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AnHortanus. [Ipy u3y4eHnU arperalyy yriiepoIHbIX HAHOTPYOOK B YCIIOBHUSX THAPOANHAMIYCCKON
HEYCTONYMBOCTHU BBICHIXAOIICH KAl Ha THAPOGOOHBIX M THAPOQPIIBHBIX MOMI0KKAX BBISBICHA
ONpeAessoIas pojib THIPOJUHAMUYECKUX TEUEHUNH. YCTaHOBJICHO, YTO TPOTEKAHUE SHTPONUUHON
arperamyy HaHOTPYOOK B Karlie IoJT ICHCTBHEM a3pOCHiIa 3aBUCUT OT THITA TIOAJIOKKH.
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BBEJEHME

B KOHIEHTPHUPOBAaHHOM KOJJIOMJHOM PacTBOpE
JIBUKEHHE YacTHIl OTPaHU4YE€HO B3aHMMHBIM PAacIIofo-
KEHHEM, 4TO IPUBOAMT K pany 3¢ dexToB. B HexoTo-
PBIX CHCTEMax, HalpUMep OMOJIOTHYECKUX, PEaKIIUN
MPOXOIAT HE Tak Kak B 0Obr4HOM pactBope [1]. Ilpu
3TOM OTHOINEHUE Y(HEKTHBHOW KOHIICHTPAIINH KOM-
MOHEHTa B PacTBOPE K peajbHON 3aBUCUT OT €r0 Ieo-
METPHUH, YTO MPHUBOIUT K CMELICHUIO PAaBHOBECHUS U
M3MEHEHHIO CKOPOCTH peakimu [2].

CuItbl HCKITFOYEHHOTO 00beMa He TOJIBKO YCKOPS-
IOT PEAKINH, HO W BBI3BIBAIOT 3((EKTUBHOE MPHUTS-
JkeHHe yacTUll. [Ipu o4eHb BHICOKMX KOHIEHTpALUIX
OHH CIIOCOOHBI 0€3 y4acTHs IPpyTuX CHJl IPUBOAUTH K
00BbETMHEHNIO YacTHUI], KOTOPHIM HE CBOMCTBEHHO B3a-
UMOAEHCTBHE. DTO UCIOIb3YeTCs i1l COOpKU MeMO-
paH M KOJUTOMTHBIX KPHCTAJUIOB U3 CTEPIKHEBBIX MO-
nekyn [3].

Buonornueckue cuCcTEMBI MPEACTABIISAIOT COOOM
KOJUTOUAHBIH pacTBOp, B KOTOPOM CBOOOJHBIH 00bEM,
JOCTYIHBIH U151 ABHKEHUSI YACTHII, CPAaBHHUM C HX pa3-
MepaMH, TTO3TOMY SHTPOIHIHbIE CHIIBI B HUX BETUKU
U OIIPENENAoT MHOTHE nporieccsl [4]. MckyccTBeHHO
TaKOW CHIIFHO HACEJCHHBIM PacTBOp MOIYyYaroT, HC-
MIOJIb3ys MOJIEKYJBI BBITECHUTEIN — MOJIEKYJIbI, KOTO-
pbl€ 3aHUMAaIOT MHOTO 00beMa U HU C YeM HE B3aUMO-
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JefcTBYIOT. TaKke MOMyYUTh TAKOM HaCEIEHHBIN pac-
TBOP MOKHO IIPU BBICBIXaHUM KaIUIU, IPH 3TOM, KOH-
TPOJUPYS MpOLECC BBICHIXaHUS, MOKHO YIIPABIATH
SHTponuiHON camoopranuzauueit [5]. IIpu npose-
JEHUM PeaKIiy B Karuie OONBIIYI0 PONb UTPAET JH-
HaMUKa HCTIapeHHs, IOCKOJIbKY JaHHBIM MpoLece He-
paBHOBecHBIH [6]. [Ipy BRICEIXaHWW KaIuTH BO3HUKA-
10T CUJIbHBIE TEUEHHS, CHOCAIINE PACTBOPEHHBIE Be-
[IeCTBa K Kparo Karutd, o0pasys koo [7]. Teaenus
B KOJUIOM/THOM PacTBOPE BBI3BIBAIOT YIIOPSAI0UNBAHNE
U SIBIISIIOTCSL OZJTHAM M3 CIIOCOOO0B IOy YESHUSI KOJUTOHU -
HBIX KpUCTAJUIOB [8, 9].

Cornacno mogenu Acakypsl [10] addextuBHas
CHJIa IPUTSHKEHUS, OIpeiesisieMast HCKIIOUEHHBIM 00b-
€MOM, IPOITOPIIMOHAIEHA OCMOTHYECKOMY JIaBJIEHUIO,
KOTOPOE MEHBIIIHE 10 pa3Mepy YaCTULbI OKa3bIBAIOT HA
MIOBEPXHOCTh OOJIBIIINX, a, CIEJ0BATEIBHO, UX TEMIIE-
parype u koHueHtpauuu [11]. Ctep>kHEBbIe YaCTHUIIBI
CaMOOPTaHU3YIOTCSI OCOOEHHO XOPOILO, IIOCKOJIBKY IS
HUX HCKJTIOYCHHBIH 00bEM BEJIHK, OJHAKO JJIS CIIUIIKOM
JUTMHHBIX CKa3bIBA€TCSI CHUKEHUE MOABUKHOCTH [12].
OTol CUIIONH MOXKHO YTIPABIATH C MOMOIIBIO JIOKANIb-
HBIX HEOTHOPOIHOCTEH pacTBopa, Co34aBacMbIX IOTO-
koM [ 13] u rpamuentom remneparyp [ 14]. HepaBaosec-
HBIE CUJIBI HCKJIIOUEHHOTO 00beMa MOTYT OBITH OOJIbILE
BO MHOTO Pa3 ¥ HCHOIb3YIOTCS AJIs IIOJTyYSHHUS KOJIJIO-
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HAIHBIX KPUCTAIIOB. /[ co30aHns HEOMHOPOXHOCTH
B JTAaHHOH TOYKe, HAapUMep, UCIIOIb3YI0T UMITYJIBCHI
TOHKO C(hOKYCHUpPOBAHHOTO J1azepa [15].

Bnusinue Tuma noasioxkKy Ha SHTPONUIHHYI0 CaMo-
OpPTraHM3aHIO B KaIlJIe HEAOCTATOUHO u3yueHo. Llensto
JAHHOM paboThl ABISIETCS M3YUYEHUE BIMSHUS THUIA
CMa4YMBaHUs OAJIOKKH Ha IPOTEKaHNUE arperauy Ha-
HOTPYOOK B BBICHIXAIOILICH KaIuie.

MATEPHUAJIBI U METOJbI

st uccnenoBaHys arperaliiy UCIOJb30BaIu yrI-
JepoaHble HaHOTPYOOoKH AnameTpoM 2040 HM U JTHH-
HO# 1 MKM. B3Bech HAHOTPYOOK B AMCTHILTUPOBAH-
HOI BoJie B KOHIIeHTpatuu (.1 Mr/mi qucrneprupopa-
JIU YIBTPA3BYKOM B TEUCHHE 5 MUHYT Ha JUCIEPrarope
Y3I'-13. B kauecTBe areHTa, BHI3BIBAIOIIETO SHTPOIHHi-
HYIO0 arperamuio, UCIoJIb30BajIl a3pOCH B KOHLEHT-
partiu 0.1 Mr/mit, KOTOPBIH TakKe TUCTICPTUPOBAJICS B
Te€4eHHE 5 MUHYT. B kauecTBe XOpOILIO CMauuBaeMOM
MOJIOXKKH HCTIOJIB30BAIN IPEAMETHOE CTEKJIIO, 4 B Ka-
YyecTBe THAPOHOOHON — MEUIIMHCKINA TapaguH.

Kanna maccoit 1 Mr HaHOCHJIACh Ha HOJJIOXKKY,
[oCJIe 4ero 3a e€ ncrnapeHneM HaOmrofany 4epes3 om-
TUYECKUI MUKPOCKOII, CHA0XKEHHBIN KaMepor, KpoMe
TOr0, Macca KaIulk OTCIEKUBAIACH C TIOMOIIbIO aHa-
JUTHYECKNX BecoB. [lo odyepenn HaOMIOAANOCh BbI-
CBIXaHHE Karelb, CofepKaIuX: 1) pacTBOp YUCTOrO
a’pocuia; 2) pacTBOp YUCTHIX HAHOTPYOOK; 3) cMech
pPacTBOPOB a’3poCHiia U HAHOTPYOOK B COOTHOLICHUH
1:1. InuaAbBIe HAHOTPYOKH OBLTH BRIOPAHBI, TTOCKOJIh-
Ky OHH, B OTINYHE OT KOPOTKHX, HE BCTYTAIOT B PEaK-
LIMIO C a3POCHIIOM, YTO MO3BOJISIET IPUMEHUTh MOJIETh
Acaxypsl ¥ CUUTaTh, YTO B3aUMOJICHCTBHE OTIpees-
€TCS TOJILKO UCKITIOUEHHBIM 00BEMOM.

m. g

N

PE3YJIBTATbBI

Ha cmaunBaemMoii IOBEpPXHOCTH CTEKIIA IUIOLIAb
KaIUTH HEe MOYKET H3MEHHUTHCS, YTO IPUBOUT K TNHEH-
HOM ckopocTH ucriaperns (puc. 1). CHuibHbIe TE€UeHUS
BBIHOCSIT YMCTBIM a3pOoCcHl Ha Kpaii karmu. O0pasyer-
Cs SIPKO BBEIPKEHHOE KOJIBITO COTIIACHO «KO(EHHO
Mozaenu. OJHaKo CKOIUJICHHUS YUCTHIX HAaHOTPYOOK
CJIMIITKOM BEITUKH M HE CHOCSTCS TEUEHUSIMH, OCTaBa-
SCh pacrpeieIeHHBIMH 110 00BEMY BIUIOTH JI0 BBICHI-
xanus. [lpu noGaBneHnn Bo B3BeCh HAHOTPYOOK as-
pocuiia MEHSIETCSl THI arperanu OT HEYIOPsII0YeH-
HBIX CTPYKTYp K YIOPSIOYEHHBIM — KI'YTHI CO Cpel-
HUAM quaMeTpoM 1 MM (puc. 2). DTo n3MEHEHUE MOXK-
HO TPAaKTOBAaTh C MO3UINH UCKITIOUEHHOTO 00beMa. Ha
runpodoOHOM napadrHe Karis HeMPepbIBHO MEHSET
CBOIO IUIOMIAb H, CJIEI0BATEIHHO, CKOPOCTh HCIIApe-
HUSL, JaXKe HECMOTPSI Ha IPUCYTCTBHUE HAHOKOMITOHEH-
TOB, KOTOPBIE JOKHBI OBLTH OBI CPOPMUPOBATE KOJTb-
10 U MIPETSATCTBOBATH CKATHIO Karii. CKOTIJICHHUS Ha-
HOTPYOOK CXKMMAIOTCS BMECTE C Karuiei, oopa3ys moc-
JIe BBICBIXaHHS KIyOOK B LIeHTpe Karu (puc. 3). As-
pocun Ha ruapooOHON MOBEPXHOCTH TaKke He 00-
pasyet Konblia. XaOTHYHBIC JIBUKECHUS B3BEIICHHBIX
arperaroB HAaHOTPYOOK CBHJIETEILCTBYIOT 00 OTCYTC-
TBHUW 3aMETHBIX THAPOAMHAMUYECKUX TEUCHHUH.

BbIBO/IbI

YcTaHOBNIEHO, YTO MPOTEKAHUE SHTPONUMHOMN ar-
peranuu HaHOTPYOOK B Karuie Moj IEHCTBHEM a’po-
CHJIa 3aBHCHUT OT THMA MoAI0kKH. Ha runpoduibHoit
MOAJIOXKKE 00pa3yloTCs pa3BeTBICHHBIE CTPYKTYPHL, a
KpOMeE TOTO JKT'YThl, 00JIaIal0IIie BUIMMOM KECTKOC-
TBIO U yCTOWYMBOCTHIO. Ha ruipodoOHOI moBepXHOC-
TH TIPOUCXOANUT PABHOMEPHOE CKATHE KAIUIH C H3MEHe-
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Puc. 1. VI3MeHeHne CKOPOCTH UCTIAPEHUS Ha THAPOPHIEHON M THAPO(GOOHONH TOBEPXHOCTH
[Fig. 1. Change in the rate of evaporation on a hydrophilic and hydrophobic surface]
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-

Puc. 2. Pacipenenernnast arperamusi Ha THAPO(UIEHOHN MTOITIOXKKE: @ — YACTHIE HAHOTPYOKH; b — ¢ moOaBieHneM aspocuiia
[Fig. 2. Distributed aggregation on a hydrophilic substrate: a — clean nanotubes; b — with the addition of aerosol]

Puc. 3. KymynsarusHas arperaiust Ha rugpodoOHoit
TIO/ITIOKKE

[Fig. 3. Cumulative aggregation on a hydrophobic
substrate]

HueM nuaMerpa ot 5 10 0.5 mm. CKoIIEHUSsI HAHOTPY-
OOK He MPOSBIISIFOT MPU3HAKOB YIOPSIOYHBAHMS, a C
YMEHBIIEHHEM Pa3MEpOB KaIlJIM CTATUBAIOTCS B KITy-
6ok. OOpazoBaHre YHIOPSIOYCHHBIX XI'YTOB TPYOOK
Ha THAPOQHUILHON MOBEPXHOCTH CBUIETEILCTBYET O
B3aUMOCBSI31 KallWJUIAPHBIX IOTOKOB M CHJI HCKITFOYEH-
HOTO 00BbeMa (SHTPOIMIHBIX CHII) B YCJIOBHSIX BBICHI-
xaronieit kari. COnmkeHre HaHOTPYOOK PUBOIMT K
YCHJICHHIO B3aNMOAEHUCTBHSA, YBETHUECHHUIO KECTKOCTH,
U, KaK pe3yJbTar, CaMOBBIIPSMIICHUIO TPYOOK.

Paboma svinonnena npu gounancosoti noooepoicke
PODU (npoexm Ne 16-43-360281 p_a).
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ENTROPY DRIVEN AGGREGATION OF CNT IN A DRYING DROP

ON HYDROPHILIC AND HYDROPHOBIC SUBSTRATE
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Abstract. Functional materials with desired properties can be assembled from colloidal particles of
the necessary materials. However nanoparticles usually exist in a randomly aggregated state, which
makes them difficult to separate and organize. The most important and difficult task, at the same time
less developed, is not the production of nanoparticles but the assembly of a macroscopic material
from them. This study is dedicated to the aggregation of carbon nanotubes by depletion forces and
the effect of the hydrophobic and hydrophilic substrate. The process has been realized in a drying
droplet of distilled water with colloidal particles and observed with an optical microscope. Colloid
SiO, particles were used as a macromolecule solution causing the depletion forces. Long carbon
nanotubes were chosen because they unlike the short ones show no reaction with SiO,. Nanotubes
were ultrasonicated in distilled water for 5 min to obtain a colloidal mixture. The rate of evaporation
of the droplet was controlled using analytic scales. It has been shown that the process of aggregation
strongly depends on the substrate material. On a hydrophilic substrate the droplet cannot change its
area and evaporates at constant speed. The strong capillary flows cause high orientation of nanotubes
and organize them into transparent wires. By the contrast on a hydrophobic substrate the droplet
shrinks steadily and the rate of evaporation decreases with constant rate. In this case no signs of self
organization were detected. As a concentration increases the aggregates of nanotubes that are
distributed in a droplet grow but they cannot escape the droplet and deposit on the substrate. As a
droplet shrinks steadily all the components move with it and gather at the center creating a clot.

The results may be used in production of functional and combined materials and as a method of

segregation of colloids.

Keywords: carbon nanotubes, aerosil, aggregation, entropic self-organization, depletion forces.
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