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Abstract. The actively developing field of organic semiconductor electronics requires not only development of new
conjugated donor-acceptor compounds, but also the creation of new methods of sample preparation at the stage
of creating devices based on them. It is known that improving the mutual packing of molecules can significantly
increase the efficiency of devices. In this paper, a cell was proposed that allows creating a thermal gradient in
the process of structure formation, allowing the study of structures obtained at different annealing temperatures
within a single experiment. Using the example of an organic compound with an irreversible phase transition,
the processes occurring during such annealing were studied using atomic force microscopy, X-ray structural anal-
ysis with a sliding beam, and polarization optical microscopy.
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BBE/JLEHUE

OpraHuvYecKHe NPOBOAsIIHe MaTepHaJlbl pas-
JTUYHOTO COCTaBa HaXOJST IPUMeHeHHe BO MHO-
rux obmacTax HaykKu U TeXHUKH, obnamas npu
3TOM PSIIOM IIPeUMYILIeCcTB 10 CPAaBHEHUIO C Tpa-
OHLIMOHHBIMU MaTepHalaMU Ha OCHOBE KpeM-
HHS MM MeTajaoB [1-3]. I3 TaKKMX MaTepHaJioB
MOTYT HM3rOTaBJHUBAThCSl U3Lenus, obsamar-
mre TMOKOCThI0, BO3MOXKHOCTBIO 60JIee IeleBoro
Y 3KOJIOTUYHOTO H3TOTOBJIEHHUSI, IPO3PAUHOCTHIO
U psiioM APYyrUX CBOMCTB [4, 5]. OnHaKo, Takue
H3/le/IUsl UMEIOT PsiJi He[JOCTaTKOB, B UK CJIe KOTO-
prix HU3KUM KIIJl ycTpoicTB [6-8]. locTaTOYHO
MOMY/ISIPHBIM SIBJISIETCS IIOAXO/, II03BO/ISIOMI U
IyTeM yIpaB/leHUs CTPYKTYPOU B IIpoliecce IpU-
rOTOBJIEHH S 00pa3LoB UIK NPpHU mocTobpaborke
H3MeHSTh OPHEHTAlLlUI0 MOJIeKYJl I10 OTHOIIe-
HHUIO K IIJIOCKOCTH MOJJIOKKH, BapbUPYsl pa3mep
JIOMEeHOB, CTelleHb KPUCTAIMYHOCTH, aHHU30TPO-
IIHI0 TPAHCIIOPTHBIX XapaKTePUCTUK U T.A. [9-11].
CymecTByeT HeCKOJIbKO OCHOBHBIX CII0CO60B
du3nUecKoro Bo3IeHCcTBUS Ha obpasell, B 4acT-
HOCTHU TepMHUYECKHUU OTKHUT [12], OT>KUT B Hapax
pactBopuTens [13], Bo3mercTBUe yabTpaduoiie-
ToM [14, 15] MU XUMUUYECKoe BO3IeHCcTBHe [16, 17].
HMcronp3yst O4UH K3 3THX METOJO0B MJIK UX KOM-
O6MHAIIMI0, BO MHOTOM YAAeTCs YAyUIIHUTb 3ddex-
THBHOCTb UTOTOBBIX YCTPOHCTB [18].

INTRODUCTION

Organic conducting materials of various compositions
are used in many fields of science and technology,
while having a number of advantages over traditional
materials based on silicon or metals [1-3]. Such mate-
rials can be used to produce products with flexibility,
cheaper and more environmentally friendly manufac-
turing, transparency, and a number of other proper-
ties [4, 5]. However, such products have a number of
disadvantages, including low efficiency of the devices
[6-8]. A rather popular approach is the one that allows,
by controlling structure during sample preparation or
post-processing, to change orientation of molecules
with respect to the substrate plane by varying the
domainssize, the crystallinity degree, and anisotropy
of transport characteristics, etc. [9-11]. There are sev-
eral main ways to physically attack the sample, nota-
bly thermal annealing [12], solvent vapour annealing
(13], UV exposure [14, 15] or chemical attack [16, 17]. By
using one of these methods or combination of them, it
is largely possible to improve performance of the final
devices [18].

Existing methods for controlling structure and
thermophysical properties often require a significant
number of experiments to select the optimum
conditions for sample preparation, however,
conducting such a large number of experiments can be
labour and time intensive, which, combined with the
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CyllecTBYyOLIHe MeTOAbl KOHTPOJISI CTPYKTY PbI
U Temna0dHU3UUeCKHUX CBOMCTB 3a4acTylo TpebyIoT
IIpoBeeHHs 3HAaUUTe/IbHOIO0 YK C/Ia KCIIepUMeH-
TOB 151 ToA00pa ONITUMaJIbHBIX YCJIOBUI IIPUTO-
ToBJIeHU s obpasla, ofHAKO, IPpoBeleHHe TaKOTO
KOJIMYeCcTBa 3KCIIEPUMEHTOB MOXeT 6BITh TPYyH0-
U BpeMsi3aTpPaTHO, UTO, B COUYeTaHUU C Heobxo-
OHUMOCTBIO TECTUPOBATh 60/bIIOE KOTHUUECTBO
HOBBIX COe[JMHEeHHUH, MOXeT 3HAaUUTe/JIbHO CHU-
3UThb 3¢ PeKTHUBHOCTh TaKOTO II0AX0Aa. PelUTh
OaHHY IpobseMy MOXHO, CHHU3UB KOJIHYe-
CTBO 3KCIIEPHMEHTOB, HallpHMep, IpoBeas Tep-
MHUYeCKHH OTXUI IIPHU pa3sHBIX TeMIlepaTypax
Ha ogHOM obpaslle, UCIOAb3Yysl TPafHeHT TeM-
neparyp, € IOCJeAyOUHUM KOHTpPOJeM CTPyK-
TyPpBl, 06pa3yromencs Ipu TaKOM BO3JeHCTBUU.
Mcnonp3syeMble S5KCIIepHMeHTaJlbHble MeTO/bI
MOTYyT BK/IIOUAaTh CKAHHUPYOIIYIO 3JIeKTPOHHYIO,
AaTOMHO-CHJIOBYIO H ONITHYeCKYI0 MHKPOCKOIIHIO
1 PeHTTeHOCTPYKTYPHBII aHA/IKU3 B TeOMeTPHUHU
CKOJIB3SIIIero my4ka.

B paMmKax JaHHON paboTsl 6bl/1a CKOHCTPYUPO-
BaHa TepMH4YecKas s4erKa, [103BOISIONIasl IIPO-
BOJAUTh TEPMHUUYECKHUHN OTXUI obpa3la, HaHe-
CeHHOIO B BHJle TOHKOH IIJIEHKH Ha IIOAJIOXKKY,
HCIIOb3Ys FPaleHT TeMIlepaTyp. brlso mpose-
JleHO TeCTUPOBaHMe JaHHOM SUeHKH Ha obpasiie,
[10JIy4eHHOM MeTOLOM CIIMH-KOAaTHHIA OpraHU-
YeCKOM COIPSI’)KeHHON JOHOPHO-aKIeNITOPHOM
CUCTeMBl, oblafaomer epCcIeKTHBON IIpUMe-
HeHHs B OpTaHHUYeCKOM 3/IeKTPOHHKe. JJaHHBIHU
MOAXO0[ MOXKeT 06/1afaTh MepCcrieKTHUBAMHU U JJIs
cucTeM, obnagaomux cepruer ¢a3oBrIX Ilepexo-
OB, KaK HaIlpUMePp, SKUAKOKPHUCTAJIIHUYECKHUX
CoeIHHEHHHM, a TaKKe KOMIIO3HUTOB, UTO JejaeT
NAHHBIM MeTOoJ NJOCTAaTOYHO yHHBEPCA/TbHEIM.
I[ToMHUMO 3TOro, BO3MOXHA MHTerpalus AaH-
HOM S4YelKH B MHPPACTPYKTYPy CHHXPOTPOHHBIX
CTAaHLIHMH [JISI OCYLIeCTBIeHUS OBICTPBIX CKAHU-
POBaHHK IIy4YKOM PEeHTTeHOBCKOIO H3/1y4eHHS.
1 U3y4deHHUsI OPUeHTALLHOHHBIX 3QPeKTOB BO3-
MO>KHa TaK>ke MHTerpalus ss4elKHU B paMaHOB-
cKre 1 UK-MHKPOCKOIIEI.

METO/AbI NCCNIEAOBAHUA

DKCIePUMEHTHI 10 MCCAeSOBAHUIO CTPYKTYPEI
MeTooM 60/bIIeyrI0BOr0 peHTTeHOBCKOTIO pac-
CeIHUS CO CKOJb3AIIKMM IMYy4YKOM IIPOBOIM-
nuch Ha gudpakTtoMeTrpe Xenocs (PpaHL ),
c ucTouHukoM CeniX3D (A =1,54 A), ¢ pasMepom
nydka Ha obpasie B 300 x300 MKM. [IBymepHBbIe
IUPpPaKTOTpaMMBbl PerucTpUpOBAJH IIpH
oMoy getexkTopa EigerlM, pacIio/lo>KeHHOIO
Ha PacCTOSIHUHU 75 MM oT obpasua. Moaynab Boil-
HOBOTI'O BeKTopa s (s = 2sin6/A, rae 0 - yros Bperra)
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need to test a large number of new compounds, can
significantly reduce effectiveness of this approach.
This problem can be solved by reducing the number
of experiments, e.g. by performing thermal
annealing at different temperatures on the same
sample, using a temperature gradient, followed
by monitoring the structure formed by such an
exposure. The experimental techniques used may
include scanning electron, atomic force and optical
microscopy and X-ray structural analysis in a sliding
beam geometry.

As part of this work, a thermal cell was
constructed to allow thermal annealing of a
sample deposited as a thin film on a substrate
using a temperature gradient. This cell was tested
on a sample obtained by spin-coating of an organic
conjugated donor-acceptor system, which has a
promising application in organic electronics. This
approach may have prospects for systems with a
series of phase transitions, such as liquid crystalline
compounds and composites, which makes this
method quite universal. In addition, it is possible
to integrate this cell into synchrotron stations
infrastructure for fast X-ray beam scans. The cell can
also be integrated into Raman and IR microscopes to
study orientation effects.

RESEARCH METHODS

The structure experiments by large-angle X-ray
scattering with sliding beam were carried out on
a Xenocs diffractometer (France), with a GeniX3D
source (\=1.54 &), with a beam size of 300x300 pm
on the sample. Two-dimensional diffractograms
were recorded using an EigerlM detector located at
distance of 75 mm from the sample. The wave vector
modulus s (s = 2sin6/A, where 0 is the Bragg angle)
was calibrated using several diffraction orders of
AgBe. One-dimensional diffractograms obtained by
integration of two-dimensional diffraction patterns
were analysed using a software package developed
by the authors of the paper in Igor Pro (Wavemetrics
Inc.).

Phase transitions were studied by differential
scanning calorimetry using a Mettler Toledo DSC 3+
analyser (FRS 6+ sensor) in a nitrogen atmosphere
at a temperature scanning rate of 10 °C/min. Data
processing was carried out in the Star software by
Mettler Toledo.

The surface morphology was studied on a
JPK NanoWizard® ULTRA Speed 2 atomic force
microscope (Bruker, USA). Measurements were
performed on scanning areas of 6x6 p2 and 18 x18 p?
in semi-contact mode in air. RTESPA-300 cantilevers
(Bruker, USA) with resonance frequencies from 200
to 400 kHz and a picture sweep frequency of 1 Hz
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Ka/JubpoBaaM, MCIOJNb3ys HEeCKOIbKO AUPPAK-
LIMOHHBIX OPAAKOB AgBe. AHa/IKM3 OMHOMEPHBIX
IUGpPaKTOrpaMM, IIOAYYEeHHBIX MHTETPUPOBa-
HHEeM JBYMEPHBIX KapTUH AJUPAKI UM, IPOBO-
JUJIH C IIOMOIIBIO ITaKeTa IPOorpaMM, CO34aHHBIX
aBTOpPaMH CTaThHU B cpefe Igor Pro (Wavemetrics
Inc.).

H3yuyeHue $a3o0BBIX [HepPexoJ0B MeTOLOM
nudPepeHIIMATbPHON CKAHHUPYIOLEH KaJIOpH-
MEeTPpHUHU HPOBOSUIOCH IPU IHOMOIIM aHAJIM-
3aTopa Mettler Toledo DSC 3+ (gatuuk FRS 6+)
B aTMocdepe a30Ta CO CKOPOCThIO CKAHHPOBAHH A
o remneparype 10 °C/muH. O6paboTka JaHHBIX
IIPOBOAUIIACE B IporpamMe Star pupmer Mettler
Toledo.

MopdoI0THIO ITIOBEPXHOCTH H3y4aau Ha aTOMHO-
cunroBoM MHUKpockome JPK NanoWizard®
ULTRA Speed 2 (Bruker, CIIA). M3MepeHHUSs
NpOBOAUINUCh Ha o06acTaXx CKaHHpOBa-
HUS 6 %6 MK? 1 1818 MK? B [I0/TyKOHTAaKTHOM PesKHMe
Ha Bo3ayxe. B oakcIeprMeHTe HCII0Ib30BaJIMCh KaH-
tuneBepsl RTESPA-300 (Bruker, CIIIA) ¢ pe3oHaHC-
HBIMH YacToTaMM oT 200 mo 400 kI, yacTtoTa pas-
BePTKU KapTUHKU 1 'L, [Iag cTaHAapTHOM obpa-
60TKH n306paskeHUMN U IpefCcTaBJIeHHUS NaH-
HBIX HCIIO/Ib30BaJIK IIPOrpaMMHOe obecrieueHue
"®emroCKaH" (Bepcus 2.4.10).

H3ydyeHHe CTPYKTYpbl METOJOM CKaHHUPYIOIIeH
371eKTPOHHON MHKPOCKOIHHU IIPOBOJUJIOCEH IIPHU
IIOMOIIM CKAHUPYIOLIEIo 3JIeKTPOHHOI0 MHKPO-
ckoma Carl Zeiss Crossbeam 550. [TapaMeTpsI yBe-
JTUYEeHHU S U YCKOPAKUIEI0 HAIIPSKeHU S IIpUBe-
JleHBl Ha COOTBETCTBYIOLUIUX MUKPOPOTOrpaduax.
J1s1 perucTpalud MUKpopoTorpadry HCIIO/b-
30BaJICs AeTeKTOP BTOPHYHBIX 3JIEKTPOHOB.
Ycropsmollee HanopsixkeHue coctaBasgiao 800 B,
TOK 80 IA.

M3ydeHHe ONTHYeCKOU TeKCTYyPhl U CTPYK-
TYyPphl IJIEHOK CHHTE3UPOBAaHHBIX 06pas3ioB
IIPOBOAMJIOCH IIPH IIOMOIIKM MHKpockoma Carl
Zeiss Axioscope Al, ocHalleHHOM CKpelleH-
HBIMH MOJASIpH3aTOpaMu. M3MepeHUs IMPOBO-
OHUJINCh C HCIIONb30BaHHEM 06BbeKTHBOB X50
u x100 B peskuMe "Ha oTpaskeHue". B KauecTBe
OCBeTHUTeJId IPUMeHsIach rajioreHHas jlamIia.

CuHTe3 obpasua S1

Bce mMcxonHble peareHTHl U PACTBOPUTEIU ObIIU
3akymireHsl B Macklin Inc. u ucmons3oBaHel 6e3
JOIIOJIHHUTEe/IbHON OUYHCTKH.

Ons monydeHus obpasua S 6bl1 mpoBeneH
YyeThIpeXCTaAHUMNHBMN cuHTe3 (puc.l). Ha mep-
BOI CTaJHU II0O PeakKLHH KPOCC-COUYeTaHUS
Ctunne wus3s 2,7—/:[1/16pom-9,9—/:[1/1ueu1/1n-9H-
binyopeHa M TpUMeTHI(2-THEHHUI)CTAaHHAHA

were used in the experiment. FemtoScan software
(version 2.4.10) was used for standard image
processing and data presentation.

The structure was studied by scanning electron
microscopy using a Carl Zeiss Crossbeam 550 scanning
electron microscope. Parameters of magnification and
accelerating voltage are given on the corresponding
microphotographs. A secondary electron detector
was used to record the micrographs. The accelerating
voltage was 800 V and the current was 80 pA.

The optical texture and film structure of the
synthesised samples were studied using a Carl Zeiss
Axioscope Al microscope equipped with crossed
polarizers. The measurements were carried out using
x50 and x100 objective lenses in the “on reflection”
mode. A halogen lamp was used as an illuminator.

Synthesis of SI sample

All starting reagents and solvents were purchased
from Macklin Inc. and used without further
purification.

A four-step synthesis was carried out to obtain
sample S1 (Fig.1). In the first step, 2,2’-(9,9-didecyl-
9H-fluorene-2,7-diyl)dithiophene (1) was prepared
from 2,7-dibromo-9,9-dodecyl-9H-fluorene and
trimethyl(2-thienyl)stannane by Stille cross-coupling
reaction. Next, compound 1 was lithiated with
n-butyllithium and the resulting product was treated
in-situ with trimethylchlorostannane. As a result,
((9,9-didecyl-9H-fluorene-2,7-diyl)bis(thiophene-5,2-
diyl)bis(trimethylstannane) was obtained. In the
next step, 11-bromodibenzola,c]phenazine (3) was
synthesised by condensation of phenanthrene-9,10-
dione with 4-bromobenzene-1,2-diamine. The target
product ST was prepared by the Stille reaction from
compounds 2 and 3.

Synthesis of compound 1

The 0.5 g (0.83 mmol) of 2,7-dibromo-9,9-didecyl-9H-flu-
orene, 0.4 g (1.66 mmol) of trimethyl(2-thienyl)stan-
nane, 8 mg (6.9 pmol) of tetrakis(triphenylphosphine)
palladium (0) and 35 mL of toluene were placed in a
100 mL two-neck flask with a reflux condenser and
stirring anchor. The mixture was cooled in a liquid
nitrogen bath and degassed by vacuuming and filling
the vessel with argon (three cycles). The reaction mix-
ture was then boiled for 24 hours and solvent was dis-
tilled off at a rotary evaporator. Compound 1 was puri-
fied by column chromatography on silica gel (60 A)
using a mixture of hexane (0.7 volume parts) and
toluene (0.3 volume parts) as eluent. Fractions with
purity more than 98% were combined, and solvent
was distilled off at a rotary evaporator. The yield of
2,2-(9,9-didecyl-9H-fluorene-2,7-diyl)dithiophene was
72%. 1H NMR (500 MHz, CDCl;, §, m. e.): 7.67 (e, 2H);
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MeSn/Q
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Puc.1. CuHme3 coeduHeHus S1
Fig.1. S1 synthesis

IoJIy4aau 2,2’-(9,9-Lmneu1/1n—9H-<1)J1yopeH—2,7—
puun)oautuoden (1), Manee coequHeHHe 1 TUTU-
poBanu H-6yTuinuTHeM B obpabaTeiBany in-situ
06pa30BaBIIMNCS IIPOAYKT TPUMETHUIXIOPCTAH-
HaHOM. B pesynbraTte 6bII IIOJIyYeH ((9,9-mumeri -
9H-dnyopeHn-2,7-nuunn)buc(tuodpen-5,2-nunin))
buc(rpuMeTHuICTaHHAH). Ha ciepylomen cra-
IUUN KOHAeHcaluel deHaHTpeH-9,10-muOHA
c 4-6pombeH301-1,2-IHaMHUHOM OBLII CHHTE3UPO-
BaH 11-6pomaubensola,cldpenasun (3). LleneBon
OPOAYKT S1 IToJIy4Ya/iy 10 peaKuuu CTHUJI/Ie U3 coe-
OUHeHUH 2 U 3.

CuHTe3 coeguHeHus 1

B gByropaymo konby ob6bsemom 100 M c obpat-
HBIM XOJIOLUJIBHUKOM M IIepeMelIHBAIUM SIKO-
pem momectunu 0,5 r (0,83 Mmons) 2,7-nubpom-
9,9-nunmenun-9H-payopena, 0,4 r (1,66 MMOIBb)
TpI/IMETI/IH(Z‘TI/IEHI/IH)CTaHHaHa, 8 Mmr (6,9 MKMOJIb)
TeTpaKI/Ic(TpHQ)eHH}Ic]poccpHH)nanna/:mﬂ (0) 1 35 M1
Tosyona. CMech OXJakaanu B baHe C SKUAKUM
a30TOM M [JerasupoBajik IIyTeM BaKyyMHPpOBa-
HUS U 3aII0JIHEHHU S COCYAA aproHOM (TPH LIUKJIA).
Janee peakKUIMOHHYIO CMeCh KUIISATHUIIH B Tede-
HHe 24 4 1 OTTOHSI/IM PACTBOPUTE/b Ha POTALIMOH-
HoM HcrapuTese. CoefrHeHHe | YUCTUIH METOIOM
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7.58-7.60 (dd, 2H); 7.54 (s, 2H); 7.36 (e, 2H); 7.27 (d, 2H);
7.10 (t, 2H); 1.98-2.01 (m, 4H); 1.03-1.24 (m, 32H); 0.81
(t, 6H).

Synthesis of compound 2

Solution of compound 1 (0.55 g, 0.9 mmol) in 25 mL
anhydrous tetrahydrofuran was placed in a 100 mL
two-neck flask. The flask was purged with a weak
argon current for 10 minutes. The mixture in the flask
was cooled in an acetone bath to 70 °Cand 0.72mLof a
solution of n-butyllithium in hexane (2.5M, 1.8 mmol)
was added from a syringe through a silicone septum
while stirring. The mixture was stirred at -70 °C for
1 hour and then 5 mL of a solution of trimethylchlo-
rostannan (0.36 g, 1.8 mmol) in anhydrous tetrahydro-
furan was added. The mixture was then warmed to
room temperature and poured into a separating fun-
nel containing 100 mL distilled water. The product
was extracted three times with 25 mL diethyl ether.
The organic extract was dried from traces of water
over anhydrous magnesium sulfate, filtered through
a paper filter and the ether was distilled off at a rotary
evaporator. The yield of ((9,9-didecyl-9H-fluorene-
2,7-diyl)bis(thiophene-5,2-diyl))bis(trimethylstannane)
was 68%. Compound 2 was used in the next step with-
out further purification. 1H NMR (500 MHz, CDCl;, §,
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KOJIOHOYHOM XpomaTorpaduu Ha cunukarese (60 A)
C MICII0JIb30BAaHHUEM B KaUeCTBe 3JI0eHTAa CMeCH rek-
caHa (0,7 o6beMHBIX YacTel) u Tosyosa (0,3 06B-
eMHbIe 4yacTu). PpakOUU C YHUCTOTOH boee 98%
00beIUHSIN, PACTBOPUTEJb OTTOHSIIH HA POTa-
LMOHHOM MHCIIapUTejie. BbIXO, 2,2’-(9,9-nupen -
9H-dnyopeH-2,7-nUHUI)GUTHObEHA COCTABUII 72%.
IH IMP (500 MT'1t, CDCly, 8, M. 1.): 7,67 (1, 2H); 7,58~
7,60 (onm, 2H); 7,54 (c, 2H); 7,36 (xm, 2H); 7,27 (&, 2H);
7,10 (T, 2H); 1,98-2.01 (m, 4H); 1,03-1,24 (m, 32H); 0,81
(T, 6H).

CuUHTe3 coeguHeHus 2

B nByropiuyio Konby o6remom 100 M rmoMemanu
pacTBOp coefHHEHHUS | (0,551, 0,9 MMOJIB) B 25 MII
6e3BogHoOrO TeTparugpodypana. Konby mpony-
Ba/JIM CnabbIM TOKOM aproHa B TedeHHe 10 MUH.
CMmech B Kojibe oxJiaskIaa/IM Ha alleTOHOBOM DaHe
go -70 °C ¥ IpHU HmepeMeUHBaHHUH BHOCHUIHU
M3 LMIIPHIIA Yepe3 CUIUMKOHOBYIO centy 0,72 M
pacTtBopa H-O6YTHIANUTHUS B rekcaHe (2,5M,
1,8 mmonp). CMechk HepeMemuBanu npu —70 °C
B TeueHHe 1 4 U Jajiee BHOCHUJIM 5 MJI pacTBOpa
TPHUMeTHJIXJIOPCTaHHaHa (0,361, 1,8 MMOJIb) B be3-
BOLHOM TeTparuapodypaHe. 3aTeM CMeCh Harpe-
BajH N0 KOMHATHOM TeMIlepaTyphl U BBIJIIMBAIU
B JeIUTEJIbHYI0 BOPOHKY, comepsKamywo 100 mi
JUCTHUIJINPOBAHHOM BOABL. IIPOAYKT 3KCTparu-
poBaIX TPUSKABL AUOTHU/IOBEIM 3QUPOM I10 25 MII.
OpraHHYeCcKYIO BBITSIKKY CYLIHJHU OT CIeLO0B
BOZBI HaZ 6e3BOAHBIM Cyn1b)aTOM MArHus, QUIIb-
TpoBa/NH 4Yepe3 byMa>kHBIN QUIBTP U OTTOHSIIHN
30Hp Ha POTALLMOHHOM HCIIapHTeJsie. BbIXO[
((9,9-pupmenun-9H-dnyopen-2,7-gunun)buc(ruodeH-
5,2-nynn))6uc(TpUMeTHUICTAHHAHA)COCTABUII 68%.
CoelnMHeHHe 2 HCIIOJIb30BaJ/IM Ha CjelyolleHn
cTaguu 6e3 JOIOJHUTE/IbHON OYUCTKU. 'H IMP
(500 MT'i, CDCl;, §, m. 1.): 7,67 (&g, 2H), 7,63 (c,
2H), 7,61 (m, 2H), 7,47 (&, 2H), 7,21 (z, 2H), 2,06 (z,
2H), 1,10-1,35 (m, 32H), 0,92 (T, 6H), 0,44 (c, 18H).

CuUHTe3 coeguHeHusa 3

B kpyriogoHHy Konby o6bemoMm 100 mi1, cHab-
JKEHHYI0 O0OpaTHBIM XOJOAHUIBPHHUKOM, IOMeE-
manu 0,5 r peHaHTpoxuHOHA (2,4 MMOIB),
0,45 r 4-6pomben3on-1,2-nuamuHa (2,4 MMOJB)
u 50 Ma staHona. CMech KHUIISITUIHU B Teue-
Hue 10 4, oXJIa3KOAJIHU 4O KOMHATHOM TeMIlepa-
TYpHl U OTOUIBTPOBEIBAIKN 00pa30BaBIIMUICS
ocamok Ha 6ymaskHOM PuabTpe. I[IPOAYKT IPpoO-
MBIBAJIM FOPSIYMM 3TAHOJIOM [0 CBETJIOH OKpa-
cku ¢unbTpaTta. Beixon 11-6pomaubensola,c]
denasuna coctaBua 80%. 'H IMP (500 MT1,
CDCl,, 8, m. m.): 9,32 (M, 2H); 8,48-8,54 (M, 3H);
8,14 (1, 1H); 0,96 (m, 1H); 7,79 (1, 2H); 7,74 (T, 2H).

m. e.): 7.67 (dd, 2H), 7.63 (s, 2H), 7.61 (e, 2H), 7.47 (e, 2H),
7.21 (e, 2H), 2.06 (e, 2H), 1.10-1.35 (m, 32H), 0.92 (t, 6H),
0.44 (s, 18H).

Synthesis of compound 3

The 0.5 g of phenanthroquinone (2.4 mmol), 0.45 g of
4-bromobenzene-1,2-diamine (2.4 mmol) and 50 mL
of ethanol were placed in a 100 mL round bottom
flask equipped with a reflux condenser. The mix-
ture was boiled for 10 hours, cooled to room temper-
ature and resulting precipitate was filtered off on a
paper filter. The product was washed with hot etha-
nol until the filtrate was light coloured. The yield of
11-bromodibenzo[a,c]phenazine was 80%. 1H NMR
(500 MHz, CDCl;, §, m. e.): 9.32 (m, 2H); 8.48-8.54 (m,
3H); 8.14 (e, 1H); 0.96 (e, 1H); 7.79 (t, 2H); 7.74 (t, 2H).

Synthesis of compound 51

Synthesis of ST was carried out under similar condi-
tions described for compound 1 using compound 2 -
0.4 g (0.43 mmol) and compound 3- 0.31 g (0.85 mmol).
The product was purified by recrystallisation from
chlorobenzene. The yield of 11,11-((9,9-didecyl-9H-flu-
orene-2,7-diyl)bis(thiophene-5,2-diyl))didibenzola,c]
phenazine was 52%. 1H NMR (500 MHz, CDCl,, §,
m. e.): 9.42-9.47 (m, 4H); 8.60-8.62 (m, 6H); 8.35 (e, 2H);
8.22 (e, 2H); 7.74-7.83 (m, 12H); 7.67-7.70 (m, 4H); 7.52 (e,
2H); 1.62-1.65 (m, 4H); 1.13-1.32 (m, 32H) 0.89 (t, 6H).

The film was prepared by spin-coating onto a
silicon substrate from a solution in chloroform
with a concentration of 20 mg/ml. A 50 pl drop was
applied to the substrate pre-cleaned in the laboratory
low-pressure plasma unit Diener electronic Zepto
for 1 minute and then washed with chloroform
immediately before applying the drop. The substrate
rotation speed was 1000 rpm and the drying time
before stopping was 1 minute.

The schematic diagram of the assembled cell for
forming a thermal gradient is shown in Fig.2. On
the system, designed for convergence and increase
between the parts of the cell (3), are placed movable
heating (5) electric element and cooling (6) element
consisting of a hollow plate with a cavity of complex
geometry, connected to a pump (4) pumping
liquid nitrogen vapour. On top of these elements
there are heat exchanger plates (1, 2) equipped
with thermocouples. On these plates there is an
experimental sample (7).

The cell design is based on a module for forming
a temperature gradient, which consists of two
elements, the working faces of which are located in
the same plane. One of the elements is a heater, the
other is a refrigerator. The heater is a parallelepiped
with a resistive element inside. Heating is carried
out by passing current through a resistive element,

Vor.17 No. 7-8 2024 NANO INDUSTRY
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Puc.2. Cxema siueliku, npedHa3Ha4eHHol 048 co30aHUS mepmu-
ueckozo 2padueHma

Fig.2. Schematic diagram of a cell designed to form a thermal
gradient

CuHTe3 coeguHeHus SI1

CuHTe3 ST IPOBOOMIICS B AHAJIOTHYHBIX YCIIOBUAX,
OIMMMUCAHHBIX IJII COeJUHEHU 1, C UCIIObh30Ba-
HUueM coeguHeHusa 2 - 0,4 r (0,43 MMOJIb) U coe-
nuHeHUs 3 - 0,311 (0,85 MMoB). IIPOAYKT 04U~
IIaa{ [epeKpUCTA/IIN3aliuel u3 xjaopbeHsona.
Brrxon 11,11-((9,9-nupenun-9H-payopeH-2,7- 1 U )
buc(ruoden-5,2-guun))gunubensola,clpeHasruna
coctaBui 52%. 'H SIMP (500 MTI'1i, CDCly, §, m. n.):
9,42-9,47 (M, 4H):; 8,60-8,62 (M, 6H); 8,35 (x, 2H):
8,22 (m, 2H); 7,74-7,83 (M, 12H); 7,67-7,70 (m, 4H):
7,52 (m, 2H): 1,62-1,65 (M, 4H); 1,13-1.32 (M, 32H)
0,89 (T, 6H).

I[IpUTOoTOBJIeHHe IIJIEHKHU MNPOMU3BOJUIOCH
MeTOJOM CIIHMH-KOAaTHUHIA HAa KPpeMHHEeBYIO IO/~
JIOKKY U3 pacTBopa B xJlopodopMe C KOHILIeHTPpa-
nuer 20 mr/mia. Kamasg o6bbemoM 50 MKJI HaHO-
CHJIACch Ha IIpeJBapUTeNbHO OUHIIEHHYIO B 1abo-
PaTOPHOM yCTaHOBKe IIJIa3Mbl HHU3KOTO JaBJje-
Hus Diener electronic Zepto B TeueHHe 1 MUH
U 3aTeM IIPOMBITYIO xJopodopMOM HeIocCpen-
CTBEHHO Ilepe]] HaHeceHHeM KaIljau. CKOpPOCTh
BpallleHH s I[IOAJIOKKH cocTaBisia 1000 06/MHUH,
BpeMs BBICBIXaHMS Ilepes OCTAHOBKOK COCTaB-
JIs1710 1 MUH.

[IpHHI U HANbHAS cxeMa COOpaHHOMN SYeHKH
7S CoO3MaHUs TePMUUYECKOro rpajueHTa IoKa-
3aHa Ha puc.2. Ha cucTteme, mpefHa3HaueHHOU
IJist CONMU>KeHU S U YBeIMUYeHU s MeXAY YacTIMU
sS9elKH (3), pa3MelleHbl IIOABUKHbIe HAarpeBa-
TeNbHBIN (5) 9JIeKTPHUYECKUH 3JIeMeHT U OXJIaK-
OaroIui (6) 3J1eMeHT, COCTOSIIMEI M3 II0JIOH IIjIa-
CTHHBI C IOJIOCTHIO C/IOKHON reoMeTpHHU, IOJI-
KJIIOYeHHBIHN K HAacocy (4), IPOKAaYHBAONMIHMM IIaPhI
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Puc.3. Kpusbie ICK 0bpa3ua S1, kpacHas kpusas coomaem-
cmayem Hazpeay, CUHSIS — OXAAXKOeHU K

Fig.3. DSC curves of sample S1, red curve corresponds to heating,
blue curve - to cooling

temperature control and regulation can be carried out
using a thermocouple and PID regulator. The second
element of the module (the cooler) is designed as a
hollow heat exchanger through which liquid nitrogen
vapour is pumped. The temperature of the working
edge of the cooler and the heater can be controlled
and regulated by means of a thermocouple and PID
regulator.

RESULTS

To select the temperature range of the heater and
cooler of the gradient cell, measurements of the ther-
mophysical behaviour of the S1 sample were carried
out. For this purpose, a differential scanning calorim-
etry experiment was carried out. The data are shown
in Fig.3.

When the sample is heated, a step transition
corresponding to the glass transition is observed, as
well as a recrystallisation peak and a melting peak.
On cooling, only transition corresponding to glass
transition is visible. The enthalpy and temperature
changes of the phase transitions are given in Table 1.

Thus, based on the DSC data, the temperatures of phase
transitions in the sample were determined and heater
and cooler temperatures were selected above the end of the
melting process and below the end of the crystallisation
process in order to cover the entire range structure
formation occurs. The selected temperatures were 25 °C
and 250 °C for the heater and cooler, respectively.

To compare the results obtained using the
experimental cell, XRD structure experiments were
carried out for a sample of the original film and the
film heated to temperature above the melting point.
The results are presented in Fig.4.
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SKUAKOro azora. CBepXy Ha JaHHBIX 3JIeMeHTax
HaxOASTCS IJacCTHUHB TernaoobMeHHHUKa (1, 2),
OCHAaIleHHBbIe TepMoIllapaMu. Ha JaHHBIX IIj1a-
CTHHAX HaXOJUTCS 3KCIIePUMEeHTa/IbHbIHN obpa-
3ert (7).

B ocHOBe KOHCTPYKL MU SIYeHKHU JIESKUT MOIY/b
IJig CO3MaHHMsS TeMIlepaTypHOIO FpajMeHTa,
KOTOPBIM COCTOUT M3 IBYX 371eMeHTOB, pabouue
FPaHH KOTOPBIX PacCIIoaraloTcsl B OAHOM IIJIO-
CKoCcTHU. OOUH K3 3JIEMEHTOB SIBJII€TCS HarpeBa-
Te/leM, APYLOH XOJOAHIbHHUKOM. HarpeBsaTens
IpenacTaBisieT coboM mapasienenuies, BHyTpHU
KOTOPOIrO HaXOJMUTCS Pe3UCTHUBHBIH 3JIeMeHT.
Harpes ocymecTB/aseTCs IIPU HPOIYCKaHUH TOKA
yepes3 Pe3UCTHUBHBIH 3JIeMeHT, KOHTPOJIb U pery-
JTUPOBKA TeMIIePaTyPhl MOKET IIPOU3BOIUTHCS
C moMou b0 Tepmomapel U IIH][-perynsaropa.
BTopou 3ieMeHT MOZ YIS ~ XOJ0AU/IbHUK, BBIIIOI-
HeH B BHJe [10JI0T0 TellJloobMeHHIKa, Yepe3 KOTo-
PBIH OCyLIeCTBIsIeTCS IPOKAaYKBaHUe IIapOB KU/
KOTO0 a30oTa. TemmepaTypa pabouer rpaHHU X0JI0-
OUIBPHMKA U HarpeBaTe/iss MOXeT KOHTPOJIMPO-
BaThCs U YIIPABAATHCA IPU [IOMOIIH TePMOIIaphl
u [IMI-peryasaropa.

PE3YJIbTATDI

Ons nonbopa nuana3oHa TeMIepaTyp Harpesa-
TeJsl U XOJIOLUJIbHHUKA FPaJHeHTHOHN S4YeHlKH
OBIIM IpOBeeHbl HM3MepeHUSs TeIlJopHu3HUUe-
cKoro rnosefeHust obpasua Sl. st 3Toro 611 Ipo-
BeJleH 3KCIIepPUMeHT 10 AudPepeHIMATBbHOM CKa-
HHUpYIOLIel KaJOPUMeTPUH. [laHHbIe IIPHBeeHbl
Ha puc.3.

IIpu HarpeBe obpasia HabynogaeTcs: CTyIeH-
YaTBIU [epexofi, COOTBeTCTBYIOUIHNK IIpolleccy
CTeKJIOBAaHHM, a TaKXe IIHK peKpHUCTaJIMu3a-
LUH U IIUK IIJIaBAeHU. IIpH oX/Ta>kKAeHHU U BUIEH
JMUIIDb IIepeXoll, COOTBeTCTBYIOIIHK CTeKJIOBa-
HHUIO. M3MeHeHHe SHTAa/IbIIMU U TeMIIepaTypPhl
$a30BbIX IIePeX0/0B IpUBeAeHbl B Tab.1.

Takum o6pa30M, ucxonss 3 gaHHbBIX [ICK,
ObI/1HM ompejie/leHbl TeMIlepaTypsl Ga30BLIX IIepe-
X0Z0B B 06paslie U BeIOpaHBI TeMIIePATy Pl Harpe-
BaTeJisd U XOJIO0JU/IbHHUKA BhlIIe OKOHYAHUS IIPO-
Iecca mjaaBjeHH s U HUXKe OKOHYAHM S IIpoliecca
KPUCTA/UIM3alLl MU [JIS TOro, YTOOBl IePeKPEITh
BeCh JHAIla30H, B KOTOPOM IIPOMCXOOUT CTPYK-
Typoobpa3zoBaHUe. Brlb6paHHBIe TeMIIepaTypE
cocTtaBuIH 25 1 250 °C OJig HarpeBaTeas U X0JI0-
JUJIBHKUKA, COOTBETCTBEHHO.

Jis comocTaB/IeHUSs pe3yabTaToB, IMOJIYYeH-
HBIX IIPH IIOMOIIIH 3KCIIePUMeHTa/IbHOH SIUelKH,
OBIJIM IIpOBeJleHbl SKCIIEPUMEHTHI I10 U3yUeHHUIO
CTPYKTYPBL METOJOM PEeHTIeHOCTPYKTYPHOI'O aHa-
nu3a aas obpasia UCXOAHOM IJIEHKH U IJIeHKH,

Tabauya 1. Mapamempsbl pazosbix nepexo00s 0as1 06pasya S1,
onpedeneHHbix memodom [CK

Table1. Parameters of phase transitions for sample S1 determined by
DSC method

DHTanbnusa
nepexoaa, AX/r

Enthalpy of tran-

sition, )/g
[MnasneHne 216,7 37,6
Melting
Kpucrannusauus 175,7 25,33
Crystallisation
CreknoBaHume 88,1 =
Glassing

Tabauya 2. MonoxeHus OUPpaKkuyUOHHbIX NUKOB UCX0OH020
06pasua
Table 2. Positions of diffraction peaks of the original sample

PaccuuTtaHHoe
MNOJIOXKeHUE NUKa,

MonoxxeHue
nuka, A
Peak position

Calculated peak

position
002 12,7 1,4
003 7,9 7,6
101 4,6 4,5
102 4,2 4,2
12 31 3,1
001 22,1 22,1

Harpes 1o 250 °C, oxnaxaeHue
Heating up to 250 °C, cooling

<03

-
—

-03-02-01 0 0102 03

Sy LIA

-03-02-01 0 0102 03
Sy /A

Puc.4. uppakmozpammpl, usmepeHHble 8 2e0Mempull CKOAb-
39Ue20 nyyKa, 04 06pasua ucxodHol naeHku (a) u npoepemoli
8bille memnepamypul naaeaeHus (b)

Fig.4. Diffractograms measured in sliding beam geometry for a
sample of the original film (a) and heated above melting point (b)
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IIPOrpeTol 10 TeMIIlepaTyPhl BEIIIe TeMIIepaTypbl
IJ1aBjJeHu . Pe3ynbTaThl IpeACTaB/IeHbl Ha puc.4.

MOXHO 3aMeTHTb, UTO CTPYKTypa MJIeHKH
MeHseTCs IPH Harpese, YTO XOPOIIO COrjacy-
eTcsa ¢ faHHbBIMU JCK U mmoATBepsKAaeT THIIO-
Te3y o HeobxomuMocTu nonbopa mapamMeTpoB
IIPUTOTOBJIEHHUS obpa3ma, ONIMCAHHYIO BO BBe-
OeHHUU K NaHHOH paboTe. M3Ha4ua/lbHYIO CTPYK-
TYypPy MOKHO 0XapaKTePU30BaTh KaK KPUCTAJIJIH-
4eCKYIo, [IapaMeTPhl [IMKOB U BO3MOXKHA S HHIEK-
canus IIpHBefeHsl B Tabi1.2, o4HAKO MaJioe KOJIH-
YeCTBO IIMKOB 3aTPyAHseT 6ojlee TOUHBIN pacyueT
napaMeTpoB siuedKU. CTPYKTypa, HoJdydeHHas
II0CJjIe IIporpeBa IIJIEHKH, 3HAYHTe/IbHO OT/IMYa-
eTCsI OT UCXOLHOM: Ha fudpakTOorpamMme Habio-
omaeTcs Ha6op pednexkcos Ha 11,2; 6,8 u 4,8 A,
a Tak>ke 3KBaTOPHAJIbHBIN UK Ha 3,5 A, Xapak-
TepHBIM A/ T-T-B3aUMOIeMCTBHUS. HMcxons
M3 OpUeHTAallUH [IMKOB, MOXXHO CHejlaTh BEIBO/
0 BepTHKAJIbHON OPHEeHTAlUU NJIHHHBIX 0Cel
MOJIeKYJ B obpasiie, a TAK>Ke 0 BO3MOKHOM IOPH-
30HTAJIbHOM TPAaHCIIOPTe 3apsifia B HallpaBJIeHHUHU
TM-T-B3aKMMOJeMNCTBUS. [IpH OT>KUTe 00pa3y0TCs
boJsiee peryygsipHO pacIloioO>KeHHble KPHUCTAJIJIb,
0 4eM MOTYT CBHUJeTe/JbCTBOBATb Oojiee y3KUe
U OpPHeHTHPOBaHHBIe IMMUKH, a TaKkKXKe OTCYT-
CTBHE IIMKOB, COOTBETCTBYIOIUX CMeIIaHHBIM
HHIOEeKCaM.

Ha puc.5 npuBefeHbl ONTHYeCKHEe MUKPO-
doTorpadum obpasua, IPUTrOTOBIEHHOIO IIPHU
IIOMOIIM 3KCIIepPUMEeHTA/JIbHOM STUeNKU. [laHHEbIe
H300paskeHUs MOJy4YeHBl C MCIOAb30BaHHEM
CKpeleHHbIX MOJNSAPU3aTOPOB, IPUBELEeHBI
KaJapbl, MOJlydeHHble HAa Tpex obmacTsax: mpo-
rPeTOH, UCXOLHON U CpeqHHHOM 30HBI. Obpa3ser
SIBJISIETCS OIITUYECKU aKTHBHBIM, OZHaKO B 0b1a-
CTHU HNPOTrPeTor IIJIEHKH MOXKHO YBUIETbh bojee

Puc.5. Onmuyeckas mukpogpomozpapus obpasua SI1,
omoxxxeHHas (creda), nepexodHas (8 ueHmpe) U UCX0DHAS
(cnpasa) o6aacmu

Fig.5. Optical micrograph of sample S1, annealed (left), transi-
tion (centre) and initial (right) regions

1 . 4% i

(2 MY oy = 4 A S X
Puc.6. Mukpogpomozpapuu 0bpasua S1, noay4eHHble npu no-
MOUWU CKaHUpytowel 3AeKmpoHHOU MUKpocKonuu 045 npozpe-
moli (a), cpedHeli (b) u xonodHoli (c) o6nacmell

Fig.6. Scanning electron microscopy micrographs of the S1 sam-
ple for the warmed (a), middle (b) and cold (c) regions

It can be observed that the film structure changes
upon heating, which agrees well with the DSC data and
confirms the hypothesis about necessity of selecting the
sample preparation parameters described in introduction
to this work. The initial structure can be characterised
as crystalline, the peak parameters and possible
indexing are given in Table 2, but the small number of
peaks makes it difficult to calculate the cell parameters
more accurately. The structure obtained after heating
the film differs significantly from the initial one: the
diffractogram shows a set of reflexes at 11.2, 6.8, and 4.8

MKM MKM
pm pm
0,5
0,4 4
0,3
0,2 2
01

0 0

0 2

4 MKM | pm

MKM MKM MKM
£
pm pm pm
12 0,6
12
0.8 0.4
0.4 0,2
0 0
4 MKM | pm 0 6 12 MKM|pm

Puc.7. 306paxkeHus 06pasua S1, noay4eHHble Memodom amomMHO-CUA0B0L MUKPOCKONUU: a — npozpemas 06adcme; b — ucxodHas
o0baacmb, pasmepbi Kadpa 6 x 6 MKM; ¢ — nepexodHas obaacme, pazmep Kaopa 18 x 18 mkm
Fig.7. Atomic force microscopy images of sample S1: a - warmed region; b - initial region, frame size 6 x6 ym; ¢ - transition region,

frame size 18 x 18 ym
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EQUIPMENT FOR NANOINDUSTRY

PerynisapHoO pacIloio>KeHHble UIoJIbYaThle KPH-
CTAJIJIMTBL CO CPeIHUMH Pa3MepaMH OKOJIO 3 MKM
B I/IMHY U 1 MKM B LIMPHUHY.

Ha puc.6 mpuBedeHE MHKpPodoTOrpaduu,
I0JIy4eHHBble IIPU IIOMOIIH 31eKTPOHHOU CKaHHU-
pyollell MHKPOCKOIIHH.

Bce doTorpaduu ImojiyuyeHBl IIPU yBeJHUe-
Huu x5000. Ha MukpodoTorpadpuax BULHO, UYTO
[10CJjle IIporpeBa IIJIeHKH BellleCTBO OPraHH3yeTCs
B Bufe 6osee KPYIHBIX, JeXal[UX Ha [IOBEPX-
HOCTH KPeMHHMS HUIO0JIbYAaTEIX KpPHUCTAjjIaX, B TO
BpeMs KaK B UCXOJHOM IIJIeHKe KPHCTAJIJIbl pac-
[10JIaTa0TCS XaOTHYHO. XapaKTepHBIH pa3Mmep
KPHCTAIIUTOB B INPOrpeTor 061acTHU cOCTaB-
nsieT 2 MKM, B TO BpeMsI KaK B HCXOLHOH pa3mep
KPHCTA/IOB B CpefiHeM Oosiblle, OPSIAKA 3 MKM,
a muprHa 0,3 MKM [ 0benx obmacTem.

Ha puc.7 npuBeneHo u3obpaskeHUe, IONTyUeH-
HOe MeTOA0M aTOMHO-CHJIOBOKM MHUKPOCKOIIHUH.

Ha mpencraB/ieHHBIX MUKPOPOTOrpadusax
MO>XHO 3aMETUTb BBITSIHYTble 06beKThI, IIpes-
CTaBasgwpomue coboll KpUCTA/Jbl BelecTBa Sl.
Pasmepsl 06beKTOB Ha H306paskeHUU A SIBISIIOTCS
6oree peryasipHbBIMH, 2 UX PacIlolOKeHHEe MeHee
IUIOTHBIM. MOKHO 3aMeTHTh, UTO B XOJe IIPO-
rpeBa IJICHKKU OPHeHTAllMsl KPUCTAJJIOB JOCTa-
TOYHO CHJIPHO MEHSIETCS: IIPAKTHYECKH BCe KPH-~
CTaJIJIBl JieKaT B IIJIOCKOCTH IIOLJIOKKH, B TO
BpeMs KaK Ha M300paskeHUU UCXOJHOM IIJIEHKH
KPHCTaJl/Bl 32 cueT 6oJjiee MIOTHOM yIaKOBKH
pacIionoKeHBl C pa3/IM4YHOM OpHeHTaluen. Ilpu
H3y4YeHUU MePexoJHOM 06/acTH, MOKHO 3aMe-
THTbh TPaJJMeHTHBIM I1epexol OT Je’XKallluX KPH-
CTaJ/10B K 60Iee IJIOTHO yIIaKOBAHHBIM.

Ha puc.8 npuBemeHbl 0fHOMepHbIe JUPPAKTO-
TpPaMMPBI, [10JIy4YeHHBbIe IIPU CKAHUPOBAHUM PeHT-
reHOBCKOIO0 IIy4Ka Iomnepek obpasua, OCTPOeH-
Hble B 3aBUCHMOCTH OT CABHIA IIy4Ka OT Kpas
IIJIEHKH.

Hcxons M3 MHTeHCHUBHOCTH IIHMKOB, MOJXHO
3aMeTHUTb, UTO 067aCTh, COOTBETCTBYIOIAS
M3MEeHeHHIO CTPYKTYPbl, HAXOLHUTCS Ha pac-
CTOSSHMH 5 MM OT Kpas IJIeHKH, HaXOo[ sl eKcs
Ha HarpeBaTe/IbHOM 3JIeMeHTe.

BbIBO/1bl

Hcmonp3ys paspaboTaHHYIO siuelKy, ObIIH IIpoO-
BeJleHBl MCCIeOBAHUS CTPYKTYPHl B IIpoliecce
CTPYKTYypoob6pa30oBaHHUS HOBOILO COMPSIKEHHOIO
NOHOPHO-aKIeIITOPHOTO MaTepHasa in-situ.
[TonydeHBl pa3/IMYHBle JOMEHHBIE 30HBI C pa3-
JTUYHOMN CTPYKTYpPOH Ha ofHOM obpaslie, KOTO-
pble 6bIIM OXapaKTepPHU30BaHBI PSLOM 3KCIIEPH-
MeHTaJbHBIX MeTOLOB. B paboTe mokasaHa Bo3-
MOKHOCTb OIITHMM3ALIUH YHC/IA SKCIIEPUMEHTOB

= e
o N

MonoxeHue nyyka, MM
Beam position, mm

N O

Puc.8. O0HomepHbie dUppakmozpammel, NOAYHeHHble Npu CKa-
HUPOBAHUU PeHM2eHOB8CK020 ny4yka nonepek obpasua S1, no-
CMpOoeHHbIe 8 3d8UCUMOCMU om c08Uzd PeHM2eH08CK020 Nnyy-
Ka om Kpas nAeHKu. Lieemom ommeyveHa UHMeHCUBHOCMb pac-
CesiHUS peHM2eH08CK020 Ny4Ka

Fig.8. One-dimensional diffractograms obtained by scanning the
X-ray beam across the S1 sample, plotted as a function of the X-ray
beam shift from the film edge. The colour indicates the scattering
intensity of the X-ray beam

A, aswell as an equatorial peak at 3.5 A, characteristic of
the m-minteraction. Based on orientation of the peaks, we
can conclude about vertical orientation of the long axes of
the molecules in the sample, as well as possible horizontal
charge transport in the direction of m-nt interaction. Upon
annealing, more regularly arranged crystals are formed,
which can be evidenced by narrower and orientated
peaks, as well as the absence of peaks corresponding to
mixed indices.

Figure 5 shows optical micrographs of the sample
prepared using the experimental cell. These images were
obtained using crossed polarisers, the frames obtained
on three regions: warmed, initial and middle zone are
given. The sample is optically active; however, in the
warmed film region, more regularly arranged needle-like
crystallites with average sizes of about 3 pm in length and
1 pm in width can be seen.

Figure 6 shows the microphotographs obtained by
electron scanning microscopy.

All photographs were obtained at magnification x5000.
The microphotographs show that after heating of the film
substance is organised in the form of larger needle-like
crystals lying on the silicon surface, while in the crystals
of initial film are arranged chaotically. The characteristic
crystallite size in the heated region is 2 pm, while in the
original one the crystal size is larger on average, of the
order of 3 pm, and the width is 0.3 pm for both regions.

Figure 7 shows the image obtained by atomic force
MiCroscopy.

In the presented microphotographs one can notice
elongated objects representing crystals of substance SI.
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OBOPYAOBAHME A/11 HAHOUHAYCTPUM

10 U3yYeHUIO BIUSHHUS TeMIIePaTypPHOIro OTXKUTa
Ha CTPYKTypy obpasua. Kpome Toro, oxapakTre-
pu3oBaHBl $pa3oBble Iepexoibl U II0TyUeHHBIe
CTPYKTYPBbl, CAEeJaHBl NPEeAIONOKEeHUS 0 BO3-
MO>KHOM THIIe TPAHCIIOPTA 3apsfa B [IOTy4eHHOH
niaeHKe. Takum obpasom, mmokasaHa paborocmo-
COOHOCTB 3KCIIEPUMEHTA/IbHON SUeNKHU U Ipef-
JIO’KeHHOM MeTONHKU HU3MepeHHU M. [loyueHHbIe
pe3yJIbTaThl II03BOJISAT OIITUMH3HUPOBATH IIPOLiecc
MOy4eHH s TOHKHX IJIeHOK C ONTUMHU3UPOBAH-
HOM CTPYKTYPOH Ha OCHOBE OpraHHUYeCKUX MaTe-
pHaJioB, B YaCTHOCTH, HoA06paTh TeMIepaTypy
Y BpeMs IoCTOOpaboTKU MTOTUMePHBIX [IIEHOK.

BJIATOAAPHOCTU
HccnenmoBaHMe BBIIIOJIHEHO B paMKax rocy-
gapcTBeHHoOro 3agmanusa OHIl IIX® M MX
PAH, Ne FFSG-2024-0017, FFSG-2022-0004
u FFSG-2024-0010.

WHOOPMALLUA O PELLEH3UPOBAHUU

Pemakmus 6aromapuT aHOHHMMHOTO pelleH3eHTa
(pelleH3eHTOB) 3a HX BKJA[ B pelleH3HMpOBaHUe
3ToX paboThl, a Takke 32 pa3MelleHHe CTAaTeHl
Ha calTe )XypHaja U Ilepefaydy UX B 3JIeKTPOH-
HoM Buge B HOB eLIBRARY.RU.

Jekaapauus o KOHPAUKMe UHMepecos. Asmopbl 3096~
Aftom 06 omcymcmauu KOHPAUKMO8 UHMepPecos UAU AUY-
HbLX 0MHOWeHUL, Komopble Mo2Au bbl n08AUAMb HA pabomy,
npedcmasAexHyto 8 0aHHOI cmameye.
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The sizes of the objects in image A are more regular
and their arrangement is less dense. It can be noticed
that during film heating orientation of crystals
changes quite strongly: almost all crystals lie in the
substrate plane, while in the image of the initial film
the crystals are arranged with different orientation
due to denser packing. When studying the transition
region, one can notice a gradient transition from lying
crystals to more densely packed crystals.

Fig.8 shows one-dimensional diffractograms
obtained by scanning the X-ray beam across the
sample, plotted as a function of the beam shift from
the film edge.

Based on peaks intensity, it can be seen that the
region corresponding to structure changes is located
at a distance of 5 mm from the edge of the film on the
heating element.

CONCLUSIONS

Using the developed cell, the structure studies in-situ
of a novel conjugated donor-acceptor in-situ material
have been carried out. Different domain zones with
different structures on one sample were obtained and
characterised by a number of experimental methods.
The paper shows possibility of optimising the num-
ber of experiments to study the temperature anneal-
ing effect on the sample structure. In addition, the
phase transitions and the obtained structures are
characterised, and assumptions about the possible
type of charge transport in the obtained film are per-
formed. Thus, performance of the experimental cell
and the proposed measurement technique is shown.
The obtained results will make it possible to optimise
the process of obtaining thin films with optimised
structure on the basis of organic materials, in partic-
ular, to select the temperature and time of post-treat-
ment of polymer films.
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