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AHHOTANIA

Paccmompeno enuanue HAOMOIEKYIAPHBIX CIMPYKMYP HA ONMUYECKUe XapaKmepucmuky noaumepos. Hccneoosanus gpmop-
COOEPAHCAUUX AKPUTLOBDIX NOTIUMEPOS C PMOPCOOEPHCAUUMU DAKMPOONMULECKUMU XPOMOPopamu 6 BOKOBOT yenu noKazau,
4mo OHU OONHCHBL UMeMb PUOPUTAPHYIO HAOMONeKYAApHYIo cmpykmypy. Coxpanenue Guopuiiaproi cmpykmypsl onpeoe-
Jislem mexHuyecKue ycaogust (memMnepamyphulil OUana3oH) SKCHIYAmayuy 8b1COKOCKOPOCHHBIX UHMESPATbHO-ONMUYECKUX MO-
oynamopos u nepexniovameneil. Paccmompennvie 6 pabome noaumepsi pazoenuny Ha mpu mund no eeluYUHam cmenenu no-
aapusayuu kp: nonumepul, y komopuix kpl = 1.39; noaumepuwl, y komopuwix kp2 = 1.17; noaumepul, y komopwix kp3 = 1.003.
s pacuema HeruHelnbIX ONMUYECKUX XAPAKMEPUCMUK UCNOab308anu ypashenue [ocencena. [lokazana 603modicHocms pac-
uema NOAAPUIYEMOCIU NOTUMEPA X NO IKCNEPUMEHMATLHBIM SHAYEHUAM OUINEKMPULECKOU NPOHUYACMOCIU Exxen. Pazsusae-
MBIl ROOX00 MOdicem DblMb UCNOIB308AH 8 MeOUYUHe U OUOL02UU NPU AHATU3e pabombl HeUpOoHO8 (benka myOyIuna) u evla6-
JIeHUs. NPUYUH 803PACMHBIX UsMeHeHull namamu yenosexa. Ilocneonee 06ycnosneno niacmuguxayueii myoyiuna u Hapyule-
HUuem e20 QUOPUITAPHOU CIPYKMYPbL 60 BPEMEHU NPU memMnepanype Mo3ed.

KJIKOUYEBBIE CJIOBA: ousaexmpuueckas npoHuyaemocms, ROJISAPU3YEMOCHb, HAOMOIEKYISIPHbLE CIPYKIMY Db,
HeUupoH, myoOyIuH, Xpomogpopul.

JJISI HUTUPOBAHMSA: Matgees 10.1. BiusHie HaAMONEKYISPHBIX CTPYKTYP MOJIUMEPOB Ha UX HJIEKTPOONTHYECKUE CBOUCTBA /
Martsees F0.1., Ackanckuii A.A., Maneesuu T.A. // Texuuka u TexHojorust cuiankaros. — 2024, — T. 31, Ne 1. - C. 14-22

Type of article - scientific article
OECD 2.05 Materials engineering
QH MATERIALS SCIENCE, COMPOSITES

INFLUENCE OF SUPRAMOLECULAR STRUCTURES OF POLYMERS ON
THEIR ELECTRO-OPTICAL PROPERTIES
Matveev T.L!, Askadskii A.A.23, Matseevich T.A.}

! Institute of Biochemical Physics of the Russian Academy of Sciences
2 A.N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences
3 National Research University Moscow State University of Civil Engineering

ABSTRACT

The influence of supramolecular structures on the optical characteristics of polymers is considered. Studies of fluorine-
containing acrylic polymers with fluorine-containing electro-optical chromophores in the side chain have shown that they
should have a fibrillar supramolecular structure. The preservation of the fibrillar structure determines the technical conditions
(temperature range) for the operation of high-speed integrated optical modulators and switches. The polymers considered in
the work were divided into three types according to the degree of polarization kp: polymers for which kpl = 1.39; polymers
with kp2 = <1.17>; polymers with kp3 = 1.003. To calculate nonlinear optical characteristics, the Jepsen equation was used.
The possibility of calculating the polarizability of a polymer x from experimental values of the dielectric constant gexp is shown.
The approach being developed can be used in medicine and biology to analyze the functioning of neurons (tubulin protein) and
identify the causes of age-related changes in human memory. The latter is due to plasticization of tubulin and disruption of its
fibrillar structure over time at brain temperature.
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BBEJEHHUE

B Hacrosmee Bpems Grarogapst pa3BUTHIO TEXHOJIOTHN HH-
TErpaJbHON ONTHKH yIAJIOCh JOOMTHCS CYLIECTBEHHOI'O IPO-
rpecca B TEXHHYESCKHX mmapamerpax (3QpQPeKTHBHOCTh, MUHHA-
TIOpU3aIys, ObICTPONEHCTBHE U T.1.) ONTOIEKTPOHHBIX 3JI€-
MEHTOB M CHCTEM JJIsl ONTHYECKOU CBSI3U, paIMOo(OTOHUKH, CH-
cTeM 00paboTKH U mepenayn AaHHBIX [1-4]. Ilpu 3ToM cBepx-
BbicokouacToTHbie (CBY) anekrpoontuyeckue (30) Moays-
TOPBI COCTaBJISIIOT OCHOBY MHOXECTBA AJIEMEHTOB pagrodoTo-
HUKH. PaboTa MoynsTopa OCHOBaHA Ha COTIIACOBAHHOM B3aH-
MozerictBun CBY u oNTHYECKHUX BOJH B OMNTORJIEKTPOHHOM
YCTpOMCTBE THIA MEKTPOJHAS CTPYKTypa — ONTHYECKUI BOJI-
HOBOJI, B KOTOPOM aMIUIUTYAa WK (a3a ONTUYECKON BOJIHBI
MU3MEHSAETCA TOA ACHCTBHEM NPHUKJIAABIBAEMOIO JJIEKTpHUE-
CKOT'O HAIPSKEHHS.

ITpn pa3paboTke BBICOKOCKOPOCTHBIX MHTETPAIbHO-OITH-
YEeCKUX MOJYJIATOPOB M IEpeKiIroyareliei, paboTaromnux B Te-
JIEKOMMYHHUKAIIMOHHOM JHara3oHe JIiH BoJH 1530-1565 Hwm,
30 nosmMepHbIe MaTepralibl HAX0AAT IIMPOKOE IPHIMEHEHHE.
Jlnist co3aHus TAKUX MaTEPHANIOB HCIOIB3YIOTCS XPOMOGOPHI
(MoIeKybI, KOTOpBIE TOTJIONIAIOT OMPEACICHHYIO, XapaKTep-
HYIO JUISL KX aTOMHBIX I'PYIIII, YaCTh JIEKTPOMAarHUTHOTO U3JTy-
YEHUsI), CIIOCOOHBIE N3MEHATh MOKA3aTellb MPEIOMIICHUS TI0A
JIEWCTBHEM TPHIOKEHHOT0 3JIeKTpudeckoro nomst. 0 momiu-
Mep MOXKET OBITh H3TOTOBJICH JINOO ITyTEeM BHEAPEHUS MOJIEKYI
xpoModopa B macCuBHYIO MaTpHily (cucrema guest-host) [5-7],
100 MyTeM MX KOBAJICHTHOTO BCTpPauMBaHMs B OOKOBBIE IICTIH
MTOJTMMEPHBIX MaKpoMoIIeKky (cuctema side-chain) [8-10]. [Ipu
9TOM, KaK Oyzer nokasano ke, 0 momuMep JomkeH oba-
JIaTh OIPENEICHHON HaJMOJIEKYJISIPHOM CTPYKTYpOM, KOTOpast
BJIMSICT HA PEXXHUM IKCIUTyaTaluy (TeMIepaTypHbIA JHana3oH)
TaKUX MOJIYJISITOPOB.

[TpoGriema BIWSIHUS HaIMOJIEKYJSIpHAas CTPYKTYp IIOJIHU-
MEpHBIX MaTepuaioB, HA UX IPOBOAUMOCTh HOCHT OoJjiee (yH-
JAMEHTAIBHBIN XapakTep M HE OrPaHWYMBACTCS TOIBKO HX
NIPUMEHEHHEM B Pa3IMYHBIX TEXHUYECKUX ycTpoiicTBax. Pa-
00Ta HEpBHOI CUCTEMBI YEJIOBEKa, €€ TPOBOJAUMOCTD B pa3iuy-
HBIX YCJIOBHSIX TOXE OIPENEINseTCs] HaIMOJICKYISIPHOHM CTpYyK-
Typo# HeiipoHa (OCHOBHOTO CTPYKTYPHOI'O M (DYHKIIMOHAIIb-
HOTO 3JIEMEHTa HepBHOH cuctembl). OH BKIIOYAaeT B ceds
HelpopuOpmIbl, oOpa3oBaHHbIe OenkamMu TyOynuHa. Ilo-
3TOMY TOJyYCHHBIE HWXKE PE3YJIBTaThl MOT'YT OBITh HCIOIB30-
BaHbI IIPH aHAIN3€e pabOTHl HEPBHOW CHCTEMBI B ITpOIIecce CTa-
PEHUS YENOBEKA B PAMKaX COBPEMEHHBIX ITOJXOJ0B K H3yde-
HUIO (PU3UOJOTHYSCKUX MEXaHU3MOB mamaTH [11, 12].

I.[e.m» HJIM 3a1a4Y1 UCCIICI0OBAHUA

Ilens paboThl 3aKifO¥aeTCss B aHAIM3€ BIMSHHUS THUIIA
HaIMOJICKYJISIDHBIX CTPYKTYP MOJUMEPOB Ha CTCTICHDL MOJIApH-
3aruu. C 9TOH LEeNbIo HCCITeI0BAIN (PTOPCOACPIKAIINE AKPUIIO-
BbIE TOJUMEPHI C (HTOPCOACPIKAIMUMHU DIIEKTPOOIITHYECKUMH
xpomodopamu B O0KOBO 1eTH. 3aaduei HcCIeI0OBaHUS TaKKe
SIBJISIETCSI pacyeT MOJIIPU3YEMOCTH IOJIMMEpa C UCIIOJIb30Ba-
HHEM JaHHBIX 110 JUUIEKTPUUECKOH TpoHnIaeMocTH. OKoHYa-
TeNbHOW I1IENBI0 M 3amadell paboThl SBIACTCS IMpEACKazaHHe
THIIA HAZIMOJIEKYJISIPHOH CTPYKTYPBI IIOJIMMEpPA, YTO [103BOJISIET
OLICHUTB AKCIUTyaTallMOHHBIE ITapaMeTphbl HHTErPATbHO-OITH-
YECKUX MOYJISITOPOB.

INTRODUCTION

Currently, thanks to the development of integrated op-
tics technologies, significant progress has been made in
the technical parameters (efficiency, miniaturization,
speed, etc.) of optoelectronic elements and systems for op-
tical communications, radio photonics, data processing
and transmission systems [1-4]. At the same time, ultra-
high-frequency (microwave) electro-optical (EO) modula-
tors form the basis of many elements of radiophotonics.
The operation of the modulator is based on the coordinated
interaction of microwave and optical waves in an optoe-
lectronic device such as an electrode structure — an optical
waveguide, in which the amplitude or phase of the optical
wave changes under the influence of an applied electrical
voltage.

In the development of high-speed integrated optical
modulators and switches operating in the telecommunica-
tions wavelength range 1530-1565 nm, EO polymer mate-
rials are widely used. To create such materials, chromo-
phores are used (molecules that absorb a certain part of
electromagnetic radiation characteristic of their atomic
groups), capable of changing the refractive index under the
influence of an applied electric field. An EO polymer can
be manufactured either by introducing chromophore mol-
ecules into a passive matrix (guest-host system) [5-7], or
by covalently incorporating them into the side chains of
polymer macromolecules (side-chain system) [8-10]. In
this case, as will be shown below, the EO polymer must
have a certain supramolecular structure, which affects the
operating mode (temperature range) of such modulators.

The problem of the influence of the supramolecular
structures of polymer materials on their conductivity is of
a more fundamental nature and is not limited only to their
use in various technical devices. The work of the human
nervous system, its conductivity in various conditions is
also determined by the supramolecular structure of the
neuron (the main structural and functional element of the
nervous system). It includes neurofibrils formed by tubu-
lin proteins. Therefore, the results obtained below can be
used to analyze the functioning of the nervous system dur-
ing human aging within the framework modern ap-
proaches to the study of physiological mechanisms of
memory [11, 12].

The purpose or objectives of the study:

The purpose of the work is to analyze the influence of
the type of supramolecular structures of polymers on the
degree of polarization. For this purpose, fluorine-contain-
ing acrylic polymers with fluorine-containing electro-op-
tical chromophores in the side chain were stud-ied. The
objective of the study is also to calculate the polarizability
of the polymer using data on the dielectric constant. The
final goal and task of the work is to predict the type of
supramolecular structure of the polymer, which makes it
possible to evaluate the operating pa-rameters of inte-
grated optical modulators.
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JKCHepUMEHTHI U 00CyKIeHHe Pe3yIbTATOB Experiments and discussion

OueHkKa BJIANSIHUS HAMOJIEKYJISAPHBIX CTPYKTYP HA TU- Assessment of the influence of supramolecular
IEKTPUUECKYI0O MPOHUI[AEMOCTh PsA/Ia MOJUMeEPOB 1o 3Kc-  structures on the dielectric constant of a series of pol-
NMEePUMEHTAIBHBIM JAHHBIM H 00Cy:KIe¢HUE Pe3yJIbTATOB ymers according to experimental data and discussion

of the results
Panee B pabote [13] ObIT peioskeH MOIXO/, TTO3BOIISIO-

UK ydecTh BIMSHUE TaKUX (PaKTOPOB, KaK IUIACTH(UKALMN Previously, in [13], an approach was proposed that al-
ocTaTkaMH MPOJYKTOB CHHTE3a M PAacTBOpUTENs, HelmuHeiiHoi  lows taking into account the influence of factors such as
TOJNISIpU3alns Ha JUIJIEKTPHUECKUe cBoiicTBa monmmmepoB. B plasticization by residues of synthesis products and sol-

pamkax [13] paccmoTpum BiusHHE emie onHoro gakropa — vents, and nonlinear polarization on the dielectric proper-
HaaMoIneKysipHbEIX cTpykTyp (HMC) Ha HenmHeliHbIe onTrye- ties of polymers. Within the framework of [13], we will
CKHUE XapaKTEPUCTUKH MTOJMMEPOB. consider the influence of another factor —supramolecular

Tak xak U3BECTEH KJIacc MOJIMMEPOB, obnamaromux Heixu-  structures (SMS) on the nonlinear optical characteristics
HEHHBIMH ONITUYECKUMU XapaKTepucTHKamu (Tadi. 4 B pabote  of polymers.
[13]), mpu ux pacuere BocIojb3yeMcsl ypaBHeHueM Jxercena Since the class of polymers with nonlinear optical
[14]: characteristics is known (Table 4 in [13]), when calculat-
ing them we use the Jepsen equation [14]:

(e-DNe+2)=x-(15x%16). (1)

Torma 3agaua onpeneneHus MOJIIPU3yEMOCTH TIOJMMepa X Then the problem of determining the polarizability of
[0 IKCIIEPUMEHTAJIbHBIM 3HAYCHUSIM JHMAJIEKTPUUEcKoil mpo- a polymer x from the experimental values of the dielectric
HUIIAEMOCTH Ecxp CBEIETCS K PEIICHHI0 KyOHUecKoro ypaBHe- —constant €., Will be reduced to solving the cubic equation:
HUSI:

3 — 1.0667x + 1.0667(eexp — Dleexp +2)=0 (2

Ouznyeckuii CMBICI pelleHHs] ypaBHEHHs (2) UMeeT Ko- The physical meaning of the solution of equation (2)
peHb has a root
x7=1.1926 cos(60°+/3), rae cos ¢ = 2.516((eexp — 1)/(€exp +2))  (3)
B tab6m.1 npuBOsATCS pe3yabTATH pacyeTa X, i CTEIICHH I10- Table 1 shows the results of calculating x; and the de-

nsipu3annu kp,, Kotopast OyieM OLleHUBATh Kak K, =X,/ Xexp , A€ gree of polarization k,, which we will evaluate as k, = x;/
Xexp — TIOJSIPU3YEMOCTh TIOJIUMEpa B JINHEHHOM NPUONIDKEHUN  Xexp, Where Xexp 1S the polarizability of the polymer in the

ypaBHEHUS (2) TIPU Eexp. linear approximation of equation (2) at €exp.
Paccmorpennbie B Tab:i1.1 noaumeps! o Kk, MOXXHO pasje- The polymers considered in Table 1 can be divided
JUTH HA TPH THUIIA: into three types according to kp:
- OJIUMEPBI, Y KOTOpbIX Ky = 1.39; - polymers with k,; = 1.39;
- HOJHUMEPHI, Y KOTopsIX <k,>=1.17; - polymers for which <k,>=1.17;
- ¥ TIOJIUMEPBI, Y KoTopbIX kp3 = 1.003. - and polymers with ky3 = 1.003.
JIto00MmBITHO OTMETHUTS, uTO kpl - <kp»>=0.22, 4To mo mo- It is interesting to note that kp; - <kp>>= 0.22, which is

PAAKY BeTHYMHBI OJM3KO K OTHOIICHHIO paanycoB puOpmusip-  close in order of magnitude to the ratio of the radii of fi-
HBIX CTPYKTYp R K paguycam rio0yssipHbIX cTpyKTyp R3. Co-  brillar structures R, to the radii of globular structures R3.
rimacHo [ 15, 16], R2/R3 ~ 0.25, uto mo3Bonsier uaeHTHGHUIUPO- According to [15, 16], R2/R3 ~ 0.25, which makes it possi-
Batb HMC, t.e. nonmumepsl ¢ kp oOmamator mioOymspuoit  ble to identify the SMS, i.e. polymers with k;,; have a glob-
CTPYKTYpOii, ¢ kp2 - pubprmisapHoit CTpyKTYpoid, a ¢ kp3 — a-  ular structure, with kp, — a fibrillar structure, and with kp;3
MENSAPHON CTPYKTYPOH. — a lamellar structure.

TABJINILIA 1. BIUAHUE HMC HA CTEINNEHDb TOJIAPU3AIINU Kp IOJTUMEPA.
Table 1. Effect of SMS on the degree of polarization k, of the polymer.

Mosmmep Bom o X7 kp
Polymer
[Momm(4-meTun-1-nenTan) 2.13 0.289 0.29 1.003
Poly(4-methyl-1-pentene)
[Tonmu(BUHUIITMKIOTEKCaH ) 2.25 0.294 0.345 1.17
Poly(Vinyl cyclohexane)
[omm(B-BuHMIHATANINH) 2.51 0.335 0.388 1.16
Poly(B-vinyl naphthalene)
[Momu[1,1-uuknorekcan-ouc-(4-hernn) kapooHar| 2.60 0.348 0.414 1.19
Poly[1,1-cyclohexane-bis-(4-phenyl) carbonate]
[omu[1,1-3Tan-ouc-(4-penn) xkapooHar| 2.90 0.393 0.545 1.39
Poly[1,1-ethane-bis-(4-phenyl) carbonate]
TTonu(3,4-guxaopcTupo) 2.94 0.393 0.545 1.39
Poly(3,4-dichlorostirol)
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Ilocnennee 3ameuanue otHocurenbHO HMC MOXXHO mmoj-
TBEP/MTH CIEIYIOINM 00pa3oM. Pa3noxum 3aBucumocts k, =
AR), toe R — xapaxTepHbIit pamep HMC, B psig o R. Orpanu-
YUBAsICh WIEHOM IEPBOTO MOPSIIKA MaJIOCTU MO R, 3aIUIIEM:

kp = (k) +4°R,

rae (kp);— monspu3yeMocTb oarMepa B TMHEHHOM HpHOIHKe-
Huy, (kp) = 1.

IMpu kp1 - <kp2>=0.22 u Ry/R3 ~ 0.25 ¢ moMomusio ypaBHEHUS
(4) moMy4MM CIeIyroIee COOTHOIICHUE

0.88(1/(A1R3) =

rae a = Ai/A>, xoabpuuuentsl A1 u A> B ypaBHenuu (4) coor-
BETCTBYIOT ITOJIIMEPaM C TI00YIsipHON R3 U1 GUOPIILTAPHOH R,
CTPYKTYPaMH COOTBETCTBEHHO.

Tak xak 41R3 = kp1 - 1 = 0.39, u3 ypaBaenus (5) nomyanm a =
0.573 u ypaBHeHUe 1 Kp2 IPUMET CIIEAYIOMNHA BUI:

The last point regarding SMS can be confirmed as fol-
lows. Let us expand the dependence k, = f{R), where R is
the characteristic size of the SMS, into a series in R. Lim-
iting ourselves to the term of the first order of smallness in
R, we write:

“4)

where (kp); is the polarizability of the polymer in a linear
approximation, (kp)1 = 1.

With kp1 - <ky> = 0.22 and R»/R3 ~ 0.25, using equation
(4) we obtain the following relation

4a.-1, (5)

where o= 4 ,/A42; coefficients A; and A in equation (4) cor-
respond to polymers with globular R; and fibrillar R struc-
tures, respectively.

Since A;R3 =kp1 - 1 =0.39, from equation (5) we obtain o
=0.573 and the equation for k; takes the following form:

kpp=1+0.573 41"Ry (6)

Jlist ouieHKM A1 BOCHOJB3yeMCs JJaHHBIMU IO KOJUIAreHy,
KOTOpEIi mMmeerT QuOpmwuLipayto crpykTypy (®C) B BHIC
TpoiHOI ciiupainu. [Ipu Temmieparype Bble TeMIepaTypsl Je-
HaTypaluu KoJulareH nepenier B xenatuH [17], koTopslii Oy-
JIeT UMeTh TIOOYIISAPHYIO CTPYKTYpY ¢ R3 = 5.54 A. Torma u3
ycnoBus ky1 =1 +0.573 41 R3 npu kp1 = 1.39 naiinem 41 =0.162
A-1ukyp=1+0.093 Ry. Ilpu R, = 2.77 A pubpusuis kosa-
reHa Oyzer umeth k> = 1.258, T.e. Ha 7.5% Oyner Gosbiie
<kp2>. [Ipu nepexozie OT KoJIareHa K >KeJIaTHHY CyIIeCTBEHHO
MEHSETCS CO/IepKaHue MPOJIHHA.

BeruniciaeHus Xy B cIydae €exp > 3 AaroT x; = const = 0.596,
a <kp> ~ 1.323 (1abn.2), T.e. B mpeenax TOYHOCTH BEITOJTHEH-
HBIX OILICHOK B IOJIMMepe OyneT (OopMHUPOBATHCS TIIO0YIIIpHAS

CTPYKTYpa.

To evaluate A;, we will use data on collagen, which has
a fibrillar structure (FS) in the form of a triple helix. At
temperatures above the denaturation temperature, collagen
will transform into gelatin [17], which will have a globular
structure with R; = 5.54 A. Then from the condition kp =
1 +0.573 AR5 at ky = 1.39 we find 4; = 0.162 A-1 and
kp2 =1+ 0.093 R>. At R> = 2.77 A, collagen fibrils will
have kp = 1.258, i.e., <kp> will be 7.5% greater. When
moving from collagen to gelatin, the proline content
changes significantly.

Calculations of x; in the case of g > 3 give x; = const
=0.596, and <k,> ~ 1.323 (Table 2), i.e. within the accu-
racy of the estimates, a globular structure will form in the
polymer.

TABJIUIIA 2 BJIUSTHUE éexp HA x; TIOJIMMEPA (BHAYEHMUS eexp B3SITHI U3 [18]).
Table 2 Effect of €.xp on xs of the polymer (€exp values taken from [18])

€X' €X] k
Ioaumep Fexp e * P
Polymer
Homu(ahup >¢up kKeToH) 3.20 0.423 0.596 1.408
Poly(ether ether ketone)
[Monu[4,4!-mudenoxcunu(4-pe- HuIeH)CyIbPOH] 3.44 0.45 0.596 1.329
Poly[4,4!-diphenyloxide(4-fe-nylene)sulfone]
[onu[4,4!-cynehonmudenokcu-au(4-deruneH )cynbhoH | 3.80 0.483 0.596 1.23
Poly[4,4!-sulfondiphenoxy-di(4-phenylene)sulfone]

Bosznukaer Bonpoc, kakyro HMC nomxeHn umeTs noaumep,
9T00BI 00J1a/1aTh, HAIIPUMeEp, MOBBIIEHHON ONTHYECKOH Mpo-
3pauHocThi0 B OmmkHel MK-o0macti criektpa u OBITH mep-
CHEKTUBHBIM [UIS CO3JaHHA DJICKTPOONTHYECKUX MOMIYJIATO-
poB. HccnenoBaHus MOMSPU3yEMOCTH U TOKAa3aTellsl MPEIoM-
JeHus n GTopcoepiKalluX aKpUIOBBIX MOJIUMEPOB ¢ (HTOPCO-
JIEPKaITUMH 3JIEKTPOONITUYECKUMHU XpoMohopaMu B OOKOBOMA
uenu [19] mokaszanu, 4TO €ro moka3areiab MPEIOMJICHUS 1 ~
1.582 (& ~ 2.503), T.e. moiMMep MOKHO OTHECTH K KaTeTOpUHU
Matepuanos ¢ @C, a Temnepatypa ctexsioBanus 1y = 45.6 °C.

Tak kak IU3IEKTpUYECKUe MPOHULAEMOCTH MOIUMEPOB C
®C orpanndeHsl auana3zoHoM 2.13 < g <2.9 (tabm.1), Bo3HU-
KaeT TmpobnemMa Ooiee YETKOTO YCTaHOBJCHUS T'PaHUI

The question arises what type of SMS a polymer must
have in order to have, for example, increased optical trans-
parency in the near-IR region of the spectrum and be
promising for the creation of electro-optical modulators.
Studies of the polarizability and refractive index n of flu-
orine-containing acrylic polymers with fluorine-contain-
ing electro-optical chromophores in the side chain [19]
showed that its refractive index n ~ 1.582 (g ~ 2.503), i.e.
the polymer can be classified as a FS material, and the
glass transition temperature is 7z = 45.6 °C.

Since the dielectric constants of polymers with FS are
limited to the range 2.13 < ¢ <2.9 (Table 1), the problem
arises of more clearly establishing the boundaries of
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n3MeHeHus € nonumepos ¢ GC, koTopeie odecrieunBaroT HE0O-
XOZMMBbIe ONTHYECKHE CBOICTBA. DTy 3agady B IEPBOM IpH-
OJIFKEHHH MOXKHO PEIUTB, BOCIIOIB30BABIIHCH IPOMEKYTOY-
HBIMHU 3HAYEHHUSMH JUIJIEKTPUIECKUX MPOHUIIAEMOCTEH, pac-
CMOTpeHHBIX B Ta0i.1. B tabmn.3 npuBenens! 3HaueHus kp, co-
OTBETCTBYIOLINE IPOMEXYTOUHBIM 3HAYEHHSIM Eexp 110 JJAHHBIM
pabotsr [18].

changes in € of polymers with FS, which provide the nec-
essary optical properties. This problem can be solved to a
first approximation by using the intermediate values of the
dielectric constants discussed in Table 1. Table 3 shows
the values of k, corresponding to intermediate values of
€exp according to the data of [18].

TABJIULA 3 BJIUSIHUE &exp HA TPAHULIBI ®OPMUPOBAHUS ®C.
Table 3 Influence of gexp on the boundaries of FS formation.

onumep Eexp Xexp XJ kp
Polymer
[onu(a¢pup apup keron) 3.20 0.423 0.596 1.408
Poly(ether ether ketone)
[Monu[4,4!-mudenoxcunu(4-pe- HuIeH)CYIBPOH] 3.44 0.45 0.596 1.329
Poly[4,4!-diphenyloxide(4-phenylene)sulfone]
[Tonu[4,4!-cynsdoraudenoxcu-au(4-hermneH)cynshoH| 3.80 0.483 0.596 1.23
Poly[4,4!-sulfondiphenoxy-di(4-phenylene)sulfone]

Kak BugHO 13 1261.1 1 3, obnmacti GpUOPWILISPHBIX U TII0-
OyJISIPHBIX CTPYKTYp pa3lielisieT Iepexo/iHasi 00JIacTh IpH U3-
MEHEHHU &exp OT 2.69 10 2.9. Ecin B KauecTBe HIKHEH rpa-
HUnbl GopmupoBanus obnactn OC B3sTh 3HaUeHHE kp, COOT-
BETCTBYIOIIEE &exp = 2.23, a B KAUECTBE BEPXHEH I'PaHUIIBI B3STh
3HaueHue kp, COOTBETCTBYIOLIEE Eexp = 2.6, TO < ky > OC Oyzner
~ 1.17, a nuamazoH W3MEHEHHS AMANEKTPHUCCKUX MPOHHIIAL-
MocTeit OyneT HaXoauThCs B mpenenax 2.23 < ¢ < 2.6.

OneHka CTPYKTYPbI HAHONIOP

DJIEKTPOONTHIECKUH TONMMEp, NMPEUIOKEHHBIN B padoTe
[19], ObLI U3rOTOBJICH MMyTEM BHEAPCHUS MOJICKYJI XpoModopa
(MoIeKys, KOTOpBIE MOTJIOMIAIOT OIPEACICHHYI0, XapaKTep-
HYIO JUISl UX aTOMHBIX TPYIIT YacTh AJIEKTPOMAarHUTHOTO U3JIy-
YeHUsI CO CHEU(PUIHBIM JIJIs1 HETO HAOOPOM YacToT) uepe3 Ko-
BaJICHTHOE BCTpanBaHKe B OOKOBBIC IIETTH MTOJTMMEPHBIX MaKpO-
MoJiekyJsl. PaccmarpuBasi ero kak HaHOIOPUCTYIO CTPYKTYpY,
OLIEHUM CTPOCHHE HAHOIOpP Ha OCHOBAaHWH ITOJIXOJIOB, Pa3BH-
TBIX B pabote [13].

[Tonarast HAHOTIOPHUCTYIO CTPYKTYPY IOJIMMEPa KaK MEJKO-
JIICTIEPCHYIO CMECh JIBYX BEILIECTB: IIOJIMMEPA C JIMIIIEKTpUYe-
CKOM IPOHHUILIAEMOCTBIO &, © HAHOIIOP C AUMIIEKTPUIECKOM IIPO-
HHUIAEMOCTBIO &,p, ITUIEKTPUUECKYIO NPOHHUIIAEMOCTh CMECH
&m, BCE YaCTUIBI KOTOPOH W3OTPOIIHBI, ONMPEICIUM B Cllydae
MaJoii 00peMHO¥ 10JTH TI0p ¢ U3 BEIPAKEHUS

3(enp—€p)e
gm=€p+E (np p)P

As can be seen from Tables 1 and 3, the regions of fi-
brillar and globular structures are separated by a transition
region when &y, changes from 2.69 to 2.9. If we take the
kp value corresponding to €exp = 2.23 as the lower limit of
the formation of the FS region, and take the k, value cor-
responding to €exp = 2.6 as the upper limit, then < k,> FS
will be ~ 1.17, and the range of changes in dielectric con-
stants will be within 2.23 <g < 2.6.

Assessment of nanopore structure

The electro-optical polymer proposed in [19] was man-
ufactured by introducing chromophore molecules (mole-
cules that absorb a certain part of electromagnetic radia-
tion characteristic of their atomic groups with a specific
set of frequencies) through covalent incorporation into the
side chains of polymer macromolecules. Considering it as
a nanoporous structure, we will evaluate the structure of
nanopores based on the approaches developed in [13].

Assuming the nanoporous structure of a polymer as a
finely dispersed mixture of two substances: a polymer
with dielectric constant &, and nanopores with dielectric
constant &p, the dielectric constant ey, of the mixture, all
particles of which are isotropic, will be determined in the
case of a small volume fraction of pores ¢ from the expres-
sion

O]

Enpt2€p

ITo nanubIM padoTel [17] &, = 2.504, e =2.378 u £ = 0.286
(3Ta BenM4KMHA COOTBETCTBYET CTENIEHH (PTOPHPOBAHMS MOJIE-
Kynel nosiumepa [19]). B atom cirydae enp = 1.745.

Tak KaKk HAHOIIOPBI HMEIOT CIIOKHOE CTPOCHHE (BKITIOYAIOT
3JIEMEHTHI TIOJIMMEPHON LeNn — XpPOMOQOPEI &, U Ta3 C &), My-
TEM TIPEeUIOKEHHOTO BhIIe moaxona (popmyna (7)) oneHHIM
cTpyKTYypy HaHonop. Ilycts

Enp = e+ &

18

Sg+28h

According to work [17], &, =2.504, gy =2.378 and ¢ =
0.286 (which corresponds to the degree of fluorination of
the polymer molecule [19]). In this case &y = 1.745.

Since nanopores have a complex structure (they in-
clude elements of the polymer chain — chromophores &
and gas with &), we will evaluate the structure of na-
nopores using the approach proposed above (formula (7)).
Let

®)
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W ecnn obnacte popmupoBanns @C nmeeT qUIIIEKTpHUe-
ckue npoHunaemMoctu 2.23 < ¢ < 2.6, To &, OyAeT MEHATHCS B
rpaHumax 2 < g, < 2.23, T.e. COOTBETCTBOBAThH 001acTH (HopMu-
POBaHMS JIAMEIUIIPHBIX CTPYKTYyp. Torna npu & = 1 gons rasa
B HaHomopax Oyzner ¢ ~ 0.213. OcrampHas gacte AS ~ 0.073
OyzeT coCTOSTh U3 TBEPIBIX KOMIIOHEHTOB, 00pa3yIoIuX Jia-
MEIUIPHYIO CTPYKTYpy Ha CTEHKax mnop. PeanpHo 3TH Benu-
YHMHBI (& ¥ 00BEM JIAMEIUISIPHON CTPYKTYPBI) MOXKHO paccyu-
TaTh UCXOJ U3 XUMUYECKOTO CTPOCHUs XpoModopa.

YMeHbLIEHHE MOKa3aTess npeaoMiIeHus noaumepa An Ha
0.04 B nporiecce (OTOOCBETIICHHUS IBIISCTCS JOCTATOYHBIM IS
(dbopMupPOBaHUS KaHAJBHBIX ONTHYECKUX BOJHOBOOB C YHCIIO-
Boit anepTypoit YA = 0.35 (COOTBETCTBYET CHHYCY MaKCHMAaJTb-
HOTO yTJIa MEXAY OCBIO U JIy4OM, JJIsI KOTOPOT'O BBITOTHSIOTCS
YCIIOBUS TTOJTHOTO BHYTPEHHETr0 OTPaXKEHUs! IIPU pacipocTpa-
HEHUU ONTHUYECKOTO M3JIy4YeHHs MO BOJIOKHY). [ToaTomy peub
UAeT o0 moadope XUMHUECKOTO CTPOCHHUS XpomModopa H COOT-
HOUICHUSI MEXJy ITOJMMEPOM M COIOJIMMEPOM, T.e. K paspa-
60TKe OIeHKHU (pacueTHOH (GopMyIbl) & U &, a TAK)KE OLIEHKH
BrustHug HMC.

CrenieHb GToprpoBaHHs ¢ MOXKHO YBEJINYUTH, HAIIpUMeEp,
3a CueT NMPUMEHEHHUS IpU COMOJIMMepHU3alui BMecTo 2,2,2-
TpudTopITHIAKpHIIaTa (MCXOTHOTO MOJMMEpa), MOHOMEpa
2,2,2-tpudropatui-1-propakpunara CH,=CH-C(0)O-
CH,CF; [19]. TTonaras, 4To pHu 3TOM IIPOU30HAET TOJIBKO H3-
MEHEHHE CTeleHU (ropupoBaHus &, ONEHUM H3MEHEHHUE &m.
ITycts ¢ cranet paBHBIM ¢ = 0.32. Toraa &, = 2.504 — 0.844 ¢
=2.234. CoOTBETCTBEHHO 1 CTaHET paBHbIM 1 = 1.495, T.€. u3-
MEHEHHe MoKa3aTess nmpeaomieHus coctaBut An =0.09. lans-
HEeWIINe yTOUHEHHS TUAIEKTPUIECKOH IPOHNIIAEMOCTH MTOBTO-
PSIOIIErocs: 3BeHa MOJIMMepa MO3BOJIUT CKOPPEKTUPOBATH ITY

uubpy.

HMC u npo6JieMma npoBOAMMOCTH HepBHOM cucTrembl. W3-
MeHeHHe NaMSITH NMPH CTapeHUun

U3BecTHO, uTO B nepuoy ¢ 40 1o 90 ser 4ucio HEPBHBIX
KJIETOK B KOpe I'OJIOBHOro Mo3ra cHikaercs Ha 10%. Kpome
TOTO, B IPOIIECCE CTAPEHNUST YMEHBIIIAETCS YUCIIO HEPBHBIX CBS-
3ed, CHIKaeTcs BBIPaOOTKa MeIUaTOpOB (KOPOTKOXKUBYIIUX
BEILECTB JIOKAJIBHOIO JECHCTBUS, NMEPENAIONINX CUTHANI COCEl-
HUM KJIETKaM), OTMEYalOTCs COCYAMCThIE HapyLIeHHs, B pe-
3yJIbTaTe YEero pa3BUBAETCS OCNA0JICHUE NaMsTH (CHHKAIOTCS
ObICTPOTA peakMK Ha BHEIITHUE CTHUMYJIBI, CIIOCOOHOCTh [UTH-
TEJIbHOE BpeMsI KOHIIEHTPHPOBATh BHUMaHUE, MBIIUICHUE CTa-
HOBHUTCS HECKOJIBKO 3aMEJICHHBIM).

Ha ocHOBaHMM PacCMOTPEHHOT'O BBIIIE ITOJIX0/1a U JAHHBIX
paboter [20] MOKHO OIICHHTH BIIMSHHE COCYIMCTHIX HapyIe-
Huii Ha HMC HelipoHa 1, Kak CJIEICTBHE 3TOr0, ociablieHne
MaMATH YeJI0BeKa.

HelipoHbI — 3TO OCHOBHBIE CTPYKTYpHbIE H (YHKIMOHAIIb-
HBIE 2JIEMEHTBHl HEPBHOM CHUCTEMBI, KOTOpPBIE CIIOCOOHBI I'eHe-
pHpOBaTh M IIEpeiaBaTh AEKTPHUUCCKAE UMITYIIbChI. LuTocke-
JIeT HelipoHa COCTOUT U3 (UOPUILT pa3HOro auaMerpa (MUKpO-
TpyOoUek), 00pa3oBaHHBIX OenkaMu TyOynuHA (U3 a- U ff — Ty-
Oynuna). IloaToMy TNpeIuIo’KeHHBIE BBIMIE MOJIXOJBI MOTYT
OBITH MCIIOIB30BAHBI IIPH AHAIN3E PAOOTHI HEPBHOW CUCTEMBI B
MIpoIIeCcce CTApeHMs YeJIOBEKa.

Tak Kak MHKPOTPYOOUKH SIBISIOTCS JHHAMHYECKUMH
CTPYKTYpaMH, COCYIUCTbIe HapyIIEHUs MOT'YT IIPUBECTU K HU3-
MEHEHHIO BO3JCHCTBUS OKpYyKalomel cpeasl Ha Herpoduo-
PHWILIBI, HaNIpUMep, yTeM miactudukanuu [13]. B pesynbrare

And if the region of FS formation has a dielectric con-
stant of 2.23 < g < 2.6, then &, will vary within the limits 2
< gp <2.23, i.e. correspond to the area of formation of la-
mellar structures. Then, at g, = 1, the fraction of gas in
nanopores will be & ~ 0.213. The rest of A¢ ~ 0.073 will
consist of solid components forming a lamellar structure
on the pore walls. In reality, these values (&, and the vol-
ume of the lamellar structure) can be calculated based on
the chemical structure of the chromophore.

A decrease in the refractive index of the polymer An
by 0.04 during the photobleaching process is sufficient for
the formation of channel optical waveguides with a nu-
merical aperture NA = 0.35 (corresponds to the sine of the
maximum angle between the axis and the beam, for which
the conditions for total internal reflection are met when
optical radiation propagates along the fiber). Therefore,
we are talking about selecting the chemical structure of the
chromophore and the relationship between the polymer
and copolymer, i.e., developing an assessment (calculation
formula) of g, and &, as well as an assessment of the influ-
ence of SMS.

The degree of fluorination ¢ can be increased, for ex-
ample, by using, during copolymerization, instead of
2,2 2-trifluoroethyl acrylate (the original polymer), the
monomer 2,2 2-trifluoroethyl-1-fluoroacrylate CH2=CH-
C(O)O-CH2CF3 [19]. Assuming that in this case only a
change in the degree of fluoridation & will occur, let us es-
timate the change in em. Let it become equal to &= 0.32.
Then &y, = 2.504 — 0.844 & = 2.234. Accordingly, n will
become equal to n =1.495, i.e. the change in the refractive
index will be An = 0.09. Further refinement of the dielec-
tric constant of the polymer repeating unit will make it
possible to correct this number.

SMS and the problem of nervous system conduction.
Changes in memory with aging

It is known that in the period from 40 to 90 years, the
number of nerve cells in the cerebral cortex decreases by
10%. In addition, during the aging process, the number of
nerve connections decreases, the production of mediators
(short-lived substances of local action that transmit a sig-
nal to neighboring cells) decreases, vascular disorders are
noted, as a result of which memory weakening develops
(the speed of reaction to external stimuli decreases, the
ability to long-term time to concentrate, thinking becomes
somewhat slower).

Based on the approach discussed above and the data
from [20], it is possible to assess the impact of vascular
disorders on the SMS of a neuron and, as a consequence,
the weakening of human memory.

Neurons are the main structural and functional ele-
ments of the nervous system that are capable of generating
and transmitting electrical impulses. The cytoskeleton of a
neuron consists of fibrils of different diameters (microtu-
bules) formed by tubulin proteins (from a- and S-tubulin).
Therefore, the approaches proposed above can be used in
analyzing the functioning of the nervous system during
human aging.

Since microtubules are dynamic structures, vascular
disturbances can lead to changes in the effect of the envi-
ronment on neurofibrils, for example, through plasticiza-
tion [13]. As a result, the transition temperature will
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MPOU30MJET MOHIKEHNE TEMIIEPATYPBI IEPEX01a 10 TEMIIepa-
TypHI TEJ1a YeI0BEeKa, YTO BEI30BET M3MEHEHNE HAaMOJIEKYIISIp-
HOHN CTPYKTYpHI TyOyJIMHa — OH mepeiieT 3 GUOpHIIsIpHOTO
COCTOSIHHSL B TJI00YJISIpHOE, TOMEHSIETCS €r0 JUAIEKTPHUEeCKast
MIPOHMIIAEMOCTh U COOTBETCTBEHHO NpoBoanMocTb. llocmen-
Hee NMPUBEET K OTKIIOUEHHIO HEHpOoHa.

BBIBO/JIbI

Takum oOpazom, mpu pa3pabOTKe HOBBIX AJIEKTPOOIITHYE-
CKUX TIOJIMMEPOB OHH JOJDKHEI YIOBICTBOPSATH CIEIYIOIIUM Tpe-
OOBaHUSM:

1. IX XMMHYECKOE CTPOEHHUE JOIDKHO OBITH TAaKOBO, YTOOBI
oHu obnanamm ¢pudpmsipasiMu HMC;

2. Ui ATOTO OHHU JIOJDKHBI OBITH 00SI3aTENILHO COIOJIHMME-
pamu;

3. CTpPOCHHE COMOIUMEpPA TOJDKHO OBITH TaKOBO, YTOOBI OH
obecrieurnBan TpeOyeMbIl TeMIEpPaTypHBIA U ONTHYECKUH IHa-
[a30H COOTBETCTBYIOLIETO YCTPOiicTBa. B 3TOM 1uiaHe Kosiaren
MOYHO paccMaTpUBaTh KakK MpeIebHbIN ciIyyail BO3JACHCTBUS Ha
HMC crenenn cononmmepusanuy, a noixydeHHslie B padore [13]
pe3yNbTaThl Kak MPOMEXYTOUHbII BapuaHT. Peus uaer 06 yrou-
HEHHUH JUAICKTPHYSCKON IPOHUIIAEMOCTH TaKOT0 ImomuMepa (ee
HUDKHEH TPaHUIBL).

BrInoTHeHHBIE BBIIIE OLIEHKH, SKCTIEPUMEHTAITFHOE yTOUHE-
Hue poirn HMC MoryT OBITh HCIIOIB30BaHbI IPU UCCIIEAOBAHUH
(GyHKIUH TakuX THAPOTEel Kak HepBHas cuctema [21].

B Hacrosmee BpeMst C TOMOIIBI0 KOMIBIOTEPHEIX MPOTPaMM,
MOXHO TMPEJBAPUTEIHLHO OLEHUTH Ecalc OIMMEPOB, MpeJJIarae-
MBIX B Ka4eCTBE HEIMHEHHBIX ONTHYCCKUX DIIEMEHTOB, CM.,
Hanpumep, [22]. K TakoBbIM MOKHO OTHECTH HEKOTOPhIC (HTOPH-
pOBaHHBIE TONUAPHUPHL, HTOPHPOBAHHBIC ITOINOIU-(PUHEL, ¥ KO-
TOPBIX Ecalc MEHSIETCA OT 2.14 110 2.75.

Jlutepartypa:

decrease to human body temperature, which will cause a
change in the supramolecular structure of tubulin — it will
move from the fibrillar state to the globular state, its die-
lectric constant and, accordingly, conductivity will
change. The latter will lead to the neuron turning off.

CONCLUSIONS

Thus, when developing new electro-optical poly-
mers, they must satisfy the following requirements:

1. Their chemical structure must be such that they
have fibrillar SMS;

2. For this they must be copolymers;

3. The structure of the copolymer must be such that
it provides the required temperature and optical range of
the corresponding device. In this regard, collagen can be
considered as a limiting case of the effect of the degree
of copolymerization on the SMS, and the results ob-
tained in [13] as an intermediate option. We are talking
about clarifying the dielectric constant of such a polymer
(its lower limit).

The above estimates and experimental clarification
of the role of the SMS can be used in studying the aging
processes of the nervous system [21].

Currently, with the help of computer programs, it is
possible to preliminary estimate the €cic of polymers
proposed as nonlinear optical elements; see, for exam-
ple, [22]. These include some fluorinated polyesters and
fluorinated polyolefins, for which & varies from 2.14
to 2.75.
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