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' 11 OMEWI ENOTERZYMANYCH WYNI KE W

A.Wysokoci Snieni owe badani a dielektryc:
metyl os) I(®PMMSBYyuU cel u identyfi kacj. dodat
rel aksacyjnych
W artAkvukel u zbadania dynami ki mol ekul arn

polisiloksan-w wybrano poli (merkaptopropyl o

kaUdego monomeru w szkielecie ma przgH,Nczon

kt -ra wpgywdi nanakdotzNsteczki do tworzeni a
Wykorzystany w badani ach homopol i mer
Mh= 2400 g/ mol oraz h = 1,26, jest cieczN o

J egeompter at ur a(Tgzweysnzokslike,nli @8 ponadt oo nne red ewmyckjaiz ug
krystalizacji . Podst awowe informacje dotyczl
Rys Wybd.r tego polimeru nie byg przypadkowy,
badania dielektryczne uprawnéaskya crydleaeyaSiktdao dk:

jednoznaczne okreSlenie jegd 7ddchodzenia byg

poli(merkaptopropylometylosiloksan), PMMS

g o g
H3C—§|‘.i—0~ESi—O}S|i—CH3
CH, "CH,

SH
Ry2Struktura i nazewnictwo badanej substancji.

W pierwszej kol ejnoSci przeprowadzono b
spektroskopii dielektrycznej i@l8z&)okwmwaakmn
ci Snienia atmosferycznego (p = 0, 1RW8a). Ot r
badanej suyj baswtne beyg n o S przewodnict wa st agor
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z transportem gadunk-w oraz procesu rel akse
wi docznego przy naj wyUszych czinstotliwoSci
di el ektwsykysmmm @ obecnoSi dw-ch niezal qUych pr
(Ry s3.b , kt -rych skafw icrasawe bsdrod zs ieg h zzebddé Uo
spadkiem temperatury. W efekci e, bypgop oebd yinluz yp

proces relaksacyjny.

10°:

)
5
<
<
0p)

~

=
I
N
D
o)
S

Q
~~
3
=3

_|
1
N
=
w
N

107 5

10?

N
“‘2&

X

. ‘ N 1024
T—r——r——rr procesa’
10? 10° 10t 10 10°
f [Hz] " 2 funkeg
10 10 10 10

f[Hz]

Ry 8. Wi)dma strat dielektrycznych baghPhepasbPMMBi e adwj €
funkcji -Meagramildipk ado wi dm strat dielektrycznych zmier

W celu wyjaSnienia natury obu proces-w w

wykonano dynamiczne pomi ary mechani czne. B¢
segmental nej oraz relaksacj.i zwi Nzanej z gl o
Nal eUy jednak zauwaUyl, Ue sheymaaraacczjna es kwa Ifiik sc

w przypadku proces-w relaksacyjnych obserw
Nastpipri eanal i zy wi dm @ioanoelNt rma dedygcahrH aevgroi, | |
wy z naoc zomna ksya dij ielhgk t -proer - wnano z ¢ zuazsyasnkia nryenli a

zan albiady E me c haind).c zWayrctho S(ci czas-w rel aksac,]

20



t emper aRywray mrazedst gvaiwonmyeyy®BamNe ruozbi eUOnoSi m
rel aksacji wyznaczonymi od,ima nmmeo toegc H miely amio.z b’
zczasami rel aks aajdme s b grnéhopiz ay npegblzi Ou przej S
zaobserwowano whliktsado Zhmoadooss . rel aksacyjny
wi dmach dielektrycznych pregl asksddagmjea(l)at ni st
Pot weaeidmbyggodmwalit oySiziysKanybcahda E kal or ymet
(P5= 178 H)el ektPPFcAvyycKg(dmi ast, tak znaczr
zal e Greardxeir athidos wg el gdle wol njéehargkpeoygesje

dynami kN mol ekul arnN ni U mareiltakrsmwedraal ama Be e

mechanicznych. Aby wyjaSni | j&zoecshtoadvweieonn ce zweoll er
temperaturowe czas-w relaksacji dla PMMS 2z d
tj . poli (metylofenylosiloksanu) ( PMPS) or az

gr upami termPDMEMPH)y N6 , YA O® zoskaWaneprwzgl nder
wart gfRyis ) TWAlprzebi egozaal Unefle/klsaapuiwvalUono,

wykr®/ydl a PRMBBSeRgadmjaNednN krzywN, co dodat k
i dent ypfriokcpgcaawio rel aksacji Wbgthaneghbyd BMMSPona
dla PMPS nagoUygy sifi na drugt wi eikiozdydw &jo.wyT o
progbebser wowany w badadlipamd h h#iM@leskt re¢ pliysale |

suPRouset ak jak zostago to stwierdzone dla pol
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>|BDS: ¥ t, o PMMS: A t, ¥ t, -
A t PMPS: ’ ty * sub-Rouse =s) q
. & 04|HO-PDMS-OH:
o/Badania mechaniczne: dlaM, =550 g/mol B t, B tog. . j
= D tg ~  |dam,=1100g/mol B t, @ to,d B A
o t, L2 -
S = o W
S A = B W &
(@) (@)
o i . ¥ AA S T4 BHB;X A
—_— xxx A — EEEEX At'
xx AA i A 2
AA lﬂQ’
A e
T T T T T T TO T T T T T T
46 48 50 52 54 56 070 075 0.80 085 090 0.95 1.00
1000/T [K1] TJ/T
Ry d. Taejmper aturowe zaleUnoSci czas-w relaksacji uzyska
bPor -wnanie ewolucji temperaturowej czas-w relaksaciji
w PMPSPDM®H i PMMS. Przedstdwi pneed&mé ozvane wzgl ndem
Tg.
Nastnpni e, na podstawie zarejestrowanych

z wysokoci Snieni owych bada® dielektrycznych
por -wnania ksztagtu Kkrzywych strat di el ektr
procebakgacji Regmkduvwd herjo,(sUeatkrdiysawkeektryc
identyczne dla tych Uswamymihe rcreyacsh ww a red nakkascahc j
spegniona | ect asdompopreg adiydrjdaeaTP 8wa Cd i stotn
PMMS nig&fje superpozycjaUoéwoani gjed akgaclpr o seg
niezaleUnie od warunk-w termodynamicznych.

propyl enowego) -1(,PPG) i zompgz2z2 udiBfPIRt - rych r-
przeprowadzono pomiary ci Snieni owe. Zaobsel
termodynawi @amayshrat dielektrycznyenkazsjtNwi
super pozy mjoir mpideovd Nugah | u k t uwaeckj tapiimz Ncego k oC

gaEucha, joNMzelgoebraclineNd,| aja Ec uchowN dyn@Gmi ki) |

22



proces a

101

7/
_proces ‘2

€"/€" ax

m—p = 0,1 MPa, T =197

m—p = 93 MPa, T = 213

= p = 250 MPa, T = 233 K

, = p = 505 MPa, T = 264 K

10 10° 106° 10 10° 10°
f [Hz]

102

Ry &.Wi dma strat dielektrycznych zarejestrowane dla P
charakteryzudlf Nce sin stagym

Oz n ajcbzoa, Ue dl a PjMeM$St zsaacnhao waansaada cO0 W pr z
Otrzymanlyykjey rijlanym argumentem pot wi eybdeaf Ncy
zwi Nzany z czfnSciowymi ruchams uRmwouseek wl adrundyom
wi nkszej skali czasowe|]j ni U relaksacja segm
aCEcucha poli mesewegwand®onafdvooSd| aakotbyuwapgrj a
rel aksaRyg)ny®hr awama mpeS cdmoadwli Uby dwr @abdi Uone,
co st &modwijg1)e@ podo bhodeoEsztaw d opwaondiceasimadd ieas kit soa canji ie
wzmaagonint er pretacjhn, Ue dodatkqwstoobéigépmoSi

s URo u s e
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200

PMMS: ¢ a ¥ a' ¢
1 ®
@
__ 150~ Ogggggg
g o %
& Q%
= @ 382282
L. 1004 ” %5
> 2
) @
of ﬁ;&
'0
50
7 6 & 4 3 2 1 0
log, ot 4/S)

Ry 6.0bj ntps)Siofzacowana dla reRaksacjwylbrgdhleonal acdjcias
(@ dIPaMMS .

B.Wpgyw struktmayzaehaeawpniwe dynami Ki mol ek u

szczepwomyWdmych warunkach termodynamiczny

Podobne badani a dynami ki mol ek3dlaa ne|j
kopolimer -w szczepionycha Ecw obhta-(meatkadbomrg
met yl os)iploopkrszeerzu sf unkcj onal-SHzoswba®ly gpupyig Nc
boczne odgagnhioeoil agmpbosgmkelwy | an- w i met ak
Struktury chemiczneetyyahwy wi Nsztka g Ry smze @ <tha
18 Z wuwadgiardao rozbudowane nazwy systematy
szczepwodgkbzlegr zyditSan o komromm YW hpi er ws z e j Kol e
dla badanych zwi Nzpowmi amezwBd8NZ0n&t Tre zest
wTabeloiraz ddkgoanwrzamair daorgwy znaczonymi z

di el ekt(Ry®znych
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Kopolimery PMMS szczepione wybranymi monomerami akrylanow

a) PMMS-graft-MA b) PMMS-graft-nBA ' ©) PMMS-graft-HA
polifmerkapto(metylo-3-propaniano) polifmerkapto(7-butylo-3-propaniano) poh[merkapto(heksylo-ii-propamano)
propylometylosiloksan) propvlometylosiloksan] propylometylosiloksan]

CIH3 CI;H3 CI;HS (|:|-|3 CHj (|:|-|3 (|3H3 CHs (|3H3

i H C—S'—O-ES'—O}S'— H
H3C—Si—O<ESi—O}Si—CH3 H:sC—?‘—O‘ES'—O}SI'—CHs =Y R s
n
éHB "c|:H3 CHj, CH, CHs CHs
S S -
/ \

0

| 0
| | g
o/
C

Rys7.Struktury chemiczne i nazewni ctwo badanych Kkopol
monomer ami akryl an- w.

Hj

Kopolimery PMMS szczepione wybranymi monomerami metakrylanow

a) PMMS-graft-MMA b) PMMS-graft-BMA ¢) PMMS-graft-HMA
polifmerkapto(metylo-3-(2-metylo)-propaniano) poli[merkapto(butylo-3-(2-metylo)-propaniano) poli{merkapto(heksylo-3-(2-metylo)-propaniano)
propylometylosiloksan] propylometylosiloksan) propylometylosiloksan]

(I:H3 (|:H3 (|)H3 (IIH3 <|:H3 (|:H3 (|:H3 (I:H3 (|3H3
H,C—Si—0Si—0-4Si—CH H;C—Si—0+4Si—0+4Si—CH H,C—Si—0-Si—0-4Si—CH
3 i ‘E ];l 3 3 | ‘E 3:” 3 3 | ‘E ];l 3
CHs CHs CH, CHs CHs CHs
S S S
CHy
(e]
g
CHj
Rys8.Struktury chemiczne i nazewnictwo badanych Kkopol
monomer ami metakryl an- w.
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Tabelvlasy czNstipczkowepéMatdr wyzeszkberi a @Dmiar -w ka

i dielektrycznych dla badanych kopolimer -w [sz&lzepi ony
Mn[ g/ mol TEPY K] Gel A TPLST K]
PMMS 2 400 177 178
Kopol iPlVeMS®yz c z epomomrmer ami akryl an
PMMgr aMA 3 400 231 224
P MMgr alfiBtA 4 100 204 201
PMMgr aH A 4 600 198 196
Kopol iPlVeMrSyz c z empo morme r a mi met akryl
PMMgr aMMA 3 600 244 244
PMMgr aB MA 4 100 218 215
PMMgr alfl MA 4 700 206 198

Zaobserwowanogdl|l Bekwpot oBer - W szczepionych
dla homopoliger 7 FRYBE (Naj wyWykyearagpol i mery
Szczelpomwnteo gynoin o mer a mi mie t ateecyhloavd-gw,o s Wi ik s z |
szt ywinfdaSEcncBakopol i méhoynos pgz e gin g ma k rmolnamew.a
Ponadt o,t ewapretrcaScuir y a gwgrsazzk lzeen izawimiakls zaj Nc N si i
szczeppewatjm, Ue na zmiany temperatur zeszkle

zawada steryczna spowodowana zardawiiNc zwyndyduhl

gaCEG uch-w bocznych.

26



250

Kopolimery szczepione monomerami akrylanéw;

@ 4 TS (dat,=15)
240+ DSC
4 T,
1 Kopolimery szczepione monomerami metakrylanow:
2304 O TS (dat,=15)
4 t psc
wzros 3 T,

sopdsZtyw o Sedi
szczepu <

3
— 2104
I—D ]
200+
190
180
] L 4
170- @
T T T T T
PMMS PMMS-graft-nBA ‘
PMMS-graft-BMA
PMMS-graft-MA PMMS-graft-HA
PMMS-graft-MMA PMMS-graft-HMA

Ry 8.Te mp eyzetswrk | eni a wyznaczone za pomocN r-Unych techr
dgugoSci gaCGucha szczepu.

Przeprowadzone badania dielektryczne w sz
ci Snienia atRpstkr yozmeogwigeyp 8 2c hmaS1 wi dmach
przewodnictwa stagdgopr Ndowego foprazy pmiz§s mnyaqg w)
rel aksacj fiydd eg rkeorptod li neN& rc z e p&® iy lcehnra-mUg@ $cid g u
gaCEcucha .alChi zawldgk kjoNoé,i mer - w PMMS szczepi o
monomer ami nveyt karkyrtyol abni-mmo dal ny proces rel aksac

ni ¢eer&nych irjeiljaks acijkit - rych svaadyien clzarsdave shle

w pobliUu priappBopakswkprsypgdku homopol i mer
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a) PMMSgraft-nBA b) PMMSgraft-BMA

—T =273 K

10 * 1“(1J 161 162 1“§ 16“ 165 1“06 1& : 160 151 162 1“03 16“ 1“05 166
f[HZz] f [Hz]
c) PMMSqgraft-HA d) PMMSgraft-HMA

=T = 253K
T=198K

16’1 160 161 162 163 1“0“ 1“05 1“06 1&1 150 161 162 163 1“0“ 1“05 166
f [Hz] f [Hz]

Ry sl.OReprezentatywne widma strat diledewybyanggbh kopmb &
szczepionych monapPmMMminBA&KP YME N At or az meb RNMMEIl an- w
gr BMAd PMMg r &dfMA; o r - Unych ddgugoSciach gaGuch-w al ki

Nastnpnie wykonano pomiary mechaniczne,
procésewaksacj.i segment al nej oraz relaksacj.i
relaksacyjne wystnpowagy dl a ws zzyassttkoiscohwalma dj:
szczepu. Por - -wnuj Nc temperaturowe zaleUnoSci
widm dielektryczimiywsdr ano d2d @mmeliNh g ni(Gzdy c h
(Rysl ZauwaUono bar digwz ydsokbarnNy czhg dzd efp &rkit ary cw n
i mechanicznych zar-wno dla reprezentatywneg
butyl u-gl ®fBM$ | ak i szczepionegogbBiMdA)akrld dmakm
co cicechawatWwgndfozbi eUnoSi skal iU&c zrasloavleg a crj
terminal nN. Dokaaamnzaniie adamd d tzkeolwayk spabcsyej engyo wa n y
w kopoli merach PHMMSBo Isegizoeezon yomiy crhon omieeg ajmeé s tme
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powi Nzany z globalnN dynami kN JaCGcucha ze

zarejestrowanych proces: w.

PMMS-graft-nBA

Dane mechaniczne@ t, @ t;
{Dane dielektryczne t,

2 {PMMS-graft-BMA

|Dane mechaniczneQ t, @ t;
_|Dane dielektryczne: @ t, & t

44

10G(t/5)

T T T T T T T T T T
0.0036 0.0039 0.0042 0.0045 0.0048 0.0051

1T [KY

RydlTemperaturowe zaleUnoSci czas-w relaksacj.i uzyska
dla dw-ch reprezentatywnych kopolimer.-w PMMS szczepioc

Ze wzgl ndu na duUe podobi eEst wo zldobser
w badanych kopol imemalcdmeasnai& rvwg p ppa royse@Boeurs e
wykrytym w homopwy komearzee wWyWsMsSk oci Sni eni owe &
w r-Unych warunkach temperatury i ci Snieni a
zjawi ska. Podobnie jak w prrzemraadwkaid zb&andyaedd i dw
at mosfyentr ywznbadani ach ci Snieniowych r-wni edU
procesu relaksacyjnego dh amol copgd Icizmmeyrmi w  nmsozna
akrylan- w oraz wyra¥tny bi mokdapaolywmgkbMMS s r

Szczepmomomdmetnma kr yl an - w.
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a) PMMSgraft-MA b) PMMSgraft-MMA

\ 4500 * ‘\
\ 4x10 X \
\ 3.5¢10 X \
' 3x10 * \
< ' é R \
g \ & 2510 Y4 . N\
B \ B \
2 1w N o |2 2a04 Se
© g 4
— 0.1 MPa, 243 K ,L
- = 60 MPa, 253 K| 1.5<10 = 0.1 MPa, 273
125 MPa, 273 = = 50 MPa, 285 K|
370 MPa, 293 = 180 MPa, 305
: : : : : : : : 10 oy : : : : : :
10! 10 100 1 160 100 100 10° 1 100 1?7 166 100 100 1P
f [Hz] f[Hz]
c) PMMSgraft-HA d) PMMSgraftHMA
10 4
x x
[ ©
- E _E
o » 10t ’
=~ =~
[J) k)
= 0.1 MPa, 219 K
130 MPa, 231 = 0.1 MPa, 233 K
= 290 MPa, 251 = = 150 MPa, 253
10 2 450 MPa, 266 290 MPa, 274
1 100 10 10 100 10 10 101! 100 100 1* 100 100 10° 1P

f[Hz] f[Hz]

Ry sl12 Wi dma stktatycznyedhe zarejestrowanych w r-Unych
charakteryzuWjdNca wsyibir asntyacghy nk opol i mer - w PMMS szczepion

akrylan-w (a i c¢) oraz homol ogicznymi monomer ami met a
Co i stotne,krpygstewauj Ndci el ektrycznych w
termodynaRys2niochuwd Gkhapt a@te jest identyczn
wartoSci czas -w rdfl Aktsamj r - wrigen@ nt alwnetjym p

spegniegasjaperip @azwucjoavmop e r ati uSrndegat TR Sv) TakUe

stwierdzokopollUéndiBaczepi onych monomer ami me
superpozycja wdlérmiagj s 2d gk sl id e zsael gentennitea | onde jw
termodynafi zemy @awahhd@EaiaSniyehiugwr uj e, Ue doc
proces relaksacyjny WEBMM§tyszawzepopolycherma
met akrykeawmi-Nzany z czniSci owy mi ruchami mol ek

suouseledmia&k UmopUna cagkowiodiag kwwhgimpdmyie,y i Ue

przej awemot e& b lpaorcnhyocdhz Nsczyccziverpmrdo mer - w  mwt akr y
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z grupy bocznkj tkeoepokit mej ddvszataydwnmi®E ucha ni

W przypadhkmomnsaezoeEre py ivan

C.OkreSlenie wpgywu struktury Aramieni ado i
dynami ki mol ekul-aw ner c zlegBpallmiywodar. di el ektr
w wysokim ciSnieniu.

Bi or Nc pod wuwagnin silny wpgyw struktury
dynami kit mol ekul arnN cagego poli mARuy,Jypr z e
r-wnieU kopolimery szczepione PMMS, -SHo Kkt -r
przydgNczono i zonmaky yiédbdantyy lam-g( &MY Jzbout y 1 u
( PMMB aif B&A) Debawt yl| u-g &tVEBr8tz, coraz bardzi e] r
strukheamNszazWpaoary st bakitamyazlhne&k®pozt e mieon wc

oraz ichwmagetwdycpr Regdld3t dwi one na

Kopolimery PMMS szczepione izomerami akrylanu butylu

a) PMMS-graft-nBA b) PMMS-graft-izoBA ¢) PMMS-grafi-tertBA
polifmerkapto(n-butylo-3-propanianc) polifmerkapto(izo-butylo-3-propaniano) polifmerkapto(fert-butylo-3-propaniano)
propylometyvlosdoksan] propylometylosiloksan] propvlometylosiloksan]

CHy  CHy _ CHy CHy  CHy _CHy CH;  CHy _ GHy

H30—8|5—0~E8i—0}?i—CH3 H3C—9ri—O~ESi—OEI~Sii—CH3 H;C—?i—O{Si—O}Sli—CHB
n n
CHy CHs CH, "CH, CHy CH,
S S S
/ /
o= o] e}
o] 0 o]
H'JC Hac LJHE
CHs
H4C

CHj
Ryd3Struktura chemiczna i nazewni ctwo badanych kopoli
butyl u.
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W pierwszym &etapie przepr owadRroenzoe nli aad a rwit
termogramy badanych lkophyl si4dmeil d avciepnrdzoet desrtna i zont
skoki ciepgaskagaddibwegp Sci e WWanhazygpnezkkeimpe:
zeszkbyeghyiamczni e wyUsz &ghw moaeroulPiMiveST fuT 1z7.8 K)
Ponadto ich §wranScie mwzzr@sigai zepPuMMg r af t
t BrAt ec howad wyiUs £ NNjl&a pevat§o, Ue na obsgmavowane
wpgyw zwifnkszaj Nca wdiNz anawad avydtjaurUyemnz rean s i i
kopol i mer - w. Podobne zj awi sko obserwowano

szczephomglchhgmomnoymmir ami  akryl an7-5wW i met akryl

Tempo grzania 10 K/min

@
oy 4a) PMMSgraft-nBA b) PMMS.graft-nBA =T =253K
o
q) -
Tg =201K
(&}
’ 100 10 100 1@ 10 100 10 1P
; T I- T T f[HZ]
- _c) PMMS-graft-izoBA 10d) PMMSgraft-izoBA _Iiiﬁﬁ
Ne)) DT=5K
A S
o
()]
N
= T 1 100 1?2 168 100 100 1P
o f [Hz]
= — T = 273 K
10f) PMMS-graft-tertBA A
DT=5K

175 200 225 250 275 300 10! 10 10 1¢ 16 10 16 1¢
TIK] f [Hz]

Rysdd4 aTermpgrhandydpr ezent atywne widma strat dielektry
szczepionych.
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W nastinpnym Kkroku wykonano badani a di el
at mosferycznego i szerokim zakresie temper a
uj awni gy obecnoSi przewodnictwa stagopr Ndowe
segment) Rlgyrsdl, 6L, Podoybsncenari usz by sanbzsep wowgpa b
homol ogi czny mi mo nw ma r Ak Didadart ywgakmm-nva no badar
mechani cwvekanbhtjgpbeenhafisac| i segmental nej ot
uzyskanych danychdoekkosnpeemroy mgaort awmgmiha wi dm s
U6 ¥ wi dmami modudfa) sada@EnosS®Rly asidkaryagoUes i i
pierwswgmi enizoraycaemiemN 8§z evi sima ,wmodufeg -Gono Sci

P MM§r atf @BrAt.

a) PMMSgraft-nBA b) PMMSgraft-tertBA
. E
\
() v O 3
~ -~ =~
© L O
Dane: Dane:
i = dielektryczne ] = dielektryczne
mechaniczne ] = mechaniczne
07 10t 10 10 10 Tt 100 10 10
f [Hz] f[Hz]

Ry sl.5Por - wnaniJé htid dedxGd czfistotliwoSci (f) (dlaa akter
kopol i mer - w PMMS$a ksrzycl sdenpdi np Inlyeckhr a taeretmy | u .

Ostatnim et apg nwy shaakdcmoXeS iy @y adiwe | e&t r yczn
WykorzystujNc zmierzone dane w ripproycwnwmaroun
j e ,amk maksima strat dielektrycznychRyld.a pr c
16) Taki e por - -wniei apwokgrago.ejl ekts aic Jag mteagtoezm y

zasada s |y pregmpzonziyecnjniy c h  wpa rjuenskta cshpelgni on a.
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——a) PMMSgraft-nBA b)) PMMS<ygraft-tertBA -

e"/emax
€/ €na

\
\

, \

——p=0.1 MPa, T =209 k ——p=0.1MPa, T =243 K
p =260 MPa, T=241K p=90MPa, T =263 K
p =500 MPa, T =263 K p =260 MPa, T = 293 K
p =550 MPa, T = 268 K p =320 MPa, T = 303 K
1017100 1001 10 100 16 10210 10 100 1¢ 10 100 16 10° 10
f [Hz] f[Hz]

Ry sl.6Por - wnanie widm strat dielektrycznych zmierzonycd
charakteryzuj Ncych sifi takimlhsamym czasem relaksacij.

Ciekawych wynik-w dast &mdeayejnypewsapg ud ¢z ypnnz
szkl i sddpgewz g§ddwane w granicy RyisS fidirama rat caS ario s

objfAitoSi pawy gwacyionétoRyasbr)Wddmtya$hci o bbuy fpya r a me

~

znacznie wyUsze dla badanych Kkopolimer - -w sz
Zachowanie to moUe byl zwi Nzane bezpoSredn
W JaCEuchwMolWlonazmwnmoseskawawi nkflza il oSl podst a
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ABSTRACT: In this paper, we have investigated the molecular dynamics of the Poly(mercaptopropyl)metylsiloxane,
associating polymer, poly(mercaptopropyl)methylsiloxane (PMMS), at high of M, =2 400 g/mol s T
pressure (up to p ~ S0S MPa) by means of broadband dielectric spectroscopy. Hporposton
valid for

Previous studies revealed that PMMS exhibits two dielectric relaxation processes
observed above the glass transition temperature related, most likely, to either the
mobility within self-assemblies or the sub-Rouse mode (a'-slower process) and

- sub-Rouse and
©

AE

segmental (a-faster process) dynamics, whereas mechanical measurements
=U

L N\ alpha relaxation
sub-Rouse |

revealed only the presence of terminal and segmental relaxations [Tarnacka et 10 o odeE processes
al. Macromolecules 2020, 53 (22), 10225—10233]. In order to determine the origin :g;la"::';g: at various

of the dielectric a'-process, further high-pressure experiments were performed. It ——250MPa, 233K| | pressures
was found that the timescale separation between relaxation times of segmental (a) —_smMPa el o
and a'-processes is invariant to the compression, and activation volume calculated w “;; - c}DJ[Hz']u‘ L =0 &
for both kinds of motions is comparable. These dynamical features are ’
characteristic of the chain relaxation (called usually normal mode) found in fype-A polymers. However, because mechanical data
excluded identification of the slow dielectric relaxation as normal mode, we assigned it as the sub-Rouse process. This assignment is
in the line with previous studies on poly(methylphenyl)siloxane. Further density functional theory computations revealed that the
detection of the relatively strong sub-Rouse process is most likely possible due to the presence of a highly polar side group (thiol,
—SH, moiety) that gives a strong contribution to dipole moment along the main polymer backbone. Additionally, we demonstrated
that the pressure coefficient of the glass transition temperature, dTg/ dp, in PMMS is one of the smallest among those reported to
date for various polymers (dT,/dp = 156 K/GPa). This quite surprising finding was assigned to the specific interactions formed by
the thiol group. Finally, it should be emphasized that high-pressure experiments turned out to be the key element to identify the sub-
Rouse mode in dielectric spectra—a process that might provide important information about the chain dynamics in polysiloxanes.
However, to finally prove this hypothesis, further studies are required to discard the eventual possibility that the slow mode is
somehow related to the nanoscopic organization in PMMS.

1. INTRODUCTION commonly used in medicine (e.g, medical devices), polishes,
adhesives, cosmetics, hygiene products, coating, plastics,
households, and so forth.”®

Over the years, polysiloxanes have become interesting
objects for molecular dynamics studies because, in the vicinity
of the glass transition temperature (Tg), one can observe
multiple relaxation processes in the spectra of these materials.
Previous photon correlation spectroscopy (PCS) investigations
on model poly(methylphenylsiloxane) (PMPS) have clearly
demonstrated that there are two relaxation modes above T, in
this polymer irrespective of M,.” Correlation relaxation times,

In recent years, there is a growing interest in new polymer-
based systems. It is because they very often offer enhanced
physical and chemical features compared to traditional
materials. Moreover, one can easily tune/modify mechanical,
rheological, and other properties of macromolecules by varying
their molecular weight (M,,), dispersity, chemical composition,
topology, and so forth. An intriguing group of polymers is
polysiloxanes, whose unique character is solely related to the
connection between oxygen (O) and silicon (Si) in the basic
unit/mer, making the overall backbone very flexible.
Importantly, depending on the length of the chain and the

nature of pendant groups attached to the Si atoms, the Received: February 21, 2022 “"[""‘l""""\
mentioned compounds can take different forms from heavy, Revised:  May 26, 2022 _{“:
grease-like oil-line fluids to solid resins."”” Moreover, they are Published: June 27, 2022 A ;‘
chemically/thermally stable and are characterized by low p\ T4

surface tension, toxicity, and chemical reactivity.A’4 It is also 28

worth mentioning that such kinds of macromolecules are

© 2022 The Authors. Published b:
American Chemical sme& https://doi.org/10.1021/acs.macromol.2c00378
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7, of the faster process corresponded very well with the
segmental ones determined from dielectric measurements. On
the other hand, the slower mode, not detected in dielectric loss
spectra, was assi§ned to the normal mode, reflecting the global
chain dynamics.” However, it was postulated that due to the
lack of the dipole component parallel to the backbone, the
chain-related processes are not visible in dielectric spectra.
Interestingly, later studies have proved that this hypothesis was
wrong.”~"" Studies on PMPS of varying molecular weight, M,
~ 2.5 kg/mol and M, ~ 27.8 kg/mol, revealed that their loss
spectra exhibit, apart from the segmental process (), the slow
mode (a’) of much lower amplitude at the low-frequency side
of the main dielectric relaxation peak.” Moreover, as M, of
PMPS increases, the time scale separation between @ and o'
processes becomes greater. Note that the presence of a'-
process in PMPS was also observed by creep compliance and
PCS.” This process detected in a series of PMPS was assigned
as the so-called sub-Rouse mode because it was not related to
the global chain dynamics.””"" It should be highlighted that
the presence of the new relaxation process of similar features as
that seen for PMPS was, for the first time, discovered in high
molecular weight polyisobutylene by creep compliance and
PCS."*™"* Because its dynamical features did not agree with
those determined for the terminal relaxation from mechanical
studies, the new process was named the sub-Rouse mode,
characterized by the time and length scales intermediate
between the Rouse and segmental ones.'”' ™' After that the
sub-Rouse modes were also identified in various polysilox-
anes.'” Apart from PMPS, the sub-Rouse modes have been
also reported in poly(methyl-para-tolylsiloxane) (PMpTS)
polymers.'”'® PCS measurements revealed that there are two
relaxation modes in PMpTS, for which the time scale
separation between both modes is molecular weight depend-
ent. Importantly, it turned out that the relaxation times of the
faster (a)-process agree well with those determined from
mechanical and dielectric investigations. On the other hand,
the dynamics of the slow (') mode was much faster than that
of the terminal relaxation monitored by mechanical spectros-
copy.'® Further shear creep compliance measurements on a
high molecular weight PMpTS confirmed the presence of the
a’-mode, which was assigned as the sub-Rouse modes.'”

As can be deduced from the abovementioned discussion, in
the case of ordinary/classical polysiloxanes, the data obtained
from different experimental techniques agree very well when
we consider the dynamics of the segmental relaxation, while
some significant discrepancies are noted in the interpretation
of the slow (@') mode. Nevertheless, it seems that the latter
process provides information about the (sub)chain dynamics
and can be treated as the sub-Rouse mode. A much more
complicated situation is found when we deal with polysiloxanes
having polar moieties, such as —OH, —NH,, or —SH, which
can form effective H-bonds and consequently supramolecular
structures. As shown for hydroxyl-terminated polydimethylsi-
loxane (HO-PDMS—OH),"” except for the segmental
process, one can detect an additional slow mode in dielectric
loss spectra. Its amplitude decreased with the molecular weight
of the polymer. Moreover, this relaxation was absent in the
macromolecules without OH moieties. It was argued that the
origin of the slow relaxation is similar to that of the Debye (D)
process detected in low-molecular-weight glass formers
(monohydroxy alcohols) and is strictly connected to the
motions occurring within nanoassociates.

5582

Recently, we have studied the dynamics of poly-
(mercaptopropyl)methylsiloxane (PMMS), belonging to the
polysiloxane group and having a thiol (—SH) moiety (which
can form very weak H-bonds) attached to each monomer in
the polymer backbone.”” As in the case of PMPS or HO—
PDMS—OH, we identified two relaxation processes in the
dielectric spectra of the examined polymer. The faster one was
attributed to the segmental process, while the origin of the
slower (a') mode was discussed in the context of either
motion occurring within supramolecular self-assemblies or the
sub-Rouse process. The origin of the observed a'-process was
impossible to distinguish. Therefore, to investigate further this
issue and solve the mentioned problem, herein, we have
examined the dynamics of PMMS at high pressure.
Surprisingly, our data demonstrate that irrespective of the
applied thermodynamic conditions (T, p), there is a super-
position of the segmental and slow (a’) modes for the loss
spectra characterized by the same segmental relaxation times.
This finding clearly indicates that the a'-relaxation process
observed in PMMS is rather the sub-Rouse mode, not the
Debye relaxation related to the motions occurring within
supramolecular self-assemblies. However, to finally verify this
hypothesis further studies are required.

2. MATERIALS AND METHODS

2.1. Materials. PMMS homopolymer (75—150 cSt) was
purchased from Gelest and used as received (molecular weight,
M,gc = 2400 g/mol, dispersity, P = 1.26 determined by Viscotek
TDA 305 triple detection, and Tetrahydrofuran as the eluent). The
studied PMMS is a water-like thin liquid with the glass transition
temperature T, = 178 K. Note that no trace of crystallization was
observed on both cooling and heating calorimetric scans.

2.2. Broadband Dielectric Spectroscopy. Complex dielectric
permittivity, £*(w) = ¢'(w) — ie"(w), values at ambient pressure
were measured using the impedance analyzer (Novocontrol Alpha)
over a frequency range from 1 X 107" to 3 X 10° Hz. The samples
were placed between two stainless-steel electrodes (diameter: 10 mm;
gap: 0.05 mm) and mounted inside a cryostat. During the
measurement, each sample was maintained under dry nitrogen gas
flow. The temperature was controlled by a Quatro Cryosystem using a
nitrogen gas cryostat, with stability better than 0.1 K. The
temperature-dependent dielectric measurements were performed in
the range from 173 to 303 K. The obtained dielectric loss spectra
were analyzed by the superposition of one or two Havriliak—Negami
(HN) functions with an additional term related to the dc
conductivity”'

2 Ag,
SRR (Sp—T—
hi iid m.g =T W+ o)) (1)

where a and f are the shape parameters related to the symmetric and
asymmetric broadening of relaxation peaks, Ae is related to the
dielectric strength, 7y is the HN relaxation time, & is the vacuum
permittivity, and @ is the angular frequency, where @ = 2zf. It should
be added that in order to minimize the number of fitting parameters,
we fixed @y = 1 and fiy;y = 0.7 in the case of the slow mode. Such a
procedure was proposed to fit the normal mode in dielectric loss
spectra for the I lecular-weight ples.”” Details concerning
the fitting analysis, fits’ quality together with the temperature
dependences of HN shape parameters are shown in the Supporting
Information file.

For dielectric measurements at elevated pressure, we used a high-
pressure system developed at the Institute of High-Pressure Physics of
the Polish Academy of Science in Warsaw—UNIPRESS. Thin Teflon
spacers were applied to maintain a fixed distance between the plates.
The sample capacitor was sealed and mounted inside a Teflon capsule
to separate it from the silicon liquid used as a pressure-transmitting

https://doi.org/10.1021/acs.macromol.2c00378
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Figure 1. (a) Dielectric loss spectra of examined PMMS recorded as a function of temperature at ambient pressure; (b) master curves of measured
storage, G, and loss G”, modulus, (c) temperature dependences of relaxation times obtained from dielectric and mechanical measurements. As the
inset in panel (a), the chemical structure of examined PMMS is shown.

medium. The temperature was adjusted with a precision of 0.5 K by indicates that the two relaxation processes contributing to the
means of a refrigerating and heating circulator. Complex dielectric measured loss peak merge upon approaching the vitrification
permittivity was measured within the same frequency range as in the point. For the purpose of this paper, the slow and the faster

case of measurements carried out at ambient pressure. ¥ g :
2.3. DFT Calculations. Density functional theory (DFT) mode will be labeled as @’ and @, respectively. Therefore, a

calculations were carried out on Gaussian 09 package program question arises. What is the molecular origin of both processes
using the B3LYP functional method, 6-31G(d) basis set. The observed in dielectric loss spectra of the investigated
structure and dipole moments (according to the CHelp scheme) of polysiloxane? As already outlined in the introduction, the
isotactic and syndiotactic PMMS and PMPS polymers have been faster one should be the segmental () mode, responsible for

calculated for molecules with four units in the trans backbone
configuration. The structures of the molecules are shown in Figure
$10. The value of dipole moment and its components depends on the
conformation of the polymer, see Table S2. However, the performed

the liquid—glass transition, while the slower might be a
manifestation of the chain-related dynamics (possibly the sub-
Rouse mode), or bearing in mind thiol moieties in pendant

calculations show a significantly smaller PMPS dipole moment and a alkyl side groups in PMMS, it could be assigned to the
large value of the dipole moment component parallel to the axis of the reorientation occurring within nanoassociates, as was discussed
PMMS main chain. in the case of HO—PDMS—OH."” One can recall that,

alternatively, the observed slower a'-process could be also a
3. RESULTS AND DISCUSSION manifestation of additional movements related to the

= g ’ 2 . formation of mesophase in the studied polysiloxane. Herein,
In Figure la, we presented dielectric loss spectra measured for R : x
PMMS at different temperatures (T). As can be seen, at higher it ‘should 'be noted that poly(diethylsiloxane) and po.ly-
T, the loss peaks are enormously broad-bimodal, suggesting (dlpropy%sqoxane) are, capable tf’, form local vordem'lg
that there are in fact two relaxation processes underlying the characteristics for liquid crystals.™ However, differential

dielectric response of this polymer above the glass transition scanning calorimetry measurements perfom?e'd did not show
temperature (T,). This supposition can be easily proved by the presence of any addm‘onal phas:e transitions besides Tg.
fitting the experimental data to the one or superposition of the Therefore, we exclude this scenario from further consid-
two HN functions (for details see ref 20 and Figures S1—S6 in erations. Additionally, one can also recall that the presence of
the Supporting Information file). It is evident that the first the additional slow mode not related to Ehe terminal relaxation
approach yields a fit of poor quality with unreliable parameters has been also reported for polypeptides,” which was assigned
describing the shape of this mode, while in the case of the to the molecular motion of “a-helical peptide secondary
latter procedure, one can obtain an accurate description of the motif”, Intex"estingly, a similar behavior was also shown for
obtained loss peaks. As temperature decreases, the width of the polystyrene.”® However, in this particular case, the presence of
main loss peak becomes narrower. Consequently, in the the slow mode and spatial organization of this polymer was
vicinity of Ty, it can be well described by the single HN induced by solvent treatment.”” Herein, one can also recall our
function. For details please see ref 20. This observation very recent molecular dynamics simulations on the model

5583 https://doi.org/10.1021/acs.macromol.2c00378
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oligomer with a similar structure to PMMS. It was found that
due to H-bonds, most likely some kind of ordering, similar to
the nematic one, is present in this system.27 Finally, it should
be mentioned that very recent studies on a series of thin
polymer films demonstrated that the presence of the relaxation
process, slower than the a-mode, could be a general feature of
glassy dynamics and, therefore, does not originate from any
kind of polymeric features.”®

To gain insight into this problem, we have carried out
additional mechanical measurements. Master curves of
measured storage, G’, and loss, G”, modulus of PMMS are
shown in Figure 1b. Herein, it should be noted that this plot
was constructed from the frequency dependencies of G’ and
G" measured in the 0.1—100 rad™' range at different
temperatures, which were further shifted horizontally by the
shift factor, aT, to superimpose at the reference temperature,
T,s = 180 K. As can be seen, at a higher frequency, the storage
and loss modulus cross each other, in the vicinity of the
maximum of the segmental relaxation process. On the other
hand, at a lower frequency, a clear change in the mechanical
response is noted in G’, suggesting the existence of an
additional mode. Considering the slopes of G’ ~ »' and G’ ~
@, we can certify that it is a terminal relaxation, observed for
polymers. Note that the important feature of the terminal
process is that it depends on M, and the entanglement point of
a given macromolecule.

The master curve presented in Figure 1b clearly shows that
there is more than two decades in timescale separation
between the segmental and terminal relaxation in PMMS. This
separation is clearly larger than the difference in the relaxation
times determined from dielectric measurement. To quantify
those differences, we compared the relaxation times of the slow
and fast relaxation processes obtained from the dielectric
investigation with the ones determined from the mechanical
data. However, to do that properly, one should keep in mind
that dielectric data must be converted to the modulus
representation (for details, see the Supporting Information
file). The application of this procedure is crucial to make a
reliable comparison between the relaxation times of the slow
and fast modes determined from dielectric data with the ones
estimated from the analysis of the storage and loss modulus.
After simple recalculations, the loss modulus was fitted to the
superposition of the two (high-temperature region) or three
(vicinity of T,) HN functions with an additional term
describing the charge transport, where the third fitting
component was used to describe the secondary mode
appearing in the experimental window upon approaching Tg.
To estimate segmental and terminal relaxation times from the
mechanical data, the procedures described in refs 20 and 29
were adopted. Afterward, determined relaxation times were
plotted versus reciprocal temperature in Figure lc. Presented
data show that there is a notable discrepancy between the
temperature evolution of the slow dielectric process and
terminal modes detected in PMMS. Although in ref 30, it was
shown that the relaxation processes of the same molecular
origin may have different times scales in dielectric and
mechanical response functions, our data clearly indicates that
a' should not be assigned as the normal mode. To support this
thesis, one can remind that according to the Stockmayer
classification, polysiloxanes are identified as type-B polymers.”'
It means that these polymers have no component of dipole
moment parallel to the main backbone. Consequently, the
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chain global dynamics cannot be detected by broadband
dielectric spectroscopy (BDS) in this material.

Having this discussion in mind, we decided to digitalize the
data reported in the literature for other polysiloxanes, where a
part of the segmental relaxation type, also slower modes were
detected in dielectric spectra, to gain further insight into the
molecular origin of a’observed in PMMS. To simplify the
comparison and make some credible conclusions, all temper-
ature evolutions of the segmental and slow modes in PMMS,
PMPS, and hydroxyl-terminated HO—PDMS—OH of low M,
(indicated in the figure caption) were rescaled versus T, and
plotted in Figure 2. As can be seen, Ta(Tg/T) collapses more or

2
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|pues: W <, [ S—— g
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Figure 2. Comparison of the temperature evolution of the segmental
and slow mode relaxation times obtained for PMPS, HO—PDMS—
OH, and PMMS rescaled with respect to the T,. *Data for PMPS
were taken from ref 11. “Data for HO—PDMS—OH were taken from
ref 19.

less onto one master curve for all polymers, while in the case of
analogous dependencies for the slow mode, the situation is
quite different. It is well seen that there is a very good
agreement between Ty pouse(Ty/T) and 7,(Ty/T) depend-
encies for the slow modes found in PMPS and PMMS,
respectively (see Figure 2). On the other hand, the
temperature evolution of the Debye relaxation times (zp)
versus Tg/ T in HO—PDMS—OH reveals different pattern of
behavior. This experimental finding suggests that, most likely,
the a'-relaxation process detected in dielectric spectra
measured for PMMS is the sub-Rouse mode, reflecting
motions of the (sub)chain units, and is not related to the
mobility within nanoassociates. Nevertheless, to verify this
hypothesis, further high-pressure BDS measurements on
PMMS were carried out.

In Figure 3a,b, we presented dielectric loss spectra measured
for this polymer at isothermal (T = 233 K) and isobaric (p =
505 MPa) conditions. As can be seen, during cooling or
compression, the maximum of the observed bimodal loss peak
moves toward a lower frequency. Moreover, similar to the data
obtained at ambient p, as the maximum of this process shifts to
a higher frequency (shorter relaxation times), it becomes
broader. This pattern of behavior clearly indicates a bimodal
character of this mode even at very high pressure (p = 505
MPa, Figure 3b). To visualize this effect in a better way and
illustrate the impact of the compression on the dynamics of the

https://doi.org/10.1021/acs.macromol.2c00378
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Figure 3. Dielectric loss spectra measured for PMMS at (a) isothermal (T = 233 K) and (b) isobaric (p = S05 MPa) conditions.
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Figure 4. (a) Comparison of the loss spectra (a) obtained for examined PMMS at various thermodynamic conditions that were characterized by
the same 7,. The solid black lines represent the two HN functions used to fit recorded dielectric data. (b,c) Superposition of dielectric loss spectra
shown for PPG-OH (b) and PPG—OCH; (c) of molecular weight M, = 2000 g/mol at different thermodynamic conditions. Data for various

PPGs were taken from ref 32.

slow and segmental relaxations in PMMS, we compared the
loss spectra obtained at various T and p conditions that were
characterized by the same 7, (see Figure 4a).

Herein, it should be noted that usually such a comparison is
done for the data collected in the vicinity of T,. However, this
time, we performed it at temperatures much above T, because
the contribution of the a’-process to the loss spectra was
detectable only for a data characterized by short segmental
relaxation times, 7,. As can be seen in Figure 4a, dielectric

5585

spectra that were measured at many different thermodynamic
conditions almost perfectly collapse onto each other. This
suggests that (i) the time—temperature—pressure rule, stating
that the shape of the loss peak is governed by the structural/
segmental relaxation time, is satisfied, and (ii) there is a perfect
superposition of the slow and segmental process in PMMS. It
means that the timescale separation of both modes is well
preserved and does not depend on the thermodynamic
conditions. This supposition is also confirmed by fitting the

https://doi.org/10.1021/acs.macromol.2c00378
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Figure S. Temperature and pressure dependences of 7, and 7, obtained during isothermal (a) and isobaric (b) measurements for PMMS of M, =

2400 g/mol.

data to the superposition of the two HN functions (see Figure
4a). Herein, it should be noted that a similar finding has been
reported for the normal mode and segmental process in
poly(propylene glycol) (PPG) or cis-1,4-polyisoprene classified
as type-A polymers.’”

In Figure 4b,c, we presented dielectric loss spectra measured
for various PPGs of M, = 2000 g/mol with hydroxyl and
methyl terminated units labeled as PPG-OH and PPG—
OCHy, respectively. As demonstrated, apart from the variation
in the amplitude of the normal mode, there is a perfect
agreement between the loss spectra measured for both PPGs at
various thermodynamic conditions. Therefore, the time scale
difference between the chain and segmental dynamics is well
preserved upon compression. Thus, high-pressure experiments
revealed notable similarities in the behavior of the slow mode
in PMMS to the normal mode detected in type-A polymers. It
might suggest that, most likely, the a'-process might reflect the
(sub)chain motions and could be classified as the sub-Rouse
mode. Herein, one can stress that even if we had assumed that
the a'-relaxation is a manifestation of the motions occurring
within nanoassociates, as was done for HO—PDMS—OH, we
would have expected a much different dielectric response of
this mode with respect to the segmental process at high p. It is
commonly accepted that densification changes the strength of
H-bonds or even the molecular architecture of self-assemblies.
Consequently, the dynamics of the relaxation process,
connected to the reorientation of the supramolecular structures
with respect to that of the segmental mode, should be modified
at varying thermodynamic conditions, as was reported for the
low-molecular-weight monohydroxy alcohols.** In other
words, in such a situation, it is highly anticipated that there
will be no superposition of the segmental and slow modes at
elevated p, which obviously is not the case. Based on the
abovementioned argumentation, we can certify that although
PMMS forms supramolecular structures and molecules
organize themselves into a nematic-like order, a process driven
by thiol moieties (deduced from MD simulations), the slow
mode is not a manifestation of the motions within nano-
associates. Contrarily, the presented data suggest that the a'-
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process reflects the motions of the chain and could be
considered the sub-Rouse mode.

In the next step, we analyzed dielectric data obtained at
varying T and p conditions to gain insight into the dynamics of
segmental and sub-Rouse modes in PMMS. In Figure 5, the
pressure and temperature evolution of 7, and 7y, gouse(7) are
shown. At first glance, it is found that both modes tend to
merge upon approaching T,. This clearly indicates that the
relaxation times of the sub-Rouse mode have much weaker
pressure and temperature sensitivity with respect to the
segmental process. Interestingly, a similar pattern of behavior
was noted, when we compared the dynamics of the normal
mode and a-process in type-A polymers.™

Further, we decided to calculate the pressure coefficient of
the glass transition temperature (dT,/dp), as well as the
activation volume (AV)—useful parameters characterizing the
dynamics of the investigated systems that have strong physical
grounds. To do that, we applied the Avramov model that can
be used to parametrize the temperature and pressure
dependence of the segmental and sub-Rouse relaxations
times and further predict their evolution at given thermody-
namic conditions. Herein, one can briefly mention that the
following equation was used to fit the data®

c »
T n.,(l——cf In(H-ﬁ)) p B
T, = T, exp| ln(tg/rw)(?'] " (1 + H]

()

where 7, is a relaxation time at extremely high T, 7, = ( Tg),
T, is a reference temperature lying close to the Ty, IT is a
constant with the dimension of pressure, @, and f are
exponential parameters, which are linked to the thermody-
namic quantities via the following relations

2C
ay = —2
7 zZr (3)
. 2a,V,,
ZR 4)
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Figure 6. (a) Segmental relaxation times plotted vs temperature and pressure for PMMS. Violet areas represent surface fits to the modified
Avramov equation (eq 2). (b) Activation volume (AV) obtained for the segmental, and the sub-Rouse mode plotted vs 7, for PMMS and PMPS.

where C, is a specific heat capacity, Z represents the

degeneracy of the system, a, is a volume expansion coefficient
at ambient p, and V,, is a molar volume. The results of fitting
7(T, p) and T peue(T, p) dependencies to the Avramov
equation are presented in Figures 6a and S8. It should be noted
that the obtained fits are of very high quality because R* ~
0.998 for 7, and R* & 0.993 for 7, pouse. in both cases (see
Table S1 in the Supporting Information presenting the
parameters of eq 2 determined from the global numerical
fitting).

Having done the fitting procedure, we calculated T, at
varying pressures as well as the pressure coefficient of the glass
transition temperature in the limit of ambient pressure using
the pressure derivative of the following Avramov equation™

Blalp)
Tp) = Tg(p‘,)(l s ) "
where
C b4
a(p):a[l ——(1n1+—]]
1T < [ ”] ©

It was obtained that dT,/dp for PMMS is equal to dTg/dp &
156 K/GPa. It seems tflat this value is, unexpectedly, really
low, considering that polysiloxanes are quite flexible polymers,
for which the pressure coefficient of the glass transition
temperature should be rather high. Herein, it should be noted
that silyl derivatives of low-molecular-weight glass formers are
characterized by the highest dT,/dp of all liquids. Just to
remind silyl derivative of glucose and trehalose, for which this
parameter reaches 412 and 453 K/GPa, respectively.*‘"“
Moreover, one can compare the obtained result to the dT,/dp
determined for other polymers. Note that for some
representative vinyl macromolecules, including 1,2-PBD,*
polyethylene,*” poly(vinyl acetate),*" and poly(vinyl methyl
ether),” dT,/dp ~ 180-250 K/GPa. What is more, dT,/dp
for polystyrene varied from 306 to 294 K/Gpa, depending on
the molecular weight. One can also mention that PPGs have
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different terminal units. In these polymers, dT,/dp changes
from ~150 to ~200 K/GPa. To make this discussion even
more credible and informative, we decided to perform
additional high-pressure dielectric experiments on PMPS of
nearly the same molecular weight, which has a similar
backbone to PMMS, but a different pendant group (phenyl
moiety). Obtained data were analyzed in the analogous way as
it was done in the case of PMMS. It was found that dT,/dp
obtained for PMPS, which equals 250 K/GPa, is nearly twice
higher than that determined for the investigated macro-
molecule. Hence, one can claim that such a low value of de/
dp in PMMS with respect to the majority of the investigated
polymers, including other polysiloxanes having a similar
backbone, is strictly related to the presence of thiol moieties,
which are capable of forming H-bonds. Although specific
interactions created by —SH units are regarded as one of the
weakest, they have a tremendous impact on the dynamics of
the segmental process and pressure coefficient of the glass
transition temperature in PMMS.

Further, we calculated the activation volume in the limit of
ambient pressure for segmental and sub-Rouse modes in a
wide range of temperatures and compare them to the values
determined for PMPS. Herein, it should be stressed that
according to transition state theory, AV is a measure of a
different volume in the activated and standard states. It can be
calculated according to the definition

dlog 7,
AV, = RT ln(IO)[L] Jx=a, a
¢ ) 6

One can mention that to estimate the activation volume at
different thermodynamic conditions, we utilized the parame-
ters obtained from the Avramov fits to the 7,(T, p) and
T sub-rouse(T) p) evolution in PMMS and PMPS (listed in
Table S1 in the Supporting Information). Next, the
determined values of AV have been plotted versus segmental
relaxation times, as shown in Figure 6b. The activation volume
for the segmental process is slightly higher, within the limit of
uncertainty, with respect to AV of the sub-Rouse mode.

https://doi.org/10.1021/acs.macromol.2c00378
Macromolecules 2022, 55, 5581-5590

42



Macromolecules

pubs.acs.org/Macromolecules

Interestingly, a similar observation has been reported in
previous papers, where it was shown that values of AV of the
normal mode, reflecting motions of the whole chain, are
comparable to AV of the shorter distance segmental
mobility.** At first sight, this finding seems to be controversial
because segmental motions obey few reorienting segments,
while the sub-Rouse or normal mode is a result of longer
distance chain motions. Nevertheless, it was argued that AV is
not a volume required for the cooperative reorientations of the
whole chain but a volume required for the reorientation of the
chain ends. Therefore, this is the main reason why the
activation volume is so similar in the case of segmental and
normal modes in the type-A polymer. Hence again we found a
similarity in the dynamical behavior of the slow process in
PMMS to the normal mode in type A polymer. This finding
can be another important clue for identifying the a’-process in
the investigated oligomer to the sub-Rouse motions. Herein, it
should also be commented that the activation volume
determined for the segmental relaxation process in PMPS is
more than twice as high as that of PMMS. This result was
expected considering both (i) a notable difference in the
pressure evolution of Ty and (ii) the size of the pendant phenyl
units, which is much larger with respect to the isopropyl alkyl
unit. In literature, we can find numerous examples, where the
authors demonstrated that AV changes with the size of the
pendant moiety.**

Having analyzed the high-pressure data, one can state that
the dynamical behavior of a’-process strongly mimics
characteristic features of the normal mode in type-A polymers.
This suggests that the slow mode must reflect some kind of
motions of the chain and could be considered as the sub-Rouse
mode found in many polymers including other polysiloxanes
characterized by a similar chemical backbone to PMMS. In this
context, it should be stressed that although one can consider
other molecular motions underlying this mode, they are less
probable. To justify this thesis, it should be reminded that in
contrast to the a’-mode observed in PMMS, the slow
processes assigned to the helical conformations detected in
polystyrene (treated with various solvents) show an Arrhenius-
like behavior and do not merge with the segmental
relaxation.”® The same pattern of behavior applies to the
slow mode detected in the series of thin films, which was
supposed to be a universal feature of glass-forming materials.”®
Finally, our last molecular dynamics simulations indicated that
although PMMS molecules tend to arrange themselves in a
nematic-like order, this process is clearly driven by the H
bonds formed by the thiol moiety.”” On the other hand, it is
highly anticipated that due to compression, there should be a
clear change in the H-bond pattern and molecular arrange-
ment, which must be reflected in the dynamics of the slow
mode as regorted repeatedly in numerous monohydroxy
alcohols. ™%

As a final point of this paper, we decided to examine, why
there is such a strong variation in the amplitude of the sub-
Rouse mode in PMMS and PMPS. This difference is well
illustrated in the loss spectra of both polymers measured much
above T, see Figure S9 in the Supporting Information. For
that purpose, additional DFT calculations on the distribution
of the dipole moment along the main chain for the monomers
as well as oligomers consisting of a few (up to 4) repeated
units were performed. The value of the dipole moment and its
components depends on the conformation of the polymer, as
shown in Table S2. As presented in Figure S10, it was found
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that both the parallel (y)) and perpendicular (x4 ,)
components of the dipole moment along the main chain in
PMMS (4 ~ 1.9-2.8 and p; ~ 1.4-2.3) are much higher
than that in PMPS (u ~ 0.1 and y£; ~ 0.3—0.6, see Table S2).
It should be highlighted that the determined dipole moment’s
components are solely generated by the presence of the
polymer side groups. As shown, these computations clearly
indicated that the presence of highly polar moiety in the
pendant unit group gives rise to a significant parallel
component of dipole moment in PMMS. We are convinced
that this is the main source of the difference in the amplitudes
of the sub-Rouse modes in both polymers.

4. CONCLUSIONS

In this work, we have investigated the molecular dynamics of
PMMS at high pressure. These experiments allowed us to find
out that the additional (a’) relaxation process, slower than the
segmental mode detected in dielectric loss spectra of this
polymer, mimics the behavior of the normal mode at varying
thermodynamic conditions. Herein, one can list a few
similarities, such as a constant time scale separation between
7, and 7, during compression, as well as activation volumes
comparable to those determined for the segmental motions.
Obtained results, together with earlier mechanical data,
suggested that the @’-process in PMMS might be the sub-
Rouse mode. Herein, it should be mentioned that we have also
considered other possible molecular motions that could be
responsible for the slow mode in PMMS. However, it seems
that although at the moment they cannot be completely
rejected, they are less probable. Therefore, apart from PMPS,
this polymer is a second polysiloxane, for which such kind of
mobility was identified in dielectric loss spectra. Further DFT
computations revealed that it was possible due to a high
parallel component of dipole moment along the main
backbone, which resulted from the presence of the polar
thiol moiety in the pendant unit. Moreover, we also found that
the pressure coefficient of the glass transition temperaure
determined for PMMS is much smaller than PMPS of similar
M, and other polymers investigated in the literature. This
outcome, although quite surprising considering the flexible
nature of the Si—O connections, is surely connected to the
presence of thiol moiety in side groups attached to each
monomer. Even though specific interactions formed by this
moiety are regarded as one of the weakest of all known, they
have a strong impact on the dynamics of segmental and sub-
Rouse mode in PMMS. The data presented in this paper
clearly emphasize the important role of high-pressure experi-
ments in the elucidation of the most probable nature of
additional motions detected in the loss spectra. Furthermore,
they seem to be a key element to identify the sub-Rouse mode,
which provides information about larger distance chain
motions.
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ABSTRACT

In this paper, we have investigated dielectric response at ambient and elevated pressure of poly(mercaptopropyl)methylsiloxane (PMMS) based oligomeric brushes,
where the thiol moiety was substituted by various butyl acrylate isomers (n-butyl acrylate (nBA), iso-butyl acrylate (isoBA), tert-butyl acrylate (tertBA)). It was found
that the glass transition temperature, Ty, of PMMS is much lower with respect to the other systems despite its ability to form weak hydrogen (H) bonds. What is more,
the length scale of cooperativity was the highest in homopolymer and scaled with the steric hindrance of the graft. We also demonstrated that in the examined grafted
copolymers, there is one broad relaxation process in dielectric spectra which is wider than that recorded in mechanical response. That probably means that similarly
to PMMS, there are two relaxation processes above T in grafted copolymers. However, due to similar timescale, they cannot be separated. Further, high-pressure
experiments revealed that pressure coefficient of the glass transition temperature, dT/dp, as well as the activation volume, AV, calculated for the segmental process
surprisingly does not scale with either the size of monomer nor steric hindrance. This unexpected result must be related to the specific structure adopted by the
studied grafted oligomers. Presented herein data expand our understanding on the impact of topology on the dynamics of polymers at ambient and high pressure.

1. Introduction

Grafted copolymers (polymer brushes, molecular brushes) [1-4] are
“macromolecules of two or more different chemical chains in which a
chain (named backbone) has multiple branches (grafts) formed from
macromolecular chains with a chemical composition different from that
of the backbone™ [5]. Consequently, the topology of grafted copolymers
resembles a comb/brush, which can be moderated by three major pa-
rameters: backbone degree of polymerization (N), side-chain degree of
polymerization (N;.) and grafting density (z). Therefore, the polymer
brushes are a very diverse group as those systems can be composed of
varying number of (chemically) different branches, introducing addi-
tional intra- and intermolecular interactions within those materials.
Accordingly, grafted copolymers are often stimuli-responsive materials,
sensitive to the variation in temperature, solvents, light,
electro-magnetic fields, pH [6-8]. Moreover, one can also mentioned
that, interestingly, recent studies on various grafted oligomeric poli
(ionic liquids) showed that those materials exhibit enhanced ionic
conductivity when compared to their linear counterparts [9,10].

* Corresponding author.
E-mail address: magdalena.tarnacka@us.edu.pl (M. Tarnacka).
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Despite of the high importance of molecular brushes, their molecular
dynamics studies especially with the use of dielectric spectroscopy are
limited [11-14]. Note that the vast majority of papers devoted to
polymer brushes focused on both the probing of mechanical (flow)
properties in these materials [7,15-19]. As for oligomeric materials,
recent studies on associating poly((mercaptopropyl)methylsiloxane,
PMMS) shown that it undergoes the self-association into nanoaggregates
[20], which surprisingly, also prevails under confinement [21]. Note
that the dielectric studies on various linear telechelic poly(dimethylsi-
loxane, PDMS) clearly show that the impact of hydrogen bonding end
groups of their behavior is dominant only in the low molecular weight
range [22-24]. On the other hand, in the case of polymeric bottle
brushes, one can recall work by Jakobi et al. [11] on the segmental
dynamics of PDMS-based bottlebrushes (PDMS-g-PDMS) as a function of
their side-chain degree of polymerization (N = 4-155). Interestingly, it
was observed that an increase in Ny between examined PDMS-g-PDMS
results in longer segmental relaxation times, 7,, when compared to the
“respective single side chains™ [11]. Surprisingly, the greatest difference
in 7, was observed in the case of lowest N. = 4. One can mention that
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