PeanbHble uenu

YyeT obbemMHoro achdekra (paamepHocTb — d)

BepoaTHOCTbL MOHOMEpPa B3aMOL4EWUCTBOBATL C yaaneHHbIM

O6beM MoHoMepa - bY, 3anonHeHHbI 06bem knybka — RY,
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ObLee uncno KoHTakToB - Ngp* ~ N2 >> 1



B3anmopgencrteme gByx MOHOMEPOB B pacTBope aTepmMarnbHbIn
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BepoaTHOCTL ABYX MOHOMEPOB
ObITb Ha r B pacTBope npu 1
Temnepatype T exp(-U(r)/kT)

0 1 2 3 4
I

dyHKkuna Mainepa pasHocTb Mexay bonbumaHom (r) 1 BeposaTHOCTLIO Ha B6eck. PaccTos
f(r) = exp(-U(r)/kT) - 1

The excluded volume v is defined as minus the integral of the Mayer
f-function over the whole space.

f §— / f(T)d*r = / (1 —exp[-U(r) / (ET)]) d*r (3.7)




Figure 3.5: a) Chain with symmetric monomers. b) Chain with strongly
asymmetric cylindrical Kuhn segments of length b and diameter d.
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Using the renormalization of N = nd/b and the spherical results v, =~ d* and
w, =~ d", the cylindrical Kuhn monomer has

)2 b\~ 210

Ve 5 Uy (?) = v, (3) ~ bd (3.10)
3 b\’ 3 5 9 41

w, =2 1w, (T) =~ w, (E) ~bd (3.11)

as coefficients in Eq. 3.8. The excluded volume of strongly asymmetric ob-
jects (long rods) v, & b*d is much larger than their occupied volume v, = bd-,
since b >> d. The ratio of excluded volume and occupied volume is the
aspect ratio v, /v, = b/d. If the aspect ratio of the rod polymer is large
enough, excluded volume creates nematic liquid crystalline ordering in solu-
tions of rods, originally derived by Onsager. Once the excluded volumes of

v~ b°d Bblcokaa T
U<v<bd

A. Athermal solvents.
B. Good solvents.

C. Theta solvents. . 4 =

~
-~

d"-

D. Poor solvents. At temperatures below f, the attractive well domi-
nates the interactions and it is more likely to find monomers close together.
In such poor solvents the excluded volume is negative signifying an effective
attraction.

—bd<v<0 (3.15)
Ethanol is a poor solvent for polystyrene.

E. Non-solvents. The limiting case of the poor solvent is called non-

solvent.

MoHoMep-p-Nb NPUTSKEHNE  CUNbHEN, YEM MOH SMOH.
v > b?d © cTpemuTcs K atepmanbHOMY npu Bbic.T



Teopus dnopu ans xop. pacTBOPUTENS
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R swollen linear polymer. For the ideal linear chain the exponent v = 1/2.
SHTDOI'IVIH F..= kT N2 In the language of fractal objects, the fractal dimension of an ideal polymer
= is D = 1/v = 2, while for a swollen chain it is lower D = 1/v = 5/3.
— Rz More sophisticated theories lead to a more accurate estimate of the scaling
F=F ,+F  =~kT (i!_.J 0 exponent of the swollen linear chain in 3—dimensions.
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Foo ~ N1/2 for — N1/2 < 1 Figure 3.6: Molar mass dependence of the radius of gyration from light
bN1/2 ~ b:-@.* 4 scattering in dilute solutions for polystyrenes in a f#—solvent (cyclohexane
at # = 34.5 °C, circles) and in a good solvent (benzene at 25 °C, squares).

Data are compiled in L. J. Fetters, et al., J. Phys. Chem. Ref. Data 23, 619
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U (r)
kT

f(r) =exp [— ] —1=—-1 forr <bwhereU (r) >> kT (3.91)

The second part is for monomer separations larger than their size (r > b),
where the magnitude of the interaction potential is small compared to the
thermal energy. In this regime, the exponential can be expanded and the
Mayer f-function is approximated by the ratio of the interaction energy and
the thermal energy.

U(r)] L U

T for r > b where |U(r)| < kT (3.92)

f(r)=exp ’—
The excluded volume v can be estimated using Eq. 3.7 with these two parts
of the Mayer f-function.

-~ , i) " 4 &C: &
v = —arx [ f(r)rdr ~dn / rdr+ o= [ U(r)rdr

g\ .
== 1 e
(1-7)

A [~
0 ~ —m[ Ul(r)r<dr



The end-to-end distances of the chains in the unperturbed state (with no
applied external force) are given by Eqs. 2.7 and 3.20 with v = b".

Ry~ bN'?  ideal (3.25)

Ry =~ bN*® real (3.26)

Since both ideal and real chains are self-similar fractals, the same scaling
applies to subsections of the chains of size r containing n monomers.

r~ bn'” ideal (3.27)

real (3.28)

r = bn

Note that there are fewer monomers within the same distance r in the real
chain case compared with the ideal chain because the real chain is swollen.

Figure 3.8: Maxwell demons stretching ideal and real chains of the same
contour length with the same force f.
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Figure 2.13: An elongated chain is only stretched on its largest length scales.
Inside the tension blob, the conformation of the chain is essentially unper-
turbed by the stretch.
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Figure 3.15: End-to-end distance of dilute polymers in various types of sol-
vents, sketched on logarithmic scales. In a #—solvent the thermal blob size is
infinite. For athermal solvent and nonsolvent the thermal blob is the size of
a single monomer. Good and poor solvents have intermediate thermal blob
size (shown here for the specific example of equivalent thermal blobs in good
and poor solvent).



2. Pnznueckue
COCTOSIHUA W

CTPYKTYpa
NnonumMmepoBs.




da3oBble, arperatHbleé COCTOSIHUSA NOJIMMEPOB
ArperaTtHoe COCTOSiHME ONnpeaensaeTcsa XxapakTepoM ABMXKEHUS MOSEKyn B Tenax.
CyLecTBYOT TPU arperaTHbIX COCTOAHUS:

1 — 2a3oo0bpas3Hoe (konebaTenbHoe, BpallaTenbHO-NOCTyNaTenbHoe ABMXeHNE
yacTtuy);

2 — udkoe (noctynaTenbHoe ABMXEHNE NPOUCXOANT PeXe, TaK Kak ynakoBka bonee
NNoTHas, YeM B rasax; konebarenbHoe ABMKEHMNE, NEPECKOK U3 OJJHOrO COCTOSIHUS B
Apyroe, B 3TO BPEMS BO3MOXXHO BpalllaTeENbHOE 1 NOCTynaTenbHOe ABWXEHNE);

3- meepdoe.

B TepmoanHammke noHsaTHe ghasa - 3To PuU3ndeckn ogHopoaHas YacTb CUCTEMBI,
OTAESIeHHas OT OPYrux ee vyacTten rpaHmuamMmn pasgerna n otnnyaroLwascs oT HUX
COCTaBOM U TEPMOAUHAMMNYECKUMU CBOUCTBAMMN, HE3ABUCALLMMU OT €€ MacChl.

Tpu dba3oBbIX COCTOAHUA C TOYKU 3PEHNSA TEPMOANHAMMUKN:
razoobpasHoe — B ra3oobpasHoM arperaTHOM COCTOSIHUM.
Xunakoe.

Kpuctannudeckoe (Teepaoe).

Xunagkne dasbl He UMEKT CTPYKTYPbIl, HO C TOYKM 3PEHUSA arperaTHOro COCTOSIHUS
Xnakune dasbl MOryT ObiTb TBEPALIMU, HANPUMEP, CTEKIO.

Cmekrio - xuakoe ha3oBoe COCTOAHNE, arperaTHOe COCTOsIHUE - TBEPAOE C TOYKU
3PEHUS CTPYKTYPbI TENO MOXET ObITh YNOPSA0YEHHbIM (AanbHUIA KPUCTaNIMYECKUiA
NOpPsiAOK), KOTOPOE NEerko onpeaensaeTcsa pasHbIMM MeTogaMn. ATo KpUcTannmyeckme
BeLLleCcTBa.

B cTeknax ganbHUM NOPALOK OTCYTCTBYET, €CTb TOSMbKO BIIVMXKHUW NOPSOO0K —
ynopsgodeHue Mmornekys. Takue BellecTBa HasbliBalOTCA aMOPHbIMN.

[Monnmepbl MOryT HaXoOUTbLCA B TBEPAOM M XXUOKOM CTEKNooOpa3HOM cocTosiHun. B
ra3o00pa3HOM COCTOSAHUWN HEeNb3s NONMYYMTb NONMMEPI, Tak Kak Monekyna bonbLias
N TemnepaTtypa ucnapeHunst CUNbHO OTNNYaeTCs OT TeMNepPaTypbl Pa3roXeHus.




dPa30BbIN COCTaB NOSINMEpPOB

e OaHoda3HbIe (NMONHOCTbIO
aMoOpdHble, cTaTUCTUYECKMe
COMNOSIMMEPLI, COBMECTUMbIE CMECH,
N30TPOIMHbIE pacnsiaBbl)

* [eTepoda3Hble (4acTUYHO-
KpuUctannmyeckue, brnoyHole,
NPUBUTLIE, XXNOKOKPUCTANIIMYECKNE,
HEeCOBMECTUMble CMEeCU, HanomnHeHHbIE
KOMMNO3UThI)



Pa3oBoe COCTOAHME MOJSIMMEpPOB

 Kpuctannu4yeckoe
o XuakoKkpucrtannmyeckoe
* AMOp(oHOE

 130TPONHLIN pacnnas
(pacTBOp)



Cneuundmnyeckne cocTosiHUSA NONIMMEPOB.

XKuokoe ssiskomeKydee cocmosiHue — BA3KOCTU OrPOMHbI, HAMHOTO
NOPSOKOB Bbllle BA3KOCTU HU3KOMONEKYIAPHbIX BELLECTB.

)KU()KOK,OUCmaﬂﬂU‘-IeCKOe COCMOAHUe, xapaKTepM3y+ou.|,eeC$| TEM,
4TO B O4HOM U3 Hal'lpaBJ'IeHMI/I COXPaHAKTCA CBOWUCTBa
KpnucrtasjuindieCkmx sewecTB, a B rneprieHankynapHom K 3SToOmMy
HanpaBleHNO yXXe HET OaJibHEro nopsdaka, pearim3dyetcqa Xmngkoe
COCTOAHUE.

BbICOKO3acTn4yeckoe cCocTtossHue

Bbicokoanacmu4yeckoe cocmosiHUe - 3TO CNOCOOHOCTbL K DonbLIMM
YyNpyrum, TO €CTb MOSTHOCTLIO 0OpaTUMBIM AedopMaLmaMm.

OCHOBHblE ycJjioBUA €ro BOSHMKHOBEHUA.

Hanunumne gnmHHbIX NOJIMMEPHbIX LEernen B Martepuare.
MOJ'IeKyJ'IFIpHaFI MacCCa — OECATKN COTEH TbICAY, MUJTJTIMOHOB.

Llenn gomkHbl ObITb JOCTAaTOMHO MMOKMMK. Bce Kayyykn oTBeyaroT
aTnuM TpeboBaHuam. N3 npu t > tnn — cywecTeyeT B
Kay4yKkonogobHOM COCTOSAHMN.

Llenn gomkHbl 06pa3oBbIBaTL MOMEKYNAPHYIO CETKY (Hanndne
XUMUYECKUX CLUMBOK). Ecnu knyOKkn He clunTble, TO npousonaeT
HeobpaTumas gedopmaumsa. XMMNUYeckne CLLUMBKU NMPEensaTCTBYIOT
BO3HMKHOBEHMIO HeOOpaTUMbIX AedopMaLuii.



MeCTa CIJHBOK

PesuHa — BYIKaHM30BaHHBIH,  CINHTBIA

Kayuyk. CIIMBKa

OpIBacT cepHad H

pPagrallHOHHAaA. CTeneHb CIMMBaHUSI 3aBHCHT
oT (I)YHKHHOHEUIBHOCTH CIMHBAIOIICT O aIrcHTA.

IIpupoaa BbicokorIacTu4eckoi (BJ) nedopmammn.

Hpusnaxu BD cocmoanus, evtoenerue ezo.

[TpoBomnOKa TIpH TTOBBITIIEHHH [Tpw TTOBBITIIEHHH TEMITEPAT YPHI
TeMITEPATYPHl PACIIIHPAETCS, TPY3 OMYCKAeTCs pesHHKa OyIeT COKpaInaThes, U Ipy3 OYAeT He
(ympyrocts sHepruueckas). COmpoTHBIEHHE OIYCKAThCA,  TIOAHUMAThCA - SHTPOIHITHAA
OUEeHb GOTBINOE, CHITHI JOTKHBI OBITH YIIPYTOCTh, CBSI3aHHAA ¢ KOH(POPMAIHOHHOMH
GombIme. DTO SHepreTHyeckas AedopMarus. YIIPYTOCTHIO KITYOKOB, K KOTOPBHIM

MIPUIIOZKEHA CHITa. BHYTpEeHHI SHEPrUA He
H3MEHIETCA.
LLLLLL LS
P P

[ToBeneHme rasa AaHAJIOTHYHO, T.K. IIPH CEKaTHH YIIPYTOCTh BOSHHKACT 3a CUCT H3SMCHCHH A

IBHKSHHA YaCTHII.
PaccMOTpM Ha TIpHMEpe OJMHOYHOM I[elTH:

W(r)= (% nZ1? )% exp(_ 3r%212 )

Jnsa cBoGOMHO-COUIIEHHOMH TIEMH: | — HHA CerMeHTa, 7, — HX YHCTIO.

Figure 6.4: Weak physical bonds: (a) hydrogen bonds; (b) block copoly
micelles; (¢) ionic associations.
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TepmMmogonHamMunka anacToMepos
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The First Law of Thermodynamics states that the change in inte

of a system, such as a polymeric network, is the sum of all the energy cnanges:
heat added to the system TdS, work done to change the network volume
—pdV" and work done upon network deformation fd[L.

dU = TdS — pdV + fdL (7.1)

CBobogHas aHeprus F=U-TS

dFF = dU —d(TS)=dU —TdS — SdT
= —8dT — pdV + fdL
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PaccMoTpyuM, xak Oy/ieT M3MEHATLCA 3TO pacipe/ie/ieHue, eciu OyaeM pas/iesiiarh, YIAIATh
APYT OT APYTa KOHIIBI IIeTIed 1O/ IEHCTBUEM CHJIBI:

S(r) =k- an(r) = const —3kr*/2Z1°,
rje S — SHTPOIHUA 1EIH:
U=0 — sHeprus mpu AeGopMaliii He H3MEHSIETCA.
CpoGoHasI DHEPTUA:

F=U-TAS, 1. x. U=0, 10
F=-TAS
F = const +3kTr 2/271*

Cuna — BCKTOpHAaA BCJIMYHHA, HAIIPABJICHHAA B HAIIPABJICHHH ,[[CﬁCTBH?I.

p 3kT
= oF(r)/or =
f=0)or="5-1,

3kT
rje o Ha3bIBACTCA MOYJIEM 1IeIIH

F npsimo nponopiinonaibho Terwiopoit sHeprun (kT) n obpaTHO MPONOPIMOHATLHO YHCTY
CErMEHTOB B LIelIH, U CMEIIEHHIO KOHIIOB 1IeIH OT MOJIOXKEHHA PABHOBECHA.



[lpeoenbHbIN criyvyaun

PyHKUMA JlaHxeBeHa

OF ) fb 1
(R) = _ﬁ = bN |[coth (ﬁ) o ;

For small relative elongations ({R) << R... = bN) the dependence is

sproximately linear

L(B) = % for 3 << 1 (2.114)

1d follows Hooke's Law derived above (Eq. 2.96) (R) /bN = fb/(3kT).

Figure 2.14: a) Freely jointed chain elongated by a pair of forces applied to
its ends. b) Spherical coordinate system for orientation of a bond.

Different conformations in the freely jointed chain model correspond to

different sets of orientations of bond vectors 7, in space (see Fig. 2.14a).
- _—

F-R =—fR

- o) ()

A Z exp

stoales

_— T

extensional force f == ET/b the Langevin function has another simple limit.

LB =1- L] for >>1 (2.115)

- /: 2w sinf; exp (% cos 9,.) d9,.] '
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Figure 2.15: Average end-to-end distance as a function of stretching fi
for a Gaussian chain (Eq. 2.95 - thin line), a freely jointed chain (Lange
function Eq. 2.112 - dashed line), and a worm-like chain (Eq. 2.119 - tl
line).

where R,,,. = Nb. The extensional force of the equivalent freely-jointed
chain diverges reciprocally proportional to R, — (R).
fb Revax . (R ;
— = for - ——<<1 2.116
kT R:rm.\ . <R) o R:nim ( )

In the case of the worm-like chain model (Section 2.3.2) the extensional
force diverges reciprocally proportional to the square of R, — (R).

fb ] 1 R:rm,\; . (R) . _
k B 2 (R:rm.\ = (R)) fOI' 1- R:nu.v. <<1 (lefJ

Hookean springs.

—— - At small relative extensions ({f) << H,,,.) worm-like chains behave as
b _3(R
,{—T = # for (R) << Ruux (2.118)

“IIELX

There is no simple analytical solution for the worm-like chain model at all
extensions, but there is an approximate expression valid both for small and
for large relative extensions.

fb

112

2(R) , 1{ Ruux \° 1 PN
===l = 2.119
kT R:n;m ) 2 (Rnilx o (R)) 2 ( ]

& 8 B

extension (1m)
5]

force (pN)

Figure 2.16: Comparison of experimental force for 97 kilobase A—DN.
dimers with the worm-like chain model (solid curve is Eq. 2.119 wit
R = 33 pm and b = 100 nm). The dotted curve corresponds to nor
Gaussian stretching of the freely jointed chain model (Eq. 2.112). Dat ar
from R. H. Austin, et al., Phys. Today, Feb. 1997, p. 32.
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Figure 7.2: Affine deformation requires each network strand to adopt the
relative deformation of the macroscopic network.
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of a single effective chain of K monomers. For the particular case of the
center monomer of an ideal chain with 2N monomers, the effective chain has
K = N/2 monomers. Hence the constraining effect of the two strands of N
monomers is identical to the constraining effect of a single effective chain of
K = N/2 monomers. More generally, if there are f chains of N monomers

P 2 s
*"j C connected to a given monomer (such as in the case of the branch point of an
J7 f—arm star polymer) the fluctuations of this branch point are the same as

the fluctuations of an effective chain of K = N/ f monomers.

b f N
f—1

J.I\:r] =

Figure 7.4: (a) In the affine network model, the ends of each network strand K =N N, =N
are pinned to an elastic background. (b) In the phantom network model, the =N+ = +
ends of network strands are joined at crosslink junctions that can fluctuate.

Figure 7.5: Recurrence relation diagrams for the effective chains of phantom
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Figure 7.7: Defects in a randomly crosslinked network are dangling ends
and loops, denoted by thin lines. Circles are crosslink junctions and arrows
denote attachments to the macroscopic network.
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effective strands v and the number density of elastically effective crosslinks
. For a perfect network without defects, the phantom network modulus is
proportional to the difference of the number densities of network strands v
and crosslinks g = 2v/ f, since there are f/2 network strands per crosslink.

G =kT(v— pu) (7.42)



Figure 7.8: Engineering stress in tension for a crosslinked rubber
L. R. G. Treloar, The Physics of Rubber Elasticity, Third Edition,
Press, 1975). The solid curve is the classical form (Eq. 7.33) fit t
deformation data.

ausslan statstics of strongly detormed chams. Hecall that the aussian
approximation for a freely jointed chain model is valid for end-to-end dis-
tances much shorter than that for a fully stretched state R << R.... = bN.
In Section 2.6.2 the Langevin functional dependence of normalized end-to-
end distance R/Nb on the normalized force fb/(kT) for a freely jointed chain
(Eq. 2.112) was derived.

R b b\ kT
m =il (ﬁ) = coth (ﬁ) = F (7.44)
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Figure 7.10: A chain or network strand (thick curve) is topologically con-
strained to a tube-like region by surrounding chains. The primitive path is
shown as the dashed curve. The roughly quadratic potential defining the
tube is also sketched.
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crosslinks (G = G, for M, < M,) and by entanglements for high molar
mass strands between crosslinks (G = G, for M, > M,). The modulus be-
comes nearlv independent of the molar mass of the network strands between
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Figure 7.13: Mooney-Rivlin plots for uniaxial tension data on three networks
prepared from radiation-crosslinking a linear polybutadiene melt with M, =
344,000 g/mole, with four different doses, making four different crosslink
densities. The lines are fits of Eq. 7.58 to each data set. Data of L. M.
Dossin and W. W. Graessley, Macromolecules 12, 123 (1979).

For classical models, the Mooney-Rivlin coefficients are 2C; = G and C; = 0.
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YHpyrocTs 3acToMepa SIBIISIETCS] SHTPOITHHHOM.
Crnenyet ydecTh BKJIa/] BHYTPEHHEH SHEPTUH NIPHU AePOpPMAIIHIH.
[IpumeM creayromuye moI0KeHUS:
1- PacTspkenue k1yOKa MOKET UATH TaK, 9TO BCE TOM-KOH(OPMAITUU TIEPEXO/IAT B TPAHC-
KOH(pOPMAITIH, a 3TO 3HAYUT, YTO U3MEHsIeTCs KOH(OPMAIIMOHHAS] SHEPTHsL, IOMHMO SHTPOIIHIMA-
HoH (mKkoJsia Bosbkenmiterina B JIeHuHTpajie).
)- OaHaKo MpaKTHKa MOKA3bIBAaeT, UTO IpH JiepopMaliuu BCce-TakKu MPOUCXOAUT HeOONbINOE M3Me-
HeHue konddunmenta [Iyaccona, oHo paBHo B kayuykax He 0,5, a 0,4998.
}- Pacrnpenesnenne Mexk/ 1y KOHIIAMH IEIIEH - TayCCORBO.
B sToM ciydae nostydaeM BbIpaKeHHE I YIPYTOW CHJIbI BUA!
P KT IO, Vel ¢ |i-v L
L )N Ve V, A2
I/le OTHOIICHHE <I>/<r("> Ha3bIBaeTCS BPOHT ParTopoM ((DpOHT-DAKTOP CITYKUT /UL OLICHKH CIIO-
COOHOCTH MOJIEKYJISIPHOTO KJIyOKa HaKaIlUTUBATh BHYTPEHHIOK YHEPTHUIO NIPHU Ae(pOpMaIIHH ),
<r*> - cpe/iHee KBAPATHIHOE PACCTOSIHHE MEX/TY KOHIIAME LETIH B CeTKe (KOHICHCHPOBAH-
HOE COCTOSIHHE);

2 v
<Iy ~ - CpCAHCC KBAAPATHIHOC PACCTOAHUC MCKAY KOHIAMH HCIIA H30JIHPOBAHHOH MOJICKYJIbI
B HCCHIUTOM IIOJIHMCPC.

2



Brergenum Bk kKOHGOPMAITMOHHON SHEPTUH U KOHGOPMAITMOHHON SHTPOTINH:
2
W, =0.5C, L° +2/h —3) — Mmexanndeckasd paboTa IpH pacTsHKEHUH IIpu V = const

2
Qpy = T(AS),, = 2C {1 T dln(ff’ >J( > 42/ —3)

W3meHeHnA BHYTPEHHEN SHEPT YN
C dln(r?)
AU)py == T—=5 W*+2/A-3

Kondopmanmonnasa »Heprud (TOMBKO M3MEHEHHWE SHEPrUU IIPU Mepexojie W3 TOIl- B TpaHC-

KOH(MOPMAIIHIO):
2
e, j 14T dIn(r;)
[/W . dr

SHTpOHHi/JIHaﬂ COCTaBJAXOIIaA pa6OTBI — JAOJIA pa6OTbI, KOTOpadad TpaTHUTCA Ha HM3MCHCHHUC
KOH(l)OpM&HHOHHOfI SHTPOITUHN.
(d[y ) dln(?”o >
w

DHepreTudeckad COCTABILAIONAs paboTHl — JONA pa6OTI:I, KOTOpas TpaTUTCA Ha U3MEHEHUE
KOHGPOPMAITMOHHON SHEPTUN.

d 1r1<r02 >

MoHO OmpeNenuTh BeNMUINHY (U3sMeHeHne pasMepoB KIIyOka MpH HU3MEHEHUU

TeMIIEPaTypPhl), XapaKTepU3YIOMYIO pealbHOe IOIUMEpPHOE Telo, B OTJIHYNE OT €IUHUYHOM
Makpomonekynbl (Oonee mogapodHO 3T0 ommcano B kHure FO.K. T'omorckoro “Termodusuka
TTOJTUMEPOB”).






