYyIPOBOAHUKOBEIE MaTepHalbl, TeMILIaThI
171 MeMOpaH, 711 HeOpraHU4ecKoro CHHTe3a,
oI TUTOrpaUIecKOoro CTPYKTYpPHPOBAHHS
momnoxkek [Hu et al. Soft Matter, 2014. 10,
3867-3889.].
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FIGURE 4. ABC TRIBLOCK MORPHOLOGY is dependent on the relative magnitude of three segment-segment interaction
parameters. This point is illustrated using a compositionally symmetric (f; = f3 = fc = 1/3) model linear diblock. Microdomains
are color coded as shown by the copolymer strands. a: With the indicated relationship of x;, a lamellar morphology minimizes
both interfacial contact energy and chain stretching. b: With y,z < xsc, a core-shell cylindrical morphology reduces the BC
relative to the AB interfacial area, thereby lowering the overall free energy. c: A state of “frustration” occurs when y ¢ < x5~
Xzc- The molecular architecture requires A-B and B-C domain contacts. However, the most energetically favorable contacts are
A-C. To accommodate both factors, a new, complex morphology may result. Here a “cylinder-at-the-wall” pattern is shown to
illustrate this effect.

FIGURE 5. MORPHOLOGIES FOR LINEAR ABC triblock copolymers. A combination of block sequence (ABC, ACB, BAC),
composition and block molecular weights provides an enormous parameter space for the creation of new morphologies.

Microdomains are colored as shown by the copolymer strand at the top, with monomer types A, B and C confined to regions
colored blue, red and green, respectively. (Adapted from Zheng and Wang in ref. 13.)
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FIGURE 3. PHASE DIAGRAM for linear AB diblock copolymers, comparing theory and experiment. a: Self-consistent mean-field
theory® predicts four equilibrium morphologies: spherical (S), cylindrical (C), gyroid (G) and lamellar (L), depending on the
composition f and combination parameter yN. Here, y is the segment-segment interaction energy (proportional to the heat of
mixing A and B segments) and N is the degree of polymerization (number of monomers of all types per macromolecule). b:
Experimental phase portrait for poly(isoprene-styrene) diblock copolymers.” The resemblance to the theoretical diagram is
remarkable, though there are important differences, as discussed in the text. One difference is the observed PL phase, which is
actually metastable. Shown at the bottom of the figure is a representation of the equilibrium microdomain structures as f; is
increased for fixed yN, with type A and B monomers confined to blue and red regions, respectively.




