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HeKoTopble onpeaeneHUA:

Onpenenaenune 3045 (C.J. Brinker and G.W. Scherer, Sol-gel Science:
The Physics and Chemistry of Sol-gel Processing. Academic Press,

1990. — 908 p.

30/1b- 3TO KONJIONAHAA CycneH3us
TBEepAbIX YaCTUL, B XXUAKOCTMU. |

eKonnonabl — 3TO CyCNeH3un, B KOTOPbIX
aucnepcHas gasa 1ak mana (~1-1000 HMm), uTo
rPaBUTALNOHHbIE CU/Ibl HE MPUHMMAIOTCA B
pacyer.

o [IOMUHUNPYIOLLMMKN ABNSIOTCA TaKUE, KaK
KOpOTKOoAENCTBYOLWEee BaH-Aep-BaanbcoBcKoe
NPUTAXKEHME, N NOBEPXHOCTHbIN 3apaj,
(anekTpocTaTuyeckoe B3aumoaencTeme).

e lHepuma gucnepcHom $pasbl A4OCTAaTOYHO
Mana, No3ToMy cyLlecTByeT bpoyHoBckoe
AsuxeHune (bpoyHosckas andoysus),
cnydyamHoe bayxaaHmne, obycnoBneHHoe
MMMNY/IbCOM, NepeaaBaeMbiM CTO/IKHOBEHUEM
C MONEKYNaMN ONCMEPCUOHHOMN Cpeapbl.
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JlucnepcHbie CHCTEMBI COCTOAT KAK MUMHUMYM
M3 IBYX KOMIIOHEHTOB:
1. qucnepcHon ol cpe/ibl, KOTOpPasi HIPaeT poJib
PACTBOPHUTESA H, Cl1e10BATE/1bHO, SIBJISIETCH
HenpepbIBHOM (a3oii;
2. qucnepcHoii asbl, HrpaKoLLen poJb pacTBOPEHHOIO
BelllecTBa.

avcnepcHan dasa

B avcnepcvonHas cpeaa




[1Ba TMna 3onaeiu: (1) napTukynapHbie
(KonnongHbie) u (2) noanmepHble

(1) MapTuKynsapHble (KoN10uAHbIE) 301U

ArperatmBHO yCTONYMBbIE ANUCMNEPCHbIE CUCTEMDI
pPas3nnYyHbIX CoOeanHEHUU B BOAeE:

Different sizes of colloidal gold particles

2 5 6 12 16 18 24 60 9 150mm

Mmpposonu KpemHesema (HaHo4YacTULbI
Si0, ~5-25 Hm, KoHU,. SiO, = 30-50 mac. %)




(2) MonnmepHble 301K

[MNonnmepHble 30Mn 06pa3yloTcs B pesynbrate rMaponuTUYeCcKom
NONMKOHAEHCALMN ankOKCUCOEANHEHWIA B CIIMPTOBOW cpeae U
npeacTaBnsaoT cobom pacTBOpbI, coaepkallunue Monekyrnbl pa3nnuyHon
MOIEKYNSAPHOM MaccChbl (MOHOMEPbI, ANMEPbI, ONMFOMEpPbI, MONUMEPbI).
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[enun — 3T0 peHTreHoaMmopdHble arperaloHHbIE CUCTEMDbI




Sols, gels and xerogels, usually - fractal objects

It was discovered in 1984 by D.W. Schaefer and K.D. Keefer *.

Typically, the following types of
fractal aggregates are

considered:
'MleS' ‘Surface’

o

It is known, the fractal dimension (D) determines the type
and density of the fractal aggregate, for example™:
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D=2,5 non-fractal
D=1,8 D=2,09 percolation aggregate

*/Brinker C.J., Scherer G.W. (1990). cluster




Cepus kpuBbIx paccesnus 1(q), niutrocrpupyromux ¢popmupoBanue ppakTajabHbIX

CTPYKTYP B mpouecce 2-X CTaAHIHOr0 KHCJI0THO-KHCJIOTHOI'O 30JIb-TeJIb-CHHTE3A
T'uoponus npexypcopa (mempasmoxcucunana Si(OEt),) ocywmecmenaemcs 6 06e cmaouu:
(1) npu neoocmamxe 600wi, (11) npu uzovimre (5 mons H20/Si(OEL),)
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M'maponus c obpasoeaHUeM CUNAHONOB:

Bo3MoxHbI€ BapuaHThl U3MEHEHUS
KPUBBIX PaCCEsIHUS IPU MTOJIMMEpPU3aALINU
(ruapoIUTUYECKas TOJIUMEpU3aIus)

(a) (b) 3 (c)

LOG k)

LOG K

(a) YBennueHue uncna paccensareneit (arperatos)
6e3 yBennueHusa ux pasmepa;
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(b) ysenuueHue pasmepa 6e3 ysennueHusa ux uncna;

(c) ogHOBpemeHHOE yBennyeHue n pasmepa, u

(RO)3SiOR + HOH = (RO);SiOH + HOR uncna

PeaKuusa aHrMapoKoHAEHCaLUM:

D.W. Schaefer,K.D. Keefer. In: Better Ceramics
through Chemistry /Eds. C.J. Brinker, D.E. Clark,

= SiOH + HOSIi— == %“SiQSiE +HOH  Ulrich. Elsevier North-Holland, New-York, 1984
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O6nactu NMopoaa ana KpeMHe3eMHbIX 30/1b-Te/ib-CUCTEM Ha OCHOBe
T90C (A—D) npu pasnnuHbIX pexKumax 30/1b-re/ib CMHTE3a U

TRy, Z-STER ACID

SLOPE
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q. (LA)

AnA aapocuna (E)

Tpw neps.bix cBepxy Kpusbix (A,B, C):

A (KpemHe30nb) - maccoBble ppaKTanbl €
dpakTanbHOM pasmepHocTtbio D, ,=1,9

B (KpemHe3onb) - maccosble dpakTansl, D, ;=2.0
C (KpemHe3onb) - maccosble dpakTansl, D, =2.8.

D, ,2<D,,s<D,,c - KOMNaKTHOCTb PppaKTasbHOro
arperata BO3pacTaeT B yKazaHHOM pAaay.

[1Be HMXHUe Kpusble (D, E):
NOBEPXHOCTHbIN dpaKTan
D (kpemHesonb): D.=2.7 - obpasoBaHMM YacTul,

KONIOMAHbIX PAa3MepPoB C AOCTAaTOYHO rpyboi
MOBEPXHOCTbIO;

E (asapocun LUDOX SM): D= 2.0 - abcontoTHO
rNaflkon NOBEPXHOCTU YacTUL, J@aHHOro KOA0MAa

*/ w — kon-Bo moneit H,0 Ha 1 monb Si(OEt),

C.J. Brinker and G.W. Scherer, Sol-gel Science: The Physics and Chemistry of Sol-gel Processing.
Academic Press, 1990. — 908 p.



dpakTajbHasg CTPYKTYpa NOPoOLIKa ajpocuiia (0ejias caxa)
B 3AaBHCUMOCTH OT CIIOCOOOB UX CHHTE3a

KpuBas paccesHus HedpaKTaaIbHBIM Kapruna paccesHus ¢hpakTaabHOTO
H%l??éHé{gMSKp%EHifze/?a KomMmepueckoro adpocuiia A 200
CHHTE3 B IUIAMEHHOM PEaKTope C (Degussa®), S ;= 200 m*/T

npcaABaApPUTCIIbHBIM CMCIICHUECM KOMIIOHCHTOB
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JKcnepuMeHTaribHble AaHHble paccesHUA (KPYXKOUYKM Ha PUCYHKaX) XOPOLLUO ONMUCbLIBAlOTCA NOAFOHKOMN

rnob6anbHbIMU YHUPULMPOBaHHLIMU (hyHKUUAMU Bblokenaka (CnsolHble KpUBbIe HAa PUCYHKaX).
NokanbHbIe pexumbl paccesaHus Nopoaa un NHbe naeHTUPULMPYIOTCA NyTEeM aHanusa.

Kammler H.K., Beaucage G., Mueller R., Pratsinis S.E. Structure of flame-made silica nanoparticles by ultra-small-
angle X-ray scattering // Langmuir (2004)20, 5, pp.1915.



DBOIIIOLIMS pa3Mepa YacTHIl B 309X Ha 0CHOBE anmkokcumaa T1 (1),
ankokcunaa T1 u ankokeunaa Sl (2), ankoxkcuaa T1u NICl, (3)
ankokcunoB T1u Siu NICl, (4)
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Kunetnyeckue KpuBble paanycoB nHepiuu (Rs) 4acTu B 301X

A.H. lLlamcymouHoea. MoayyeHue u ¢husuKo-xumuvecKue ceolicmea MOHKOMAEHOYHbIX U
oucrnepcHbIX Mamepuaso0e8 Ha OCHOBE OKCUOOB8 MUMAHA, KpeMHUSA U HUKens.
Aemopedcepam KaHO. duc. Tomck. 2017.



The SAXS data on the aggregation in TEOS-derived
silica sols hydrolyzed in acid medium at surplus of H,O

Kind of a sol: Oraanic
a molar ratio of mo?ii fier Level | Curve | Fractal | Fractal | Diameter
sol # |slope |type dimension | [nm]
components 9/100m|
TEIOS-der'ived 1 14 | m 14| 1
sol:
Si(OEt),: EtOH : 2 <1 |— — 9
H,O : HNO;, = -
1:1.5:25:0,01
3 -40 |S 20| >100

Three levels of aggregation was found: mass fractal—> non-
fractal —» surface fractal (particle with a smooth surface).




’MnoTteTuyeckue nsobparkeHua CTPYKTypbl Mo/INONOB:

HO

HO o

R = 2,4-2.6-CgHa; m = 43; n = 18.

Onuzomep pazeemenieHHo20 CmpoeHust
— onuzoypemarnmouesuna (OVYM)
6 konyesvix OH-epynn
MM ~4200 2/monv

O o
S gtalpt e

HO r-ﬁ HO{H

Ho OH o
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OH HO OH

c'ﬂ OH oH ©H

luneppazeemeiennblil Yemvlpexiyuesol
onueomep (I'PII-64)

64 OH epynnur na nepegepuu monexynol
MM = 5100 o/monw

LWunoea O.A., Tapacrok E.B., LLlesayeHko B.B. U Op. ®usuKka u xumusa cmekna. 2003



Even small amounts of the organic oligomer of the branched and
huperbranched structure essentially change the morphology surface
of ‘spin-on glass’ films

n=4.5 cP — without the oligomer;

n=5.5 cP - at introduced of ~2 wt.% of the oligomer. Thus, we can talk about
the influence on a sol network. In this case, the network may be formed around
the organic molecules.

-l
HODW“R'%JI;(U*%%” Ly
W o o

0

1

Fig. AFM-images of a Si-wafer, a borosilicate film, or'ggnic—i"r'ganu}c films
doped by small amount (~1wt.%) of branched and hyperbranched polyols.



OpraHuyeckue mMonexkysnbl MOTyT BCTPAUBATLCA B CETKy HeOpraHU4ecKoro
nonumepa, Hanpumep, KpemMHUUOpraHudeckyro. B 3tom cnyuae cetka
MOXeT POPMUPOBATLCA BOKPY OpPraHUYECKOU MONEeKySbI Unu
OpraHUYecKUX PparmeHToB CTPyKTypbl. Mnntoctpauua TemnnaTHoro
AEUCTBUA OPraHUYEeCKUX MoneKyn.

gs OSI(OEN)y 4 (CH40),SI
J

NJICHOK 0€3 Op2aHu4ecKo20 MMooudukamopa
U ¢ 000a6KOIl pazeeme1eHHO20 01u2omMepa.

e G.L. Wilkes et al.: Polymer. Prep. 26 (1985).
oA.Boucharaet al.: J. Sol-Gel Sci. Tech. 26 (2003). e O.A. Shilova: Glass Physics and Chemistry 31, 2 (2005). e O.A.
Shilova: The silicate and hybrid nanocomposite materials formed by sol-gel technology (Abstr. Doctoral Thesis, St.
Petersburg, 2005).



The SAXS data on the aggregation in TEOS-derived silica sols
hydrolyzed in acid medium at surplus of H,O at present of
hyperbranched oligomer

Kind of asol: | Organic | A99"
a molar ratio of | modifier |29%™| Curve |Fractal |Fractal | biameter
sol g HB che, slope type |dimension | [nm]
components | 100mlsol | 4
oTEOS—.d.er'ived
sol modified by 1 2
our-arm
erbrcnched
omer
M =5100; 2 10
g 4 OH-groups) 04
%}%W 3 >100
»%5’?* *iéﬁ

Three levels of aggregation was found: mass fractal—» non-fractal —
surface fractal (particle with a rough surface)




The SAXS data on the aggregation in TEOS-derived silica sols
hydrolyzed in acid medium at surplus of H,O at present of branched

oligomer
Kind of a sol: Oraanic ]
a molar ratio of mo?jifier' elve Curve Fractal | Fractal | Diameter
sol 4 |slope type dimension | [nm]
g/100ml|
components
ol () menired
S0 modifie -1, 1.
by branched ! ° M 5| 1.9
p?lyhydq?‘xyl
oligouretTnane
urda (MM-4200. 2 a4 |— 30
6 OH-groups) 04
e el b ey oy gy
adl S 50 _3 6
i 3 ' S >100
ny

Three levels of aggregation was found: mass fractal—> non-

fractal — surface fractal (particle with arough surface).




Illustration of aggregate formation in sols and xerogels

The scheme of aggregation in silica sol
3¢ level of

N / aggregatio

2"d level of
aggregation
iﬂ%ﬁ%ﬁ /
1st level of St
aqggregation 1 nm

The scheme of aggregation in silica sol containing polyhydroxyl

oligourethane urea (MM-4200, 6 OH-groups) (IW N
hyperbranched oligomer (M,,=5100; 64 OH-groups) (2) //«‘ ’Z “

10-30 nm




Conclusion for organic-inorganic composites

All silicates including organic-inorganic hanocomposites have
structure of a mass fractal on the first scale level. The size of
radiuses of primary aggregates is in a range of 10-20 A. It is
increased at the presence of organic modifiers. Growth
(consistence) of their density is observed at involving four-arm
hyperbranched oligomeric polyols (fractal dimension changed
from 1,4 up to 2.4). One can see non-fractal behaviour of these
nanocomposites at the second scale level. The size of aggregates
increases from 9 up to 10-30 nm depending on a kind of polyols.
Forming the surface fractals with rather smooth surface is the
characteristic feature for silicate and hybrid aggregates of the
third level. Their size is more than 100 nm. Appearance of the
fractal aggregates is discovered for silicophosphate
nanocomposites at all three levels, and they are essentially larger
than the silicate ones.



Aggregation in TEOS-derived sols containing H;PO, (a) and H;PO, and
poI;nonen - 0.001 wt. % of ammonium qua‘rernary oligomeric salt (b)

Q@)

O I T T T 0.25 MEM

Fig. TEM image of the TEOS and H3PO, derived xerogel with high concentration of H3PO, (1.5
mol./mol. TEOS) without organic modifiers (a) and with small amount of polyionenes (PI) (b).

Aggregation of the type of mass fractal for SiO,-P,05 xerogel. A small
amount of the organic modifier (10-3 g /100 mITEOS) causes aggregation
of the type of surface fractal.



Fractal structure of the phosphorosilicate nanocomposite

SAXS curve of phosphorosilicate
nanocomposite:
10° y———

eThe aggregates of the type of mass fractal
by the diameter ~4nm are generated at the
18t level.

e Then at the 2"d level they form the more
dense aggregates of the type of mass
fractal by diameters ~30nm.

e And then at the 39 |level the aggregates of
the 2nd level form the new aggregates of the
type of the surface fractal with practically
smooth surface by diameter of ~130nm.
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CTPYKTYpPHble POpMYbl ANIKUNAPOMATUYECKUX
O/IMTOMEPHbIX CONIEN YETBEPTUYHOTO aMMOHMUA

. CH3_ CH,
[IAB MA-631 {—iﬁcw—g—cm—& Z_O_ z—@—} MM= 5900
T
e XOpol110
PacTBOPHUMEI B BOJIC Hy Gy CH,
Mn-13 —!LLGCHZ—O—CHZ—({ECH!—QfCHZ— MM= 3800
e O0amaroT b ot .
OaKTepUIIUTHBIMHU ) i
o CH3 CHB
CBOMCTBAMH
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VirydmaroT " " dn
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SAXS data for P,05-SiO, xerogels
from TEOS and H;PO,-derived sols containing
0.001 wt. % of ammonium quaternary salts, MW~3500-
7500 (polyionenes)

-1

Intensity, cm

I - primary particle with a
rough surface

=l

g, A
Introduction of polyionenes IT - mass-fractal aggregate

changes the nature of primary
particles from mass-fractal to
surface-fractal.

ITT - surface-fractal
agglomerate



SAXS data for P,05-SiO, xerogels
from the same TEOS and H;PO,-derived sols containing
polyionene, but after ultrasound

I -primary particle of smaller
sizes with a rough surface

IT - mass-fractal aggregate of
smaller sizes

Intensity, cm

IIT - surface fractal

N agglomerate

——>1 Thus, primary particle size
| decreases and increases
their surface roughness




Intensity, cm

SAXS data for P,05-Si0O, xerogels
from the same sols, but at surplus of H,O
(without ultrasound)

60HM

I -large primary particle with a
smooth surface

IT -large mass-fractal aggregate
IIT - surface fractal
agglomerate

Thus, a primary particle size
increases, their surface

becomes smoother)



KpuBEIe IIMPOKOYIIIOBOrO peHTreHOBCKoro paccessaus B (1) — (Q) macmrade (a)
U KpUBBIE MaJIOyITIOBOTO PACCESHHMS, HOPMAJIM30BaHHEBIC B a0COIIOTHBIX
enuaunax B log (1) — log () macmrate (6) mist cumuko@ocdaTHBIX Keeporeiaei
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H;PO, is an ionic conductor. It was interesting to find
a correlation between ionic conductivity and fractal
characteristics.

I - the starting
" material with PT
: N (the primary
I particles with a
4 rough surface)
= IT - sonication
- | (high roughness
1 of the surface of
260 280 300 320 340 360 380 400 420 440 Al PGI"TIC'QS)
ITT - dilution

Temperature, K

Fig. The levels of proton conductivity of Si0,-P,0,-  Water (smooth
PI nanocomposites at different temperatures. primary particle)
The highest proton conductivity is observed for xerogels with PI
after sonication. Ultrasound promotes the formation of smaller
primary particles with a developed surface.

Sigma, Sm/cm




Conclusion for P,05-SiO, sol-gel nanocomposites

‘It was found that the phosphosilicate xerogels, including organic-
inorganic xerogels, containing quaternary ammonium salt
(polyionenes), are aggregated three-level fractal nanocomposites.
* Their fractal characteristics depend strongly on the composition
of the starting sol and its modes of homogenization.

* The sharp increase in concentration of H;PO, in sols changes
process of structurization. Aggregates such as the mass fractal
were generated at the first level instead of surface fractal.

* Only structures such as the surface fractal were generated,
when polyionen has been involved. Thus, polyionen is the obvious
template agent.

* Levels of the specific ionic conductivity greatly depends on the
nature of the structural organization of the material, including its
fractal characteristics.



Biausinue 100aBOK JeTOHAIMOHHOIO HaHoaaMma3a (JIHA) Ha
CTPYKTYPY HNPOAYKTOB 30JIb-Te¢JIb CHHTE3a

CTpyKTypa 4acTHIbI HAHOAJIMA3a

~(40—50) A

o ~(20—23) A
KBanToBO-XMMHYECKHI pacueT TEM-u3o6pakeHue Mogeas 1-pa A. AJIEKCEHCKOrO,
a-pa O. lllenaeposoii, CIIIA, uacruusl JJHA, nojayuenHoe npo¢. A. Byas u 1p., Poccus,
2002 r. HPO(l)- A. S ByJIeM 1999 r.
SAnpo xpucramia (4—6 Hm) 1 — anmasHoe s7po,
COACPAKUT JTHA coderaroT B cede 2 — cIIo# yriiepojia ¢ IyKOBUIHOU
75—90 % aromoB yriepona. HAHOPA3MEPHOCTh, CTPYKTYpOH,
Ilepexonnas o6onouxa (0.2—1.0 HM) XUMHYECKYIO CTOHKOCTBL 3 — rpaduroBbIe HAHOILUIACTHHKH,
— 10—20 % aromoB yruepona. AJIMA3HOTO siApa U 4 — wactums rpadhmra,

[ToBepXHOCTHBIE (DYHKIIMOHAIBHbIE AKTHMBHOCTDH
rpynnsl - ~5% aTtomMoB yriepoaa. nepudepuyeckoii
000J109KH

5 — BKJIIOYCHHUST OKHCJIOB METAJIJIOB
30



HexkoTopbie XapakTepuCcTHKHM UcnoJab3yeMblix JTHA
WAXS (left) and SAXS (right) curves of UDD.
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The reflex (111) of diamond’s o
crystalline lattice (at scattering angle ~
y ( g ang 4 nm ~90 nm

44°). The reflex (0002)on the

diffraction curve (at scattering angle We can see the fractal aggregation of UDD
26 °) that is characteristic of powder. It can be considered in the frames of two-
graphite’s crystalline lattice is level scheme of the fractal structure.

V.V.Shilov, Yu.P.Gomza, O.A.Shilova, et al. // Propertiesand Applications of Ultrananocrystalline Diamond.
Ed. By D.M. Gruen, O.A. Shenderova and A.Ya. Vul’/ Nato Science Series: Il. Mathematic, Physics and
Chemistry. Vol. 192. Springer: 2005, P. 299-310.



BnuaHue neToHAUWMOHHOro HaHOANMa3sa Ha
MOPEOSOTrUFO NOBEPXHOCTU 3MNOKCUAHO-
CUNOKCAHOBLIX MOKPLITUM
(wnnroarpayuma memnnanHoro cuHmME3aA)

2.b

OnTuyeckoe usobpaxeHue (cneea) u ACM-usobpaxeHue (crnpaea)



Intensity, cm™
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®paKTanbHble napameTpbl CUANKOPOocPaTHbIX HAHOKOMMNO3UTOB,
HanNO/MIHEHHbIX Pa3/IMYHbIMU KOIMYECTBAMM a/IMA3HbIX MOPOLUKOB, a TaK}Ke
napameTpbl UCXOAHbIX KOMMOHEHTOB A1 UX CUHTE3a — cuankodpocdaTHbIN
Kceporenb Ha OCHOBeE 30/18 U UCXOAHbIE a/AMa3Hble NOPOLUKKU

KonunyectBa HanosHUTens, macc.%

Q
I . Mapamerpsl anmasos 0 1 3 10
c g T
o 3 2
= 5 o MapameTpbl arperatos B CMAMKOPOCPaTHOM Kceporene
s 5 >
:‘E" T = S = S =
("3 Rgl E Rgl E Rgl E Rgl (IE Rgl
&9 25 =< 25 B
] D ] D ] D o D ] D
© S © < ©
UDDG
1 S 2,20 35 M 1,75 42 M 2,65 27 M 2,90 40 S 2,70 45
2 M 1,95 - M 2,0 270 M 2,50 160 M 2,40 120 M 2,50 150
3 S 2,05 - S 2,10 = S 2,05 = S 2,05 =
ubD
1 S 2,05 35 M 1,75 42 M 2,65 40 S 2,40 50 S 2,90 40
2 M 2,00 - M 2,8 270 M 2,25 120 M 2,50 140 M 2,50 150
3 S 2,05 - S 2,05 = S 2,20 = S 2,05 =

lMpumeyaHue: M, S — mun ¢ppakmana. TemHbIm ysemom 8 mabauye ommeyeHo Haau4yue
Macco8020 (hpakmana
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R (nm)

SANS uccnenosaHuUs 3NOKCUAHO - CUNOKCAHOBbLIX
Komnosutos, agonuposaHHbix [OHA
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momentum transfer, q (nm'l)
C of DNA (mas.%) N3mepeHua MYPH 6b1nu BbINOMHEHBI Ha YCTAHOBKe

MQaJI0yrnoBoro paccesaHus HetpoHos «Yellow submarine»
(peaktop BNC, byananewT, BeHrpus) B avanasoHe nepenaHHbIX
mmnynbcoB 6-102 < g < 3.7 HmL,



BoiBoabI 0 cTPYKTYpE IMOKCHIHO-CHIOKCAHOBLIX
KOMIIO3UTOB, AonupoBaHHbIX /IHA

BbIsSIBIEHO, UTO BBEACHHUE B AIIOKCHIHO-CUJIOKCAHOBYH) KOMIIO3HUIIMIO C
pPaBHBIM COOTHOILIEHUEM OCHOBHBIX IPEKYPCOPOB Ry0c/eponex 1510 = 27/27
mac. % manbeix 1o6aBok JJHA (<1 mac. %) BiauseT Ha PpaKkTaIbHYIO
pasmeproctb Dy, 1 panuyc rupanuu R, popmupyemsix kiaactepos. C pocTom
koHHeHTpauuu JJHA B kommno3unuu ot 0.05 1o 0.2 mac. % nabmaromaeTcs
CHIDKEHUE Rg KJ1acTepoB OT 34 HM 110 8 HM U Bo3pactanue D, mis
kinactepoB OT 1.84 1o 2.02 u gna arperaros ot 1.56 no 2.45. CinenoBarensHo,
BBeseHre JIHA oGecrieunBaeT ynpodHeHue (opMUPYEMOM CTPYKTYPHI 3a
cueT oOpa3oBaHMs 0OJIee IIOTHBIX MacCOBO-(paKTaIbHBIX KJIACTEPOB U

arperaTos.



Pe3ynbTathl UCNLITAHUU B AHTApPKTUAE
(AHmpwnaa, amHyus bennuHcraysen, 07.01-07. 03 2009)

SNOKCUAHO-

CUINOKCaHoBOe Ycnosus
NOKpLITUE ' TeCTUPOBHUA
CPOTOCEHCOM

BHeapeHue 6MOAKTUBHLIX AONAHTOB MOLIWGAET MEXAHUYECKYH) MPOYHOCTH
(TpewmHOCTOUKOCTD)



Consider the effect of an inorganic
dopant boric acid (H;BO;) and small
amounts of organic modifiers
(polyols) on the macro- and
mesostructure of TEOS-derived
'spin-on glass’ films and xerogels



Borosilicate nanosized films spin-coated from TEOS-
derived sols containing H;BO; (‘spin-on glass’ films)

Fig. Surface morphology of ‘spin-on glass’ borosilicate films
with high concentration of H;BO.,.

Shilova O.A. // Surface Coatings International. Part B: Coatings Transactions. September 2003 \ol. 86. N B3. P. 195.



High-doped borosilicate 'spin-on glass’ films are very
sensitive to environments during spin-coating

Microlevel: 10-1000 Hm

Thus, the higher A RH=50% | BB rii=60 % |
relative humidity and the ' Beginning phase separation or
lower temperature dur-ing crystallization nuclei can be

. . ops observed on elevated RH up to from
spin-coating borosilicate 50 10 60 %!
films, the stronger the UM & s g ug

tendency to phase separation Fi TEI\/IEimagé{)fthefiI[[nsspizr(l)-chatedde%mth(g[
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| Fig. Crystallisation of boric acid from a drop of the

Khimiya Stekla] 2005. V. 31. N 2. P, 270-294, TEOS-derived sol at the free evaporation in air.



Objects and methods for the research of
the mesostructure borosilicate composites

40 B,05° 60 SiO, wt.% J 40 B,0O,° 60 SiO, wt. %
without glycerol - | with glycerol
The method of 10 vol§% TEOS “ 1 10 vol. % TEOS

small-angle X-ray
scattering (SAXS)
was used to research
mesostructure of
xerogels, which are
identical in composition to
'spin-on glass’ films prepared 30 B0, 70 SI0, Wt. %
at room temperature from without glycerol

borosilicate sols of the 40 B0 60 IO <. V° a TEOS ycerol (A)
: ... . +40B,0; i0, wt. % without glycerol (A):

fO“OWIHQ compositions: 40 B,05* 60 SiO, wt. % with glycerol (B):

30 B,05* 70 SiO, wt. % without glycerol (C).




Me3ocTpyKTypa 6O0pPOCUNNKATHLIX HQHOKOMMNO3UTOB

SAXS data for B,0;-5i0, xerogels

sols containing*F0v3P>%3-TEOS
> 740B,0,0 60Si0,

40B,0,¢ 60SiO,+glycerin

100

SAXS data for B,0;-Si0, xerogels

from sols containing 20 vol. % TEOS
30B,0,¢ 70SiO,
40B,0,» 60SIO,
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SAXS data: Momentum transfer, q(A™)
Mesostructure parameters for B,0;-5i0, xerogels
Xerogels - - -

B, 10 n, G, 10 Ryt /A B, 10 n, £A y L. 102
30B,0,-70Si0, (10vol.% TES) 6.6+0.2 | 3.82+002 | 6301 | 58402 | 29+04 | 4 | 221+02 | 0.3740.01 | 1.18+0.05
40B,0,60Si0, (10vol.% TES) 18401 | 4164002 | 33401 | 60402 | 17201 | 4 | 260408 | 0.35£0.03 | 05+0.02

40B,05-60Si0,+glycerin (10vol.% TES) | 6.3+0.3 | 4014002 | 2501 | 6.1+01 | 09+0.08 | 4 | 19.0405 | 0.7240.05 | 0.3+0.01
. 4.07 +0.02

30B,05°70Si0, (20vol.% TES) 3.640.2 96402 | 86+03 | 13+01 | 4 | 41.3+1.1 | 0.23+0.02 | 0.670.02

40B,0,60Si0, (20vol.% TES) 08+01 | 4164002 | 45+02 | 84403 | 09+008 | 4 | 521+1.9 | 0.25£0.03 | 0.2+0.005

40B,0,-60Si0,+glycerin (20vol.% TES) 067(5)3; 415002 | 60401 | 84201 | 13201 | 4 | 462611 | 033002 | 032001




Results SAXS data: Rgy, €, K, N, are functions of the TEOS concentration
(for 10 and 20 vol. % TEQS)
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Both factors, the TEOS concentration and H;BO, concefitration significantly
affects the structural parameters.



Interpretation of SAXS data is complex and
not always clearly solvable problem

Opinion of well-known experts in the field of fractal approach to the study
of hybrid, ceramic, including sol-gel materials, is presented below:

"Hybrid polymer/ceramic materials present a formidable challenge
to morphologists. These systems often display multiple structural
levels on length scales ranging from Angstroms to millimeters. The
combination of small-angle scattering data with fractal approaches
has lead to some relief in dealing with these systems. Fractal
approaches describe power-law regimes often observed in
measured scattering profiles. However, interpretation of such
power-law functions is dangerous when self-similar structures
exist in narrow size limits. All real systems are expected to show
structural limits to these power-laws.

[Beaucage 6., Ulibarri T.A., Black E.P., and Schaefer D.W.

Multiple Size Scale Structures in Silica—Siloxane Composites Studied by Small-Angle
Scattering / In Hybrid OrganChemical ic-Inorganic Composites; Mark, J., et al.; ACS
Symposium Series; American Society: Washington, DC, 1995. Downloaded by NORTH
CAROLINA STATE UNIV on March 5, 2012 http://pubs.acs.org Publication Date:
March 21, 1995 | doi: 10.1021/bk-1995-0585.ch009].



Conclusion for SiO,-B,0O; sol-gel systems:

‘Borosilicate ‘spin-on glass’ films tend tfo phase
separation on two interpenetrating phases at macrolevel.
One of these phases is most enriched by H;BO;. This
tendency increases with an increase in H3;BO;
concentration (Cp,05>30 wt.%), as well as at lower
temperature (t<20°) and higher relative humidity
(RH>50%) during spin-coating.

-all Si0,-B,0; xerogels are non-fractal systems, but
the hierarchical organization of their mesostructure
is typical for them. The first structure level has been
formed by siloxane particles with the gyration radius
~6-9A. These primary particles form a second
structural layer that is composed of aggregates of
large radius (>450A) with smooth or "diffuse"
surface.

2nd level:
Aggregates

R

1t level: @
Primary particles
SiO, (and B,05?)



Conclusion for SiO,-B,0O; sol-gel systems:

‘Weak structural correlations of the short-range
order exist between primary particles with an
average distance between their centers ¢ ~ (20 =
50) A.

* Both the radius of gyration R;; of primary
particles and the average distance between their
centers € increase with the increase of TEOS
concentration.

‘Packing factor k, which determines the degree of
correlation between the particles decreases with the
increase of TEOS concentration. At the same time,
the presence of an organic modifier — glycerol leads
to a significant increase Iin the parameter k.
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