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AHHoOTanus. MccneoBaHUS 3aBUCMMOCTH XapaKTePUCTUK 06BbeKTOB OT TeMIIEPATYPEL SIBISIeTCS aKTyaIbHbIM
Y BKHBIM HallpaBjeHHeM B OMoMeqUIMHe U MaTepHaJoBeIeHUH. F3BeCTHO, YTO TeMIIepPaTypa MOXKET BbI3bI-
BaTb M3MeHEeHHU S MOJIeKY/ISIPHOK CTPYKTYPbl 61I0MaKpoMosieKyI (HyK/IeHOBBIX KUCJIOT, 6e/IKOB, JIMIIU/OB) K, B TOM
YHCcIle, BIUATb Ha UX QYHKIIMOHAIBHOCTD. PeaKkiius 6e/IKOB Ha M3MeHeH e TeMIIepPaTyPHbIX YCIIOBUH MOKET ObITh
CaMo¥ pa3IM4YHOM. Hanpumep, HeKoTopble 6eKK 06/1a/1al0T BBICOKOE T€PMOCTAbKIBHOCTBIO, B TO BpeMsI KaK JIpyrue
MOTYT pPa3BOPauMBaThCs U/IH [jaske IeHATyPUPOBaTh IIPU YMepeHHO TeMIiepaType. C IOMOIIBIO 30H/I0BOkK MHKPO-
CKOIIMU M3MeHeHH s 06beKTOB HCCIeJOBAHM S MOXKHO BU3yaIU3HUPOBaTh, a TAKKe PerUCTPHUPOBATh 3aBUCHMOCTb
TaKHUX [TapaMeTPOB, KaK KeCTKOCTb, YIIPYTOCTb, COPOTUBIISIEMOCTh BHEIITHEMY BO3/I€HICTBUIO OT TeMIIEPATYPEL.
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Abstract. Studies of the dependence of object characteristics on temperature are the relevant and important area
in biomedicine and materials science. It is known that temperature can cause changes in the molecular structure
of biomacromolecules (nucleic acids, proteins, lipids), including their functionality. The response of proteins on
temperature conditions changes can be very different. For example, some proteins are highly thermostable while
others can unfold or even denature at moderate temperatures. Using probe microscopy, the changes in research
objects can be visualised and the dependence of parameters such as stiffness, elasticity and resistance to external
influences on temperature can be recorded.
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BBEJEHUE

CraHupylomas 30HA0Bass MUKPOCKOIHUSA HAXOLUT
caMble IIHMPOKHe IPUMeHeHH s B MeJULIMHCKOU JHa-
THOCTHKe, BUPYCOJIOTUH, MUKpobuonoruu, 6uo-
¢u3MKe, MaTepHaJIOBeeHUH U BO MHOTHUX APYTrUX
[IPOM3BOACTBEHHBIX, TEXHOJIOTMUYECKUX U HCCIeI0Ba-
TeJIbCKUX IIPUJIOKEHU AX.

HenaBHue HabniofeHHS C MOMOLIbI0 aTOMHO-
CHJIOBOIO MHKPOCKOIIA II0Ka3aaH, 4TO BUPYC SARS-
CoV-2 MOKHO MHAaKTHBHPOBAaTh HarpeBaHHeM, IIpHU
3TOM BpeMs BO3Z,eHCTBH S [/15 [I0JIHOM MHAKTUBALlUHU
3aBUCHUT OT JOCTUTHYTOM TeMIIepaTyphl (HallpuMep,
6osee 45 MuH 11pu 329 K rin MeHee 5 MuH 11pu 373 K) [1].
B pabore [2] rcrionb30BaIu aTOMHO-CHIIOBYI0 MHUKPOCKO-
nuio (ACM) /151 U3yUeHHU s CTPYKTYPHOU CTabHIIBHOCTH
OTHe/NbHBIX BUPYCOIIonobHbIX yacTull SARS-CoV-2 mpu
PasIMYHBIX TeMIIepPaTypax. BblIo ITI0Ka3aHo, YTOo AasKe
yMepeHHOe IIOBBIIIeHYe TeMIIePaTyPhl IIPUBOIMT K Pe3-
KOMY HapyLIeHHIO CTPYKTYPHOM CTabUIBHOCTH BHpYCa,
0Cco6eHHO ITPH BO3JeHCTBUH TeIlId B CYXOM COCTOSTHHH.

B pabore [3] cceoBanu oluroMepHsle IJIEHKH X0Jle-
CTePHUYECKOro LMK/IOCH/IOKCAHA, Ha IIOBEPXHOCTH KOTO~
PBIX ¢ momoInkio ACM Habnomanu GpokaJibHbIe KOHU-
yecKHe OMeHBI C BOMHOM CIIMPasIblo. In situ Mcciemo-
BaHMe 3aBUCHMMOCTH TOIOrpadHrH IIJIEHOK OT TeMIIepa-
TYPBI II0OKa3aJ10, YTO GOpMHPOBAHKEM peibeda IToBepX-
HOCTH MOXXHO 3G $eKTHBHO YIPABJIAThH, BaPbUPys
PEKMMBI TEPMHYECKOF 06paboTKH. BBLIO [TOKa3aHO, YTO

INTRODUCTION

Scanning probe microscopy has a wide range of applications
in medical diagnostics, virology, microbiology, biophysics,
materials science and many other industrial, technological
and research applications.

Recent atomic force microscope observations have shown
that SARS-CoV-2 virus can be inactivated by heating, with
exposure time for complete inactivation depending on the
temperature reached (e.g. more than 45 minutes at 329 K
or less than 5 minutes at 373 K) [1]. Atomic force microscopy
(AFM) was used in [2] to study structural stability of indi-
vidual SARS-CoV-2 virus-like particles at different tempera-
tures. It was shown that even a moderate increase in tem-
perature leads to a drastic disturbance of structural sta-
bility of the virus, especially when exposed to heat in dry
state.

In [3] oligomeric cholesteric cyclosiloxane films were
studied, and the focal conical double-helix domains on the
surface were observed using AFM. An insitu study of the
temperature dependence of the film topography showed
that the surface topography formation could be effectively
controlled by varying the heat treatment regimes. It was
shown that the resulting structures could be frozen by cool-
ing films below their glass transition temperature.

The probe microscopy laboratory of the Physical depart-
ment at Lomonosov Moscow State University uses the most
technologically advanced equipment of the Research and
Production Enterprise "Advanced Technologies Center" to
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Puc.1. "®emmoCkaH Kpuo" pezucmpupyem cuAbl ¢ NOMOULbIO
K8apL,eg020 KAMepmoHd, No3mMomMy 8 cucmeme omcymcmayem
AA3epHbIll Ay4Y U UCMOYHUKU MenAo8biX nomex

Fig.1. FemtoScan Cryo records forces using a quartz tuning fork,
so there is no laser beam or thermal interference sources in the
system

IO/TyYeHHBbIe CTPYKTYPbl MOSKHO 3aMOPasKHBATh, OXJIAK-
Iasi IVIeHKU HU3Ke TeMIIepaTypbl CTEKIOBAHHSL.

B nabopaTopuu 30HI0BOM MHKPOCKOIHH QHU3HU-
4eckoro ¢axynprera MI'Y umeHu M.B.JloMmoHOCOBa
HCIIONB3yeTCsI Harboee TeXHOMIOTHYeCKH COBEPIIEHHOe
obopynoBaHUe Hay4HO-IIPOU3BOACTBEHHOIO IIPeIIPH -
T "LIeHTp IepCrIeKTHBHBIX TEXHOIOTUH 1151 IIPOBe/ie-
HUSI TeMIIEPATYPHBIX SKCIIEPHMEHTOB C IIOMOII[BIO 30H-
IOBOM MHUKPOCKOIIMH: aTOMHO-CHJIOBOK MHKPOCKOII
"®emTOCKaH" I103BOJISIET OCYIIECTBISATh CKAHUPOBAHHE
B 6ostee yeM 100 pasJTMYHBIX PeXKHMaX. 33 CUET KOM-
MAaKTHOCTH U IIPOCTOTHI YIIPaBJIeHHU I IPHUOOP HCIIONB-
3yeTcst He TOIBKO B IIePeOBBIX HayUHBIX ITPOEKTaX, HO
1 B LIeHTPe MOJIOJ|e’KHOI'0 MHHOBAI[HOHHOIO TBOPYeCTBa
"HaHOTeXHOJIOTUH" 17151 06Pa30BaTeIbHbIX M UCCIIe0BA-
TeIbCKUX IIe/eH.

C momonipio "®eMToCKaH Kpro" MOKHO H3MEHSTh
TeMIIepaTypy BHYTPH paboueri KaMepsl B IUaTa3oHe 4,2-
300 K. TouHnocTs mogaepskaHusa TeMmiepartypsl - 0,05 K
(puc.D.

BEICTpOMeHICTBYOMIA S 30HA0BASI MHKPOCKOIIHS pea-
JM30BaHa Ha 6a3e "®emroCkaH X" [4]. CoBMelleHHBIHA
C OIITHYeCKOM MUKpocKoruer "®emToCKaH Xi" 1103Bo-
JIsIeT ITPOBOAUTD M3MePeHH S B PeSKMMaX aTOMHO-CHJIO-
BOM Y CKaHUPYIOIIEH KaIlH/IISIPHOM MHUKPOCKOIIKH (5]
(puc.2).

HabnioneHrue 06beKTOB C ITOMOIIBI0 MHKPOCKO-
1oB cepuu "PeMTOCKaH" IIPU TeMIlepaTypax B AHAIIA-
30HEe 0T KOMHaTHOH 1o 100 °C peanusyeTcs C IIOMOIILI0
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Puc.2. Ceepxy - "®emmoCkaH X", 8bICOKOCKOPOCMHOU CKAHU-
pyrouul 30HO08bIL MUKPOCKON 0451 6LoAO2UL U MedUUUHbI. CHU3Y —
"®emmoCKaH Xi" Ha 6a3e UH8epmMuUpPO8aHHO20 ONMUYECK020 MU=

Kpockona

Fig.2. Upper image: FemtoScan X, a high-speed scanning probe
microscope for biology and medicine. Lower image: FemtoScan Xi
based on an inverted optical microscope

conduct temperature experiments using probe microscopy:
the FemtoScan atomic force microscope allows scanning in
more than 100 different modes. Due to its compact size and
ease of operation, this device is used not only in cutting-
edge scientific projects, but also at the Youth Innovation
Creativity Centre "Nanotechnology" for educational and
research purposes.

When using FemtoScan Cryo, it is possible to change
temperature inside the working chamber can be varied
between 4.2-300 K. The accuracy of temperature mainte-
nanceis 0.05K (Fig.1).
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KOMITIaKTHOT'O HaTpeBaTe/IbHOIO CTONKKa. C/le/lyeT OTMe-
TUTB, YTO B CKAHUPYIOIIYIO 30HI0BYI0 MUKPOCKOIIHIO
YCIIeIHO UHTETPUPYIOT MHOTHe Jpyrye pU3NKO-XHMHU-
yeckre MeTozbl. Hanprmep, Ha 6ase CKaHUPYIOIIEro
30H/I0BOI'O MUKPOCKOIIA PeaTH30BaH PeKUM aTOMHBIX
BECOB JIISI OITpe/ie/IeH I MacChl MUKPO- M HAHOYACTHI],

ITporpamMHoOe obecrievenre "®eMToCKaH OHIANH"
HCIIOJIB3YeTCSl He TOJBKO JJISl yIpaBIeHHUs BCEMH
PEe>KMMa MHUKPOCKOIIMH, HO U AJISI MHOIOQYHKIIHO-
HaJIbHON 06paboTKH 3KCIIePHMEHTA/IbHBIX TaHHBIX.
"®eMToCKaH OHJIANH" [103BOJISIET JIETKO HHTEIPHPOBATh
B MUKPOCKOII HOBbIE PESKMMBI H3MEPEeHHUH.

NPUBOPHI U METO/LbI UCCIEAOBAHUSA

B HacTosmen paboTe mpencTaB/ieHO ONHCaHHUe
COBMeEILleHHOI0 PeskMMa aTOMHO-CHU/IOBOM MHKPO-
CKOIIMU M HaHOKAaJOPUMETPHUU MU CBepXOBICTpOL
YHII-KaJIOPHMETPHH.

HaHoKaopuMeTpHsl ~ 3TO CBEePXOBICTPasi KaJIOPUMe-
TPHUSI Ha YMIIe Ha OCHOBe HUTPH/IA KpeMHUSI. MeTofrKa
OCHOBaHa Ha HCII0/Ib30BAHUU TOHKOM HUTPUI-KpeM-
HMeBOM cBOOOAHOIM MeM6paHbl, M3MeHeHHe TeMIlepa-
TYPBI peanunsyeTcs IyTeM IPOIYyCKaHUS 371eKTpHye-
CKOTO TOKa 4Yepe3 pe3suCTUBHbIe HaTrpeBaTeIbHEIE 3J1e-
MeHTBI. CepHsl [oc/IeJoBaTe/IbHO COeIMHEHHBIX Te€PMO-
ap, pasMelleHHBIX 110 IlepHMeTpy aKTUBHOM 06/1acTH
HaHOKaJIOPUMeTPHUUeCKOro CeHCopa, I03Bo/IsIeT U3Me-
PSITh TeMIIepaTypy B IIpoliecce S5KCIIePUMeHTa, Jaske
B yCJIOBHSIX MCII0/Ib30BaHM S BBICOKMX CKOPOCTel HarpeBa
M OXJIAKAEHU A B Arara3oHe ot 100 101000000 K/c [6-10].
9T0 1103BOJISIeT YCIIeIHO PUMEHTh UX JI/Is1 UCCIIef0-
BaHUSI MHUKPOCKOIIMUeCKHX 06beMoB 06pas3moB Mac-
COM OT HEeCKOJIBKMX COTeH IMHUKOIPAaMMOB JJ0 HECKOJIb-
KHX COTeH HAaHOTPaMMOB.

B maHHOM paboTe IpeACTaB/IeH COBMelleHHbIE ACM
Ha 6a3e Mukpockomna "®eMToCKaH" C HAHOKAJIOPHUMe-
TpoM (pHcC.3), CO3maHHBIM Ha 6a3e 1abopaTopuu HHXKe-
HePHOr0 MaTepHajoBeJeHHUs paKkyabTeTa PpyHAa-
MeHTa/IbHOU QH3UKO-XMMUYeCKOM HH>KeHepuu MI'Y
“M. M.B. JIoMOHOCOBa, KOTOPHIK I103BOJIsSeT IIPOBO-
OUTh XapaKTepH3allHIo 06pas3I[oB C MACCOM MOPsiAKA
HaHOIpaMMa.

[71aBHBIM ITPeHMMYIIeCTBOM ITPHOOpa 10 CPAaBHEHHIO
c tnddepeHLIMATBHOM CKAHUPYIOIIEH KaJIOpHMeTpHen
SIBJISIeTCS BO3SMOYKHOCTbD IIPOBeJleHH s 3KCIIePUMeHTOB
B pexxuiMe DC (B aKCIIepHMeHTaX C IOCTOSTHHBIMH CKO-
POCTSIMH HarpeBa M OXJIAXK/JEHHS) C BBICOKMMHM CKO-
pocTaMHu Harpesa (0 10° K/c). OCHOBHBIE XapaKTepH-
CTUKHU Ipubopa mpexcTaBieHsl B Tabiu.l. brarogaps
JOaHHBIM 0COBeHHOCTSIM ITPH6opa CTAHOBUTCSI BO3MO3K-
HBIM KOJTUYeCTBeHHBIN TepPMUUeCKHU I aHaI13 06pas1ioB
TOHKHX IIJIEHOK, II0OJIMMEPHBIX BOJIOKOH U ITOPOIIKOBBIX
MaTepHaJIoB.

B peskrMe ObICTPOro HarpeBa MOTyT OBITh 101y YeHbI
3KCIIepPHMeHTa/bHble HaHOKaJTOpPUMeTpHUYeCKHUe

Puc.3. Caepxy - C3M "®emmoCKaH", CHU3y — KOHMpPOAbHbIL
640K U depxxamenb ¢ ceHcopom npubopa “HaHokanopumemp”
Fig.3. FemtoScan SPM - upper image, control unit and
NanoCalorimeter sensor holder — lower image

High-speed probe microscopy is based on
FemtoScan X [4]. Combined with optical microscopy,
FemtoScan Xi allows measurements in both atomic force
and scanning capillary microscopy modes [5] (Fig.2).

Observation of objects with the FemtoScan series micro-
scopes at temperatures ranging from room temperature
t0 100 °C is accomplished with a compact heating table. It
should be noted that many other physico-chemical meth-
ods are successfully integrated into the scanning probe
microscopy. For example, the scanning probe microscope
has implemented an atomic scale mode to determine mass
of micro- and nanoparticles.

FemtoScan Online software is used not only to control all
microscopy modes but also for multifunctional processing
of experimental data. FemtoScan Online makes it easy to
integrate new measurement modes into a microscope.

Vor.15 No. 7-8 2022 NANO INDUSTRY
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MowHocTb, BT-10¢| Power, Wt-10°
i
N
ul

25 75 125 175 225 275 325
TemnepaTtypa, °C| Temperature, °C

Puc.4. HaHokanopumempuyeckasi Kpueasl, NoAy4eHHas 6 xooe
Hazpesa u oxAaxkdeHus o06pazua noau(mpumemuneH mepegp-
maaama) co ckopocmbio 1000 °C/c ¢ uenbto pacuema mMaccel
uccaedyemozo 06pasua

Fig.4. Nanocalorimetric curve obtained during heating and cooling
of a poly(trimethylene terephthalate) sample at 1000 °C/s in order
to calculate the test sample mass

npodH/IH HarpeBa U IIOC/IeYIONIero OX/IakKIeHU s
IJIsl OLleHKH MacChl HCCIeJoBaHHOro obpasua.
Ha puc.4 mpencraB/ieHa HAaHOKAaJOPUMETPHU-
yecKas KpuBas, IIOJy4yeHHAs B XOJe Harpesa
U OXJIaXXJeHHUs obpasla Hmonu(TpuMeTHIEH
TepedTanara) co ckopocTbhio 1000 K/c ¢ 1enpio pac-
yeTa Macchl HccaenyeMmoro obpasma. PasHuUIA
Me>kay 6a30BBIMU JIMHUSIMU HarpeBa U OXJIaXKze-
HHS COOTBETCTBYET:

AP=2C,B,

rae AP - MOLIIHOCTB; C,, ~ TeII0eMKOCTb 06pasLa; B - cxo-
POCTb HarpeBa/oX/IaskKAeHH .

TakuM 06pa3oM, U3 YCTAHOBAEHHOTO 3HaUeHUs
TeII0eMKOCTH 06pa3lia MOXKHO BBIYKUCAUTb MacCy
obpaslia, UCIONb3ys TablIUYHbBle 3HAaUeHU S yAeIbHOM
TeIJIOEMKOCTH MaTepHaJa.

Ha pwc.5 noxkasaHsl HAaHOKaJIOpUMeTPUUeCKHe KpH-
Bble [/ YACTHULBI UHAUSA IIPU Pa3sHbIX CKOPOCTAX
Harpesa B Mara3oHe oT 250 1o 7000 K/c. Hauano nuka
[JIaB/IeHH ST KaKA0M KPHBOK I103BOJISIET YCTAHOBUTD
BpeMeHHYIO KOHCTaHTY OTK/IMKa HAHOKaJIOpDUMeTprye-
CKOT0 CeHCOPa U B Ja/IbHeHIIIeM HOPMHPOBATh [I0/Ty4eH-
HbIe 3KCIIePUMeHTa/IbHbIe JaHHbIe C YYeTOM BhIYKC/IeH-
HOT'0 IJ15 Ka>KI0M CKOPOCTH HaTrpeBa XapaKTePHOIO TeM-
[IepaTypHOrO CABMTIA.

Jlnsi mpoBefleHUs HCCIefOBaHUN Ha "HaHo-
KaJIopuMeTpe" UCIIONB3YI0TCSI KoMMepUyeckue MEMS-
ceHcopbl cepuu XEN-39392, M3roToB/IeHHBIE KOMIIA-
Huer XENSOR Integration (Hugepnaupel) (puc.6).
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Tabauya 1. Xapakmepucmuku npubopa "HaHokanopumemp”
Table1. Specifications of Nanocalorimeter

173-573 K
(oT-100 po +300 °C)
(from -100 to +300 °C)

JAwnana3oH TeMmneparyp
obpasua B pexume
MeaJ/IeHHbIX HarpeBoB

Sample temperature range
in slow heating mode

173-723 K
(o1 -100* 1o +450 °C)
(from =100 to +450 °C)

[vanasoH TemnepaTtyp
06pasLia B pexumme 6bICTpbIX (3a
HeCKo/bKO MC) HarpeBoB
Sample temperature range in
fast (a few ms) heating mode * C MCNONb30BaAHMEM
KPUosiHenKm

using criocell only

[TorpeLwHoCcTb N3MepeHns TeM- +1,0K
nepaTtypbl 0bpasua

Sample temperature error

PaspelueHve No TemnepaType
obpasua
Sample temperature resolution

+0,001 K

MakcmmanbHasi CKopocTb [07106 K/c*

Harpesa o6pasua Up to 108 K/s*
Maximum heating rate of the
sample *3aBUCUT OT TUMA CeHcopa

depending on sensor type

[1Ba pexunma nsmepeHum
Two measurement modes

o Pexxknm AC (Mooynaums
TemnepaTypbl OTHO-
CUTENbHO 33laHHOTO
YPOBHS UM MOZYIALMSA
TemnepaTtypbl C CUHXPOH-
HbIM IETEKTUPOBAHNEM
Ha yBOEHHOW YacToTe)
AC mode (temperature
modulation relative to
setpoint or tempera-
ture modulation with
synchronous detection
at double frequency);

* pexum DC (Mmnynbc-
HbI peXuM)

DC mode (pulse mode)

YacTOTHbLIN AManNasoH Moayns-
LN TemrepaTypbl
Temperature modulation fre-
quency range

OT1,0 Ty 8o 40 kI,
From 1.0 Hz to 40 kHz

TOYHOCTb M3MepeHns haso-
BOrO CABMra TemrnepaTypHoro
oTK/MKA 06pa3ua

Accuracy of phase shift measur-
ing of the sample temperature
response

+0,05°

MakcrumanbHas YactoTa 200 Kl | kHz (5 mKc | pis)
BbI6OPKM (pazpeLueHne

o BpemeHM)

Maximum sampling rate (time

resolution)
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Ha memOpaHe HaXoAsITCS TakyKe 3J1eKTPOZbI, KOTOPbIe
WUT'PAIOT POJIb HarpeBaTe/IbHBIX 37IeMeHTOB 1 TepMOIIap.

B03MOKHOCTb BapbHPOBaHHU S KOHCTPYKTHBHBIX 0CO-
OeHHOCTel CeHCOPOB, HaIlpUMep pa3Mepa aKTHBHOM
30HBI MJIM CKOPOCTeN HarpeBa, OTKPBIBAET IIHPOKUEL
CIIeKTP BO3MOKHOCTEE [I/151 UCC/Ie0BAHMSI PA3/IMUHBIX
MaTtepuasioB. [Ipy 3TOM OTKPBIBAIOTCSI HOBbIE IIepCIIek-
THBBI B MICC/IeIOBAHUH ITOJIMMEPHBIX CHCTeM U 0CobeH-
HOCTEeM UX KPUCTA/UIHU3ALMH, U3y4eHHUH 0C0OeHHOCTe
MIOBe/IeHH S MeTaJUIOB B aMOPQHBIX COCTOSIHUSIX, IOy~
IIPOBOJHMKOBBIX CHICTEM, B M3yUeHHH IIPOLeCCOB lerpa-
JaLlMU 1 CTapeHH s TeKaPCTBEHHBIX [TPe1apaToB K BBICO-
KO3HepreTH4ecKUX MaTepHaioB. Kpome Toro, 6arogaps
OTHOCHTeJIBHOM ITPO3PauyHOCTH MeMOpaHbl U3 HUTPUAA
KPeMHHS KaK JJ1s1 BUJAUMOTO, TaK U JJIs peHTTeHOB-
CKOro0 IMaria30Ha CTAHOBUTCS BO3MOSKHBIM COBMeIlleHHe
JaHHOro rnprbopa ¢ pyruMH KCIIepUMeHTalbHBIMH
MeTOIaMH.

CTOUT OTMETUTb, UTO M3-32 HU3KOH TeIlJIOIIPOBOLHO-
CTH MeMOpaHbl U3 HUTPHA KPeMHHSI BO BpeMsI ITpoLiec-
COB HarpeBa BOKPYT aKTHUBHOM 30HBI HAHOKAJIOPUMeTPH-
YeCKOro ceHcopa obpasyeTcsi cdepa HarpeToro Bo3ayxa,
KOTOpas U SIBJISIeTCSl OCHOBHBIM ITPOBOJHHUKOM TeIlla
OT HarpeBaTe/IbHBIX 37IeMEeHTOB K 06pa3siy. HebonbImoi
pas3mep IAHHOM chephl CITy>KUT 3HAYHTeIbHBIM IIPEHMY-
IIeCTBOM ITPH COBMeIlleHHH "HaHOKaIopuMeTpa' ¢ Apy-
TUMH MeTogaMH GHU3UKO-XUMHYeCKOro aHair3a [11-18].
Bnarozmapst JaHHBIM KOHCTPYKTUBHBIM 0COOEHHOCTSIM
npubopa MosBIsieTCs BO3MOKHOCTb COBMeIlleHHU sl ero
¢ ACM 6e3 KCII0/1b30BaHU I IOPOrOCTOSIIIMX TeMIIepaTyp-
HBIX CTOJIMKOB U CIIeLIMa/IbHBIX TeMIlepaTypHbeix ACM-
TOJIOBOK, a TaK>Ke JJaeT BO3MOKHOCTD ITPOBe/IeHH s BbICO-
KOTeMIIepaTyPHBIX in situ 5KCIIepHMeHTOB.

BbIBOb!

CoBMeCTHOe IIPUMEHEHHe MEeTO/I0OB ATOMHO-CHJIOBOK
MHUKPOCKOIIUH C APYTUMH OHU3UKO-XHUMHUYECKUMU
METOJAMHU He TOJIbKO CYIeCTBEHHO PacuIrpsieT HHOOP-
MaTHBHOCTb MUKPOCKOITMH, HO M CAMUX QHU3UKO-XUMHU-
YeCcKHUX MeTOJO0B. Bu3yasibHOe HabIIo[eH e IIPOLecCoB
B TPEXMEPHOM BHU/JIe, U3MepeHHe JIOKAIbHBIX MeXaHU-
YeCKHX CBOMCTB 00BeKTOB, 3aIIMCh AeTaJIbHOIO BULEO-
psima n3o6paskeHU i ¢ BBICOKMM IIPOCTPAHCTBEHHBIM
Y BpeMeHHBIM pa3pelleHHeM CYIIeCTBeHHO YIIPOIA0T
PaLIMOHAIBHYI0 HHTEPIIPETALIUI0 SKCIIEPUMEHTAIb
HBIX JaHHBIX IIPH Peaanu3aluy SKCIIepHMeHTaTIbHBIX
UCCIIeJOBAHUH.

B/IATOJAPHOCTH

Pabota BhIIIONIHEHA [TPH GHMHAHCOBOM IToAAepskKe PO
(N2 19-29-12049/21) 1 PH® (Ne 22-73-00081).

WHOOPMALNA O PELLEH3UPOBAHUN
Pemaxuiys 671arofapuT aHOHKMHOT'O PelieH3eHTa (pereH-
3eHTOB) 32 UX BKJIA[] B PelleH3HPOBaHKe 3TON paboThl,
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Puc.5. HaHokanopumempuuyeckue Kpugble, NoAy4eHHbIe 8 X00€ Ha-
2pesa Mmukpodacmuupl kaauépanma (UHAUS) co ckopocmamu om
250 0o 7000 K/c c ueabko pacyema epemeHHOU KOHCMAHMbI HA-
HOKAAOpUMempuyeckozo ceHcopa u memnepamypHo20 cdguza
npu UCN0Ab308aHUU PA3AUYHbIX CKOpOCMel Hazpesa

Fig.5. Nanocalorimetric curves obtained by heating calibrant
microparticles (indium) at rates between 250 and 7000 K/s in
order to calculate the nanocalorimetric sensor time constant and
temperature shift using different heating speeds

Puc.6. ®omozpadus akmugHol 30HbI HAHOKAAOpUMempuyYe-
CK020 CeHcopa, Hazpesamenu 0603Ha4eHbl XeAMbIM U KpACHbIM
usemamu, a mepmonapbl — puoAemosbim L,6emom

Fig.6. Image of nanocalorimetric sensor active core, the heaters are
marked in yellow and red, and thermocouples are marked in purple
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HAHOTEXHO/OrUU

a TaK>Ke 3a pa3sMelleHHe CTaTed Ha CaHTe XypHaja
Y [epeavy Ux B 3/IeKTpoHHOM BHie B HOE eLIBRARY.RU.

JekAapauus o KoH(pAuKme uHmepecos. Asmopbl 3a28Aat0M 06
omcymcmauu KoHPAUKITO8 UHMepecos UAU AUYHBLX OMHOLWEHUL,
Komopble mMozAu bl nosAUSMb HA pabory, npedcmasAeHHyto 8 daH-
Holl cmambe.
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INSTRUMENTS AND RESEARCH METHODS

This paper presents a description of a combined mode of
atomic force microscopy and nanocalorimetry or ultrafast
chip calorimetry.

Nanocalorimetry is an ultra-fast calorimetry on a
silicon nitride-based chip. The technique is based on
a thin silicon nitride free membrane, and tempera-
ture change is achieved by passing electrical current
through resistive heating elements. A number of ther-
mocouples placed along the perimeter of the active
area of the nanocalorimetric sensor allows temper-
ature to be measured during the experiment, even
when high heating and cooling rates, ranging from
100-1000000 K/s, are used [6-10]. This allows successful
application for investigations of microscopic sample vol-
umes ranging from a few hundred picograms to several
hundred nanograms.

This paper presents a combined AFM based on a
FemtoScan microscope with a nanocalorimeter (Fig.3),
created at the Laboratory of Engineering Materials
Science, Faculty of Fundamental Physical and Chemical
Engineering, Lomonosov Moscow State University, which
allows describing samples with mass of the order of
nanograms.

The main advantage of the device compared to differ-
ential scanning calorimetry is a possibility of conducting
experiments in DC mode (in experiments with constant
heating and cooling rates) with high heating rates (up to 10°
K/s). The main characteristics of the device are presented in
Table 1. Due to these features of the instrument it is possible
to perform quantitative thermal analysis of thin films sam-
ples, polymer fibres and powders.

In the fast heating mode experimental nanocalorimet-
ric heating and subsequent cooling profiles can be obtained
to estimate the investigated sample mass. Figure 4 shows a
nanocalorimetric curve obtained during heating and cool-
ing of a sample poly(trimethylene terephthalate) at a rate of
1000 K/s in order to calculate the investigated sample mass.
The difference between heating and cooling baselines cor-
responds to:

AP=2C,B,

where AP is the power, C,, is the heat capacity of the sample,
B is the heating/cooling rate. Thus, the sample mass can be
calculated from the determined value of the heat capacity
of the sample using the tabulated values of the specific heat
capacity of the material.

Fig.5 shows nanocalorimetric curves for indium particles
at different heating rates in the range from 250 to 7000 K/s.
The onset of the melting peak of each curve allows deter-
mining the response time constant of the nanocalorimet-
ric sensor and the experimental data obtained to be further
normalised with the characteristic temperature shift cal-
culated for each heating rate.
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The Nanocalorimeter uses commercial MEMS sensors of
the XEN-39392 series manufactured by XENSOR Integration
(Netherlands) (Fig.6). There are also electrodes on the mem-
brane which act as heating elements and thermocouples.

The possibility of varying the design features of the sen-
sors, such as the active zone size or heating rates, opens up
a wide range of possibilities for the study of different mate-
rials. This opens new perspectives in the study of polymer
systems and their crystallization features, the study of the
metals behavior in amorphous states, semiconductor sys-
tems, the study of the degradation and aging of drugs and
high-energy materials. In addition, the relative transpar-
ency of the silicon nitride membrane for both the visible
and X-ray range makes it possible to combine this instru-
ment with other experimental methods.

It is worth noting that due to the low thermal conduc-
tivity of the silicon nitride membrane during heating pro-
cesses a sphere of heated air is formed around the active
zone of the nanocalorimeter sensor, which is the main con-
ductor of heat from the heating elements to the sample.
Small size of this sphere is a significant advantage when
combining the Nanocalorimeter with other methods of
physical and chemical analysis [11-18].

These design features make it possible to combine the
device with an AFM without the need for expensive temper-
ature tables and special temperature AFM heads, and also
make it possible to carry out high temperature experiments
insitu.

CONCLUSIONS

Joint application of the atomic force microscopy meth-
ods with other physical and chemical methods not
only greatly expands the informative power of micros-
copy but also the physical and chemical methods them-
selves. Visual observation of processes in three dimen-
sions, measurement of the local mechanical properties
of objects, recording of detailed video images with high
spatial and temporal resolution significantly simplify
rational interpretation of the experimental data obtained
in the course of research.
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