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ABSTRACT 

 Kachurak Y.M. "Development of liquid crystal sensitive elements of optical sensors 

for determining the concentration of acetone vapors and alcohols" - Qualifying scientific 

work with manuscript rights. 

 Thesis for a scientific degree of the doctor of philosophy on a specialty 171 

"Electronics" - Lviv Polytechnic National University, Ministry of Education and Science of 

Ukraine, Lviv, 2024. 

 The thesis is devoted to the development of liquid crystal sensitive elements of optical 

sensors based on nematic LC E7 and cholesteric LC CB15 as a detector of acetone and 

alcohols, to the study of cholesteric-nematic liquid crystal mixtures for interaction with 

vapors of harmful organic substances, and manifestations of the blue phase during such 

interaction. 

The first chapter is devoted to the study of the latest trends in the field of optical sensors 

development where liquid crystals are the active medium. Research on the topic of the blue 

phase (BP) of liquid crystals, methods of its stabilization, and the use of this phenomenon 

in optical sensors is also considered. Modern approaches to the development of liquid 

crystal optical sensors using the blue phase effect are considered. 

 In the second chapter of the work, synthesized liquid crystal compounds based on 

nematic liquid crystal E7 and cholesteric impurity CB15 were investigated. These mixtures 

demonstrate interaction with vapors of acetone and alcohols, and as a result of such 

interaction, a change in their own characteristics. The main selection criteria are the 

temperature and spectral characteristics of the mixtures. Nematic E7 is a mixture of four 

structurally similar cyanobiphenyls (terphenyls). Its components are 4-cyano-4ʹ -n-pentyl-

biphenyl (5CB), 4-cyano-4ʹ-nheptylbiphenyl (7CB), 4-cyano-4ʹ-n-octyloxy-biphenyl 

(8OCB), and 4-cyano-4ʹʹ -n-pentyl-p-terphenyl (5CT). In this nematic mixture, there is no 

specific interaction between its components, so we consider it as an almost homogeneous 

nematic matrix. In addition, E7 is characterized by high refraction (Δn) = 0.2 (for the visible 

region of the spectrum) and has a wide interval of the nematic phase, - 48o%. The sequence 

of phase transitions for nematic E7, 3 Cr (crystal) 2 20◦C N (nematic) 70◦C Iso (isotropic 

liquid). Phase sequence for the optically active cholesteric impurity CB15 - Cr (crystal) - 
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4◦C N* (chiral nematic) 54◦C - Iso (isotropic liquid). Both components of the developed 

mixtures are characterized by their own absorption maximum in the ultraviolet range. In 

total, four mixtures with different weight concentrations of components were synthesized. 

Specifically, 56% E7 + 44% CB15, 62% E7 + 38% CB15, 80% E7 + 20% CB15, 50% E7 

+ 50% CB15. Among the synthesized mixtures, two mixtures, namely 62% E7 + 38% CB15 

and 56% E7 + 44%, best meet all requirements for use as a sensitive element of an optical 

sensor. The temperatures of the beginning of the transition process for mixtures of 62% E7 

+ 38% CB15 are 27 o%, and 56% E7 + 44% - 24 o%. Spectral characteristics of mixtures are 

characterized by absorption maxima in the visible region of the spectrum. Absorption 

maxima for the mixture 56% E7 + 44% CB15 3 510-540 nm, for 62% E7 + 38% CB15 3 

590-640 nm, and for the mixture 50% E7 + 50% CB15 3 430-480 nm. Possibilities for 

further modification of the mixture, for improving their parameters and the possibility of 

detecting other substances are indicated. 

 The third chapter is devoted to the study of the interaction of developed liquid crystal 

sensitive elements with acetone ((CH£)¢CO) and alcohols (CH£OH, C2H5OH, 

CH3CH(OH)CH3). The interaction with acetone was studied at three concentrations, 60, 

120, and 240 ppm. For a mixture with a concentration of the cholesteric impurity CB15 of 

38% when interacting with acetone, the transition time to the isotropic state was 230 

seconds, while we get a phase transition of the blue phase after 130 seconds from the 

beginning of the measurements. The duration of the existence of the blue phase in this case 

was 16.4 seconds. The rate of phase transition when interacting with 120 ppm acetone 

increases by 25%, and at 240 ppm by 60% relative to the first measurement. The existence 

of the blue phase during the phase transition decreases linearly, corresponding to an increase 

in the concentration of acetone. Alcohols show a weaker interaction with the sensitive 

element, the duration of phase transitions increases by 200-300% at similar concentrations 

of the substance in the sensor volume. The main mechanism of the effect of acetone and 

alcohols on the liquid crystal cell was investigated, which consists in reducing the threshold 

temperature of the transition to the isotropic state. Thus, when alcohols are introduced into 

the volume of the sensor, the temperatures of the phase transitions decrease by 2.5°C. 
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In the fourth chapter, a version of the concept of an optical sensor based on the 

developed liquid crystal sensitive element is investigated and proposed. A variant of the 

spectral converter for use in a pair with a liquid crystal sensitive element was investigated. 

Based on the photo-receiving module TCS34903, a version of the optical sensor of acetone 

and alcohols is proposed. The main sensitivity peaks for the receiving photodiode array are 

in the following ranges: for red (R) 3 620-630 nm, for green (G) 3 530-540 nm, for blue (B) 

3 450-475 nm. The advantage of the given system is the possibility of simple expansion of 

the functionality by improving or completely replacing the sensitive element, and further 

application for the detection of other gases, except for acetone and alcohols. 

 Key words: nematic liquid crystal, cholesteric liquid crystal, liquid crystal, chiral 
dopant, optical sensor, sensor, sensitive element, temperature dependence, blue phase, phase 

transition, acetone, ethanol, methanol, absorption spectrum 
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>?B8G=8E A5=A>@V2 307V2, WE A:;04>28<8 G0AB8=0<8 B0:>6 є V=HV >?B>5;5:B@>==V 

:><?>=5=B8. �>:@5<0 4> =8E 2V4=>AOBь, - 465@5;0 28?@><V=N20==O (2848<>3> 

A2VB;0 01> �+ 4V0?07>=C), D>B>?@89<0GV, B0 A8AB5<8 >1@>1:8 V=D>@<0FVW. � B0:8E 

A5=A>@0E, 7<V=0 ?0@0<5B@V2 >?B8G=>-0:B82=>3> A5@54>28I0 (@V4:>:@8AB0;VG=>W 

AC<VHV) A?@8G8=Oє 7<V=C 5;5:B@8G=8E ?0@0<5B@V2 D>B>?@89<0G0, O:V 40;V 

>1@>1;ONBьAO 70 4>?><>3>N :><?9NB5@=>W A8AB5<8. 

%B2>@5==O B0:8E A5=A>@V2 B0 45B5:B>@V2 =0 >A=>2V 5D5:BC ?@>O2C 1;0:8B=>W 

D078 є 0:BC0;ь=>N B5<>N 4>A;V465==O, I> 40ABь 7<>3C 28@VH8B8 H8@>:C 

?@>1;5<C 7 28O2;5==O B0 <>=VB>@8=3C :V;ь:>ABV 45O:8E :;0AV2 >@30=VG=8E 

H:V4;828E @5G>28= =0 28@>1=8FB20E, 2 <548F8=V B0 2 V=H8E 30;C7OE ;N4Aь:>W 

4VO;ь=>ABV. 

�2’O7>: @>1>B8 7 =0C:>28<8 @>1>B0<8, ?;0=0<8 V B5<0<8. �8A5@B0FVN 
28:>=0=> =0 >A=>2V =0C:>2>W ?@>3@0<8 :0D54@8 «�;5:B@>==>W V=65=5@VW» 

!0FV>=0;ь=>3> C=V25@A8B5BC «�ь2V2Aь:0 ?>;VB5E=V:0», @>1>B0 2V4?>2V40є 

=0C:>2><C =0?@O<:C :0D54@8. � B0:>6 =0 45@61N465B=>W =0C:>2>-4>A;V4=>W 

@>1>B8 «%B2>@5==O A5=A>@=>W A8AB5<8 4;O 287=0G5==O ?0B>;>3VG=8E 7<V= 2 

>@30=V7<V ;N48=8» (=><5@ 45@6@5єAB@0FVW 0121U109504). 

 5B0 V 7040GV 4>A;V465=ь. "A=>2=>N <5B>N @>1>B8 є AB2>@5==O B0 
4>A;V465==O >A=>2=8E ?0@0<5B@V2, ?5@5203 B0 =54>;V:V2 GCB;828E 5;5<5=BV2 

H:V4;828E >@30=VG=8E 307V2 =0 >A=>2V @V4:>:@8AB0;VG=8E E>;5AB5@8:>-

=5<0B8G=8E AC<VH59 7 28=8:=5==O< 1;0:8B=>W D078. �>:@5<0 O: A0<>3> >?B8G=>-

0:B82=>3> A5@54>28I0 (@V4:>:@8AB0;VG=8E AC<VH59), B0: V A8AB5< >1@>1:8 

V=D>@<0FVW, B0 V=H8E 5;5<5=BV2 A8AB5<8 A5=A>@0. 
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�;O 4>AO3=5==O ?>AB02;5=>W <5B8 20@B> 28@VH8B8 =0ABC?=V 7040GV: 

" #@>25AB8 0=0;V7 VA=CNG8E, B0 =>2VB=VE @>7@>1>: 2 30;C7V @V4:>:@8AB0;VG=8E 

>?B8G=8E A5=A>@V2, I> 107CNBьAO =0 7<V=V >?B8G=8E ?0@0<5B@V2, B0, 7>:@5<0, 

=0 >A=>2V 1;0:8B=>W D078. �87=0G8B8 WE ?5@52038 B0 =54>;V:8. 

" $>7@>18B8 =>2V 0:B82=V A5@54>28I0, I> 1 2V4?>2V40;8 =5>1EV4=8<8 

?0@0<5B@0< 4;O 28:>@8AB0==O 2 >?B8G=8E A5=A>@0E 307V2.  

" �82G8B8 2?;82 >@30=VG=8E 307V2 (0F5B>=C B0 A?8@BV2) =0 >?B8G=V 

E0@0:B5@8AB8:8 E>;5AB5@8:>-=5<0B8G=8E AC<VH59, 2 >A>1;82>ABV =0 WE 

A?5:B@0;ь=V E0@0:B5@8AB8:8 B0 D07>2V ?5@5E>4V2. � B0:>6 70;56=>ABV 7<V=8 

?0@0<5B@V2 ?@>O2C 1;0:8B=>W D078 2V4 28:>@8AB>2C20=>W @5G>28=8. 

" �87=0G8B8 >?B8<0;ь=89 A:;04 @V4:>:@8AB0;VG=>W AC<VHV, 4;O 70157?5G5==O 

AB01V;ь=>3> DC=:FV>=C20==O A5=A>@0 =0 WW >A=>2V. � A0<5 A:;04, I> 70157?5GCє 

28A>:C GCB;82VABь 4> 45B5:B>20=8E @5G>28=, B0 AB01V;ь=C @>1>BC 2 H8@>:8E 

B5<?5@0BC@=8E ?@><V6:0E. 

" %D>@<C20B8 :><?;5:A=5 AE5<>B5E=VG=5 @VH5==O 4;O A8AB5<8 >1@>1:8 40=8E 

<>6;82>3> A5=A>@0. %?5:B@0;ь=>3> ?5@5B2>@N20G0, A8AB5<8 >1@>1:8 B0 

2V4>1@065==O V=D>@<0FVW.  

" !0 >A=>2V >?B8<0;ь=>3> GCB;82>3> 5;5<5=BC @>7@>18B8 :>=F5?FVN ?>1C4>28 

>?B8G=>3> A5=A>@0 4;O 28O2;5==O H:V4;828E 307V2. 

"1’є:B>< 4>A;V465==O є DV78G=V, 7>:@5<0 >?B8G=V, O28I0 2 
@V4:>:@8AB0;VG=8E AC<VH0E, D07>2V ?5@5E>48, ?@>O28 1;0:8B=8E D07, B0 WE 

70AB>AC20==O 2 O:>ABV 0:B82=>3> A5@54>28I0 >?B8G=8E A5=A>@V2.  

#@54<5B>< 4>A;V465==O є =5<0B8G=V B0 E>;5AB5@8G=V @V4:V :@8AB0;V, WE 
AC<VHV, I> <>6CBь ?@>O2;OB8 1;0:8B=C D07C ?V4 V=4C:CNG>N 4VєN H:V4;828E 

>@30=VG=8E ;5B:8E @5G>28=, 465@5;0 B0 ?@89<0GV >?B8G=>3> 28?@><V=N20==O, 0 

B0:>6 <V:@>?@>F5A>@=V A5=A>@=V A8AB5<8 >1@>1:8 V=D>@<0FVW. 
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� O:>ABV <5B>4V2 4>A;V465==O 28:>@8ABC20;8Aь 2 >A=>2=><C >?B8G=V 

<5B>48, B0:V O: A?5:B@>D>B><5B@VO, B5@<>3@02V<5B@8G=89 0=0;V7, 28<V@N20==O 

V=B5=A82=>AB59 ?@>?CA:0==O B0 ?>3;8=0==O, 0=0;V7 >B@8<0=8E 3@0DVG=8E 

@57C;ьB0BV2 B0 <0B5<0B8G=5 <>45;N20==O 45O:8E ?0@0<5B@V2 @V4:>:@8AB0;VG=8E 

AC<VH59. 

#@0:B8G=5 7=0G5==O >B@8<0=8E @57C;ьB0BV2: 

" %8=B57>20=> @V4:>:@8AB0;VG=V E>;5AB5@8:>-=5<0B8G=V AC<VHV =0 >A=>2V 

=5<0B8:0 E7 B0 CB15, 4>A;V465=> WE >A=>2=V ?0@0<5B@8. &0 2AB0=>2;5=> 

270є<>4VN 7V A?8@B0<8 B0 0F5B>=><. 

" �87=0G5=> B0 4>A;V465=> 2?;82 ?0@V2 >@30=VG=8E H:V4;828E @5G>28= (0F5B>=, 

A?8@B8) =0 @V4:>:@8AB0;VG=V E>;5AB5@8:>-=5<0B8G=V AC<VHV 7 @V7=8<8 

203>28<8 :>=F5=B@0FVO<8 E>;5AB5@8G=>W 4><VH:8 CB15. �8O2;5==O 

>A>1;82>AB59 D07>28E ?5@5E>4V2 ?V4 G0A B0:8E 4>A;V465=ь 4>72>;Oє 

AB2>@N20B8 =0 9>3> >A=>2V GCB;82V 5;5<5=B8 4;O 307>28E A5=A>@V2. 

" $>7@>1;5=> <5B>48:C 28:>@8AB0==O 28<V@N20==O V=B5=A82=>AB59 

?@>?CA:0==O B0 ?>3;8=0==O @V4:>:@8AB0;VG=>W AC<VHV 2 B@ь>E A?5:B@0;ь=8E 

A:;04>28E, 4;O 28O2;5==O D07>28E ?5@5E>4V2 WE 2;0AB82>AB59 B0 >A>1;82>AB59. 

-> O2;Oє A>1>N >A=>2=C V45N @>1>B8 70?@>?>=>20=>3> A5=A>@0 307V2. 

" �8:>@8AB0=0 A8AB5<0 >1@>1:8 V=D>@<0FVW =0 >A=>2V <V:@>:>=B@>;5@0 ATMega 

<>65 28:>@8AB>2C20B8AO V 7 V=H8<8 GCB;828<8 5;5<5=B0<8, I> ?@0FNNBь 70 

@0EC=>: 7<V=8 V=B5=A82=>ABV ?@>?CA:0==O 01> ?>3;8=0==O 28?@><V=N20==O. 

&0:>6 A8AB5<0 <>65 1CB8 <0AHB01>20=0 ?V4 <0A828 A5=A>@V2 01> 

28:>@8AB>2C20B8Aь O: ?V4A8AB5<0, 2 ?0@V 7 V=H8<8 B8?0<8 A5=A>@V2 01> V=H8E 

?@8;04V2. 

!0C:>20 =>287=0. $57C;ьB0B>< 28:>=0==O @>1>B8 AB0;8 =0ABC?=V =0C:>2V 
@57C;ьB0B8: 

" �AB0=>2;5=> 270є<>4VN ?0@V2 0F5B>=C (C3H6O) 7 @V4:>:@8AB0;VG=8<8 

AC<VH0<8 =0 >A=>2V =5<0B8:0 E7 (G>B8@8:><?>=5=B=0 AC<VH =0 >A=>2V 

B5@?5=V;V2, 51% 5CB, 25% 7CB, 16% 8OCB, 8% 5CT) B0 >?B8:>-0:B82=>W 
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4><VH:8 E>;5AB5@8:0 CB15 (4-(2-<5B8;1CB8;)-4-F80=>1VD5=V;). "?8A0=> 

?@>F5A 45B0;ь=>3> 4>A;V465==O ?5@5EV4=8E ?@>F5AV2, I> 2V41C20NBьAO 2 

GCB;82><C 5;5<5=BV @V4:>:@8AB0;VG=>3> A5=A>@C ?@8 270є<>4VW 7 ?0@0<8 

0F5B>=C, 7<V=C A?5:B@0;ь=>W E0@0:B5@8AB8:8 B0 2V4<V==>ABV 2 H284:>ABV 

D07>2>3> ?5@5E>4C 4;O :>=F5=B@0FV9 0F5B>=C 2 60, 120, 240 ppm. #@8 Fь><C 

B@820;>ABV D07>28E ?5@5E>4V2 A:;040NBь 270 A 4;O 60 ppm, 180 A5:C=4 4;O 120 

ppm, B0 150 A5:C=4 4;O 240 ppm.  

" �>A;V465=> 270є<>4VN B@ь>E ?@54AB02=8:V2 @O4C A?8@BV2 (<5B8;>2>3>, 

5B8;>2>3> B0 V7>?@>?V;>2>3> A?8@BV2) 7 @V4:>:@8AB0;VG=8< GCB;828< 

5;5<5=B>< >B@8<0=> @57C;ьB0B8, I> :>@5;NNBь 7 @57C;ьB0B0<8 28<V@N20=ь ?> 

270є<>4VW 7 0F5B>=><. �AB0=>2;5=>, I> ?@8 Fь><C G0A ?5@5E>4C 2 ?>@V2=O==V 7 

0F5B>=>< 71V;ьHCєBьAO =0 200-300%. �VO ?0@V2 0F5B>=C B0 A?8@BV2 =0 

@V4:>:@8AB0;VG=C :><V@:C ?@872>48Bь 4> 7=865==O B5<?5@0BC@8 ?>G0B:C 

D07>2>3> ?5@5E>4C, 4;O AC<VHV E7 56% + CB15 44% 7 24 >% 4> 20,3 >%. 

" �87=0G5=> >?B8<0;ь=V @V4:>:@8AB0;VG=V AC<VHV 4;O 28:>@8AB0==O 2 O:>ABV 

GCB;82>3> 5;5<5=B0 A5=A>@=>W A8AB5<8, 0 A0<5 AC<VHV E7 62% + CB15 38% B0 

E7 56% + CB15 44%. #@>2545=> ?>@V2=O==O 70 >A=>2=8<8 ?0@0<5B@0<8 B0 

E0@0:B5@8AB8:0<8 @V4:>:@8AB0;VG=8E E>;5AB5@8:>-=5<0B8G=8E AC<VH59 E7 B0 

CB15 7 @V7=8<8 203>28<8 :>=F5=B@0FVO<8. �>=8 2V4?>2V40NBь =5>1EV4=><C 

4V0?07>=C B5<?5@0BC@=>W AB01V;ь=>ABV, 7 ?>G0B:>< D07>2>3> ?5@5E>4C ?@8 27>% 

B0 24>% 2V4?>2V4=>, B0 ?@>O2;ONBь GCB;82VABь 4> 0=0;V7>20=8E @5G>28=. #V:8 

>?B8G=>3> ?>3;8=0==O >1@0=8E AC<VH59 7=0E>4OBьAO C 2848<><C 4V0?07>=V, 

4;O E7 62% + CB15 38% - 590-640 =<, 0 4;O E7 56% + CB15 44% - 500-540 =<. 

" �?5@H5 28O2;5=> ?@>O2 1;0:8B=>W D078 4;O AC<VHV =5<0B8:0 E7 B0 >?B8:>-

0:B82=>W 4><VH:8 E>;5AB5@8:0 CB15 ?V4 4VєN ?0@V2 H:V4;828E >@30=VG=8E 

@5G>28=, 7>:@5<0 0F5B>=C B0 A?8@BV2. �>A;V465=> WW ?@>O28 ?V4 G0A 270є<>4VW 7 

H:V4;828<8 >@30=VG=8<8 @5G>28=0<8. 
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"A>18AB89 2=5A>: 74>1C20G0 

"A=>2=V @57C;ьB0B8 @>1>B8 B0 ?>;>65==O, O:V 2V4>1@060NBь =0C:>2C 

=>287=C, >45@60=> 70 157?>A5@54=ь>W CG0ABV 02B>@0, 01> 02B>@>< A0<>ABV9=>. 

�2B>@>< >A>18AB> ?@>2545=> 5:A?5@8<5=B0;ь=V 4>A;V465==O ?> ?>@V2=O==N 

2;0AB82>AB59 @V4:>:@8AB0;VG=8E E>;5AB5@8:>-=5<0B8G=8E AC<VH59 7 @V7=8<8 

203>28<8 :>=F5=B@0FVO<8 E7 B0 CB15 [1, 2]. #@>2545=> 4>A;V465==O ?> 270є<>4VW 

@V4:>:@8AB0;VG=8E AC<VH59 7 0F5B>=>< B0 A?8@B0<8, B0 =040=> ?>OA=5==O 

70;56=>AB59 D07>28E ?5@5E>4V2 2V4 :>=F5=B@0FV9 ?0@V2 F8E @5G>28= [3,4]. 

�>A;V465=> ?0@0<5B@8 B0 A?5:@0;ь=V E0@0:B5@8AB8:8 @V4:>:@8AB0;VG=8E 

AC<VH59 =0 >A=>2V E7 B0 >?B8G=> 0:B82=>W 4><VH:8 CB15 [5]. $>7@>1;5=> A8AB5<C 

>1@>1:8 40=8E 4;O >?B8G=>3> @V4:>:@8AB0;VG=>3> A5=A>@0 =0 >A=>2V 

B@ь>E:0=0;ь=>3> D>B>4V>4C, <V:@>:>=B@>;5@0 ATMega B0 B5E=>;>3V9 MEMS [6]. 

�>A;V465=> ?>@V2=O;ь=V 5D5:B8 01A>@1FVW ?0@8 ;5BNG8E >@30=VG=8E @5G>28= B0 

B5<?5@0BC@8 =0 D07>2V AB0=8 A5=A>@=>3> <0B5@V0;C, 7>:@5<0 AC<VHV @V4:8E 

:@8AB0;V2 E7 B0 CB15[7]. #>AB0=>2:C 7040G B0 V=B5@?@5B0FVN >B@8<0=8E 40=8E 

?@>2545=> C A?V2?@0FV 7 =0C:>28<  :5@V2=8:><  B0  A?V202B>@0<8  =0C:>28E  ?@0Fь.  

'AV 28A=>2:8 B0 ?>;>65==O, I> A:;040NBь ACBь 48A5@B0FVW, AD>@<C;ь>20=V 

02B>@>< A0<>ABV9=>, =0 >A=>2V 4>A;V465=ь, I> ?@>2>48;8Aь 2 @0<:0E =0C:>2>-

4>A;V4=>W @>1>B8 :0D54@8 «�;5:B@>==>W V=65=5@VW». 

�?@>10FVO @>1>B8. "A=>2=V @57C;ьB0B8 @>1>B8 4>?>2V40;8Aь =0 =0ABC?=8E 
:>=D5@5=FVOE: 

" IEEE XVIIth International Conference on the PERSPECTIVE 

TECHNOLOGIES AND METHODS IN MEMS DESING, 12-16 May 2021, Polyana 

(Zakarpattya), Ukraine;.  

" 2022 IEEE 16th International Conference on Advanced Trends in 

Radioelectronics, Telecommunications and Computer  Engineering (TCSET), 2022, 

pp. 606-609, doi: 10.1109/TCSET55632.2022.9766915. 

" 10th International Conference "Nanotechnologies and Nanomaterials" 

NANO-2022, Lviv; 
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" 11th International Conference "Nanotechnologies and Nanomaterials" 2023, 

Bukovel; 

" XIX International Freik Conference on Physics and Technology of Thin 

Films and Nanosystems (ICPTTFN-XIX); 

 

#C1;V:0FVW.  

"A=>2=V @57C;ьB0B8 @>1>B8 >?C1;V:>20=> 2 14 =0C:>28E ?@0FOE, A5@54 =8E 1 

C =0C:>2><C D0E>2><C 2840==V, 8 C 2840==OE, I> 2E>4OBь 4> <V6=0@>4=8E =0C:>-

<5B@8G=8E 107 40=8E, 5 <0B5@V0;0E B0 B570E 4>?>2V459 <V6=0@>4=8E B0 

2A5C:@0W=Aь:8E :>=D5@5=FV9.  

%B@C:BC@0 B0 >1'є< 48A5@B0FVW. 

�8A5@B0FVO A:;040єBьAO 7V 2ABC?C, 4 @>74V;V2, 28A=>2:V2 B0 A?8A:C 

28:>@8AB0=>W ;VB5@0BC@8. �030;ь=89 >1AO3 48A5@B0FVW AB0=>28Bь 118 AB>@V=>:, B0 

<VAB8Bь 47 @8AC=:V2, 2 B01;8FV. %?8A>: 28:>@8AB0=8E 465@5; A:;040єBьAO 7V 128 

=09<5=C20=ь. 
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$"���� 1. �!���� %'+�%!�) �"%�����!Ь $���"�$�%&���+!�) 
"#&�+!�) %�!%"$�� ����� !� "%!"�� �����&!"� (��� 

1.1 ,:V4;82V >@30=VG=V @5G>28=8 B0 >A>1;82>ABV WE 28O2;5==O B0 
<>=VB>@8=3C 2 V=4CAB@VW B0 <548F8=V 

�07>2V A5=A>@8, є 01A>;NB=> =5>1EV4=8<8 ?@8;040<8 =0 1030Bь>E ACG0A=8E 

28@>1=8FB20E, A:;040E, V=H8E V=4CAB@V0;ь=8E >19є:B0E, 0 <>6CBь AB0B8 ACBBє28< 

4>?>2=5==O< 4;O =0O2=8E <5B>4V2 4V03=>AB8:8 2 <548F8=V.[8-10] 

�848E ;N48=8 є AC<VHHN 307V2, I> 2 =>@<V <VAB8Bь 2 A2>є<C A:;04V 07>B, 

2C3;5:8A;89 307, :8A5=ь V 2>4O=C ?0@C. �@V< B>3>, C AC<VHV 307V2 2848EC <>6CBь 

1CB8 28O2;5=V V V=HV 3078, O:V <>6CBь 2:07C20B8 =0 ?52=V ?0B>;>3VW 2 >@30=V7<V 

;N48=8, 0 B0:>6 45O:V V=HV <>;5:C;8, O:V <>6CBь 28ABC?0B8 2 @>;V 1V><0@:5@V2. 

!0O2=VABь B0:8E @5G>28= C 2848EC, 01> 71V;ьH5==O WE :>=F5=B@0FV9 2V4=>A=> 

=>@<8 <>65 A2V4G8B8 ?@> =0O2=VABь ?52=8E 70E2>@N20=ь 01> H:V4;828E 728G>:. 

*O :>=F5?FVO 4>72>;Oє 28:>@8AB>2C20B8 A8AB5<8 28O2;5==O @5G>28= 2 AC<VHV 

307V2 2848EC, O: 4>40B:>289 4V03=>AB8G=89 V=AB@C<5=B 4;O 28O2;5==O 45O:8E 

70E2>@N20=ь B0 ?0B>;>3VG=8E AB0=V2. �;0A8G=8< ?@8:;04>< B0:>W @5G>28=8 

1V><0@:5@0 є 0F5B>=. &0:, ?@8 FC:@>2><C 4V015BV A?>AB5@V30єBьAO ACBBє25 

71V;ьH5==O :>=F5=B@0FVW 0F5B>=C C 2848EC. �=HV 4>A;V465==O 2:07CNBь =0 

7=865==O @V2=N 0F5B>=C ?@8 206:8E V=AC;ьB0E. %5@54 V=H8E ?@8:;04V2 3 

71V;ьH5==O @V2=N <5B8;0<V=C ?@8 70E2>@N20==OE ?5GV=:8 01> =8@>:, B0 

?V428I5==O @V2=N G04=>3> 307C 2 :C@FV2.  

 >6=0 AB25@46C20B8, I> <0965 1C4ь-O:0 @5G>28=0, I> 7'O2;OєBьAO 70 

<560<8 =>@<8 C AC<VHV 307V2 2848EC ;N48=8, ?>2'O70=0 7 ?5@51V3>< B>3> G8 

V=H>3> 70E2>@N20==O 01> AB0=C, є 1V><0@:5@><. � 70 @0EC=>: 28O2;5==O B0:8E 

<0@:5@V2 ACG0A=8<8 B5E=VG=8<8 70A>10<8, 2>=8 <>6CBь 1CB8 4>40B:>28<8 

:@8B5@VO<8 ?@8 ?>AB0=>2FV 4V03=>7C. 

%ь>3>4=VH=V9 @V25=ь B5E=VG=>3> ?@>3@5AC 4>72>;Oє 28O2;OB8 :>=F5=B@0FVW 

B0:8E <0@:5@V2 2 4V0?07>=0E 45AOB:V2 G0AB8=>: =0 <V;ь9>= (ppm 3 parts per million) 
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B0 45AOB:V2 G0AB8=>: =0 <V;ьO@4 (ppb 3 parts per billion), I> 4>40B:>2> A8;ь=> 

@>7H8@Nє =><5=:;0BC@C 4>ABC?=8E 4> 28O2;5==O 1V><0@:5@V2.  

%5@54 >A=>2=8E 1V><0@:5@V2, O:V Aь>3>4=V <>6=0 28O28B8 2 AC<VHV 307V2 

2848EC ;N48=8 ?@8ACB=V <5B0= (CH4), 0F5B>= ((CH3)2CO) AV@:>2>45=ь(H2S), 

0<V0:(NH3), ?5=B0=(C5H12), G04=89 307 (CO), >:A84 07>BC (NO), 0;ь453V48, :5B>=8, 

A?8@B8, A8=8;ь=0 :8A;>B0(HCN) [11, 12]. 

$V7=V E2>@>18 B0 AB0=8 <>6CBь ?@>4C:C20B8 @V7=C 7<V=C :>=F5=B@0FVW 307V2 

<0@:5@V2 C 2848EC, 0 B0:>6 <0B8 2 >A=>2V CB2>@5==O B0:8E <0@:5@V2 @VE=V DV78:>-

EV<VG=V ?@>F5A8 2 >@30=V7<V. 

%5@54 ?5@5203 <5B>4C 28O2;5==O 1V><0@:5@V2 2 AC<VHV 307V2 2848EC є 

?@>AB>B0, =5V=20782=VABь B0 H284:VABь ?@>2545==O B5ABC. �> =54>;V:V2 <>6=0 

2V4=5AB8 A:;04=VABь V=B5@?@5B0FVW @57C;ьB0BV2 G5@57 1030B>D0:B>@=VABь <>6;828E 

?@8G8= 7<V=8 :>=F5=B@0FVW 1V><0@:5@C, 2=0A;V4>: G>3> B0:89 <5B>4 <>65 

28:>@8AB>2C20B8Aь =0 Aь>3>4=V ;8H5 O: 4><V6=89, 2 ?0@V 7 V=H8<8 <5B>40<8.  

�V><0@:5@8 2 A:;04V AC<VHV 2848EC 28O2;ONBьAO ?@8 @V7=8E :>=F5=B@0FVOE. 

&0:>6 4;O :>6=>3> B0:>3> <0@:5@C E0@0:B5@=>N <>65 1CB8 =5 ;8H5 ?@8ACB=VABь 

01> 2V4ACB=VABь B0:>W @5G>28=8 C A:;04V 307V2 2848EC 7030;><, 0 V 7<V=0 

:>=F5=B@0FVW.  

� @>1>BV [13] ?@54AB02;5=> :><?;5:A >?B8G=8E B0 >?B8G=>-0:CAB8G=8E 

<5B>4V2 4;O 28O2;5==O @5G>28= 1V><0@:5@V2 C 2848EC ;N48=8 2 V=D@0G5@2>=><C 

4V0?07>=V. �@V< Fь>3> =02545=> 28G5@?=89 ?5@5;V: O: =091V;ьH ?>H8@5=8E, B0: V 

45O:8E A?5F8DVG=8E @5G>28=, I> ?@>O2;ONBьAO ?@8 ?0B>;>3VG=8E AB0=0E 

>@30=V7<C B0 >A=>2=V ?@8G8=8 WE A8=B57C. %B@C:BC@=> @57C;ьB0B8 Fь>3> 

4>A;V465==O ?@54AB02;5=> 2 B01;8FV 1.1[13]. 

� V=H><C 4>A;V465==V [26] =02545=> 20@V0=B 28:>@8AB0==O >?B8G=>3> 

307>2>3> A5=A>@0 =0 >A=>2V ;075@=8E 4V>4V2, I> 4>72>;Oє =0 >A=>2V 28<V@N20==O 

A?5:B@0;ь=8E E0@0:B5@8AB8: 307>2>W AC<VHV 287=0G0B8 :>=F5=B@0FVW 2>48, 0<V0:C, 

4V>:A84C 2C3;5FN, AV@:>2>4=N, <5B0=C =0 0<V0:C. !091V;ьHC GCB;82VABь ?@8;04 
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?@>O2;Oє 4;O 0<V0:C (30 ppb), 0 =09=86GC 4;O 2>4O=8E ?0@V2 (100 ppm). � 40=><C 

4>A;V465==V 465@5;0<8 28?@><V=N20==O 1C;8 ;075@=V 4V>48, 7 G0AB>B0<8 

28?@><V=N20==O 1;87ь:8<8 4> ?V:V2 ?>3;8=0==O :>=:@5B=8E 307V2, - <5B0=C, 

0<V0:C B0 4V>:A84C 2C3;5FN.[26] 

&01;8FO 1.1 

�EAB6AV 5VB@4D>9D< C4FB?B7VKA<I EF4AV6 G 6<8<IG [13] 

№ �0E2>@N20==O 
#@8G8=0 
?>O28 

1V><0@:5@0 

�V><0@:5@ 
E2>@>18 

#@8ACB=VABь 2 
AC<VHV 307V2 
2848EC ?@8 
?0B>;>3VW 

#@8ACB=VABь 
2 AC<VHV 
307V2 2848EC 
2 =>@<V 

�65@5;> 

1 
�V015B ?5@H>3> 

B8?C 

":8A=5==O 
68@=8E 
:8A;>B 

�F5B>= 

(CH3)2CO 
> 2.2 ppm  

0,39 3 0.85 

ppm 
[14, 15] 

2 
�>;>@5:B0;ь=89 

@0: 

�1V;ьH5==O 
:V;ь:>ABV 
6>2G=8E 
:8A;>B, 

?@8ACB=VABь 
:>;>=V9 
0=05@>1=8E 
10:B5@V9 

 5B0= 
(CH4) 

8-50 ppm 

 
3-8 ppm [16] 

3 $0: ;535=ь  �<5=H5==O 
>:A835=0FVW 

�=B5@;59:V= 
6 

9.3 3 9.9 ?3/<; 3.3 3 3.7 

?3/<; [17] 

4 

#V428I5=89 
@V25=ь 

E>;5AB5@>;C 2 
:@>2V 

#@>1;5<8 
<5B01>;V7<C 
;V?V4V2 

�7>?@5= - 
3.5 3 10.5 

=<>;ь/; [18] 

5 �=D0@:B <V>:0@4C ":8A;5==O 
68@V2 

#5=B0= 
(C5H12) 

- 
0,3 3 0,8 

=<>;ь/; [19-21] 

6 �C@V==O - 

 >=>>:A84 
2C3;5FN 

(CO) 

2 3 20 ppm 0.4 3 0.8 ppm [22-23] 

7 

!8@:>20 
=54>AB0B=VABь, 
70E2>@N20==O 
@>B>2>W 
?>@>6=8=8 

":8A;5==O 
68@V2 

�<V0: 
(NH3) 

- 
0.25 3 2.9 

ppm 
[24] 

8 
%:;5@>45@<VO, 
DV1@>7 - �B0= (%2!6) - 0 3 12 ppb [25] 

 

� 4>A;V465==V [27] ?@>45<>=AB@>20=> <5B>48:C 28O2;5==O A8=8;ь=>W 

:8A;>B8, O:0 є ?@>4C:B>< 68BBє4VO;ь=>ABV 10:B5@VW A8=53=V9=>W ?0;8G:8 B0 

=5157?5G=>N >B@CB>N 4;O ;N48=8. �0 4>?><>3>N ?@54AB02;5=>3> <5B>4C <>6=0 
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287=0G0B8 =0O2=VABь 10:B5@V9 2 48E0;ь=8E H;OE0E. �65@5;>< 28?@><V=N20==O 2 

4>A;V465==V є ?V4AB@>N20=89 V=D@0G5@2>=89 ;075@, 7 <>6;82VABN 7<V=8 4>268=8 

E28;V 2V4 1,3 4> 2,5 <:<. "A>1;82VABN <5B>48:8 28<V@N20==O є 4>40B:>20 :0?AC;0 

7 =VB@>35=><, I> 4>72>;Oє ?>?5@54=ь> 2840;OB8 7 A?5:B@C ;075@=>3> 

28?@><V=N20==O <0:A8<C<8 ?>3;8=0==O 07>BC. �=48:0B>@>< =0O2=>ABV 01> 7<V=8 

:>=F5=B@0FVW A8=8;ь=>W :8A;>B8 є 7<V=0 A?5:B@0;ь=>W E0@0:B5@8AB8:8 

28?@><V=N20==O ?VA;O ?@>E>465==O G5@57 7@07>:.  V=V<0;ь=0 GCB;82VABь 2 

40=><C 4>A;V465==V A:;0;0 0,029 ppm.[27] 

$>1>B0 [28] ?@8A2OG5=0 282G5==N 1V><0@:5@V2 A5@F528E E2>@>1, I> <>6CBь 

?@>O2;OB8AO C AC<VHV 307V2 2848EC ;N48=8. %5@54 =8E ?5=B0=, 0F5B>=, G04=89 307, 

V7>?@5=. 

#5=B0= (C5H12) A8=B57CєBьAO >@30=V7<>< ?@8 ?5@5@>1FV 68@=8E :8A;>B B0 

?@0:B8G=> 2V4ACB=V9 2 0B<>AD5@=><C ?>2VB@V. �1V;ьH5==O :>=F5=B@0FVW ?5=B0=C 

C A:;04V 307>2>W AC<VHV 2848EC ?>29O7CNBь 7 71V;ьH5==O< V=B5=A82=>ABV 

>:8A;N20;ь=8E ?@>F5AV2 >@30=V7<C. %B01V;ь=> ?V428I5=89 @V25=ь ?5=B0=C <>65 

A2V4G8B8 ?@> ?>H:>465==O A5@F52>3> <9O7C, V=D0@:B 01> VH5<VG=C E2>@>1C. �0 

=0O2=>ABV 2 ;N48=8 E@>=VG=8E A5@F528E E2>@>1, @V25=ь ?5=B0=C <>65 7@>AB0B8 

242VGV, 7 20 4> 40 ppb. [28] 

�F5B>= (%3!6") 1V><0@:5@, A:;04>20 :5B>=>28E (0F5B>=>28E) BV;, I> 2 

>A=>2=><C ?@>O2;OєBьAO ?@8 4V015BV 01> 70E2>@N20==OE ?5GV=:8. !0 Aь>3>4=V 

45O:V 4>A;V465==O ?>29O7CNBь =0O2=VABь 9>3> 71V;ьH5=8E :>=F5=B@0FV9 C :@>2V 

B0 2848EC V 7 E@>=VG=8<8 E2>@>10<8 A5@FO, 7>:@5<0 A5@F52>N =54>AB0B=VABN. [28] 

+04=89 307 (CO) 79O2;OєBьAO 2 AC<VHV 307V2 2848EC :C@FV2. � A5@F52>-

AC48==8<8 E2>@>10<8 ?>29O7CєBьAO G5@57 71V;ьH5==O 9<>2V@=>ABV WE 28=8:=5==O 

2=0A;V4>: :C@V==O 2 1.5 3 2 @078. [28] 

�7>?@5= (C5H8) є ?@>4C:B>< 1V>;>3VG=>3> A8=B57C 68@V2, B0 2 =>@<V, 157 

4>40B:>28E DV78G=8E =020=B065=ь >@30=V7<C, <>65 AO30B8 100 ppb. �V 

71V;ьH5==O< DV78G=8E =020=B065=ь 71V;ьHCєBьAO V :>=F5=B@0FVO V7>?@5=C, B0 

=02VBь ?VA;O 7025@H5==O =020=B065==O =5>1EV4=> I5 2 3>48=8 A?>:>N, 4;O 



27

?>25@=5==O 9>3> @V2=O 2 =>@<C. �>3> :V;ь:VABь B0:>6 :>@5;Nє 7 O28I5< A5@F52>3> 

28:84C, B>1B> :V;ь:VABN :@>2V I> <>65 ?5@5:0GC20B8 A5@F5 70 E28;8=C, B0 7030;>< 

7 @>1>B>N B0 =020=B065==O< A5@FO. [28] 

%5@54 V=H8E ?>H8@5=8E 1V><0@:5@V2 20@B> 725@=CB8 C203C =0 ?@54AB02=8:V2 

@O4C A?8@BV2. �>:@5<0 C =09?@>ABVH><C 28?04:C 5B0=>; C 3070E 2848EC ;N48=8 

<>65 A;C3C20B8 <0@:5@>< 0;:>3>;ь=>3> A?9O=V==O, ?@>B5 :@V< Fь>3> VA=CNBь V 

V=HV ?0B>;>3VG=V AB0=8, I> <>6CBь E0@0:B5@87C20B8Aь =0O2=VABN A?8@BV2 C 

2848EC. �>2>@OG8 ?@> C=V25@A0;ь=VABь 307>28E A5=A>@V2, 287=0G5==O :>=F5=B@0FV9 

A?8@BV2 є 0:BC0;ь=8< V 2 V=H8E 30;C7OE, >:@V< <548F8=8 B0 0=0;V7C AC<VHV 307V2 

2848EC ;N48=8. �>:@5<0 <>=VB>@8=3 @V2=V2 :>=F5=B@0FV9 A?8@BV2 0:BC0;ь=89 C 

E0@G>2V9 B0 EV<VG=8E ?@><8A;>2>ABOE.  

�=HV ?@54AB02=8:8 @O4C A?8@BV2, =0?@8:;04 <5B0=>;, є =02VBь 1V;ьH 

B>:A8G=8<8 70 5B8;>289 A?8@B, B0 AB0=>28Bь 7=0G=> 1V;ьHC 703@>7C 4;O ;N459. 

 >=VB>@8=3 @V2=O <5B0=>;C 0:BC0;ь=89 =0 28@>1=8FB20E.  

� @>1>BV [29] =02545=> >A>1;82>ABV <5B>48:8 ?@>2545==O 48E0;ь=8E B5ABV2. 

' AB0BBV =02545=> >A>1;82>ABV B0 70;56=>ABV 7<V=8 :>=F5=B@0FV9 45B5:B>20=8E 

@5G>28= 2V4 H284:>ABV 2848EC, 9>3> 3;818=8 B0 V=H8E ?0@0<5B@V2. �V4<VG0єBьAO 

B0:>6 2?;82 =0 :>=F5=B@0FVN 70B@8<:8 48E0==O, B0 <5B>48:8 248EC. 'AV 

?@82545=V C<>28 2?;820NBь =0 :V=F52C :>=F5=B@0FVN @5G>28= 2 AC<VHV 307V2 

2848EC. � 40=V9 @>1>BV :>=F5=B@0FVO 0F5B>=C C 2848EC 7@>AB0є 2 :>@5;OFVW 7V 

H284:VABN 2848EC, >B@8<0=V 40=V ?>:07CNBьAO 71V;ьH5==O :>=F5=B@0FVW 0F5B>=C 

=0 93 ppb, ?@8 71V;ьH5==V H284:>ABV 2848EC. ' 2V4A>B:>2><C A?V22V4=>H5==V F5 

A:;040є 1;87ь:> 10% ( 7 805 4> 898 ppb). �=H8< B8?>28< ?>:07=8:>< є 71V;ьH5==O 

:>=F5=B@0FVW @5G>28= <0@:5@V2 ?@8 70B@8<FV 48E0==O =0 30 A5:C=4, 4;O 2AVE 

?@>45<>=AB@>20=8E 2 @>1>BV @5G>28=, 2>=> @V2=5 10%. � V=H>W AB>@>=8 ?@8 

?@>2545==V 3V?5@25=B8;OFVW ;535=ь, ?@>BO3>< 30 A5:C=4, @V2=V :>=F5=B@0FVW 

1V><0@:5@V2 7=86CNBьAO B0:>6 =0 10%. "A>1;828< C 28?04:C 3V?5@25=B8;OFVW є 

5B8;>289 A?8@B, 2 @>1>BV 9>3> :>=F5=B@0FVO ?VA;O 3V?5@25=B8;OFVW ;535=ь 

7<5=HCєBьAO =0 50%. [29] 
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�>A;V465==O [30] >?8ACє V=D@0G5@2>=89 ;075@, I> 28:>@8AB>2CєBьAO 4;O 

45B5:BC20==O @5G>28= C 2848EC, =0 >A=>2V 7<V=8 A?5:B@0;ь=8E E0@0:B5@8AB8:. 

&0:, =0 @8AC=:C 3, ?@82545=> >A=>2V <0:A8<C<8 ?>3;8=0==O 2 40;5:><C 

V=D@0G5@2>=><C A?5:B@V 4;O 45O:8E 307V2, I> A;C3CNBь 1V><0@:5@0<8, B0 265 1C;8 

>?8A0=V 28I5. %5@54 =8E ?@>45<>=AB@>20=> 420 <0:A8<C<8 ?>3;8=0==O 0F5B>=C, 

420 <0:A8<C<8 ?>3;8=0==O <5B0=C, B0 <0:A8<C< ?>3;8=0==O 4;O >:A84C 07>BC.  

� ?V4AC<:C, ?VA;O 0=0;V7C @>1VB, I> >?8ACNBь 1V><0@:5@8 2 307>2V9 AC<VHV 

2848EC ;N48=8, <>6=0 2V4>:@5<8B8 45O:V C=V25@A0;ь=V :;0A8 @5G>28=, I> 

?V4E>4OBь 4;O 28O2;5==O O: V ?V4 G0A <548G=8E 48E0;ь=8E B5ABV2, B0: <>6CBь 

28O2;OB8AO =0 ?@><8A;>28E 28@>1=8FB20E, B0 2 V=H8E 30;C7OE. %5@54 B0:8E 

?5@H8<8 20@B> 2V4<VB8B8 A?8@B8, O: H8@>:> ?>H8@5=V, B0 =5157?5G=V >@30=VG=V 

A?>;C:8 4;O 28O2;5==O, 0 B0:>6 0F5B>=. #@8 ?@>O20E ?0B>;>3VG=8E AB0=V2 WE 

:>=F5=B@0FVW <0NBь 1CB8 4>AB0B=ь> 25;8:8<8 4;O 270є<>4VW 7 @>7@>1;5=>N 

@V4:>:@8AB0;VG=>N AC<VHHN, I> є 0:B82=8< A5@54>28I5< A5=A>@0. 

 

 <E. 1.1 �4>E<@G@< CB7?<A4AAO 74;V6-5VB@4D>9DV6 (4J9FBAG, @9F4AG, 

F9FD4H?NBDB@9F4AG, EG?ьHGD 79>EHFBD<8G F4 B>E<8G 4;BFG) 6 VAHD4K9D6BAV= 

B5?4EFV. [30] 
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#>@>3>2V @V2=V 28O2;5==O 4;O 0F5B>=C B0 A?8@BV2 C ?@><8A;>2>ABV, <>6CBь 

1CB8 7=0G=> 28I8<8, =V6 ?@8 28O2;5==V WE C 2848EC ;N48=8. -5 >4=8< 

0@3C<5=B>< 4;O @>7@>1:8 A0<5 @V4:>:@8AB0;VG=>3> 5;5<5=BC 4;O 28O2;5==O 

0F5B>=C B0 A?8@BV2 є WE 157?>A5@54=V9 729O7>: 7 ?0B>;>3VG=8<8 AB0=0<8. �>:@5<0 

0F5B>= GVB:> 0A>FVNєBьAO 7 4V015B><, B0 є >4=8< 7 A:;04=8:V2 :5B>=>28E 

(0F5B>=>28E) BV; C :@>2V B0 2848EC, 0 A?8@B8 GVB:> 0A>FVNNBьAO 7V AB0=0<8 

A?9O=V==O 01> >B@Cє==O A?8@B0<8.  

1.2 �=0;V7 >A=>2=8E ?@8=F8?V2 @>1>B8 ACG0A=8E >?B8G=8E A5=A>@V2 
307V2 

%5=A>@8 4;O 28O2;5==O B0 28<V@N20==O :>=F5=B@0FVW 307V2 =0 >A=>2V 

>?B8G=8E O28I Aь>3>4=V є H8@>:> ?>H8@5=8<8. "A=>2>N B0:8E >?B8G=8E 

A5=A>@V2 G0AB> є O28I0 ?>3;8=0==O 28?@><V=N20==O 7 ?52=>N 4>268=>N E28;V 

307><, B0 O: =0A;V4>: 7<V=0 A?5:B@0;ь=8E E0@0:B5@8AB8: 28?@><V=N20==O =0 

>?B8G=><C ?@89<0GV. %5@54 4>ABC?=8E <5B>4V2 4;O 28O2;5==O 307V2 G0AB> 

28:>@8AB>2CєBьAO ;075@=0 A?5:B@>A:>?VO. [31] &0:0 <5B>48:0 4>72>;Oє 28O2;OB8 

3078 B0 >A=>2V WE A?5F8DVG=8E <0:A8<C<V2 ?>3;8=0==O 2 A?5:B@V, =09G0ABVH5 2 

B0:8E 4>A;V465==OE 28:>@8AB>2CNBьAO V=D@0G5@2>=V <0:A8<C<8 ?>3;8=0==O 

@V7=8E 307V2. #V:8 ?>3;8=0==O C A?5:B@V є C=V:0;ь=8<8 4;O @V7=8E EV<VG=8E 

@5G>28=, B0 <>6CBь 7=0E>48B8AO 2 @V7=8E G0AB8=0E A?5:B@C. �078 1V><0@:5@8, I> 

<>6CBь 287=0G0B8AO 70 4>?><>3>N A?5:B@>A:>?VW <>6CBь A?V22V4=>A8B8AO 7 

H8@>:8< A?5:B@>< ?0B>;>3V9, B0 ?@54AB02;ONBь A>1>N 4C65 H8@>:89 =01V@ 
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 <E.2.7 З4?9:AVEFь  69?<K<A< >DB>G   IB?9EF9D<>B-A9@4F<KABW EG@VLV 

(%�!) 6V8 6@VEFG 8B@VL>< !� 15 

2.3 �>A;V465==O B5<?5@0BC@=8E 4V0?07>=V2 >B@8<0=8E 
@V4:>:@8AB0;VG=8E AC<VH59 

�>A;V465==O 2?;82C ?0@V2 0F5B>=C ?@>2>48;8Aь 70 =0ABC?=>N <5B>48:>N. 

$V4:>:@8AB0;VG=89 <0B5@V0; =0=5A5=89 =0 A:;O=C ?V4:;04:C @V2=><V@=8< H0@><, 

?@8 :V<=0B=V9 B5<?5@0BC@V @>7B0H>2C202AO 2 70<:=CB><C >19є<V CAB0=>2:8 

A5=A>@0 7 28?0@0<8 0F5B>=C 2 @568<V =0A8G5=>W ?0@8.  

#V4 4VєN ?0@V2 0F5B>=C 7<V=NєBьAO A?5:B@ ?@>?CA:0==O @V4:>:@8AB0;VG=>3> 

GCB;82>3> 5;5<5=BC, I> ?@>O2;O;>AO C 7<V=V 28<V@O=8E 7=0G5=ь V=B5=A82=>AB59 

?@>?CA:0==O =0 R,G B0 B-;V=VOE. � 1V;ьH>ABV 4>A;V465=ь 7 28O2;5==O ?0@V2 

EV<VG=8E @5G>28= 70 4>?><>3>N @V4:>:@8AB0;VG=8E GCB;828E 5;5<5=BV2 

28:>@8AB>2CNBь 7<V=C V=B5=A82=>ABV 01> A<C38 A5;5:B82=>3> 2V41820==O, 

28<V@O=C 01> ?VA;O 4>AO3=5==O @V2=>2038 2 A8AB5<V, 01> G5@57 DV:A>20=89 

?@><V6>: G0AC 2V4 ?>G0B:C 5:A?>78FVW, V <0965 =5 ?@84V;OєBьAO C2038 45B0;O< 

:V=5B8:8 ?@>F5AC. � 40=><C 28?04:C, =0 2V4<V=C 2V4 V=H8E 4>A;V465=ь, =5 

>GV:C20;>AO 4>AO3=5==O @V2=>2038, 0 DV:AC20;8AO 7<V=8 V=B5=A82=>ABV 

?@>?CA:0==O 7 G0A><. &><C >B@8<0=V @57C;ьB0B8 2V4>1@060NBь :V=5B8:C 01A>@1FVW 
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<>;5:C; ?0@8 7 ?>ABC?>28< 71V;ьH5==O< WE :>=F5=B@0FVW 2 @V4:>:@8AB0;VG=V9 

<0B@8FV. �V4?>2V4=>, 7@>AB0==O :>=F5=B@0FVW 01A>@1>20=>W @5G>28=8 (0F5B>=C) 

?@872>48Bь 4> 7<5=H5==O ?0@0<5B@C >@Vє=B0FV9=>3> ?>@O4:C V ?>40;ьH>3> 

?5@5E>4C 2 V7>B@>?=C D07C (0=0;>3VG=> B><C, O: F5 2V41C20єBьAO ?@8 ?V428I5==V 

B5<?5@0BC@8 [85]).   

&5<?5@0BC@=V 70;56=>ABV 4;O 4>A;V46C20=8E AC<VH59 ?@82545=V =0 @8A. 4 

&0:, 7>:@5<0, <>6=0 A?>AB5@V30B8 GVB:C 70;56=VABь 7<5=H5==O B5<?5@0BC@8 

?5@5E>4C 2 V7>B@>?=89 AB0= ?@8 71V;ьH5==V :>=F5=B@0FVW >?B8G=>-0:B82=>W 

E>;5AB5@8G=>W 4><VH:8 CB15. &5<?5@0BC@=V 28<V@N20==O ?@>2>48;8AO 2 

70<:=CB><C >19є<V ?@8 :V<=0B=V9 B5<?5@0BC@V, 7 G0AB:>28< >E>;>465==O< 7@07:0 

7 :>=F5=B@0FVєN 4><VH:8 44% (G5@57 107>2C =87ь:C B5<?5@0BC@C ?5@5E>4C 2 

V7>B@>?=89 AB0=), @V4:>:@8AB0;VG=0 AC<VH =0=5A5=0 =0 ?@>7>@C ?V4:;04:C 

?>ABC?>2> =03@V20;0AO 70 4>?><>3>N B5?;>3> ?>2VB@O. &5<?5@0BC@=5 

28<V@N20==O 4;O 50% AC<VHV =5 240;>AO ?@>25AB8 G5@57 =87ь:C B5<?5@0BC@C 

?5@5E>4C 2 V7>B@>?=89 AB0=, B0 =5<>6;82VABь >B@8<0B8 4>AB0B=N ABC?V=ь 

>E>;>465==O 4;O ?@>2545==O 28<V@N20==O. 
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� FV;><C 28<V@N20==O B5<?5@0BC@=8E E0@0:B5@8AB8: 7@07:V2 28O28;8Aь 

E0@0:B5@8AB8G=> 0=0;>3VG=8<8 7<V=0<, I> 2V41C20NBьAO ?V4 4VєN ?0@V2 0F5B>=C 

B0 A?8@BV2. �>:@5<0 <>65<> A?>AB5@V30B8 ?5@5EV4 1;0:8B=>W D078 E0@0:B5@=89 

4;O F8E AC<VH59.  
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 <E. 2.9 "9@C9D4FGDAV ;4?9:ABEFV 8BE?V8:G64A<I DV8>B>D<EF4?VKA<I 

EG@VL9= E7+CB15. 4) 62% E7 + 38% CB15, 5)  56% E7 + 44% CB15 
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#@>2545=5 4>A;V465==O 4>72>;8;> A5@54 =0O2=8E 7@07:V2 @V4:>:@8AB0;VG=8E 

AC<VH59 28>:@5<8B8 42V, 7>:@5<0 62% E7 + 38% CB15, B0  56% E7 + 44% CB15, 

I> 704>2>;ь=ONBь ?>AB02;5=8< C<>20< 4;O 28:>@8AB0==O 2 O:>ABV GCB;828E 

5;5<5=BV2 @V4:>:@8AB0;VG=8E >?B8G=8E A5=A>@V2. !0 >A=>2V 281@0=8E AC<VH59, 2 

<091CB=ь><C, <>6;820 @>7@>1:0 FV;>3> @O4C >?B8G=8E @V4:>:@8AB0;VG=8E 

A5=A>@V2 307V2, 0 B0:>6 B5<?5@0BC@8 4;O 28:>@8AB0==O =0 28@>1=8FB20E, 2 

<548F8=V B0 1V>;>3VW. �8<V@N20==O 45<>=AB@CNBь 4>1@5 ?@>3=>7>20=V 70;56=>ABV 

B0 GVB:V :@8B5@VW 281>@C, 28E>4OG8 7 O:8E <>6=0 A?@>AB8B8 281V@ >?B8<0;ь=8E 

@V4:>:@8AB0;VG=8E AC<VH59 2 ?>40;ьH8E 4>A;V465==OE. 

�8A=>2:8 4> 4@C3>3> @>74V;C 

#@>2>4OG8 A8=B57 =5>1EV4=8E @V4:>@:8AB0;VG=8E A?>;C:, >B@8<0=> 45:V;ь:0 

?5@A?5:B82=8E 4> 28:>@8AB0==O, 2 O:>ABV GCB;828E 5;5<5=BV2 307>28E A5=A>@V2, 

7@07:V2. $V4:>:@8AB0;VG=V AC<VHV =0 >A=>2V =5<0B8G=>W AC<VHV �7 B0 

E>;5AB5@8G=>W 4><VH:8 %�15 ?@>45<>=AB@C20;8 <>6;82>ABV 270є<>4VW 7 

>@30=VG=8<8 @5G>28=0<8, 7>:@5<0 GCB;82VABь 4> ?0@V2 A?8@BV2 B0 0F5B>=C. %5@54 

A8=B57>20=8E @V7=8E 203>28E :>=F5=B@0FV9 AC<VH59, =09:@0I5 A515 ?@>O28;8 420 

7@07:8, I> 2V4?>2V40NBь =5>1EV4=V9 B5<?5@0BC@=V9 AB01V;ь=>ABV, 7 ?>G0B:>< 

?5@5EV4=>3> ?@>F5AC ?@8 - 62% E7 + 38% CB15 3 27 >%, B0 56% E7 + 44% - 24 >%. 

-5 >48= 7@07>:, 80% E7 + 20% %�15, <0є ?>@>3>2C B5<?5@0BC@C ?>G0B:C 

D07>2>3> ?5@5E>4C 2 V7>B@>?=89 AB0= 35>%, ?@>B5 =5 ?@>O2;Oє GCB;82>ABV 4> 

270є<>4VW 7 @5G>28=0<8. 

%?5:B@0;ь=V E0@0:B5@8AB8:8, 7>:@5<0 <0:A8<C<8 ?>3;8=0==O, ;560Bь C 

2848<><C 4V0?07>=V A?5:B@C. �;O AC<VH59 56% E7 + 44% CB15 3 510-540 =<, 62% 

E7 + 38% CB15 3 590-640 =<, 50% E7 + 50% CB15 3 430-480 =<. *5 4>72>;Oє 

70AB>A>2C20B8 A2VB;>4V>4, 01> A2VB;>4V>4=V <0A828 4;O 270є<>4VW 7 GCB;828< 

5;5<5=B>< 2 O:>ABV 465@5;0 28?@><V=N20==O.  

�>A;V465=V @V4:>:@8AB0;VG=V AC<VHV <>6CBь <>48DV:C20B8AO 4;O 

?@>2545==O ?>40;ьH8E 4>A;V465=ь. %5@54 ?5@A?5:B82=8E V459 70AB>AC20==O 

2C3;5F528E =0=>B@C1>: 4;O 71V;ьH5==O 04A>@1FVW @5G>28=8 GCB;828< 5;5<5=B><, 
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B0 <>6;82VABь 28O2;OB8 =5>@30=VG=V A?>;C:8, 7 <>;5:C;0<8 <0;8E @>7<V@V2. � 

B0:>6 <>48DV:0FVO @V4:>:@8AB0;VG=8E AB@C:BC@ =0=>G0AB8=:0<8 7>;>B0, 4;O 

4>AO3=5==O 4>2H>3> V=B5@20;C VA=C20==O 1;0:8B=>W D078, B0 71V;ьH5==O 

GCB;82>ABV B0 ?>@>3>28E 7=0G5=ь 28O2;5==O 0F5B>=C B0 A?8@BV2. 

  



58

$"���� 3. �"%�����!!/ �#���' #�$�� %#�$&�� � �*�&"!' !� 
%#��&$��Ь!� )�$��&�$�%&��� $���"�$�%&���+!�) %' �,�� &� 
#�$�)�� ' �����&!' (��' 

3.1 �>A;V465==O <5E0=V7<V2 2?;82C 4>A;V46C20=8E @5G>28= =0 
A?5:B@0;ь=V E0@0:B5@8AB8:8 @V4:>:@8AB0;VG=8E AC<VH59 

"?B8G=V A5=A>@8 307V2 =0 >A=>2V @V4:>:@8AB0;VG=8E GCB;828E 5;5<5=BV2 =0 

Aь>3>4=V є ?5@A?5:B82=8<8 :><?0:B=8<8 @VH5==O<8 4;O 287=0G5==O 

:>=F5=B@0FV9 307V2 B0 @5G>28=-<0@:5@V2 2 307>28E AC<VH0E [86]. �0@07 >A=>2=8< 

<5B>4>< 287=0G5==O :>=F5=B@0FV9 4;O B0:8E @5G>28= 2 307>28E AC<VH0E є <0A-

A?5:B@><5B@VO. �>=0 ?>B@51Cє 4;O ?@>2545==O 28<V@N20=ь =0O2=>ABV 

:20;VDV:>20=>3> ?5@A>=0;C 4;O >1A;C3>2C20==O CAB0=>2>:, :@V< B>3> є 

G0A>70B@0B=>N. #5@A?5:B82=8< =0?@O<:>< 4;O 70AB>AC20==O >?B8G=8E A5=A>@V2 

7 @V4:>:@8AB0;VG=8<8 GCB;828<8 5;5<5=B0<8 <>65 AB0B8 <548F8=0, 2V4?>2V4=> V  

@5G>28=8-<0@:5@8 ?>28==V 1CB8 ?>29O70=8<8 7 BVєN G8 V=H>N 7<V=>N AB0=C 

>@30=V7<C ;N48=8 [87-90]. 

$5G>28=>N-<0@:5@>< 4;O E2>@>18 <>65 A;C3C20B8 ?@0:B8G=> 1C4ь-O:0 

@5G>28=0, I> 28=8:0є ?>70 =>@<0;ь=8< AB0=>< >@30=V7<C ;N48=8, <0є 

2V4=>H5==O 4> ?@>BV:0==O ?52=>W E2>@>18 G8 ?0B>;>3VW, 0 B0:>6 <>65 1CB8 

28O2;5=>N ACG0A=8<8 B5E=VG=8<8 70A>10<8 [91-93]. 

�F5B>= є >4=8< 7 =091V;ьH ?><VB=8E V ?@>AB8E C 287=0G5==V <0@:5@V2, I> 

<>65 <VAB8B8AO 2 307>2V9 AC<VHV 2848EC ;N48=8, B0  2:07C20B8 =0 ?>@CH5==O 2 

@>1>BV >@30=V7<C, 7>:@5<0 =0 FC:@>289 4V015B [94-96]. �0 =0O2=>ABV 2 ;N48=8 

FC:@>2>3> 4V015BC =04;8H>: 0F5B>=C 28@>1;OєBьAO 70 @0EC=>: >:8A=5==O 68@=8E 

:8A;>B [97, 98]. � 74>@>2><C AB0=V :>=F5=B@0FVO 0F5B>=C C 2848EC A:;040є 2V4 

0,39 4> 0,85 ppm, 0 ?@8 4V015BV <>65 A:;040B8 2V4 2.2 4> 10 V 1V;ьH5 ppm. 

�1V;ьH5==O 9>3> :>=F5=B@0FVW <>6=0 28O28B8 O: 2 :@>2V ?0FVє=B0, B0: V 2 A:;04V 

?>2VB@O 2848EC [99-101]. �;O 28:>@8AB0==O B0:>W <>6;82>ABV @>7@>1;5=> 

@V4:>:@8AB0;VG=89 GCB;8289 5;5<5=B, I> 4>72>;Oє 28O2;OB8 ?0@8 0F5B>=C. !0 
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Aь>3>4=V ?@>2545=> 4>AB0B=ь> 25;8:C :V;ь:VABь 4>A;V465=ь ?> 270є<>4VW 

@V4:>:@8AB0;VG=8E GCB;828E 5;5<5=BV2 7 ?0@0<8 0F5B>=C [102,103].  

� @>1>B0E [104-107] @>7@>1;5=0 A5@VO A5=A>@V2 0:B82=>N @5G>28=>N O:8E є 

@V4:>:@8AB0;VG=V AC<VHV. � >A=>2C @>1>B8 B0:8E A5=A>@V2 ?>:;045=0 7<V=0 

4>268=8 E28;V ?@>?CA:0==O 2 70;56=>ABV 2V4 :>=F5=B@0FVW 0=0;VBC V A0<5 F59 

5D5:B 2;0AB82> 28:>@8AB>2C20B8 4;O 28O2;5==O =5>1EV4=8E @5G>28=. � >3;O4V [86] 

=02545=> H8@>:89 A?5:B@ >?B8G=8E A5=A>@V2 =0 >A=>2V @V4:>:@8AB0;VG=8E 

@5G>28=. &0:V A5=A>@8 28A>:>GCB;82V, >4=0: <>6CBь ?@>O2;OB8 ?5@5E@5A=C 

GCB;82VABь 4> <>;5:C; ?>4V1=>W AB@C:BC@8. !0 >A=>2V 70?@>?>=>20=>3> 

@V4:>:@8AB0;VG=>3> GCB;82>3> 5;5<5=BC <>6=0 ?>1C4C20B8 A5=A>@ AE>689 70 

AB@C:BC@>N. 

#@8 ?@>2545==V <8=C;8E 4>A;V465=ь 7 270є<>4VW E>;5AB5@8:>-=5<0B8G=>W 

@V4:>:@8AB0;VG=>W ACVHV 7 ?0@0<8 0F5B>=C 240;>AO 70DV:AC20B8 @50:FVN A5=A>@0 

=0 ?@8ACB=VABь @5G>28=8. #@>B5 ?@8 71V;ьH5==V :>=F5=B@0FVW 0F5B>=C 2 307>2V9 

AC<VHV 28O2;5=> AB@81:>?>4V1=C 70;56=VABь, O:0 2:07Cє =0 @V7:89 ?5@5EV4 

GCB;82>3> 5;5<5=B0 2 V7>B@>?=89 AB0=. �=0;>3VG=89 @V7:89 ?5@5EV4=89 ?@>F5A 

>B@8<0=> 2 @>1>BV [104]. 

$>7@>1;5=89 GCB;82829 5;5<5=B ?@54AB02;Oє A>1>N @V4:>:@8AB0;VG=C 

:><V@:C =0 >A=>2V AC<VHV =5<0B8:C �7 B0 E>;5AB5@8G=>W 4><VH:8 %�15, ?@>F5A 

A8=B57C O:>W >?8A0=> 2 @>74V;V 2. !5<0B8G=0 AC<VH �7 A:;040єBьAO 7 4-E 

:><?>=5=BV2, O:V <0NBь ?>4V1=C EV<VG=C AB@C:BC@C (4-0;:V;-4'-FV0=>1VD5=V;8 01> 

B5@D5=V;8) B><C A?5F8DVG=0 270є<>4VO <V6 :><?>=5=B0<8 2V4ACB=O. � @57C;ьB0BV 

@>73;O40є<> �7 O: є48=C ?@0:B8G=> >4=>@V4=C =5<0B8G=C <0B@8FN. )V@0;ь=0 

4><VH:0 %�15 <0є B56 ?>4V1=C AB@C:BC@C <>;5:C;8, B><C <>6=0 22060B8, I> 

%�15, E>G0 9 V=4C:Cє A?V@0;ь=5 70:@CGC20==O 2 A8AB5<V, 0;5 =5 2=>A8Bь O:8E>Aь 

VAB>B=8E 7<V= 2 >@Vє=B0FV9=5 2?>@O4:C20==O. &><C <8 <>65<> @>73;O40B8 

A8AB5<C �7+%�15 O: O:VA=> >4=>@V4=C, 7 B>G:8 7>@C >@Vє=B0FV9=>3> 

2?>@O4:C20==O. (0:B8G=> <0є<> E>;5AB5@8=C <0B@8FN, O:0 1C45 270є<>4VOB8 7 

0F5B>=>< [3]. 
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$>73;O=5<> ?@>F5A 270є<>4VW E>;5AB5@8G=>W AC<VHV 7 0F5B>=><. #V4 4VєN 

?0@V2 0F5B>=C ?@>E>48Bь 7<V=0 :@>:C E>;5AB5@8G=>W A?V@0;V, O:0 >?8ACєBьAO 

28@07>< (1), I> >?8ACє 7<V=C :@>:C A?V@0;V 2 ?5@H><C =01;865==V [85]. 

�@0E>2CNG8, I> 4><VH:0 =5 >?B8G=> 0:B82=0 V =5 270є<>4Vє EV<VG=> 7 <0B@8F5N. 

( ) ( )1 1 1

0
1 1p dp p w k w w p w

− − −= − + − +      (3.1) 

�5B0;ь=89 >?8A 2?;82C 01A>@1>20=>W ?0@8 0F5B>=C =0 :@>: E>;5AB5@8G=>W 

A?V@0;V @>73;O=CB> 2 @>1>BV [85]. 

#@8 71V;ьH5==V :>=F5=B@0FVW ?0@V2 0F5B>=C B0 4>AO3=5==V :@8B8G=>W 

:>=F5=B@0FVW ?0@0<5B@ >@Vє=B0FV9=>3> ?>@O4:C 7=878BьAO =0ABV;ь:8, I> 

2V41C20єBьAO ?5@5EV4 2 V7>B@>?=C D07C. +5@57 ?52=89 G0A 0F5B>= 28?0@>2CєBьAO, 

7=0G5==O w C 28I5=02545=8E D>@<C;0E 7<5=H8BьAO 3 06 4> 0,  V 2V41C45BьAO 

72>@>B=V9 D07>289 ?5@5EV4 2 >@Vє=B0FV9=> 2?>@O4:>20=C E>;5AB5@8G=C D07C.  

�>;V@ @V4:>:@8AB0;VG=>W AC<VHV 2V4=>28BьAO [3]. 

!0 ?5@H><C 5B0?V :>;8 ?0@V2 0F5B>=C 01A>@1>20=> <0;>, V 9>3> :V;ь:>ABV 

=54>AB0B=ь> 4;O 4>AO3=5==O V7>B@>?=>3> ?5@5E>4C 70 D>@<C;>N [3]: 

( ) ( )0
1 1v dv v w k w w v w= − + − +    (3.2) 

B> 1C45 7<V=N20B8Aь :@>: A?V@0;V (B>1B>, λmax ).  

  *5 >?8ACєBьAO D>@<C;0<8 : 

1 1 2

1 10 0

0
2

2
p p

p p w
p T p k w T k

T T
 

− −
− −ö ö ö öö ö

 = − + − +÷ ÷ ÷ ÷ö öø ø ø ø
 (3.3)

p
p T w

T
 ö

 =
ö

 (3.4)

/:I> <8 =5 4>AO3=5<> V7>B@>?=>3> ?5@5E>4C, B> ?>ABC?>2>, ?VA;O V7>;OFVW 

A8AB5<8 2V4 2?;82C ?0@V2 0F5B>=C, ?5@2VA=5 7=0G5==O  p (λmax) ?>28==> 

2V4=>28B8AO. *59 ?@>F5A ?>:;045=> 2 >A=>2C @>1>B8 @V4:>:@8AB0;VG=>3> A5=A>@0 

[3]. 



61

�030;ь=89 ?@8=F8? @>1>B8 ?>;O30є 2 ?@>?CA:0==V A2VB;0 7 

28?@><V=N20;ь=>3> 5;5<5=BC G5@57 @V4:>:@8AB0;VG=89 GCB;8289 5;5<5=B, O:89 

?V4 4VєN @5G>28=8-<0@:5@0 ?>ABC?>2> 74V9A=Nє ?5@5EV4 2 V7>B@>?=89 AB0=. 

�V4?>2V4=C 7<V=C V=B5=A82=>ABV ?@>?CA:0==O GCB;82>3> 5;5<5=BC @5єAB@Cє 

?@89<0;ь=89 <>4C;ь 7 D>B>4V>40<8. �8:>@8AB0=89 4;O B5ABC20==O :><V@>: 

D>B>4V>4=89 <>4C;ь 4>72>;Oє 287=0G0B8 V=B5=A82=>ABV ?@>?CA:0==O >:@5<> 4;O 

B@ь>E A?5:B@0;ь=8E A:;04>28E. �=D>@<0FVO 7 ?@89<0;ь=>3> <>4C;O 

2V4?@02;OєBьAO =0 <V:@>:>=B@>;5@, 0 40;V G5@57 V=B5@D59A USB =0 ?5@A>=0;ь=89 

:><?9NB5@, 45 40=V 2V4>1@060NBьAO 3@0DVG=> 70 4>?><>3>N A?5FV0;ь=>3> 

?@>3@0<=>3> 70157?5G5==O. !0 >A=>2V @>7@>1;5=>3> 0?0@0B=>-?@>3@0<=>3> 

:><?;5:AC 4;O 0=0;V7C E0@0:B5@C ?5@5E>4C @V4:>:@8AB0;VG=>W @5G>28=8 ?V4 4VєN 

?0@V2 0F5B>=C <8 4>A;V48;8 E0@0:B5@ 7<V=8 :@>:C E>;5AB5@8G=>W A?V@0;V  ?V4 G0A 

?5@5EV4=>3> ?@>F5AC 2 V7>B@>?=89 AB0= B0 2 ?@>F5AV Fь>3> 28O28;8 ?5@5EV4 

1;0:8B=>W D078 4;O A8=B57>20=8E @V4:>:@8AB0;VG=8E :><V@>: [3]. 

3.2 �?;82 ?0@V2 0F5B>=C (CH3)2CO =0 A?5:B@0;ь=V E0@0:B5@8AB8:8 
@V4:>:@8AB0;VG=8E AC<VH59 E7 B0 CB15 

�>A;V465==O 2?;82C ?0@V2 0F5B>=C ?@>2>48;8Aь 70 =0ABC?=>N <5B>48:>N. 

$V4:>:@8AB0;VG=89 <0B5@V0; =0=5A5=89 =0 A:;O=C ?V4:;04:C, I> ?@54AB02;Oє 

A>1>N GCB;8289 5;5<5=B, ?@8 :V<=0B=V9 B5<?5@0BC@V @>7B0H>2C202AO 2 

70<:=CB><C >19є<V 2 0B<>AD5@V ?0@V2 0F5B>=C 2 @568<V =0A8G5=>W ?0@8.  

#V4 4VєN ?0@V2 0F5B>=C <V=OєBьAO A?5:B@ ?@>?CA:0==O @V4:>:@8AB0;VG=>W 

AC<VHV, I> ?@>O2;O;>AO C 7<V=V 28<V@N20=8E 7=0G5=ь V=B5=A82=>ABV ?@>?CA:0==O 

=0 R,G B0 B-;V=VOE. � 1V;ьH>ABV @>1VB 7 45B5:BC20==O ?0@V2 EV<VG=8E @5G>28= 70 

4>?><>3>N @V4:>:@8AB0;VG=8E A5=A>@V2 28:>@8AB>2CNBь 7<V=C V=B5=A82=>ABV 01> 

A<C38 A5;5:B82=>3> 2V41820==O, 28<V@N20=C 01> ?VA;O 4>AO3=5==O @V2=>2038 2 

A8AB5<V, 01> G5@57 ?52=89 DV:A>20=89 G0A 2V4 ?>G0B:C 5:A?>78FVW, V <0965 =5 

?@84V;OєBьAO C2038 45B0;O< :V=5B8:8 ?@>F5AC. � =0H8E 5:A?5@8<5=B0E, =02?0:8, 

<8 =5 >GV:C20;8 4>AO3=5==O @V2=>2038, 0 DV:AC20;8 7<V=8 V=B5=A82=>ABV 

?@>?CA:0==O 7 G0A><. &><C >B@8<C20=V =0<8 @57C;ьB0B8 2V4>1@060NBь :V=5B8:C 
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01A>@1FVW <>;5:C; ?0@8 7 ?>ABC?>28< 71V;ьH5==O< WE :>=F5=B@0FVW 2 

@V4:>:@8AB0;VG=V9 <0B@8FV. �V4?>2V4=>, 7@>AB0==O :>=F5=B@0FVW 01A>@1>20=>W 

@5G>28=8 (0F5B>=C) ?@872>48Bь 4> 7<5=H5==O ?0@0<5B@C >@Vє=B0FV9=>3> ?>@O4:C 

V ?>40;ьH>3> ?5@5E>4C 2 V7>B@>?=C D07C (0=0;>3VG=> B><C, O: F5 2V41C20єBьAO ?@8 

?V428I5==V B5<?5@0BC@8 [108]).   

,284:VABь 01A>@1FVW 287=0G0єBьAO =87:>N D0:B>@V2, ?>29O70=8E O: 7 

E0@0:B5@8AB8:0<8 <0B@8FV B0 0=0;VBC, B0: V 7 C<>20<8 ?@>2545==O 5:A?5@8<5=BC. 

$>73;O40є<> V=B5@D59A <V6 42><0 D070<8 3 ?>2VB@O, I> <VAB8Bь ?0@C @5G>28=8 7 

:>=F5=B@0FVєN ), B0 H0@ @V4:>3> :@8AB0;C, I> <VAB8Bь 01A>@1>20=V <>;5:C;8 FVєW 

@5G>28=8 2 :>=F5=B@0FVW %. �> ?>G0B:C 5:A?>78FVW % = 0,  ?VA;O 4>AO3=5==O 

=0A8G5==O 3 % = %s. �>=F5=B@0FVN ?0@8 22060є<> 4>AB0B=ь> 25;8:>N 01> 

?V4B@8<C20=>N ?>ABV9=> () = )0); <0;0 B>2I8=0 H0@C $� 4>72>;Oє 22060B8 

@>7?>4V; 01A>@1>20=8E <>;5:C; 4>AB0B=ь> >4=>@V4=8< (2 V=H><C 28?04:C <8 

A?>AB5@V30;8 1 VAB>B=5 @>7<8BBO ?V:V2 A5;5:B82=>3> 2V41820==O). �<>2V@=VABь 

?5@5E>4C <>;5:C;8 7 307>2>W D078 4> :>=45=A>20=>W 287=0G0єBьAO DC=:FVєN 

�9=HB59=0: 

Pij = K exp (-Wij/kT),        (3.5) 

45 Wij 3 >1>@>B=0 @>1>B0 (DC=:FVO �V11A0), =5>1EV4=0 4;O B0:>3> ?5@5E>4C. 

#>40;ьHV ?@8?CI5==O V ?5@5B2>@5==O [109] ?@872>4OBь, 4;O :>=:@5B=>W A8BC0FVW 

01A>@1FVW @V4:>N D07>N, 4> 28@07C 

Wgl = kT ln (C/X0 .Cs),     (3.6) 

V >AB0B>G=>, C ?5@H><C =01;865==V, 4> H284:>ABV 01A>@1FVW C 283;O4V  

j = K (Cs 3 C),      (3.7) 

45 K є A:;04=>N DC=:FVєN ?0@FV0;ь=>3> B8A:C ?0@8, @>7<V@V2 01A>@1>20=8E 

<>;5:C;, :>=AB0=B8 70:>=C �5=@V B>I>. &>1B>, 01A>@1FVO <>;5:C; ?0@8 

2V41C20єBьAO 7 ?>ABC?>2> 7<5=HC20=>N H284:VABN 4>B8, ?>:8 2 A8AB5<V =5 

2AB0=>28BьAO @V2=>2030, B>1B>, ?>40;ьH0 5:A?>78FVO =5 ?@872>48B8<5 4> 7<V= 2 

@5єAB@>20=><C A?5:B@V ?@>?CA:0==O. 
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�;O ?5@H>3> 4>A;V4C 28:>@8AB>2Cє<> @V4:>:@8AB0;VG=C :><V@:C 7 203>28<8 

:>=F5=B@0FVO<8 A:;04>28E 62% �7 + 38% CB15 B0 >19є< 0F5B>=C 0,1 <;, I> 

2V4?>2V40є 60 ppm :>=F5=B@0FVW 4;O 2=CB@VH=ь>3> >19є<C B5AB>2>3> AB5=4C-

A5=A>@0. �8E>4OG8 7 40=8E ?@>45<>=AB@>20=8E =0 @8AC=:C 3.1 <>65<> 

AB25@46C20B8, I> AC<VH 62% �7 + 38% CB15 2V4?>2V4=> @503Cє 7 0F5B>=><. !5 

70;56=> 2V4 B5<?5@0BC@8 2V41C20єBьAO ?>ABC?>289 @>7BO3=CB89 2 G0AV D07>289 

?5@5EV4, 7 ?@>O20<8 ?5@5E>4C 2 1;0:8B=C D07C G5@57 180-190 A ?VA;O ?>G0B:C 

28<V@N20=ь. #>40;ьHV 28<V@N20==O ?@>45<>=AB@C20;8 7<5=H5==O G0AC 

?5@5E>4C 2 V7>B@>?=89 AB0= ?@8 71V;ьH5==V :>=F5=B@0FVW 0=0;VBC 2 >19є<V A5=A>@0, 

I> ?@>45<>=AB@>20=> =0 @8A. 3.2. �5I> H284HC 270є<>4VN =02VBь 7 =525;8:8<8 

:>=F5=B@0FVO<8 @5G>28= 45<>=AB@Cє AC<VH 56% �7 + 44% CB15. 

 

 <E. 3.1 З4?9:AVEFь VAF9AE<6ABEFV CDBCGE>4AAO 6V8 K4EG CD< >BAJ9AFD4JVW 

4J9FBAG 0.1 @? (60 ppm) 

"B@8<0=V 3@0DV:8 70;56=>AB59 GVB:> 2V4>1@060NBь ?5@5EV4=V ?@>F5A8 

@>7BO3=CBV 2 G0AV, =0 2V4<V=C 2V4 @57C;ьB0BV2 2 @>1>B0E [89,90]. !0 @8A. 3.1 <>6=0 

A?>AB5@V30B8 7<V=C V=B5=A82=>ABV ?@>?CA:0==O 4;O B@ь>E A?5:B@0;ь=8E 

A:;04>28E ?V4 ?0@V2 0F5B>=C, :>=F5=B@0FVєN 60 ppm.  0:A8<0;ь=V 7=0G5==O 
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V=B5=A82=>AB59 ?@>?CA:0==O 4>AO30NBьAO G5@57 5 E28;8= ?@>2545==O 

28<V@N20==O, 45 @V4:>:@8AB0;VG=0 AC<VH ?>2=VABN ?5@5E>48Bь 2 V7>B@>?=89 AB0= 

[3]. 

�@82V 7<V=8 A?5:B@0;ь=8E E0@0:B5@8AB8: =0 @8A. 3.2 2V4>1@060NBь 

28<V@N20==O 7<V=8 V=B5=A82=>ABV ?@>?CA:0==O @V4:>:@8AB0;VG=>3> 5;5<5=BC ?@8 

22545==V 2 >19є< B5AB>2>3> AB5=4C A5=A>@0 0,2 <; 0F5B>=C, I> 2V4?>2V40є 

:>=F5=B@0FVW ?0@V2 0F5B>=C 1;87ь:> 120 ppm. #@8 ?>@V2=O==V 7 ?>?5@54=V< 

28<V@N20==O<, 20@B> 2V47=0G8B8 0=0;>3VG=C E0@0:B5@8AB8G=C ?>254V=:C 7<V=8 

V=B5=A82=>ABV 2AVE A?5:B@0;ь=8E A:;04>28E, 0 B0:>6 7=865==O G0AC, I> 

=5>1EV4=89 4;O 4>AO3=5==O V7>B@>?=>3> AB0=C =0 25-30%. � Fь><C 4>A;V4V ?V:>2V 

7=0G5==O ?@>?CA:0==O B0 2V4?>2V4=> ?5@5EV4 2 V7>B@>?=89 AB0= @V4:>:@8AB0;VG=>W 

:><V@:8 4>AO30NBьAO 70 3 E28;8=8 28<V@N20=ь. 

 

 <E. 3.2 З4?9:AVEFь VAF9AE<6ABEFV CDBCGE>4AAO 6V8 K4EG CD< >BAJ9AFD4JVW 

4J9FBAG 0.2 @? (120 ppm) 

&@5BV9 4>A;V4 7 270є<>4VW @V4:>:@8AB0;VG=>3> GCB;82>3> 5;5<5=BC B0 ?0@V2 

0F5B>=C ?@>2545=> ?@8 :>=F5=B@0FVW 0F5B>=C 1;87ь:> 240 ppm, I> 2V4?>2V40є 0.4 

<; 22545=>3> 0F5B>=C 2 >19є< A5=A>@0, >B@8<0=89 3@0DV: ?@>45<>=AB@>20=> =0 
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@8A. 3.3. &CB, O: V 2 ?>?5@54=ь><C 28?04:C 20@B> 725@=CB8 C203C =0 E0@0:B5@=89 

283;O4 28<V@O=8E :@828E 7<V=8 V=B5=A82=>ABV, 0 B0:>6 2V4?>2V4=> 7<V=C G0AC 

4>AO3=5==O @V4:8< :@8AB0;>< V7>B@>?=>3> AB0=C. �>:@5<0 2 Fь><C 28<V@N20==V 

=0A8G5==O B0 ?5@5EV4 2 V7>B@>?=89 AB0= 2V41C20єBьAO G5@57 2 E28;8=8 ?VA;O 

22545==O 0F5B>=C. +0A ?5@5E>4C GCB;82>3> 5;5<5=BC 2 V7>B@>?=89 AB0= 

A:>@>B82AO =0 60% 2V4=>A=> ?5@H>3> 4>A;V4C =0 30% 2V4=>A=> 4@C3>3> 

28<V@N20==O. /:I> ?>@V2=N20B8 G0A =5>1EV4=89 4;O ?>G0B:C ?5@5E>4C 1;0:8B=>W 

D078 4;O B@ь>E 28<V@N20=ь, <>65<> AB25@46C20B8, I> 2V=, O: V B@820;VABь 

VA=C20==O A0<>W 1;0:8B=>W D078, A?V22V4=>AOBьAO 0=0;>3VG=>, O: V 4;O 7030;ь=8E 

B@820;>AB59 ?5@5E>4C 2 V7>B@>?=89 AB0=. 

!0 >A=>2V ?@>2545=8E 28<V@N20=ь ?>1C4>20=> 3@0DV: 70;56=>ABV G0AC 

?5@5E>4C @V4:>:@8AB0;VG=>W AC<VHV 2 V7>B@>?=89 AB0= 2V4 :>=F5=B@0FVW 0F5B>=C 

(@8A. 3.4). �V4?>2V4=>, ?@8 71V;ьH5==V :>=F5=B@0FVW 0F5B>=C, G0A =5>1EV4=89 =0 

?5@5EV4 2 V7>B@>?=89 AB0= 7<5=HCєBьAO [3]. 

 

 <E. 3.3 З4?9:AVEFь VAF9AE<6ABEFV CDBCGE>4AAO 6V8 K4EG CD< >BAJ9AFD4JVW 

4J9FBAG 0.4 @? (240 ppm) 
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 <E. 3.4 З4?9:AVEFь K4EG C9D9IB8G 6 V;BFDBCA<= EF4A 6V8 >BAJ9AFD4JVW 

4J9FBAG 

!0 >A=>2V ?@>2545=8E 28<V@N20=ь ?>1C4>20=> 3@0DV: 70;56=>ABV G0AC 

?5@5E>4C @V4:>:@8AB0;VG=>W AC<VHV 2 V7>B@>?=89 AB0= 2V4 :>=F5=B@0FVW 0F5B>=C 

(@8A. 3.4). �V4?>2V4=>, ?@8 71V;ьH5==V :>=F5=B@0FVW 0F5B>=C, G0A =5>1EV4=89 =0 

?5@5EV4 2 V7>B@>?=89 AB0= 7<5=HCєBьAO [3]. 

�V4?>2V4=> 4> 2V7C0;ь=8E A?>AB5@565=ь 7<V=8 AB0=C @V4:>3> :@8AB0;C ?@8 

?@>2545==V 5:A?5@8<5=BC <>6=0 3>2>@8B8 ?@> ?>2=C ?@>7>@VABь 

@V4:>:@8AB0;VG=>W AC<VHV 2 :>6=><C 28<V@N20==V, I> A2V4G8Bь ?@> ?5@5EV4 2 

V7>B@>?=89 AB0=. "A=>2=0 2V4<V==VABь 4;O @V7=8E :>=F5=B@0FV9 0F5B>=C ?>;O30є 2 

G0AV =5>1EV4=><C 4;O 4>AO3=5==O @V4:>:@8AB0;VG=>N AC<VHHN V7>B@>?=>3> 

AB0=C. [3] 

�;O =03;O4=>ABV ?>@V2=O==O ?@>F5AV2 D07>28E ?5@5E>4V2 @V4:>:@8AB0;VG=>3> 

GCB;82>3> 5;5<5=BC =0 @8A. 3.5 ?@82545=> 3@0DV:8 4;O :>6=>3> 7 B@ь>E :0=0;V2 

28<V@N20=ь 4;O B@ь>E >A=>2=8E :>=F5=B@0FV9 0F5B>=C 3 60, 120 B0 240 ppm. -5 

>4=VєN >A>1;82VABN, I> =09:@0I5 ?@>O2;OєBьAO =0 F8E 3@0DV:0E є 71V;ьH5==O 

«3;818=8» 1;0:8B=>W D078 ?@8 7AC2V 2 A8=N AB>@>=C A?5:B@C. 
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 <E. 3.5 �BDV6AOAAO CDBJ9EV6 H4;B6<I C9D9IB8V6 KGF?<6B7B 9?9@9AFG CD< 

6;4є@B8VW ; DV;A<@< >BAJ9AFD4JVO@< 4J9FBAG  

3.3 �?;82 ?0@V2 <5B8;>2>3> (CH3OH), 5B8;>2>3> (C2H5OH), B0 
V7>?@>?V;>2>3> (CH3CH(OH)CH3) A?8@BV2 =0 A?5:B@0;ь=V E0@0:B5@8AB8:8 
@V4:>:@8AB0;VG=8E AC<VH59 E7 B0 CB15 

&0: A0<> O: 4;O 287=0G5==O 270є<>4VW GCB;82>3> @V4:>:@8AB0;VG=>3> 

5;5<5=BC A5=A>@0 7 0F5B>=><, ?@>2>48<> 4>A;V465==O 2?;82C B@ь>E 284V2 



68

A?8@BV2. � ?@>2545=><C 4>A;V465==V GCB;8289 5;5<5=B >?B8G=>3> A5=A>@0 

0=0;>3VG=> ?@54AB02;Oє A>1>N @V4:>:@8AB0;VG=C E>;5AB5@8:>-=5<0B8G=C AC<VH, 

I> A:;040єBьAO 7 =5<0B8G=>3> @V4:>3> :@8AB0;C �7 B0 0:B82=>W 4><VH:8 %�15 [4]. 

�V;ь:VA=>, ?@8ACB=VABь >?B8G=> 0:B82=>W 4><VH:8 2 AC<VHV A:;040є 37%. &0:0 

:V;ь:VABь E>;5AB5@8G=>W 4><VH:8 4>72>;Oє AC<VHV 1CB8 AB01V;ь=>N B0 4>1@5 

@503C20B8 =0 7<V=C :>=F5=B@0FVW @5G>28=8-0=0;VBC 2 =02:>;8H=ь><C A5@54>28IV, 

O: >?8A0=> 2 @>4V;V 2. 

�87=0G5==O =0O2=>ABV B0 :>=F5=B@0FVW ?0@V2 A?8@BV2 2 4>A;V46C20=><C 

>19є<V ґ@C=BCєBьAO =0 7<V=V >?B8G=8E 2;0AB82>AB59 @V4:>:@8AB0;VG=>W AC<VHV ?V4 

4VєN 0=0;VBC [4]. 

�=0;V7 270є<>4VW A?8@BV2, O: 25;8:8E B0 ?>4V1=8E <V6 A>1>N AB@C:BC@=> 

>@30=VG=8E <>;5:C; 7V @V4:>:@8AB0;VG=>N AC<VHHN GCB;82>3> 5;5<5=B0 

1;87ь:89 4> 270є<>4VW ?>4V1=>3> A5=A>@0 7 ?0@0<8 0F5B>=C B0 >?8ACєBьAO 

0=0;>3VG=8<8 D>@<C;0<8 7 @>74V;C 3.1. 

%?8@B8 є ?>EV4=8<8 2C3;52>4=V2, 2 <>;5:C;0E O:8E >48= 01> 45:V;ь:0 0B><V2 

2>4=N 70<V=5=> 3V4@>:A8;ь=8<8 3@C?0<8 -"!. �;0A8DV:C20B8 A?8@B8 <>6=0 70 

:V;ь:VABN =0O2=8E 3V4@>:A8;ь=8E 3@C? 3 =0 >4=>0B><=V, 42>0B><=V B0 

1030B>0B><=V [110, 111]. &0:, 2 40=V9 @>1>BV 2 O:>ABV 4>A;V46C20=8E @5G>28= 

?@54AB02;5=V >4=>0B><=V A?8@B8 3 <5B8;>289 (CH3OH), 5B8;>289 (C2H5OH) B0 

V7>?@>?V;>289 (CH3CH(OH)CH3) [4].  

%?8@B8 28O2;ONBь A;01:V :8A;>B=V 2;0AB82>ABV, B0:V 2;0AB82>ABV >1C<>2;5=V 

28A>:>N ?>;O@=VABN 729O7:C 2 3V4@>:A8;ь=V9 3@C?V. #>;O@=VABь <>;5:C; A?8@BV2 

<>6=0 >E0@0:B5@87C20B8 48?>;ь=8<8 <><5=B0<8, B0: 5B8;>289 A?8@B <0є 

48?>;ь=89 <><5=B 1,68 �, <5B8;>289 A?8@B 3 1,69 �, V7>?@>?V;>289 A?8@B 3 1,66 

� [112, 113]. 

#@>F5A 7<V=8 >?B8G=8E E0@0:B5@8AB8: @V4:>:@8AB0;VG=>W AC<VHV ?V4 4VєN 

A?8@BV2 3@C=BCєBьAO =0 7<V=V :@>:C E>;5AB5@8G=>W A?V@0;V. #>40;ьH89 ?@8=F8? 

270є<>4VW A?8@BV2 7 @V4:>:@8AB0;VG=>N AC<VHHN 0=0;>3VG=89, 270є<>4VW 7 
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0F5B>=><[85]. &0:, ?@8 ?V428I5==V :>=F5=B@0FVW ?0@V2 A?8@BC B0 4>AO3=5==V 

?52=>W :@8B8G=>W :>=F5=B@0FVW, ?0@0<5B@ >@Vє=B0FV9=>3> ?>@O4:C 

@V4:>:@8AB0;VG=>W AC<VHV 7=86CєBьAO 4> ?>@>3>2>3> 7=0G5==O, ?VA;O G>3> 

2V41C20єBьAO ?5@5EV4 AC<VHV 2 V7>B@>?=C D07C [114-116]. �2>@>B=V9 D07>289 

?5@5EV4 2V41C20єBьAO 0=0;>3VG=> ?@8 7<5=H5==V :>=F5=B@0FVW ?0@V2 A?8@BC, 2 

B0:><C 28?04:C A?>AB5@V30є<> 2V4=>2;5==O ?>G0B:>2>3> :>;ь>@C 

@V4:>:@8AB0;VG=>W AC<VHV. *V ?@>F5A8 2V4>1@060NBь 1078A, O:89 ?>:;045=> 2 

>A=>2C @>1>B8 ?>40=>3> @V4:>:@8AB0;VG=>3> >?B8G=>3> A5=A>@0 [4]. 

&0:>6 =0 >A=>2V ?>?5@54=VE 4>A;V4V2 0=0;>3VG=8E A5=A>@V2, <>6=0 7@>18B8 

28A=>2>: ?@> B5, I> 7<V=8 7 G0A>< 2 ?@>F5AV 01A>@1FVW 28?0@C20=8E @5G>28= 

O:VA=> >4=0:>2V 4;O 2AVE B@ь>E :@828E :>;ь>@C B0 ?52=>N <V@>N 2V4>1@060NBь 

7<V=8 ABC?5=N >?B8G=>3> ?@>?CA:0==O [117, 90, 91]. *V 7<V=8 ?@89<0є<> 70 

0=0;VB8G=89 :@8B5@V9 4VW A?8@BV2. 

� 40=><C 28?04:C 4;O ?@>2545==O 4>A;V465==O 7=V<0є<> B@8 A?5:@0;ь=V 

A:;04>2V. �=D@0G5@2>=89 A?5:B@ =5 28:>@8AB>2CєBьAO, G5@57 7=0G=> <5=HC, 

1;87ь:> AB0 @07V2, >B@8<0=C V=B5=A82=VABь, ?@>B5 2 FV;><C ?>2B>@Nє B8?>289 

283;O4 B0 E0@0:B5@8AB8G=V B>G:8 V=H8E B@ь>E A:;04>28E [4].  

#@>2545=V 28<V@N20==O 7<V=8 V=B5=A82=>AB59 ?@>?CA:0==O >?B8G=>3> 

@V4:>:@8AB0;VG=>3> A5=A>@0 ?V4 4VєN @V7=8E A?8@BV2, B0:>6 ?>:070;8 AE>6VABь 7 

0=0;>3VG=8<8 4>A;V465==O<8 270є<>4VW @V4:>:@8AB0;VG=>3> A5=A>@0 7 0F5B>=><. 

&0:, 4>A;V4 7 5B0=>;><, @57C;ьB0B8 O:>3> ?@82545=V =0 @8A 3.6, 3.7 GVB:> 

2V7C0;V7CNBь ?5@5EV4=V ?@>F5A8, I> 2V41C20NBьAO 2 GCB;82><C 5;5<5=BV. &@8 

4>A;V46C20=V A?8@B8, 70 :V<=0B=>W B5<?5@0BC@8 20 %> ?@>45<>=AB@C20;8 @V7=C 

107>2C GCB;82VABь 4> 270є<>4VW 7 @V4:>:@8AB0;VG=8< 5;5<5=B><. !09:@0I5 

?@>2>:Cє ?>G0B:C ?5@5E>4C 2 V7>B@>?=89 AB0= 4;O @V4:>:@8AB0;VG=>W :><V@:8 

V7>?@>?8;>289 A?8@B. !0 50% A;01HC 270є<>4VN 45<>=AB@Cє 5B8;>289 A?8@B. � 

<5B8;>289 7 :><V@:>N @503Cє 4C65 A;01>. &0:0 @V7=8FO 2 270є<>4VW, <>65 

:><?5=AC20B8AO =03@V2>< B0 71V;ьH5==O< 157?>A5@54=ь> :V;ь:>ABV =0A8G5=>W 

?0@8 A?8@BC 2 >19є<V A5=A>@0. 
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 <E. 3.6 КD<64 ;@VA< VAF9AE<6ABEFV CDBCGE>4AAO DV8>B>D<EF4?VKAB7B 

KGF?<6B7B 9?9@9AFG CV8 8VєN 9F4AB?G ; >BAJ9AFD4JVєN 0,5 (60 ppm)  @?. 

� 7030;ь=><C <>65<> A?>AB5@V30B8 45:V;ь:0 B8?>28E 4V;O=>: ?@8 ?5@5E>4V 

GCB;82>3> 5;5<5=BC 2 V7>B@>?=89 AB0=. &0: ?5@H0 4V;O=:0 ?@54AB02;Oє A>1>N 

?>2V;ь=5 =0@>AB0==O V=B5=A82=>AB59 ?@>?CA:0==O 2AVE B@ь>E A:;04>28E A?5:B@C. 

�@C30 4V;O=:0 ?@54AB02;Oє A>1>N ?V: B@835@, I> 2:07Cє =0 ?>G0B>: V=B5A82=>3> 

?5@5E>4C AC<VHV 2 V7>B@>?=89 AB0=, ?@8 Fь><C V=B5=A82=>ABV ?@>?CA:0==O 

A?>G0B:C 45I> 7=86CNBьAO, >A>1;82> 4;O G5@2>=>W A:;04>2>W. !0ABC?=0 4V;O=:0 

2V4>1@060є AB@V<:89 ?5@5EV4 B0 71V;ьH5==O V=B5=A82=>AB59 ?@>?CA:0==O, 

>A>1;82> 4;O 75;5=>W B0 1;0:8B=>W A:;04>28E. !0ABC?=89 ?V: 2V4>1@060є <><5=B 

?>G0B:C 72>@>B=>3> ?@>F5AC B0, 2V4?>2V4=>, ?5@5E>4C GCB;82>3> 5;5<5=BC 2 

?>G0B:>289 AB0= [4]. 

�2>@>B=V9 ?@>F5A, - @535=5@0FVO @V4:>:@8AB0;VG=>W :><V@:8, ?>4V1=89 4> 

?@>F5AC, I> 28=8:0є ?@8 ?5@5E>4V 2 V7>B@>?=89 AB0= 0;5 є 72>@>B=V<. "A=>2=>N 

>A>1;82VABN 72>@>B=>3> D07>2>3> ?5@5E>4C 4;O 40=>W AC<VHV є 2V4ACB=VABь 

«AB@81:0» I> ?>7=0G0є ?5@5EV4 :><V@:8 2 1;0:8B=C D07C @V4:>:@8AB0;VG=>W 
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@5G>28=8. �030;ь=89 3@0DV: B0 >?8A @535=5@0FVW :><V@:8 >?8A0=> 2 =0ABC?=><C 

?V4@>74V;V. 

 

 <E. 3.7 КD<64 ;@VA< VAF9AE<6ABEF9= CDBCGE>4AAO 8?O KGF?<6B7B 

DV8>B>D<EF4?VKAB7B 9?9@9AFG CV8 8VєN 9F4AB?G ; >BAJ9AFD4JVєN  (120 ppm)1 @?. 

�;O 2V4>1@065=>3> =0 @8A. 3.7 4>A;V4C 7 ?V428I5=>N 4> 1 <; :>=F5=B@0FVєN 

5B8;>2>3> A?8@BC <>6=0 A?>AB5@V30B8 =525;8:5 7<5=H5==O G0AC ?@>E>465==O 

?5@5E>4C. �@V< Fь>3> ?@8ACB=O >A>1;820 E0@0:B5@8AB8G=0 B>G:0, I> 79O2;O;0Aь 2 

4>A;V40E 7 0F5B>=><, 0 A0<5 ?5@5AVG5==O V=B5=A82=>AB59 75;5=>W B0 1;0:8B=>W 

A:;04>28E A?5:B@C. 

�70є<>4VO 7 <5B8;>28< A?8@B><, O: 284=> =0 @8A.3.8, є 7=0G=> A;01H>N 3 

=572060NG8 =0 1V;ьHC :>=F5=B@0FVN (2 <;), @5єAB@>20=V 7<V=8 V=B5=A82=>ABV 

?@>?CA:0==O VAB>B=> <5=HV, V >7=0: 7<V=8 D07>2>3> AB0=C =5 A?>AB5@V30єBьAO. 

!0ABC?=>N 2 >19є< A5=A>@0 1C;> ?><VI5=> AC<VH <5B8;>2>3> =0 

V7>?@>?8;>2>3> A?8@BC 2 ?@>?>@FVOE 50 =0 50. $50:FVO 40=>W AC<VHV 1;87ь:0 4> 

270є<>4VW GCB;82>3> 5;5<5=BC 7 5B8;>28< A?8@B><. �>=F5=B@0FVO AC<VHV 2 

4>A;V465==OE A:;040;0 0,5 (@8A. 3.9) B0 1 <; (@8A. 3.10) 
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 <E. 3.8 �D4HV> ;@VA< VAF9AE<6ABEF9= CDBCGE>4AAO DV8>B>D<EF4?VKAB7B 

KGF?<6B7B 9?9@9AFG CD< 6;4є@B8VW ; C4D4@< @9F<?B6B7B EC<DFG, >BAJ9AFD4JVєN 

2 @?. 

 

 <E. 3.9 �D4HV> C9D9IB8G 6 V;BFDBCA<= EF4A KGF?<6B7B DV8>B>D<EF4?VKAB7B 

9?9@9AFG CV8 8VєN EG@VLV @9F<?B6B7B F4 V;BCDBC<?B6B7B EC<DFV6 ; 

>BAJ9AFD4JVєN 0.5(60 ppm) @?. 
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 <E. 3.10 �D4HV> C9D9IB8G 6 V;BFDBCA<= EF4A KGF?<6B7B DV8>B>D<EF4?VKAB7B 

9?9@9AFG CV8 8VєN EG@VLV @9F<?B6B7B F4 V;BCDBCV?B6B7B EC<DFV6 ; 

>BAJ9AFD4JVєN 1 @? (120 ppm). 

$57C;ьB0B8 28<V@N20=ь A?V2?040NBь 7 >GV:C20==O<8 B0 2V4?>2V40NBь 

0=0;>3VG=8< @57C;ьB0B0<, I> ?@>2>48;8AO 7 V=H8<8 >@30=VG=8<8 @>7G8==8:0<8, 

7>:@5<0, - 0F5B>=><.  

� @57C;ьB0BV ?@>2545=>3> 4>A;V465==O 270є<>4VW B@ь>E ?@54AB02=8:V2 

A?8@BV2 7 @V4:>:@8AB0;VG=8< GCB;828< 5;5<5=B>< >B@8<0=> @57C;ьB0B8, I> 4>1@5 

:>@5;NNBь 7 ?>?5@54=V<8 4>A;V465==O<8. �V4=>A=> =87ь:0 270є<>4VO 

<5B8;>2>3> A?8@BC 7 GCB;828< 5;5<5=B>< A5=A>@0 <>65 :><?5=AC20B8AO =03@V2>< 

A?8@BC ?5@54 ?><VI5==O< 2 28<V@N20;ь=89 >19є< A5=A>@0. �030;>< ?@8 270є<>4VW 

7V A?8@B0<8 @V4:>:@8AB0;VG=0 AC<VH =0 >A=>2V =5<0B8:0 �7 B0 E>;5AB5@8:0 %�15 

?>:07Cє 3V@HC GCB;82VABь, =V6 ?@8 270є<>4VW 7 0F5B>=><. #>@V2=NNG8 =02VBь 0.1 

<; 0F5B>=C =0 >19є< B5AB>2>3> A5=A>@0 B0 1 <; AC<VHV 5B8;>2>3> B0 

V7>?@>?V;>2>3> A?8@BV2 (?@8 C<>2V I> :>=F5=B@0FVO ?0@V2 @5G>28= 2 >1>E 

28?04:0E 1;87ь:> 60 ppm), AC<VH >AB0==VE @503Cє 7 @V4:>:@8AB0;VG=>N :><V@:>N 

2 3 @078 ?>2V;ь=VH5 [4].  
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�=H8< 203><8< @57C;ьB0B>< є ?V4B25@465==O 7030;ь=>W B8?>2>W D>@<8 

3@0DV:V2, I> V;NAB@CNBь ?5@5EV4 @V4:>:@8AB0;VG=>W AC<VHV 2 V7>B@>?=89 AB0=. !0 

2V4<V=C 2V4 ?@>3=>7>20=>3> ;V=V9=>3> ?5@5E>4C, 7 H284:>N AB@81:>?>4V1=>N 

@50:FVєN GCB;82>3> 5;5<5=BC ?@8 4>AO3=5==V :@8B8G=>W :>=F5=B@0FVW @5G>28=8 

0=0;VBC, <8 265 2 4@C3V9 A5@VW 5:A?5@8<5=BV2 >B@8<0;8 GVB:C @50:FVN @>7BO3=CBC 

2 G0AV, 7 E0@0:B5@=8<8 B>G:0<8 [4]. 

�@V< Fь>3>, >B@8<0=V @57C;ьB0B8 4C65 AE>6V =0 ?@>O2, «1;0:8B=>W D078» 

28:>@8AB0=>W @V4:>:@8AB0;VG=>W AC<VHV [118-120], 0 A0<5 <>20 945 ?@> E0@0:B5@=C 

D>@<C 3@0DV:V2 7 :>@>B:8< @V7:8< 7=865==O< V=B5=A82=>AB59 ?@>?CA:0==O B0 

2V4=>2;5==O<, 265 ?V4 G0A >A=>2=>3> D07>2>3> ?5@5E>4C. #>?5@54=ь> 

2AB0=>2;5=>, I> «1;0:8B=0 D070» 4;O 45O:8E @V4:>:@8AB0;VG=8E AC<VH59 2 

?5@5206=V9 1V;ьH>ABV ?@>O2;OєBьAO ?V4 4VєN B5<?5@0BC@8, 0 =5 ?@8 270є<>4VW 7 

>B>GCNG8<8 @5G>28=0<8, ?@>B5 4>A;V465==O ?@>4>26CNBьAO [121]. #>40;ьHV 

4>A;V465==O 1C4CBь A?@O<>20=V =0 2AB0=>2;5==O 2V4?>2V4=>ABV <V6 2V4><8< 

?5@5E>4>< 40=>W @V4:>:@8AB0;VG=>W AC<VHV 2 «1;0:8B=C D07C» ?V4 4VєN 

B5<?5@0BC@8, B0 >B@8<0=8<8 ?5@5E>40<8 ?@8 270є<>4VW 7 @5G>28=0<8 0=0;VB0<8. 

3.4 �>A;V465==O ?@>F5AC 2V4=>2;5==O @V4:>:@8AB0;VG=>3> GCB;82>3> 
5;5<5=BC =0 >A=>2V AC<VHV �7 B0 %�15 ?VA;O 270є<>4VW 7 0F5B>=>< B0 
A?8@B0<8 

/: V ?@O<5 D07>25 ?5@5B2>@5==O 4;O @V4:>:@8AB0;VG=>W :><V@:8 ?@8 270є<>4VW 

7 0F5B>=>< B0 A?8@B0<8 <0NBь AE>689 283;O4, B0 7030;ь=V E0@0:B5@8AB8G=V B>G:8, 

B0: V 72>@>B=V9 D07>289 ?5@5EV4. 

�V= E0@0:B5@87CєBьAO 7=865==O< 7030;ь=>W :>=F5=B@0FVW ?0@V2 0F5B>=C 01> 

A?8@BV2 2 >19є<V A5=A>@0 B0 7=865==N :V;ь:>ABV <>;5:C; I> 157?>A5@54=ь> 

270є<>4VNBь 7 @V4:>:@8AB0;VG=>N :><V@:>N. 

�;O 3@0DVG=>3> ?@54AB02;5==O 72>@>B=>3> ?5@5E>4C 28:>@8AB0=> 3@0DV: 

270є<>4VW 0F5B>=C B0 @V4:>:@8AB0;VG=>W :><V@:8 7 203>28<8 :>=F5=B@0FVO<8 56% 

�7 B0 44% %�15 (@8A. 3.11).  >65<> A?>AB5@V30B8 H284:89 ?@O<89 D07>289 



75

?5@5EV4 7 ?@>O20<8 1;0:8B=>W D078, 4>2389 ?V: =0A8G5==O, B0 2V4?>2V4=> 

?5@51C20==O :><V@:8 2 V7>B@>?=><C AB0=V, B0 72>@>B=V9 ?5@5EV4. �2>@>B=V9 

?5@5EV4 0=0;>3VG=89 ?> G0AC ?@O<><C, 4;O 40=>W :>=F5=B@0FVW 0F5B>=C 90 A5:C=4, 

?@>B5 7 2V4ACB=VABN ?@>O2C 1;0:8B=>W D078. �;O >?B8<0;ь=>3> 28:>@8AB0==O 

GCB;82>3> 5;5<5=BC =5>1EV4=> 4>40B:>2> >1<V@:C20B8 <>6;82V @VH5==O ?> 

?@8H284H5==N G0AC @535=5@0FVW :><V@:8.  >6;82> 70 @0EC=>: ?>:@0I5==O 

2;0AB82>AB59 @V4:>:@8AB0;VG=>W AC<VHV 01> 70 @0EC=>: =0O2=>ABV 4>40B:>2>W 

0:B82=>W 25=B8;OFVW 2 A5@54>28IV A5=A>@0, 4;O ?@8H284H5==O ?@>F5AV2 

28?0@>2C20==O @5G>28= 0=0;VBV2. 

 

 <E. 3. 11 �DBJ9E D979A9D4JVW DV8>B>D<EF4?VKAB7B KGF?<6B7B 9?9@9AFG 

(;6BDBFAV= H4;B6<= C9D9IV8) 8?O EG@VLV 56% �7 F4 44% !�15 CVE?O 8VW 4J9FBAG ; 

>BAJ9AFD4JVW 240 ppm. 
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3.5 �=4C:>20=0 1;0:8B=0 D070 E>;5AB5@8:>-=5<0B8G=8E AC<VH59 E7 B0 

CB15 ?V4 4VєN ?0@V2 0F5B>=C B0 A?8@BV2 

�;O @V4:8E :@8AB0;V2 E0@0:B5@=5 ?>42V9=5 ?@><5=570;><;5==O 

(42>70;><;5==O), >A:V;ь:8 2>=8 <0NBь >?B8G=C 0=V7>B@>?VN. "4=0: 45O:V 

@V4:>:@8AB0;VG=V AC<VHV, 7>:@5<0 2 :C1VG=V9 B0 1;0:8B=8E D070E, ?@>OO2;ONBь 

>?B8G=C V7>B@>?VN. �C1VG=V @V4:>:@8AB0;VG=V D078 7 @5?@575=B0B82=8<8 

B@828<V@=8<8 2?>@O4:>20=8<8 AC?@0<>;5:C;O@=8<8 AB@C:BC@0<8, B0:8<8 O: 

270є<>?@>=8:0NGV <5@56V B0 AD5@>W48, ?>H8@5=V 2 ;V>B@>?=8E @V4:8E :@8AB0;0E, 

V VA=CNBь C 45O:8E B5@<>B@>?=8E @V4:8E :@8AB0;0E 7 0<DVDV;ь=VABN [122]. 

%5@54 V=H8E ?@54AB02;5=V B0:>6 E>;5AB5@8G=0 B0 A<5:B8G=0 1;0:8B=V D078. 

)>;5AB5@8G=V 1;0:8B=V D078, AB0=>2;OBь >A>1;8289 V=B5@5A, >A:V;ь:8 2>=8 <0NBь 

@V4:C @5HVB:C, AB@C:BC@0 O:>W AB01V;V7CєBьAO 28:@82;5==O<8 B0 45D5:B0<8 

@5HVB:8. �0728G09 1;0:8B=V D078 VA=CNBь C 2C7ь:><C 4V0?07>=V B5<?5@0BC@ 

(<5=H5 2 �) <V6 V7>B@>?=>N @V48=>N B0 EV@0;ь=>N =5<0B8G=>N D07>N. �;0:8B=V 

D078 A:;040NBьAO 7 ?>42V9=8E 70:@CG5=8E F8;V=4@V2, B0 ?>4V;ONBьAO =0 B@8 

:0B53>@VW 2 70;56=>ABV 2V4 ?@>AB>@>2>W AB@C:BC@8 F8;V=4@V2: 1;0:8B=0 D070 I 

(BPI), 1;0:8B=0 D070 II (BPII) V 1;0:8B=0 D070 III (BPIII)(45B0;ь=0 AB@C:BC@0 

?@54AB02;5=0 2 @>74V;V 1). #5@H89 B0 4@C389 B8? 1;0:8B=>W D078 <0NBь 

28A>:>2?>@O4:>20=C :C1VG=C AB@C:BC@C. �C1VG=V 1;0:8B=V D078 0:B82=> 

4>A;V46C20;8AO 4> 1989 @>:C V 1C;8 4>1@5 282G5=V [123, 124].  

� B>9 65 G0A, =0 Aь>3>4=V AB@C:BC@0 1;0:8B=>W D078 B@5Bь>3> B8?C 4> :V=FO 

=5 @>7:@8B0. �V4><>, I> 2>=0 4C65 AE>6C A8<5B@VN 4> V7>B@>?=>W 

@V4:>:@8AB0;VG=>W D078. %5@54 45B0;ь=8E >3;O4V2 1;0:8B=8E D07 20@B> 284V;8B8 

=0ABC?=V [125, 57]. 

� >3;O4C =0 28I5=02545=V 40=V, I> A2V4G0Bь ?@> <>6;82VABь 70AB>AC20==O 

1;0:0B=8E D07 4;O 45B5:BC20==O ?0@V2 >@30=VG=8E @5G>28=, <5B>N FVєW @>1>B8 

1C;> 28:>@8AB0==O $�-:><?>78FV9, 2 O:8E <>6;825 CB2>@5==O 1;0:8B=8E D07 

(BP) C ?52=><C B5<?5@0BC@=><C 4V0?07>=V.  � @>74V;V 28I5  1C;> 2V47=0G5=> 

=0O2=VABь ?52=8E 0=><0;V9 2 7<V=V V=B5=A82=>ABV ?@>?CA:0==O >:@5<8E 
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:>;ь>@>28E ;V=V9 ?@8 B5<?5@0BC@0E, :>;8 E>;5AB5@8G=0 D070 ?52=8E AC<VH59 

?5@5E>48;0 2 1;0:8B=C D07C (�$). �5B0;ь=89 0=0;V7 DV78:>-EV<VG=8E <5E0=V7<V2 

B0:>W ?>254V=:8 ?@>45<>=AB@>20=> 2 =0ABC?=><C ?V4@>74V;, 45 =0 >A=>2V =87:8 

?>@V2=O;ь=8E 5:A?5@8<5=BV2 ?>:070=> 5:2V20;5=B=VABь 4VW ;5BNG8E >@30=VG=8E 

@5G>28=, 01A>@1>20=8E  @V4:>:@8AB0;VG=>N ($�) D07>N, B0 B8E A0<8E @5G>28=, 

2=5A5=8E 2 $�-:><?>78FVN 2 O:>ABV 4><VH:8.    

�;O 28O2;5==O ?0@V2 0F5B>=C 2 4>A;V465==V 28:>@8AB>2C20;0AO E>;5AB5@8:>-

=5<0B8G=0 AC<VH =5<0B8:0 �7 B0 E>;5AB5@8G=>W 4><VH:8 %�15. �>=F5=B@0FVW 

E>;5AB5@8G=>W 4><VH:8 2 AC<VHV A:;040;0 38%. &5<?5@0BC@=V E0@0:B5@8AB8:8 

40=>W AC<VHV 45<>=AB@CNBь ?5@5EV4 2 V7>B@>?=89 AB0= ?@8 B5<?5@0BC@V 1;87ь:> 

34-36 3@04CAV2 *5;ьAVN, B><C ?@8 :V<=0B=V9 B5<?5@0BC@V, 1;87ь:> 20 3@04CAV2, 

?5@5EV4 =5 2V41C20єBьAO. ' ?@>F5AV 4>A;V465==O ?V43>B>2;5=C AC<VH =0=>A8;8 =0 

A?5:B@0;ь=> ?@>7>@5 A:;>, I> ?><VI0;>AO 2 70:@8BC є<=VABь 7 

D>B>28?@><V=N20G5< B0 D>B>?@89<0G5<, 0 B0:>6 є<=VABN 7 0F5B>=><. � 

@57C;ьB0BV 28?0@>2C20==O 0F5B>=C 9>3> :>=F5=B@0FVO 2 70:@8B><C >19є<V 7 G0A>< 

7@>AB0;0, I> A?@8O;> ?5@5E>4C @V4:>:@8AB0;VG=>W :><V@:8 2 V7>B@>?=89 AB0=. 

#>?5@54=O <5B0 4>A;V465==O ?>;O30;0 2 287=0G5==V G0A>28E 70;56=>AB59 4;O 

?5@52V@:8 <>6;82>AB59 AB2>@5==O A5=A>@0 0F5B>=C =0 >A=>2V @V4:>:@8AB0;VG=>W 

:><V@:8. � @57C;ьB0BV 5:A?5@8<5=BC 28O2;5=> ?@>O2 1;0:8B=>W D078 4;O 40=>W 

@V4:>:@8AB0;VG=>W AC<VHV, ?@8 WW ?5@5E>4V 2 V7>B@>?=89 AB0= ?V4 4VєN 0F5B>=C. 

�>40B:>2> ?@>2545=> 28<V@N20==O B5<?5@0BC@=8E 70;56=>AB59, ?5@5E>4C 2 

V7>B@>?=89 AB0=, I> B0:>6 45<>=AB@CNBь 0=0;>3VG=89 D07>289 ?5@5EV4. 

�;O 28O2;5==O 70;56=>AB59 <V6 :>=F5=B@0FVєN ?0@V2 0F5B>=C 2 є<:>ABV 

B5ABC20;ь=>3> ?@8;04C B0 G0A>< ?@>O2C 1;0:8B=>W D078 @V4:>:@8AB0;VG=>W 

:><V@:8 ?>1C4>20=> 4>40B:>2V 3@0DV:8. �0=V 3@0DV:8 2V4>1@060NBь 70;56=>ABV 

=0?V2H8@8=8 G0A>2>3> ?@>O2C 1;0:8B=>W D078, 4;O 28<V@O=>W 1;0:8B=>W A:;04>2>W 

A?5:B@C, 2V4 :>=F5=B@0FVW 0F5B>=C. %5@54 28<V@O=8E :>=F5=B@0FV9 0,4 <; (240 

ppm), 0,2 <; (120 ppm), 0,1 <; (60 ppm). 
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 <E. 3.12 �D4HV>< ;4?9:ABEF9= A4CV6L<D<A< VEAG64AAO 5?4><FABW H4;<, ;V 

;5V?ьL9AAO@ >BAJ9AFD4JVW 4J9FBAG 6 6<@VDN64?ьAV= є@ABEFV, 240ppm (a), 120ppm 

(5), 60ppm (6). 
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#@>F5A 28O2;5==O D07>2>3> ?5@5E>4C 1;0:8B=>W D078 2V41C20єBьAO 70 AB0;>W 

B5<?5@0BC@8, - 20 3@04CAV2 *5;ьAVN. �F5B>= I> 22545=89 2 є<=VABь 7 @>7<VI5=>N 

@V4:>:@8AB0;VG=>N :><V@:>N ?>ABC?>2> 28?0@>2CєBьAO, I> 71V;ьHCє 

:>=F5=B@0FVN ?0@V2 0F5B>=C 2 70<:=5=><C >19є<V. #5@5EV4 :><V@:8 2V41C20єBьAO 

?>ABC?>2>, B0 2V4?>2V4=> 4> @57C;ьB0BV2 5:A?5@8<5=BC G0A ?5@5E>4C 70;568Bь 2V4 

:>=F5=B@0FVW 0F5B>=C. �>:@5<0 <>65<> AB25@46C20B8, I> ?@8 71V;ьH5==V 

:>=F5=B@0FVW 0F5B>=C 7 60 @@< 4> 120, 0 ?>BV< V 4> 240 @@<, V=B5@20; VA=C20==O 

3>;C1>W D078 A:;040є 32, 16 B0 8 A5:C=4 2V4?>2V4=>  

&0: O: 0=0;>3VG=8E D07>289 ?5@5EV4 2V41C20єBьAO V ?@8 7<V=V B5<?5@0BC@8, 

28:>@8AB0==O B0:>W A8AB5<8 2 A5@54>28I0E 7V 7<V=>N B5<?5@0BC@8 <>65 4020B8 

E81=V ?>:07=8:8. �>:@5<0 ?@8 71V;ьH5==V B5<?5@0BC@8 =02:>;8H=ь>3> 

A5@54>28I0, H284:VABь ?5@5E>4C 2 V7>B@>?=89 AB0= 1C45 28I>N, =V6 ?@8 BV9 65 

:>=F5=B@0FVW 0F5B>=C, B0 AB01V;ь=V9 B5<?5@0BC@V. 

#@O<0 70;56=VABь <V6 :>=F5=B@0FVєN ?0@V2 0F5B>=C B0 B@820;VABN D07>2>3> 

?5@5E>4C 28:>@8AB0=>W :><V@:8, 4>72>;Oє 4>?CA:0B8 <>6;82VABь 28:>@8AB0==O 

B0:>W A8AB5<8 2 O:>ABV A5=A>@0. #@>B5 107CNG8Aь =0 ?>?5@54=VE @>1>B0E, <>6=0 

AB25@46C20B8 ?@> =0O2=C ?5@5E@5A=C GCB;82VABь B0:>W A8AB5<8 V 4> V=H8E 

@5G>28=, 7>:@5<0 A?8@BV2, B0 45O:8E V=H8E >@30=VG=8E @5G>28=. �0 C<>28 

4>?C20==O @V4:>:@8AB0;VG=>W AC<VHV =0=>G0AB8=:0<8 7>;>B0 01> 2C3;5F528<8 

=0=>B@C1:0<8, <>6;825 B0:>6 28O2;5==O 45O:8E =5>@30=VG=8E @5G>28=, 

?>?5@54=V 4>A;V465==O 2:07CNBьAO =0 GCB;82VABь 4> CO2, NO. 

3.5 #>@V2=O;ь=89 0=0;V7 2?;82C ?>3;8==0O ?0@V2 A?8@BV2 B0 0F5B>=C =0 

3@0=8G=C B5<?5@0BC@C D07>2>3> ?5@5E>4C @V4:>:@8AB0;VG=>W AC<VHV E7 B0 
CB15 

&5<?5@0BC@8 D07>28E ?5@5E>4V2 ?@8 =03@V20==V B0 >E>;>465==V 4;O 

E>;5AB5@8G=8E AC<VH59, I> <VABOBь @V7=V :>=F5=B@0FVW 4><VH:8 CB15 B0 A?8@BV2, 

4>A;V46C20;8AO 70 4>?><>3>N B5@<>AB0Bo20=>3> =03@V20G0 7 B5@<>@53C;OB>@>< 

(&"� « V:$0», ':@0W=0) B0 ?;0B8=>2>3> B5@<><5B@0 >?>@C. &>G=VABь 

28<V@N20==O B5<?5@0BC@8 A:;040;0 ±0,1°C. � =03@V20GV @V4:>:@8AB0;VG=0 :><V@:0 
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?@8є4=0=0 4> ?>;O@870FV9=>3> >?B8G=>3> <V:@>A:>?0 Biolar PI, >A=0I5=>3> 

F8D@>2>N 2V45>:0<5@>N ScienceLab T100 (�8B09). #@8 4>AO3=5==V 2V4?>2V4=8E 

B5<?5@0BC@ 2V41C20;8AO D07>2V ?5@5E>48 <V6 =5<0B8G=8< AB0=><, 1;0:8B=>N 

D07>N B0 V7>B@>?=8< AB0=>< V A?>AB5@V30;8AO 2V4?>2V4=V 7<V=8 2 B5:ABC@0E $� 

:><V@:8. 

�;O ?5@52V@:8 20;V4=>ABV <5B>48:8 ?@>2545==O 5:A?5@8<5=BC 7 5B0=>;><, O: 

>?8A0=> 2 ?>?5@54=ь><C @>74V;V, ?>B@V1=> 2@0E>2C20B8 ?@>F5A <>6;82>3> 

28?0@>2C20==O A?8@BV2 2 C<>20E 28<V@N20=ь. �;O ?@>2545==O >FV=:8, 1C;> 

74V9A=5=> A5@VN ?0@0;5;ь=8E <>45;ь=8E 5:A?5@8<5=BV2, C O:8E ?@>F5A8 

28?0@>2C20==O A?8@BV2 7 B>=:>3> H0@C LC 1C;8 4>A;V465=V 70 4>?><>3>N 

B5@<>3@02V<5B@8G=>3> 0=0;V7C (TGA). ' F8E 5:A?5@8<5=B0E 28:>@8AB0=> >4=C 7 

A:;04>28E AC<VHV �7, - =5<0B8: 5CB (�02>4 EV<VG=8E @50:B82V2, )0@:V2, ':@0W=0) 

O: @V4:>:@8AB0;VG=C @5G>28=C, EV<VG=> ?>4V1=C 4> AC<VHV, I> A:;040єBьAO 7 

=5<0B8:0 E7 B0 E>;5AB5@8G=>@W 4><VH:8 CB15, B0 AC<VHV 5DV@V2 E>;5AB5@8=C S3, 

I> <VAB8Bь 85 <0A. % E>;5AB5@8;=>=0=>0BC V 15 <0A. % E>;5AB5@8;1CB8@0BC (4;O 

?>@V2=O==O 5CB 7 V=H>N A8AB5<>N LC, CB2>@5=>N @5G>28=0<8 VAB>B=> V=H>W 

EV<VG=>W ?@8@>48). 

� <>45;NNG8E 5:A?5@8<5=B0E 28:>@8AB0=> 42V @V7=V ?@>F54C@8 22545==O 

5B0=>;C, - 7 @V4:>3> LEtOH (1) 01> 7 307>?>4V1=>3> «pEtOH (2) AB0=V2. 

�3V4=> 7 ?@>F54C@>N 1, =525;8:C :V;ь:VABь @V4:>3> :@8AB0;C (~ 5 <3) 

?><VI0;8 2 B835;ь 7 >:A84C 0;N<V=VN >19є<>< 160 ?; 4;O D>@<C20==O B>=:>3> 

H0@C B>2I8=>N 1;87ь:> 0,1 <:<. �@V< B>3>, 4>4020;8 =5>1EV4=C :V;ь:VABь @V4:>3> 

5B0=>;C (LEtOH), I>1 70157?5G8B8 =5>1EV4=C :>=F5=B@0FVN EtOH, V 70:@820;8 

є<=VABь 25=B8;ь>20=>N :@8H:>N. 

� 4@C3><C 20@V0=BV 4>A;V465==O, B>=:89 H0@ @V4:>3> :@8AB0;C >B@8<Cє<> 70 

0=0;>3VG=>N <5B>48:>N, ?@>B5 ?VA;O 70:@8BBO :@8H:>N, є<=VABь ?><VI0єBьAO C 

:0<5@C 7 =0A8G5=8<8 ?0@0<8 5B0=>;C (l <pEtOH). "?8A AE5<8 :0<5@8 B0 ?@>F5AC 

=0A8G5==O B0:89 65, O: V 4;O 2>4O=>W ?0@8, 45B0;ь=> >?8A0=89 C [126]. 
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 <E. 3.13. З4?9:AVEFь 6V8 K4EG 6@VEFG 9F4AB?G 6 ;D4;>4I CD< CBEFV=AV= 

F9@C9D4FGDV (25°!): 1 4 9F4AB?; 2 4 E<EF9@4 5CB + LEtOH, CD<7BFB6?9A4 ;4 

CDBJ98GDBN 1; 3 4 E<EF9@4 5CB + '"LEtOH, BFD<@4A4 ;4 CDBJ98GDBN 2; 4 4 

E<EF9@4 S3 + LEtOH, CD<7BFB6?9A4 ;4 CDBJ98GDBN I. �BD<;BAF4?ьAV EGJV?ьAV ?VAVW 

CB;A4K4NFь ;A4K9AAO c*eth . 

&5@<>3@02V<5B@8G=89 0=0;V7 (TGA) ?@>2>482AO >4@07C ?VA;O 4>4020==O 

EtOH 4;O 7@07:V2, >B@8<0=8E 70 ?@>F54C@>N I (LEtOH), V ?VA;O 60 3>48= 

=0A8G5==O 4;O 7@07:V2, >B@8<0=8E 70 ?@>F54C@>N II (l <pEtOH). �0=V TGA 

718@0;8 70 4>?><>3>N <>4C;O TG 50 B5@<>0=0;VB8G=>W A8AB5<8 Mettler TA 3000 

(,259F0@VO). �@07>: C 70:@8B><C B83;V ?><VI0;8 2 <>4C;ь, 0 ?>BV< V=:C1C20;8 

?@>BO3>< >4=VєW 3>48=8 ?@8 25°C. �8EV4=V 40=V &�� >B@8<0=> O: 70;56=VABь <0A8 

7@07:0, m, 2V4 G0AC V=:C10FVW, t.  

->1 ?>@V2=OB8 @57C;ьB0B8, >B@8<0=V 2 @V7=8E 5:A?5@8<5=B0E, 40=V TGA V 

DTG 1C;8 ?>1C4>20=V O: DC=:FVO 2<VABC EtOH 2 A8AB5<V, eth, O:0 <>65 1CB8 

28@065=0 =0ABC?=8< G8=><: 
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 ���ℎ = �(�)(�0+���) × 100%      (3.8) 

45 m0 3 ?>G0B:>20 <0A0 5B0=>;C; m(t) 3 <0A0 EtOH C <><5=B G0AC t; mLC 4 

2030 LC C 7@07:C. %;V4 707=0G8B8, I> 4;O 40=8E ?> G8AB><C EtOH 7=0G5==O mLC 

1@0;8 B0:5 6, O: V 4;O A8AB5<8 7 LC 

$57C;ьB0B8 5:A?5@8<5=BV2 TGA I>4> ?>3;8=0==O B0 45A>@1FVW EtOH 7 LC-

<0B@8Fь =02545=> =0 @8A. 3.13. !0 ?5@H><C 5B0?V >B@8<0=> 4>2V4:>2V 40=V 2 

«?>@>6=ь><C» 5:A?5@8<5=BV 7 G8AB8< EtOH, 22545=8< C B835;ь. �84=>, I> 

2B@0B0 <0A8 ?@8 28?0@>2C20==V 5B0=>;C є ;V=V9=>N 7 G0A><, V 4>A8Bь H284:> 

4>AO30єBьAO =C;ь>289 2<VAB EtOH eth (:@820 1). ' B>9 65 G0A 4;O 5CB 7 =87ь:8< 

eth (?>G0B:>20 <0A0 EtOH 2 5CB 1C;0 B0:>N 6, O: V 2 E>;>AB><C 5:A?5@8<5=BV) 

70;56=VABь (:@820 2) є VAB>B=> =5;V=V9=>N (5:A?>=5=FV0;ь=0 0?@>:A8<0FVO 40є 

E0@0:B5@=89 G0A @>7?04C T ~ 9,2 E2, 7 :>5DVFVє=B>< 45B5@<V=0FVW R2 > 0,999). ' 

7@07:C 5CB 7 2V4=>A=> 28A>:8< 2<VAB>< 5B0=>;C ceth (:@820 3) A?>AB5@V30NBьAO 42V 

4V;O=:8 7 @V7=8<8 D>@<0<8 70;56=>ABV ceth(t), 0 A0<5 ;V=V9=0 B0 5:A?>=5=FV0;ь=0 

(t ~ 9,7 E2, R2 > 0,999). �40єBьAO ?@8@>4=8<, I> ;V=V9=0 >1;0ABь 2V4?>2V40є BV9 

G0AB8=V 5B0=>;C, O:0 =5 15@5 CG0ABV 2 A>;ь20B0FVW 5CB, B>4V O: 5:A?>=5=FV0;ь=0 

>1;0ABь ?@>AB> E0@0:B5@87Cє EtOH, @>7G8=5=89 C $�. �=0G5==O ?>@>3>2>W 

:>=F5=B@0FVW 5B0=>;C (c*efA) 287=0G0;8 O: B>G:C ?5@5B8=C <V6 F8<8 42><0 

>1;0ABO<8 (482. 3>@87>=B0;ь=V ;V=VW =0 @8A. 3.123). /: <8 <>3;8 >FV=8B8, 4;O 5CB 

c*eth ~ 5 %.  5=H ?>;O@=V ?>W40GV E>;5AB5@8=C AC<VH S3 B0:>6 ?@>O2;OєBьAO 

42>>1;0AB=0 D>@<0 cethl(t) (:@820 4). "4=0: ?>@V3, I> @>74V;Oє ;V=V9=C B0 

5:A?>=5=FV0;ь=C >1;0ABV, 2V4?>2V40є 7=0G=> <5=H><C 2<VABC EtOH (c*etA ~ 1,3 %), 

I> 740єBьAO FV;:>< ?@8@>4=8<, >A:V;ь:8 5DV@8 E>;5AB5@8=C (A:;04>2V S3) <0NBь 

7=0G=> =86GC ?>;O@=VABь V A?>@V4=5=VABь 4> 5B0=>;C. <>;5:C; =01030B> A;01:VH5. 
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 <E. 3.14 З4?9:AVEFь L6<8>BEFV 89EBD5JVW 9F4AB?G 6V8 6@VEFG 9F4AB?G 6 

;D4;>4I. �B;A4K9AAO 7D4HV>V6 F4>V :, O> A4 D<E. 3.13.. !GJV?ьA<@< 69DF<>4?ьA<@< 

?VAVO@< A4A9E9AB ;A4K9AAO c*eth. 

�=0G5==O c*eth <>6=0 B0:>6 >FV=8B8 70 40=8<8 DTG (@8A. 3.14). +8AB89 

5B0=>; E0@0:B5@87CєBьAO ?>ABV9=>N H284:VABN 28?0@>2C20==O (dm/dt) 4> ceth ~ 1 

%. ' ?@8ACB=>ABV 5CB F5 7=0G5==O =01;860єBьAO 4> ~ 6 %. $V7=8FO <V6 F8<8 

7=0G5==O<8 AB0=>28Bь ?@81;87=> 5 %, I> 4>1@5 2V4?>2V40є >FV=FV, >B@8<0=V9 70 

40=8<8 TGA. �0@B> 707=0G8B8, I> 40=V DTG 4>2>4OBь, I> H284:VABь 

28?0@>2C20==O 5B0=>;C V7 AC<VH59 LC-EtOH 70;568Bь ;8H5 2V4 ceth =570;56=> 2V4 

A?>A>1C 22545==O 5B0=>;C (?>@. :@82V 2 V 3). *59 D0:B B0:>6 ?V4B25@46CєBьAO 

0=0;>3VG=8<8 7=0G5==O<8 t, >B@8<0=8<8 7 0=0;V7C TGA. �030;>< 7=0G5==O dm/dt 

C ;V=V9=V9 >1;0ABV <>6=0 @>73;O40B8 O: ?52=C E0@0:B5@8AB8:C A>;ь20B0FVW. 

�V9A=>, H284:VABь 28?0@>2C20==O 5B0=>;C 2 =87ь:>?>;O@=V9 A8AB5<V, I> <VAB8Bь 

AC<VH 5DV@V2 E>;5AB5@8=C S3, <0965 B0:0 6, O: V 4;O G8AB>3> EtOH (?>@. :@82V 1 V 

4), I>, 9<>2V@=>, 2V4>1@060є =87ь:C @>7G8==VABь 5DV@V2 E>;5AB5@8=C 2 5B0=>;V. 

�>4=>G0A dm/dt 7=0G=> =86G89 C A8AB5<V, I> <VAB8Bь 5CB, I>, A:>@VH5 70 2A5, 

?>29O70=> 7V 7<5=H5==O< 5=5@3VW 270є<>4V9 5B0=>;C ?@8 A>;ь20B0FVW 5CB. %;V4 
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B0:>6 707=0G8B8, I> :@82V 2 V 3, O:V 2V4?>2V40NBь A8AB5<0< 5CB-5B0=>;, 

>B@8<0=8< 70 <5B>48:0<8 1 V 2 2V4?>2V4=>, <0965 V45=B8G=V. &0:8< G8=><, 

4>A;V465==O TGA ?V4B25@46CNBь, I> 22545==O 5B0=>;C 2 <0B@8FN LC C D>@<V 

@V48=8 01> C 283;O4V 01A>@1>20=>W ?0@8 ?@872>48Bь 4> CB2>@5==O ?>4V1=8E 

A8AB5< LC-5B0=>;. 

 

 <E.3.15 "9@C9D4FGD< H4;B6B7B C9D9IB8G 6 CBE?V8B6ABEFV CLC-BP-Iso O> 

HGA>JVO >BAJ9AFD4JVW CB15 6 A9@4F<>G E7: 8B (EGJV?ьAV EH9D<) V CVE?O (EGJV?ьAV 

;VDBK><) 66989AAO 9F4AB?G. 

!0 @8A. 3.15 ?@54AB02;5=> 4V;O=:C D07>2>W 4V03@0<8 4;O AC<VHV LC, I> 

A:;040єBьAO 7 E7 B0 CB15, 4;O 4V0?07>=C :>=F5=B@0FV9 38-50 <0A. % EV@0;ь=>W 

;53CNG>W 4><VH:8. �;0:8B=0 D070 (BP) 79O2;OєBьAO <V6 E>;5AB5@8G=>N (CLC) B0 

V7>B@>?=>N (Iso) D070<8 28I5 38 <0A. % CB15 (B>1B>, :>;8 28:;8:0=5 A?V@0;ь=5 

A:@CGC20==O AB0є 4>AB0B=ь> A8;ь=8<). #@8 ?>40;ьH><C 71V;ьH5==V 2<VABC CB15 

B5<?5@0BC@=89 4V0?07>= 1;0:8B=>W D078 @>7H8@NєBьAO 4> > 2 � ?@8 50 <0A. %. 

#VA;O 22545==O EtOH D07>20 4V03@0<0 1C;0 7<V=5=0, ?@8G><C B5<?5@0BC@8 

D07>2>3> ?5@5E>4C CLC-BP V BP-Iso ?><VB=> 7=878;8AO. 
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�;O 42>E :>=F5=B@0FV9 CB15 (42,7 <0A. % V 46,9 <0A. %) B5<?5@0BC@8 D07>28E 

?5@5E>4V2 =02545=> 2 70;56=>ABV 2V4 :>=F5=B@0FVW LEtOH, 22545=>W 2 <0B@8FN �� 

(@8A. 3.16, 0, 1). �>=F5=B@0FVO 5B0=>;C, 22545=0 H;OE>< 7<VHC20==O (LEtOH) 01> 

?>3;8=0==O 7 ?0@8 (VapEtOH), <>65 1CB8 >FV=5=0 =0 >A=>2V =02545=>3> 28I5 

>13>2>@5==O @57C;ьB0BV2, ?@54AB02;5=8E =0 @8A. 3.13 V 3.14. !0A?@024V, 4;O 

0=0;>3VG=8E 5:A?5@8<5=B0;ь=8E C<>2 VA=Cє GVB:0 :>@5;OFVO <V6 :V;ь:VABN 

?5@28==> 22545=>3> EtOH V 9>3> 70;8H:>2>N :>=F5=B@0FVєN ?VA;O 287=0G5=>3> 

G0AC. &0:8< G8=><, ?>G8=0NG8 7 B5<?5@0BC@8 E>;5AB5@8G=>W D078 AC<VHV, I> 

A:;040єBьAO 7 =5<0B8:0 E7 V EV@0;ь=>W ;53CNG>W 4>102:8 CB15 C ?52=><C 203>2><C 

A?V22V4=>H5==V, V 22>4OG8 5B0=>; (=0?@8:;04, H;OE>< ?>3;8=0==O ?0@V2 

(VapEtOH), <8 ?5@5E>48<> 2V4 =5<0B8G=>W 4> V7>B@>?=>W G5@57 «?@><V6=C» A8=N 

D07C (BP). 

 

 <E. 3.16 "9@C9D4FGD< H4;B6<I C9D9IB8V6 DV8>B>D<EF4?VKA<I E<EF9@ 57,3% 

�7 + 42,7% !�15 (4) F4 53% �7 F4 47% !�15 (5) 6 ;4?9:ABEFV 6V8 >BAJ9AFD4JVW 

66989AB7B EC<DFG 

 >6=0 7@>18B8 FV;:>< >1ґ@C=B>20=5 ?@8?CI5==O, I> FV ?>A;V4>2=V 

?5@5E>48 1C;8 ?@8G8=>N 0=><0;ь=8E 7<V= >?B8G=>3> ?@>?CA:0==O ?V4 4VєN ?0@V2 

5B0=>;C, 2V4<VG5=8E C [4] 7 ?>4V1=>N ��-<0B@8F5N. 

!0 >A=>2V >B@8<0=8E @57C;ьB0BV2 <>6=0 AD>@<C;N20B8 45:V;ь:0 >A=>2=8E 

<><5=BV2 4>A;V465==O. #>-?5@H5, <>6=0 AB25@46C20B8, I> 2 =0H8E 
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5:A?5@8<5=B0E <8 A?>AB5@V30;8 ?5@5EV4 2V4 E>;5AB5@8G=>W D078 4> "1;0:8B=>W" 

D078 LC, V=4C:>20=89 4VєN 01A>@1>20=>3> 5B0=>;C. *5 2V4:@820є =>2V <>6;82>ABV 

4;O @>7@>1:8 $�-A5=A>@V2 ;5B:8E >@30=VG=8E A?>;C:. �@V< B>3>, =0HV 

B5@<>3@02V<5B@8G=V (TGA) 5:A?5@8<5=B8 =040NBь 4>:078 B>3>, I> DV78:>-EV<VG=V 

5D5:B8 ;5B:8E >@30=VG=8E A?>;C:, ?>3;8=5=8E LC 7 ?0@8, V B8E, I> 22>4OBьAO 

157?>A5@54=ь> 2 @V4:><C AB0=V, ?> ACBV, ?>4V1=V. &0:>6 <>6=0 AB25@46C20B8, I> 

<5B>4 TGA, 7>:@5<0, C 9>3> 48D5@5=FV0;ь=><C 20@V0=BV (DTG), <>65 1CB8 

:>@8A=8< V=AB@C<5=B>< C 4>A;V465==OE 1030B>:><?>=5=B=8E $�-A8AB5< 7 

=0=>AB@C:BC@=8< C?>@O4:C20==O<. 

�8A=>2:8 4> B@5Bь>3> @>74V;C 

� B@5Bь><C @>74V;V @>1>B8 ?@>2545=> 4>A;V465==O 270є<>4VW 

@V4:>:@8AB0;VG=8E AC<VH59, I> A;C3CNBь GCB;828<8 5;5<5=B0<8 >?B8G=>3> 

A5=A>@0, 7 ?0@0<8 0F5B>=C ((CH£)¢CO) B0 A?8@BV2 (CH£OH, C2H5OH, 

CH3CH(OH)CH3). $>73;O=CB> ?@>F5A8 01A>@1FVW 5;5<5=B>< 307V2, 2?;82C 

:>=F5=B@0FVW 0F5B>=C B0 A?8@BV2 =0 E0@0:B5@8AB8:8 D07>28E ?5@5E>4V2 GCB;82>3> 

5;5<5=BC, 0 B0:>6 <5E0=V7< 2?;82C B0:8E >@30=VG=8E @5G>28= =0 7<VI5==O 

B5<?5@0BC@=>3> 4V0?07>=C ?@>O2C 1;0:8B=>W D078. 

#@8 270є<>4VW 7 0F5B>=>< ?@>A;V4:>2CєBьAO GVB:0 70;56=VABь ?@8 9>3> 

:>=F5=B@0FVW 2 <560E 60 ppm, 120 ppm B0 240 ppm. &0: 4;O @V4:>:@8AB0;VG=>W 

AC<VHV 7 A?V22V4=>H5==O< :><?>=5=BV2 =5<0B8G=>W AC<VHV E7 62% B0 

E>;5AB5@8G=>W 4><VH:8 CB15 38%, G0A ?5@5E>4C 2 V7>B@>?=89 AB0= A:;040є 230 

A5:C=4, ?@8 Fь><C G5@57 130 A5:C=4 2V4 ?>G0B:C 28<V@N20=ь 2V41C20єBьAO 

D07>289 ?5@5EV4 1;0:8B=>W D078, B@820;VABN 1;87ь:> 16,4 A5:C=48. #@8 

?>40;ьH><C 71V;ьH5==V :>=F5=B@0FVW 0F5B>=C, H284:VABN D07>2>3> ?5@5E>4C 

7@>AB0є =0 25-30%. #@8 Fь><C ?@8 :>=F5=B@0FVW 2 120 ppm 0F5B>=C, H284:VABь 

?5@5E>4C 2V4=>A=> ?5@H>3> 4>A;V465==O 71V;ьHCєBьAO =0 25%, 0 ?@8 

:>=F5=B@0FVW 2 240 ppm =0 60% 2V4=>A=> ?5@H>3> 28<V@N20==O. #@><V6>: 

VA=C20==O 1;0:8B=>W D078 ?V4 G0A ?5@5E>4C 7<V=NєBьAO 0=0;>3VG=>, 2V4?>2V4=> 7 

16 A5:C=4 ?@8 60 ppm, 8 A5:C=4 ?@8 120 ppm, B0 4 A5:C=48 ?@8 240 ppm. 
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�70є<>4VO GCB;82>3> 5;5<5=BC 7V A?8@B0<8 B0 WE AC<VH0<8 ?@>E>48Bь 3V@H5, 

G5@57 <5=HC H284:VABь 28?0@>2C20==O, B0 2V4?>2V4=> <5=HC 01A>@1FVN A?8@BV2 

?>25@E=5N GCB;82>3> 5;5<5=BC. &@0:B>20=V @57C;ьB0B8 4;O <5B8;>2>3> A?8@BC =5 

A?>AB5@V30NBьAO, =02VBь ?@8 71V;ьH5=V9 :>=F5=B@0FVW. $57C;ьB0B8  4;O 5B8;>2>3>, 

V7>?@>?V;>2>3> A?8@BV2 B0 WE AC<VHV E0@0:B5@8AB8G=>W 2V4AB2>@NNBь @57C;ьB0B8 

4>A;V4V2 7 0F5B>=><. &@820;VABN D07>28E ?5@5E>4V2 C 28?04:C 7V A?8@B0<8, 4;O 

0=0;>3VG=8E :>=F5=B@0FV9 71V;ьH5=0 =0 200-300%. +0A @535=5@0FVW GCB;82>3> 

5;5<5=B0 2V4?>2V40є G0AC ?@O<>3> D07>2>3> ?5@5E>4C 4;O 2AVE 4>A;V4V2. 

 5E0=V7< 2?;82C 0F5B>=C B0 A?8@BV2 =0 @V4:>:@8AB0;VG=C :><V@:C, ?>;O30є 2 

7<5=H5==V ?>@>3>2>W B5<?5@0BC@8 ?>G0B:C ?5@5E>4C 2 V7>B@>?=89 AB0=. �;O 

AC<VHV E7 B0 CB15, 4;O 4V0?07>=C :>=F5=B@0FV9 38-50 <0A. % E>;5AB5@8G=>W 

4><VH:8. �;0:8B=0 D070 ?@>O2;OєBьAO <V6 E>;5AB5@8G=>N (CLC) B0 V7>B@>?=>N 

(Iso) D070<8 28I5 38 <0A. % CB15 (B>1B>, :>;8 28:;8:0=5 A?V@0;ь=5 A:@CGC20==O 

AB0є 4>AB0B=ь> A8;ь=8<). #@8 ?>40;ьH><C 71V;ьH5==V 2<VABC CB15 

B5<?5@0BC@=89 4V0?07>= 1;0:8B=>W D078 @>7H8@NєBьAO 4> > 2 � ?@8 50 <0A. %. 

#VA;O 22545==O EtOH D07>20 4V03@0<0 1C;0 7<V=5=0, ?@8G><C B5<?5@0BC@8 

D07>2>3> ?5@5E>4C CLC-BP V BP-Iso ?><VB=> 7=878;8AO, =0 1;87ь:> 2,5 >%. &0:>6 

<>65<> AB25@46C20B8, I> <5B>4 TGA, <>65<> 28:>@8AB>2C20B8 4;O 4>A;V465==O 

1030B>:><?>=5=B=8E @V4:>:@8AB0;VG=8E :><V@>:. 

"B@8<0=V @57C;ьB0B8 ?> 270є<>4VW 7 0F5B>=>< B0 A?8@B0<8, GCB;82VABь 4> =8E 

@V4:>:@8AB0;VG=8E AC<VH59, 70;56=VABь 2V4 WE :>=F5=B@0FVW G0AC ?@O<>3> B0 

72>@>B=>3> D07>2>3> ?5@5E>4V2, 7=865==O B5<?5@0BC@=>3> ?>@>3C 28=8:=5==O 

1;0:8B=>W D078, 4>72>;ONBь ?;0=C20B8 ?>40;ьH5 28:>@8AB0==O B0:8E :><V@>: 2 

O:>ABV GCB;828E 5;5<5=BV2 @V4:>:@8AB0;VG=8E >?B8G=8E A5=A>@V2. 
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$"���� 4. $"�$"��� ��%"�"+'&����) ����&$""#&�+!�) 
%�%&�  ��/ ��/���!!/ #�$�� �*�&"!' &� %#�$&�� !� "%!"�� 
$���"�$�%&���+!"�" +'&���"�" ��� �!&' 

4.1 $>7@>1:0 28A>:>GCB;82>W ?>@B0B82=>W >?B8G=>W A5=A>@=>W A8AB5<8 
4;O 28O2;5==O >@30=VG=8E @5G>28= =0 >A=>2V 4>A;V465=8E 
@V4:>:@8AB0;VG=8E AC<VH59 

%B0=>< =0 70@07 2 >A=>2V 1V;ьH>ABV :><?0:B=8E ?@8;04V2, O:V ?>B@51CNBь 

28:>@8AB0==O >1G8A;5=ь B0 >1@>1:8 V=D>@<0FVW ;560Bь <V:@>:>=B@>;5@8. �E 

<>6=0 7=09B8 C 2AVE 30;C7OE 2V4 ?@8<VB82=8E 48BOG8E V3@0H>: 4> A:;04=8E 

?@8AB@>W2 :5@C20==O B0 :><?;5:A=8E «@>7C<=8E» A8AB5<.  V:@>:>=B@>;5@8 є 

=52V4'є<=>N G0AB8=>N ACG0A=>W 5;5:B@>=V:8 V 21C4>20=8E A8AB5<. �>=8 

?@54AB02;ONBь A>1>N V=B53@>20=V <V:@>AE5<8, O:V <0NBь 21C4>20=C >1@>1:C 

A83=0;V2, ?0<'OBь B0 V=B5@D59A8 22>4C-282>4C, A?@>5:B>20=V 4;O 28:>=0==O 

:>=:@5B=8E 70240=ь.  V:@>:>=B@>;5@8 AB0;8 =52V4'є<=>N G0AB8=>N ACG0A=>3> 

B5E=VG=>3> ?@>3@5AC. � WE=ь>N 4>?><>3>N 4>AO30єBьAO 02B><0B870FVO B0 

?>:@0I5==O 5D5:B82=>ABV 2 @V7=8E 30;C7OE. �5;8:C @>;ь 2 ?@>AB8E ?@8;040E 

2V4V3@0NBь 8-1VB=V 45H52V :>=B@>;5@8, I> <>6CBь :>=B@>;N20B8 >48=>G=89 

?@8;04 01> 2V4?>2V40B8 70 >4=C 7 ;0=>: A:;04=VH>W A8AB5<8. 

%5@54 >A=>2=8E ?5@5203 28:>@8AB0==O <V:@>:>=B@>;5@V2 <>6=0 2V47=0G8B8: 

" �:>=><VG=VABь - є >4=VєN 7 >A=>2=8E ?5@5203.  0A>25 28@>1=8FB2> 

4>72>;Oє 28@>1=8:0< 283>B>2;OB8 <V:@>:>=B@>;5@8 70 =87ь:>N 

20@BVABN. *5 70157?5GCє 4>ABC?=VABь B0:8E :><?>=5=BV2 4;O H8@>:>3> 

:>;0 @>7@>1=8:V2 B0 28@>1=8:V2. 

"  0A>25 28@>1=8FB2> B0:8E <V:@>:>=B@>;5@V2 ?@872>48Bь 4> WE=ь>W 

H8@>:>W @>7?>2AN465=>ABV =0 @8=:C. *5 >7=0G0є, I> @>7@>1=8:8 

<0NBь 4>ABC? 4> 25;8:>W :V;ь:>ABV 4>:C<5=B0FVW, ?V4B@8<:8 B0 3>B>28E 

@VH5=ь, I> A?@>ICє @>7@>1:C. 

" �030B> 45H528E <V:@>:>=B@>;5@V2 >?B8<V7>20=V 4;O 5=5@3>5D5:B82=>W 

@>1>B8, I> @>18Bь WE V450;ь=8<8 4;O 70AB>AC20=ь 7 >1<565=8< 
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682;5==O<, B0:8E O: 10B0@59=V ?@8AB@>W, A5=A>@8 B0 V=HV ?>@B0B82=V 

?@8AB@>W. 

" �;O 1030Bь>E 45H528E <V:@>:>=B@>;5@V2 VA=Cє 25;8:0 A?V;ь=>B0 

@>7@>1=8:V2 B0 5=BC7V0ABV2, I> A?@8Oє >1<V=C V=D>@<0FVєN B0 

@VH5==O<8. *5 @>18Bь WE ?@8201;828<8 4;O ?>G0B:V2FV2 B0 4>72>;Oє 

H284:> 28@VHC20B8 70240==O. 

" !02VBь 45H52V <V:@>:>=B@>;5@8 <>6CBь <0B8 2@060NG89 DC=:FV>=0;, 

2:;NG0NG8 @V7=V V=B5@D59A8 22>4C-282>4C, 0=0;>3>2>-F8D@>2V 

:>=25@B>@8, B09<5@8 B0 V=HV ?5@8D5@V9=V ?@8AB@>W. *5 4>72>;Oє 

@>7@>1=8:0< @50;V7>2C20B8 @V7=><0=VB=V 70240==O 157 25;8:>W 

20@B>ABV. 

�;O ?@>2545==O :>=B@>;N 70 @V2=5< 307V2 =0 >A=>2V 7<V=8 A?5:B@0;ь=>W 

E0@0:B5@8AB8:8 GCB;82>3> 5;5<5=BC, H284:>ABV FVєW 7<V=8, 20@B> 2@0E>2C20B8 

1V;ьHVABь 4>ABC?=8E D0:B>@V2 28<V@N20==O B0 <0:A8<0;ь=> >?B8<V7C20B8 

<5B@>;>3VG=V E0@0:B5@8AB8:8 ?@8;04C.  

�0AB>AC20==O @>7@>1;5=8E @V4:>:@8AB0;VG=8E GCB;828E 5;5<5=BV2 <>6;825 

2 A5=A>@0E C @V7=8E 30;C7OE, 2V4 <548F8=8 4> ?@><8A;>28E 28@>1=8FB2. � 

7030;ь=><C 4;O DC=:FV>=C20==O GCB;828E 5;5<5=BV2 70?@>?>=>20=> 7030;ь=C 

AE5<C, I> 45<>=AB@Cє ?5@5B2>@5==O A83=0;V2 B0 7030;ь=C <>6;82C 1C4>2C 

A8AB5<8. 

!0 >A=>2V @57C;ьB0BV2 4>A;V465=ь A?5:B@0;ь=8E E0@0:B5@8AB8: 

@V4:>:@8AB0;VG=8E GCB;828E 5;5<5=BV2, B0 7<V=8 WE ?V4 4VєN 4>A;V46C20=8E 307V2 

@>7@>1;5=> 107>2C AE5<C >?B8G=>3> A5=A>@0 4;O 287=0G5==O :>=F5=B@0FVW 

0F5B>=C 01> A?8@BV2. 

$>7@>1;5=0 AB@C:BC@=0 AE5<0 (@8A.4.1) A:;040єBьAO 7 >?B8G=>3> ?5@54020G0 

(A2VB;>4V>4C) (1), <0A82C >?B8G=8E ?@89<0GV2 (D>B>4V>4V2) (2), 2EV4=>W є<=>ABV 

4;O 2E>4C ?0@V2 @5G>28=8 (3), @V4:>:@8AB0;VG=>3> GCB;82>3> 5;5<5=BC (4); 1;>:C 

>1@>1:8 V=D>@<0FVW (5); V=B5@D59A=>3> 1;>:C, O:89 ?V4:;NG0єBьAO 4> #� (6). 
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 <E. 4.1 !FDG>FGDA4 EI9@4 4C4D4FAB-CDB7D4@AB7B >B@C?9>EG  E9AEBD4 8?O 

6<>BD<EF4AAO ;4CDBCBAB64A<I KGF?<6<I 9?9@9AFV6: 1 3 BCF<KAV 6<CDB@VAN64KV; 2 3 

CD<=@4?ьA<= @B8G?ь TCS34903; 3 3 є@AVEFь ; D9479AFB@; 4 3 DV8>B>D<EF4?VKA<= 

KGF?<6<= 9?9@9AF; 5 3 @V>DB>BAFDB?9D; 6 3 C9DEBA4?ьA<= >B@C’NF9D; 

 

 

 <E. 4.2 !I9@4 F9EFB6B7B @B8G?O 8?O 8BE?V8:9AAO C4D4@9FDV6 H4;B6<I 

C9D9IB8V6 DV8>B>D<EF4?VKA<I >B@VDB>, MB E?G7GNFь 4>F<6A<@ 9?9@9AFB@ BCF<KA<I 

E9AEBDV6. 
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4.2 �>A;V465==O <>45;V B0 >?B8<V70FVO B@8:><?>=5=B=>3> RGB 

A?5:B@0;ь=>3> ?5@5B2>@N20G0 4;O 70AB>AC20==V 2 O:>ABV A:;04>2>3> 
:><?>=5=B0 @V4:>:@8AB0;VG=>3> >?B8G=>3> A5=A>@0 

%83=0;ь=89 ?5@5B2>@N20G @50;V7>20=> =0 ?@8=F8?V B@0=A-V<?540=A=>3> 

?V4A8;5==O. %E5<0 70<VI5==O SPICE <>45;V A83=0;ь=>3> ?5@5B2>@N20G0 

?@54AB02;5=0 =0 @8A. 4.3. %E5<0 <VAB8Bь <>45;ь 2EV4=>3> A83=0;C =0 :5@>20=><C 

465@5;V Vin, <0:@><>45;ь D>B>4V>40 (Photodiode model), <0:@><>45;ь X1 

>?5@0FV9=>3> ?V4A8;N20G0 OA, :>;> 2V49є<=>3> 72>@>B=>3> 729O7:C =0 @578AB>@V RI 

B0 :>=45=A0B>@V CINT, 0 B0:>6 465@5;0 682;5==O Vcc, Vee.  0:@><>45;ь D>B>4V>40 

<VA8Bь ?5@5B2>@N20G =0?@C30-AB@C< GI B0 RC :>;0, I> E0@0:B5@87CNBь @578AB82=V 

B0 є<=VA=V ?0@0<5B@8 D>B>2>;ьB0=VG=>W AB@C:BC@8. �>;> 72>@>B=>3> 729O7:C RI, CINT 

70157?5GCє ?5@5B2>@5==O 2EV4=>3> AB@C<C IINP D>B>4V>40 C 28EV4=C =0?@C3C VOUT B0 

G0AB>B=C AB01V;V70FVN B@0=A-V<?540=A=>3> ?5@5B2>@5==O. �@0E>2CNG8, I> 

=5V=25@BCNG89 2EV4 OA 79є4=0=> 7 A?V;ь=>N B>G:>N AE5<8 (common chain) 7 

=C;ь>28< ?>B5=FV0;><, 2 ?5@H><C =01;865==V 28EV4=0 =0?@C30 ?5@5B2>@N20G0 

AB0=>28Bь VOUT = IINP ⋅ RI. 
"A=>2=>N ?5@5203>N B0:>3> B@0=A-V<?540=A=>3> ?V4A8;N20G0 є =01;865=89 

4> =C;O 2EV4=89 >?V@ RINP → 0, I> 4>72>;Oє 70157?5G8B8 28A>:C ;V=V9=VABь 

?5@5B2>@5==O 2EV4=>3> AB@C<C C 28EV4=C =0?@C3C B0 H8@>:C A<C3C G0AB>B. 

�>4=>G0A, 40=0 AE5<0 ?5@5B2>@5==O <0є =54>;V:, C 283;O4V 7=0G=>3> 2?;82C є<=>ABV 

D>B>4V>4=>W AB@C:BC@8 =0 ?5@5EV4=C E0@0:B5@8AB8:C. #0@078B=89 2?;82 є<=>ABV 

?@872>48Bь 4> 35=5@0FVW 28A>:>G0AB>B=8E ?5@5EV4=8E ?@>F5AV2. �;O 7=865==O 

2?;82C B0:8E ?5@5EV4=8E ?@>F5AV2 28:>@8AB>2CєBьAO :>=45=A0B>@ CINT, I> 

2V4?>2V40є 70 G0AB>B=C :>@5:FVN 72>@>B=>3> 729O7:C. 

#@8:;048 @57C;ьB0BC <>45;ь=>3> 4>A;V465==O @>73;O=CB>W AE5<8 A83=0;ь=>3> 

?5@5B2>@5==O =02545=V =0 @8A. 4.4 (G0AB>B=0 E0@0:B5@8AB8:0 =>@<>20=>3> 

:>5DVFVє=B0 KI) B0 D078 Phase B@0=A-V<?540=A=>3> ?5@5B2>@5==O) B0 @8A. 4.5 

(Transient E0@0:B5@8AB8:0 ?5@5EV4=>3> ?@>F5AC D>@<C20==O A83=0;C). +0AB>B=0 

E0@0:B5@8AB8:0 4>A;V46C20;0AO 4;O G>B8@ь>E 7=0G5=ь A<C38 G0AB>B >?5@0FV9=>3> 
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?V4A8;N20G0 Gain Bandwidth GBW = 1E6 (1), 3E6 (2), 1E7 (3), 3E7 (4). �8:>@8AB0==O 

B0:>W AE5<0 70<VI5==O SPICE <>45;V 70157?5GCє <>6;82VABь 4>A;V48B8 

E0@0:B5@8AB8:8 B0 >?B8<V7C20B8 ?0@0<5B@8 A83=0;ь=>3> ?5@5B2>@N20G0 

@>7@>1;N20=>3> 5:A?@5A 0=0;V70B>@0. 

 

 <E. 4.3 !I9@4 ;4@VM9AAO E<7A4?ьAB7B C9D9F6BDN64K4 

 

 <E. 4.4 Ч4EFBFA4 I4D4>F9D<EF<>4 C9D9F6BDN64K4 
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 <E. 4.5. Transient I4D4>F9D<EF<>4 C9D9F6BDN64K4 

�;O @50;V70FVW A?5:B@0;ь=>3> 5:A?@5A-0=0;V7C 28:>@8AB0є<> DC=:FVW �0CA0  

( )
2

2

c2

bx

ae)x(f

−
−

= ,      (4.1) 

�5 a, b, c - :>=AB0=B8, 718,2e   - G8A;> �9;5@0. 

�;O =0>G=>ABV :>=AB0=B8 <>6=0 70<V=8B8 2V4?>2V4=8<8 ?0@0<5B@0<8 DC=:FVW 

=>@<0;ь=>3> @>7?>4V;C, <54V0==8< 7=0G5==O< B0 A5@54=ь>:204@0B8G=8< 2V4E8;5==O<. 

�0;56=>ABV V=B5=A82=>ABV 28?@><V=N20==O R, G B0 B A2VB;>4V>4V2 2V4 4>268= E28;ь 

>?B8G=>3> 28?@><V=N20==O   ?@54AB028<> C 284V DC=:FV9:  

( )
2

R

2
RM

2
RR eA)(f







−
−

= ,   2

K
A

R

R
R =

 (R),     (4.2) 

( )
2

G

2
GM

2
GG eA)(f







−
−

= ,    2

K
A

G

G
G =

 (G),    (4.3) 

( )
2

B

2
BM

2
BB eA)(f







−
−

= ,     2

K
A

B

B
B =

( B),    (4.4) 
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BCB RM , GM , BM  - 4>268=8 E28;ь <0:A8<C<V2 28?@><V=N20==O, 

R , G , B  - A5@54=ь>:204@0B8G=V 2V4E8;5==O, O:V 287=0G0NBь H8@8=C A<C3 

28?@><V=N20==O, 

RK , GK , BK  - ;V=V9=V :>5DVFVє=B8 V=B5=A82=>ABV 28?@><V=N20==O.  

&0: A0<>, A?5:B0;ь=C E0@0:B5@8AB8:C D>B>?@89<0G0 ?@54AB02;5=> C 283;O4V: 

( )
2

P

2
PM

2
PP eA)(f







−
−

= ,     2

K
A

P

P
P =

,    (4.5) 

PM  - 4>268=0 E28;V 4;O <0:A8<0;ь=>W GCB;82>ABV D>B?@89<0G0, 

P  - A5@54=ь>:204@0B8G=5 2V4E8;5==O, I> 287=0G0є H8@8=C A<C38 D>B>GCB;82>ABV, 

PK  - ;V=V9=89 :>5DVFVє=B D>B>GCB;82>ABV.  

(C=:FVN ?>3;8=0==O 0:B82=>3> A5@54>28I0 M <>6=0 ?@54AB028B8 C 283;O4V:   

( )
2

M

2
M

2
MM eA1)(f







−
−

−= ,    2

K
A

M

M
M =

,    (4.6) 

45 M  - 4>268=0 E28;V 7 <0:A8<0;ь=8< ?>3;8=0==O<, 

P  - 7=0G5==O A5@54=ь>:204@0B8G=>3> 2V4E8;5==O,  

PK  - ;V=V9=89 :>5DVFVє=B ?>3;8=0==O.  

"B65, B@8 A:;04>2V RS , GS , BS  V=D>@<0FV9=>3> A83=0;C A83=0;ь=>3> 

?5@5B2>@N20G0 287=0G8<> C 284V 287=0G5=8E V=B53@0;V2 7 3@0=8G=8<8 7=0G5==O<8 

<V=V<0;ь=>W MIN  B0 <0:A8<0;ь=>W MAX  4>268= E28;ь:  

=
MAX

MIN

d)(fS RSR






,     45 )(f)(f)(f)(f MPRRS  = ,   (4.7) 
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=
MAX

MIN

d)(fS GSG






,     45 )(f)(f)(f)(f MPGGS  = ,   (4.8) 

=
MAX

MIN

d)(fS BSB






,     45  )(f)(f)(f)(f MPBBS  = .   (4.9) 

#@8:;04 =>@<>20=8E A?5:B@0;ь=8E E0@0:B5@8AB8: M B0 A:;04>28E 

V=D>@<0B82=>3> A83=0;C S, I> >B@8<0=V 0?@>:A8<0FVєN 28I5?@54AB02;5=8E DC=:FV9 

�0CA0, @>73;O=CB> =0 @8A. 4.6. !0 >A=>2V 40=>3> ?@8:;04C, ?@>2545<> 5:A?@5A-0=0;V7 

A?5:B@0;ь=>W GCB;82>ABV A83=0;ь=>3> ?5@5B2>@N20G0.  

 

 <E. 4.6. �BD@B64AV EC9>FD4?ьAV I4D4>F9D<EF<><  

!>@<>20=89 AC<0@=89 A83=0; 28:>@8AB0є<> 4;O ?>40;ьH>3> 0=0;V7C, 2V= 

287=0G0єBьAO O: A5@54=є 7=0G5==O B@ь>E A:;04>28E RS , GS , BS  

3

SSS
S BGR

N

++
=

.      (4.10) 

$>73;O=5<> >A=>2=V ?V4E>48 B0 @57C;ьB0B8 A?5:B@0;ь=>3> 5:A?@5A-0=0;V7C 

107CNG8Aь =0 >A=>2V A?5:B@0;ь=>3> ?5@5B2>@N20G0 :>;ь>@C, 7 28:>@8AB0==O< B@ь>E 

:><?>=5=B=>3> RGB A83=0;C. �=0;V7 ?@>2>48BьAO 2V4?>2V4=> 4> @V7=8Fь <>4C;OFVW 
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A:;04>28E V=D>@<0FV9=>3> A83=0;C SR, SG, SB. ' ?5@H><C =01;865==V B0:C <>4C;OFVN 

<>65<> >E0@0:B5@87C20B8 7<VI5==O< 4>268=8 E28;V 7 <0:A8<0;ь=8< ?>3;8=0==O< 

M .  

)0@0:B5@=89 ?@8:;04 B0:>3> 4>A;V465==O ?@8 <>4C;OFVW 4>268=8 E28;V M  
=02545=> =0 @8A. 4.7 B0 @8A. 4.8.  V=V<C<8 DC=:FV9 SR, SG, SB A?>AB5@V30єBьAO ?@8 

=0:;040==V 4>268=8 E28;V M  <0:A8<0;ь=>3> ?>3;8=0==O 7 4>268=0<8 E28;ь RM , 
GM , BM  <0:A8<C<C 28?@><V=N20==O A2VB;>4V>4V2.  

 

 <E. 4.7. !C9>FD4?ьAV ;4?9:ABEFV SR, SG, SB, SN  

 

 <E. 4.8. !C9>FD4?ьAV ;4?9:ABEFV SR-SN, SG-SN, SB-SN 

%83=0;ь=89 ?5@5B2>@N20G @50;V7>20=> =0 ?@8=F8?V B@0=A-V<?540=A=>3> 

?V4A8;5==O, ?5@5203>N O:>3> є =87ь:89 2EV4=89 >?V@, I> 70157?5GCє 28A>:C ;V=V9=VABь 

?5@5B2>@5==O 2EV4=>3> D>B>-AB@C<C C 28EV4=C =0?@C3C B0 H8@>:C A<C3C G0AB>B. 

 0:@><>45;ь D>B>4V>40 <VA8Bь ?5@5B2>@N20G =0?@C30-AB@C< GI B0 RC :>;0, I> 
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E0@0:B5@87CNBь @578AB82=V B0 є<=VA=V ?0@0<5B@8 D>B>-2>;ьB0=VG=>W AB@C:BC@8. 

$>7:@8BV ?@>1;5<8 G0AB>B=>W AB01V;V70FVW A83=0;ь=>3> B@0:BC. �0?@>?>=>20=0 

<5B>48:0 5:A?@5A-0=0;V7C A?5:B@0;ь=>W GCB;82>ABV, <5B>N O:>W є >?B8<V70FVO 

?0@0<5B@V2 0:B82=>3> A5@54>28I0 >?B8G=8E A5=A>@V2. #@54AB02;5=> 0?0@0B=>-

?@>3@0<=5 70157?5G5==O 5:A?@5A 0=0;V70B>@0 =0 >A=>2V Color Light-to-Digital Converter 

TCS 34903 B0 ?@8:;04 9>3> 28:>@8AB0==O. 

(>B>4V>4=89 <>4C;ь ?@54AB02;Oє A>1>N <0A82 7 16 D>B>4V>4V2, >@Vє=B>20=8E =0 

@V7=V A?5:B@0;ь=V A:;04>2V (R, G, B, InfraRed).  &8?>28<8 30;C7O<8 70AB>AC20==O TCS 

34903 є 287=0G5==O D>=>2>W >A2VB;5=>ABV, :>;V@=>W B5<?5@0BC@8, :>=B@>;ь 

V=4CAB@V0;ь=8E ?@>F5AV2 B0 28:>@8AB0==O 2 ?@8;040E <548G=>W 4V03=>AB8:8. �;>:-

AE5<0 D>B>4V>4=>3> <>4C;O ?@54AB02;5=0 =0 @8A. 4.9. 

 

 <E. 4.9 $GA>JVBA4?ьA4 8V47D4@4 HBFB8VB8AB7B CD<=@4?ьAB7B @B8G?O TCS 34903 

[127] 

� =0H><C 28?04:C <>4C;ь 4>72>;Oє 287=0G0B8 V=B5=A82=>ABV 4;O B@ь>E 

A?5:B@0;ь=8E A:;04>28E ?@8 ?@>E>465==V A2VB;0 :@V7ь @V4:>:@8AB0;VG=89 GCB;8289 

5;5<5=B, O:89 7=0E>48BьAO ?V4 4VєN 0F5B>=C 01> A?8@BV2.  

�8:>@8AB0==O <0A82C A2VB;>4V>4V2 4>72>;Oє :@0I5 ?@>A?>AB5@V30B8 7<V=8 

V=B5=A82=>AB59 ?@>?CA:0==O @V4:>:@8AB0;VG=>W GCB;82>W :><V@:8 =0 2AV9 H8@8=V 
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A?5:B@C. � 4>?>2=5==O 4> D>B>4V>4=>3> <0A82C, 2 O:>ABV 28?@><V=N20G0 

28:>@8AB>2Cє<> A2VB;>4V>4, 7 ?V4V1@0=8<8 E0@0:B5@8AB8:0<8 B0 2V4?>2V4=8<8 ?V:0<8 

?>BC6=>ABV 0=0;>3VG=8<8 A?5:B@C D>B>4V>4=>3> <>4C;O. �=H8< 20@V0=B>< <>65 AB0B8 

?V41V@ A2VB;>4V>40 7 >A=>2=8<8 ?V:0<8 28?@><V=N20==O 2 <0:A8<0;ь=89 A<C7V 

?@>?CA:0==O @V4:>:@8AB0;VG=>W AC<VHV. �;O ?@>2545==O 4>A;V465==O ?V4V1@0=> 

A2VB;>4V>4, I> 2V4?>2V40є ?5@H><C 20@V0=BC, B>1B> 70 E0@0:B5@8AB8:0<8 AE>689 4> 

D>B>4V>4=>3> <>4C;O. 

"A=>2=V A?5:B@0;ь=V ?V:8 GCB;82>ABV 4;O 2AVE A:;04>28E D>B>4V>4=>3> <>4C;O 

?@54AB02;5=V =0 @8A. 4.10.  

 

 <E. 4.10 �BD@B64AV EC9>FD4?ьAV I4D4>F9D<EF<>< HBFB8VB8AB7B @B8G?O TCS 

34903 [127] 

4.2 $50;V70FVO :>=F5?FVW <V:@>?@>F5A>@=>3> >?B8G=>3> A5=A>@0 =0 
>A=>2V 4>A;V465=>3> @V4:>:@8AB0;VG=>3> GCB;82>3> 5;5<5=BC 

�;O ?@>1C4>28 <V:@>?@>F5A>@=>3> A5=A>@0 =5>1EV4=> 287=0G8B8 >?B8<0;ь=V 

?0@0<5B@8 4;O A8AB5<8, B0 70157?5G8B8 WW 157?5@51V9=5 DC=:FV>=C20==O. �;O Fь>3> 

=5>1EV4=> ?@>2>48B8 >1@>1:C A83=0;V2, 28@VHC20B8 ?@>1;5<8 :0;V1@C20==O, 

4V03=>AB8:8 A8AB5<8, =0 =>@<0;V70FVW 25;8G8= 2EV4=8E A83=0;V2. �8E>4OG8 7 >?8A0=8E 

E0@0:B5@8AB8: ?@89<0;ь=>-?5@54020;ь=8E <>4C;V2 B0 4>A;V465=>3> 

@V4:>:@8AB0;VG=>3> GCB;82>3> 5;5<5=B0 B0 =5>1EV4=8E ?0@0<5B@V2 <V:@>:>=B@>;5@0 
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4;O >1@>1:8 V=D>@<0FV9=>3> A83=0;C, 4;O ?>1C4>28 :>=F5?FVW A5=A>@0 ?V4E>48Bь 

<V:@>:>=B@>;5@ ATmega 328, 2 40=><C 28?04:C =0 107V ?;0B8 Arduino NANO. 

%B@C:BC@=0 AE5<0 :>=B@>;5@0 =02545=0 =0 @8A. 4.11. 

#;0B0 Arduino NANO <VAB8Bь CAV =5>1EV4=V :><?>=5=B8 4;O @50;V70FVW :>=F5?FVW 

A5=A>@0, 0 A0<5: HVABь 0=0;>3>28E 2E>4V2 B0 G>B8@=04FOBь F8D@>28E 2E>4V2 (6 7 

<>6;82VABь 28:>@8AB0==O H8@>B=>-V<?C;ьA=>W <>4C;OFVW), 21C4>20=C ?0<'OBь ?@>3@0< 

=0 32 �1 V ?0<9OBь 40=8E =0 1 �1. 

"A=>2=V E0@0:B5@8AB8:8 :>=B@>;5@0 ATmega 328 =02545=> 2 B01;. 4.1. 

�8:>@8AB0==O :>=B@>;5@0 =0 107V ?;0B8 Arduino ?>;53HCє @>1>BC B0 ?@>3@0<C20==O 

G8?C, 0 B0:>6 4>72>;Oє ?@>AB> ?V4:;NG0B8AO 4> :><?9NB5@0, 28:>@8AB>2CNG8 

AB0=40@B87>20=V ?@>3@0<=V 70A>18 Arduino 01> A?5FV0;V7>20=C ?@>3@0<C. �>40B:>2>N 

?5@5203>N 28:>@8AB0==O @>7H8@5=>W ?;0B8, 2 ?>@V2=O==V 7 <V:@>:>=B@>;5@>< є 

21C4>20=V 3>B>2V A8AB5<8 682;5==O, AB01V;V70FVW =0?@C38, ?@>AB> ?V4:;NG5==O <0A82V2 

7>2=VH=VE A5=A>@V2. � 40=><C 28?04:C 4;O ?V4:;NG5==O D>B>?@89<0;ь=>3> <>4C;O 

28:>@8AB>2CєBьAO H8=0 I2C. 

 

 <E.4.11. �?B>-EI9@4 EFDG>FGD< @V>DB>BAFDB?9D4 ATmega328 [128] 
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#V4:;NG5==O ?;0B8 Arduino NANO 4;O >1<V=C 40=8<8 7 ?5@A>=0;ь=8< 

:><?9NB5@>< 74V9A=NєBьAO G5@57 V=B5@D59A USB. 

�82;5==O ?;0B8 <>65 2V41C20B8AO G5@57 2V4?>2V4=89 <5@565289 040?B5@, 

157?>A5@54=ь> G5@57 USB V=B5@D59A. �82;5==O G5@57 USB є E0@0:B5@=8< 4;O <0;8E 

A8AB5< 7 =87ь:8< A?>6820==O< AB@C<C.  

 �>2=VH=V9 040?B5@ 682;5==O ?V4:;NG0єBьAO 4> ?;0B8 G5@57 AB0=40@B87>20=89 

@>79є< 2,1 <<, 7 ?>78B82=8< ?>;NA>< 682;5==O =0 F5=B@0;ь=><C ?V=V, B0 <V=CA>< =0 

7>2=VH=ь><C. !0;0HBC20==O F8D@>28E 2E>4V2 ?;0B8 =0 ?@89>< 01> ?5@540GC 

V=D>@<0FVW 2V41C20єBьAO G5@57 70AB>AC20==O ?@>3@0<=8E :><0=4 pinMode (), 

digitalWrite () B0 digitalRead (). �;O 2:;NG5==O 2 A8AB5<C 465@5;0 28?@><V=N20==O C 

283;O4V A2VB;>4V>40, <>6=0 28:>@8AB>2C20B8 157?>A5@54=ь> ?@O<5 ?V4:;NG5==O, B0: 

O: 2E>48 682;OBьAO =0?@C3>N 5 2>;ьB B0 :>65= <0NBь =020=B06C20;ь=89 @578AB>@. 

&01;8FO 4.1. 

�4D4@9FD< @V>DB>BAFDB?9D4 Atmega328 [128] 

 >5>G4 =4?@C74 5 � 

ВEі8=4 =4?@C74 (@9:><9=8>64=4 / 

7@4=8G=4) 
7-12 � / 6-20 � 

Ц8D@>6і 6E>88/68E>88 14 (6 ,� ) 

А=4;>7>6і 6E>88 6 

�>ABі9=89 AB@C< G9@97 6Eі8/68Eі8 40 <� 

 

Ф;9H-?4<’яBь 
32 :� 

�?9@4B86=4 ?4<’яBь 2 ��B 

EEPROM 1 ��B 

Т4:B>64 G4AB>B4 16  �F 

�8:>@8AB0==O H8@>B=>-V<?C;ьA=>W <>4C;OFVW 4>72>;Oє @53C;N20B8 
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V=B5=A82=VABь 28?@><V=N20G0, B0 ?@>2>48B8 02B><0B8G=5 ?V4;0HBC20==O 

A5=A>@0 =0 >A=>2V 40=8E 72>@>B=>3> 729O7:C.  

#V4 G0A @>1>B8 A5=A>@=>W A8AB5<8, <V:@>:>=B@>;5@ D>@<Cє V<?C;ьA8 70 

4>?><>3>N ,�  4;O :5@C20==O 465@5;>< >?B8G=>3> 28?@><V=N20==O 

?V4:;NG5=8< G5@57 >48= 7 2E>4V2 =0 B@0=78AB>@=><C :;NGV. 

�=B5=A82=VABь 2EV4=>3> >?B8G=>3> A83=0;C ?VA;O ?@>E>465==O GCB;82>3> 

5;5<5=BC @5єAB@CєBьAO D>B>4V>4=8< <0A82><, B0 7 V=B5=A82=>ABV A2VB;0 

:>=25@BCєBьAO 2 5;5:B@8G=89 A83=0;. !0?@C30 AD>@<>20=0 D>B>4V>4>< 

?@>E>48Bь ?> G5@7V 7 :>6=>3> :0=0;C G5@57 0=0;>3>289 :><CB0B>@ B0 

?V4A8;NєBьAO >?5@0FV9=8< ?V4A8;N20G5< ("#). #5@5<8:0==O <V6 2EV4=8<8 

=0?@C30<8 2V41C20єBьAO G5@57 F8D@>2V ?>@B8 (PB0,PB1) 2:;NG5==O< 

2V4?>2V4=>3> :>4C, I> 2V4?>2V40є =5>1EV4=><C :0=0;C 2E>4C, ?VA;O G>3> A83=0; 

=0?@02;OєBьAO =0 0=0;>3>289 2EV4 <V:@>:>=B@>;5@0 (A0/PC0), O:89 G5@57 

<C;ьB8?;5:A>@ (MUX) 79є4=0=89 V7 21C4>20=8< 0=0;>3>- F8D@>28< 

:>=25@B5@>< (ADC). 

"B@8<0=V 2 :V=F52><C 28E>4V 40=V 28:>@8AB>2CєBьAO 4;O 0=0;V7C B0 

>1@>1:8 73V4=> 4> 0;3>@8B<C, 7020=B065=>3> 2 <V:@>:>=B@>;5@. �;O B5AB>2>3> 

20@V0=BC >?B8G=>3> 1;>:C 70 4>?><>3>N 7>2=VH=ь>3> ?@>3@0<=>3> 

70157?5G5==O @50;V7CєBьAO DC=:FVO 2V4>1@065==O 7<V=8 V=B5=A82=>ABV 

>?B8G=>3> 28?@><V=N20==O 2 70;56=>ABV 2V4 G0AC, I> 4>72>;Oє =0 >A=>2V 

H284:>ABV ?@>BV:0==O D07>2>3> ?5@5E>4C 287=0G0B8 2<VAB ?0@V2 0F5B>=C 01> 

A?8@BV2 2 >19є<V A5=A>@0. *8D@>2V 7=0G5==O, >B@8<0=V O: @57C;ьB0B 

28<V@N20==O, G5@57 F8D@>2V ?>@B8 DIN/OUT 2V4>1@060єBьAO 3@0DVG=> =0 

:><?9NB5@V 7 70AB>AC20==O A?5FV0;ь=>3> ?@>3@0<=>3> 70157?5G5==O. 

�;3>@8B< 287=0G5==O :>=F5=B@0FVW 307V2 70 7<V=>N H284:>ABV D07>2>3> 

?5@5E>4C, 4>40B:>2> ?>B@51Cє 70157?5G5==O AB0;8E B5<?5@0BC@=8E C<>2 2 

>19є<V A5=A>@0 4;O C=5<>6;82;5==O 4>40B:>28E 2?;82V2 =0 H284:>ABV 

D07>2>3> ?5@5E>4C. � B0:>6 A?5FV0;V7>20=>3> 0;3>@8B<C 4;O 287=0G5==O 

E0@0:B5@8AB8G=8E B>G>: D07>2>3> ?5@5E>4C, O: B> ?>G0B>: D07>2>3> ?5@5E>4C, 

?5@H89 ?V: 1;0:8B=>W D078, «?@>20;» 1;0:8B=>W D078, B0 ?5@5EV4 2 V7>B@>?=89 
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AB0=. �@V< Fь>3> 4;O ?>:@0I5==O H284:>ABV @535=5@0FVW GCB;82>3> 5;5<5=BC 

<>6;825 28:>@8AB0==O 4>40B:>2>W A8AB5<8 7 25=B8;OB>@><, 4;O ?@>4C2:8 

2=CB@VH=ь>3> >19є<C A5=A>@0. �>2=VH=V9 283;O4 B5AB>2>3> >?B8G=>3> 1;>:C 

A5=A>@0 ?>:070=> =0 @8A. 4.12. 

 

 <E. 4.12 !FDG>FGD4 F4 ;B6AVLAV= 6<7?O8G E<EF9@< E9AEBD4 8?O DB5BF< ; 

DV8>B>D<EF4?VKA<@ KGF?<6<@ 9?9@9AFB@. 1 3 E6VF?B8VB8; 2 3 HBFB8VB8A<= @B8G?ь; 3 

3 D9;9D6G4D 8?O D9KB6<A; 4 3 DV8>B>D<EF4?VKA<= KGF?<6<= 9?9@9AF; 5 3 @V>DBCDBJ9EBD; 

�8A=>2:8 4> G5B25@B>3> @>74V;C 

�V4?>2V4=> 4> @57C;ьB0BV2 ?@>2545=8E 4>A;V465=ь @>7@>1;5=> :>=F5?FVN 

>?B8G=>3> A5=A>@0 307V2, I> ?@8AB>A>20=0 4;O @>1>B8 7 A8=B57>20=8< 

@V4:>:@8AB0;VG=8< GCB;828< 5;5<5=B><. �0 @0EC=>: 28:>@8AB0==O ACG0A=8E 

5;5:B@>==8E A:;04>28E, A8AB5<0 A5=A>@0 <0є 28A>:V @>1>GV E0@0:B5@8AB8:8. 

�8:>@8AB0=0 V45O ?>1C4>28 >?B8G=8E A5=A>@V2 28:>@8AB>2Cє ACG0A=V ?@>3@0<=V 

0;3>@8B<8 4;O >1@>1:8 2EV4=>W V=D>@<0FVW, V <>65 28:>@8AB>2C20B8Aь 4;O 28O2;5==O 

B0 287=0G5==O :>=F5=B@0FVW H8@>:>3> A?5:B@C 307>28E A5=A>@V2. 
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�0?@>?>=>20=> :>=F5?FVN B0 AB2>@5=> B5AB>289 20@V0=B 5;5:B@>==>3> A5=A>@0, 

I> 4>72>;8Bь =0 >A=>2V 7<V=8 H284:>ABV D07>2>3> ?5@5E>4C, @>7B0HC20==O 

E0@0:B5@8AB8G=8E B>G>: B0:>3> ?5@5E>4C 287=0G0B8 :>=F5=B@0FVW B0 7030;>< =0O2=VABь 

0F5B>=C B0 A?8@BV2.  �4V9A=5=> 4>A;V465==O B0 >?B8<V70FVN <>45;V B@8:><?>=5=B=>3> 

RGB ?5@5B2>@N20G0, I> ?;0=CєBьAO 4> 28:>@8AB0==O O: A:;04>20 G0AB8=0 B0:>3> 

A5=A>@0.  

�;O >B@8<0==O B>G=8E @57C;ьB0BV2 28<V@N20=ь 70AB>A>2CєBьAO D>B>4V>4=89 

<0A82 <>4C;O TCS 34903, 7 @>7?>4V;>< A:;04>28E 70 :0=0;0<8 RGB B0 V=D@0G5@2>=8< 

:0=0;><. "A=>2=8<8 ?V:0<8 GCB;82>ABV 4;O ?@89<0;ь=>3> D>B>4V>4=>3> <0A82C є 

4V0?07>=8: 4;O G5@2>=>3> (R) 3 620-630 =<, 4;O 75;5=>3> (G) 3 530-540 =<, 4;O A8=ь>3> 

(B) 3 450-475 =<. #V: V=D@0G5@2>=>3> :0=0;C ?@8?040є =0 4V0?07>= 2V4 805 4> 830 =<, 

?@>B5 2 @>1>BV =5 70AB>A>2CєBьAO. � ?5@A?5:B82V =0O2=VABь B0:>3> V=D@0G5@2>=>3> 

:0=0;C <>6=0 28:>@8AB>2C20B8 4;O AB2>@5==O 4>40B:>2>3> :0=0;C 72>@>B=ь>3> 72'O7:C 

4;O B5<?5@0BC@=>W AB01V;V70FVW A5=A>@0. 

#@82545=> 7030;ь=C AB@C:BC@C, ?0@0<5B@8 B0 ?@8=F8?8 DC=:FV>=C20==O 

B5AB>2>3> 7@07:0 A5=A>@=>W A8AB5<8 =0 >A=>2V <V:@>:>=B@>;5@0 ATmega 328 =0 ?;0BV 

Arduino NANO. #5@5203>N =02545=>W A8AB5<8 є <>6;82VABь ?@>AB>3> @>7H8@5==O 

DC=:FV>=0;C H;OE>< C4>A:>=0;5==O 01> ?>2=>W 70<V=8 GCB;82>3> 5;5<5=BC, B0 

?>40;ьH5 70AB>AC20==O 4;O 28O2;5==O V=H8E 307V2, >:@V< 0F5B>=C B0 A?8@BV2. 
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1. $>7@>1;5=> B0 4>A;V465=> @V4:>:@8AB0;VG=V E>;5AB5@8:>-=5<0B8G=V AC<VHV =0 

>A=>2V E>;5AB5@8:0 CB15  B0 =5<0B8G=>W AC<VHV E7, B0 WE 270є<>4VN 7 0F5B>=>< 

B0 A?8@B0<8. �;O @V7=8E 203>28E :>=F5=B@0FVW AC<VH59, 7>:@5<0 62% E7 +  

38% CB15 B0 56% E7 + 44% CB15, O: 281@0=8E >A=>2=8E, 2AB0=>2;5=> 

71V;ьH5==O GCB;82>ABV B0 H284:>ABV D07>28E ?5@5E>4V2 7V 71V;ьH5==O 

:>=F5=B@0FVW E>;5AB5@8G=>W 4><VH:8. ' 2848<V9 >1;0ABV, 350-800 =<, 4;O 

:><?>=5=B E0@0:B5@=5 <V=V<0;ь=5 ?>3;8=0==O.  0:A8<C<8 ?>3;8=0==O 4;O 

>1>E A:;04>28E AC<VHV ;560Bь 2 C;ьB@0DV>;5B>2V9 >1;0ABV. �;O 2AVE CB2>@5=8E 

AC<VH59 <0:A8<C<8 ?>3;8=0==O 7<VICNBьAO C 2848<C >1;0ABь, 4;O 62 % E7 

+  38% CB15 4> 590-640 =<,  B0 4;O 56% E7 + 44% CB15 3 510-540 =<. $VAB 

:>=F5=B@0FVW 4><VH:8 ?@82>48Bь 4> 7<5=H5==O :@>:C =04<>;5:C;O@=>W 

A?V@0;ь=>W AB@C:BC@8. � >1@0=><C 4V0?07>=V :>=F5=B@0FV9 4;O %�15 25;8G8=0 

:@>:C A?V@0;V =5<0B8:>-E>;5AB5@8G=>W AC<VHV 7<V=N20;0Aь C 4V0?07>=V 0.43-

0.65 <:<, 7 ;V=V9=>N 70;56=VABN. �>A;V465==O B5<?5@0BC@=8E 4V0?07>=V2 

:@0I8E 70 GCB;82VABN AC<VH59 62 % E7 +  38% CB15 B0 56% E7 + 44% CB15, 

2:07Cє =0 B5<?5@0BC@=C AB01V;ь=VABь 4> 27 >% B0 24 >% 2V4?>2V4=>. �7>B@>?=89 

AB0= AC<VH59 4>AO30єBьAO 70 B5<?5@0BC@8 35 >%, B0 30 >% 2V4?>2V4=>. 

2. #@>2545=> 4>A;V465==O V 2AB0=>2;5=> 270є<>4VN @V4:>:@8AB0;VG=>3> 

GCB;82>3> 5;5<5=BC >A=>20=>3> =0 AC<VHV 62 % E7 +  38% CB15 7  0F5B>=><, 

B@820;VABь D07>2>3> ?5@5E>4C 2 V7>B@>?=89 AB0= A:;040є 4;O 60 ppm 3 230 

A5:C=4, ?5@5EV4 1;0:8B=>W D078 2V41C20єBьAO  G5@57 130 A5:C=4 2V4 ?>G0B:C 

28<V@N20=ь, B0 B@820є 16,4 A5:C=4. �;O 120 ppm :>=F5=B@0FVW 0F5B>=C , 

?5@5EV4 2 V7>B@>?=89 AB0= 2V41C20єBьAO G5@57 140 A5:C=4, I> =0 40% H284H5, 

1;0:8B=0 D070 ?@>O2;OєBьAO G5@57 80 A5:C=4 28<V@N20==O V B@820є 8 A5:C=4. 

�;O :>=F5=B@0FVW 240 ppm 0F5B>=C, ?5@5EV4 2 V7>B@>?=89 AB0= 2V41C20єBьAO 

G5@57 95 A5:C=4 ?VA;O ?>G0B:C 28<V@N20=ь, 0 ?5@5EV4 1;0:8B=>W D078 G5@57 45 

A5:C=4, B@820;VABN 4 A5:C=48. #@8 Fь><C 4;O 2AVE 7@07:V2 ?VA;O 22545==O 

0F5B>=C 2 >19є< A5=A>@0 V ?>G0B:C 28?0@>2C20==O, G0A 4> ?>G0B:C @50:FVW 

GCB;82>3> 5;5<5=B0 A:;040є 50 A5:C=4, =5 70;56=> 2V4 :>=F5=B@0FVW. 
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3. �AB0=>2;5=> 2?;82 ?0@V2 A?8@BV2 =0 @V4:>:@8AB0;VG=89 GCB;8289 5;5<5=B 

45<>=AB@Cє @57C;ьB0B8 0=0;>3VG=V 270є<>4VW 7 0F5B>=><, 0;5 7V 71V;ьH5==O< 

B@820;>AB59 D07>28E ?5@5E>4V2 =0 200-300% 2V4A>B:V2. �@07>: <5B8;>2>3> 

A?8@BC, =5 72060NG8 =0 71V;ьH5==O :>=F5=B@0FVW 4> 240 ppm =5 ?@>O2;Oє 

270є<>4VW 7 GCB;828< 5;5<5=B><.  

4. �AB0=>2;5=>, I> G0A 2V4=>2;5==O (72>@>B=V9 D07>289 ?5@5EV4) 

@V4:>:@8AB0;VG=> GCB;82>3> 5;5<5=BC, 2V4?>2V40є G0AC ?@O<>3> D07>2>3> 

?5@5E>4C 2 70;56=>ABV 2V4 2=5A5=>W :>=F5=B@0FVW 45B5:B>20=8E @5G>28=. � 

4>A;V465==V 7 0F5B>=>< :>=F5=B@0FVєN 240 ppm, ?5@5EV4 2 V7>B@>?=89 AB0= 

2V41C20єBьAO G5@57 95 A5:C=4, ?@8 Fь><C 2V4=>2;5==O GCB;82>3> 5;5<5=BC 

709<0є 100 A5:C=4.  

5. �?5@H5 28O2;5=>, I> 4;O >B@8<0=8E @V4:>:@8AB0;VG=8E AC<VH59, 7 

:>=F5=B@0FVO<8 E>;5AB5@8G=>W 4><VH:8 2V4 38% 4> 50%, 1;0:8B=0 D070 

79O2;OєBьAO <V6 E>;5AB5@8G=>N B0 V7>B@>?=8<8 D070<8, :>;8 28:;8:0=5 

A?V@0;ь=5 A:@CGC20==O AB0є 4>AB0B=ь> A8;ь=8<. #@8 71V;ьH5==V 2<VABC 

4><VH:8 2 AC<VHV 4V0?07>= VA=C20==O 1;0:8B=>W D078 @>7H8@NєBьAO 4> > 2 >%, 

?@8 :>=F5=B@0FVW 4><VH:8 2 50%. #@8 22545==V  A?8@BV2 01> ?0@V2 A?8@BV2 

B5<?5@0BC@0 D07>28E ?5@5E>4V2 7=86CєBьAO, 2 70;56=>ABV 2V4 :>=F5=B@0FVW 

4><VH:8 =0 2 3 2,5 >%. 

6. �0?@>?>=>20=> :>=F5?FVN 5;5:B@>==>3> A5=A>@0 0F5B>=C B0 A?8@BV2 =0 >A=>2V 

D>B>?@89<0;ь=>3> <>4C;O TCS 34903, 7 @>7?>4V;>< A:;04>28E 70 :0=0;0<8 

RGB B0 V=D@0G5@2>=8< :0=0;><. #V:0<8 GCB;82>ABV 4;O D>B>4V>4=>3> <0A82C 

є 4V0?07>=8: 4;O G5@2>=>3> 3 620-630 =<, 4;O 75;5=>3> 3 530-540 =<, 4;O 

A8=ь>3> 3 450-475 =<.  0:A8<C< V=D@0G5@2>=>3> :0=0;C ;568Bь 2 4V0?07>=V 3 

805-830 =<. #@8ACB=VABь 4>40B:>2>3> V=D@0G5@2>=>3> :0=0;C <>6=0 

28:>@8AB0B8 4;O AB2>@5==O 4>40B:>2>3> :0=0;C 72>@>B=>3> 729O7:C, 4;O 

B5<?5@0BC@=>W AB01V;V70FVW A5=A>@0. 

  



106

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �0@8;>, �.,  8:8BN:, �., �@5<5@, �., �0GC@0:, .., & �0@8;>, !. 

�"%�����!!/ &$����"%&� #�$�)��!�) #$"*�%�� #�� +�% 

���Є "��� %' �,� $����) �$�%&���� � ��#�$� � ��&��) 

"$��!�+!�) %#"�'�. �VA=8: �@!' V<5=V  8E09;0 

"AB@>3@04Aь:>3>, �;5:B@>=V:0, �8?CA: 1 / 2022 (132), A.212-217 

2. H. Barylo, M. Ivakh, I. Kremer, T. Prystay, H. Kuchmiy and Y. Kachurak, 

"Optical Sensor Based on Data Fusion Concept," 2021 IEEE XVIIth 

International Conference on the Perspective Technologies and Methods in 

MEMS Design (MEMSTECH), Polyana (Zakarpattya), Ukraine, 2021, pp. 

130-133, doi: 10.1109/MEMSTECH53091.2021.9467980. 

3. Mykytiuk, Z., Barylo, H., Kremer, I., Ivakh, M., Kachurak, Y., & Kogut, I. 

(2022). Features of the transition to the isotropic state of the liquid crystal 

sensitive element of the gas sensor under the action of acetone vapor. Physics 

and Chemistry of Solid State, 23(3), 473-477. 

4. Mykytyuk, Z., Barylo, H., Kremer, I., Kachurak, Y., Samoilov, O., & Kogut, 

I. (2023). Nonlinear features of the transition of a liquid crystalline mixture 

into an isotropic state under the action of alcohol vapors. Physics and 

Chemistry of Solid State, 24(1), 64-69. 

5. Z. M. Mykytyuk, H. I. Barylo, I. P. Kremer, Y. M. Kachurak & O. Y. 

Shymchyshyn (2024) Sensitive liquid crystal composites for optical sensors, 

Molecular Crystals and Liquid Crystals, 768:2, 1-8, DOI: 

10.1080/15421406.2023.2235865  

6. Barylo, H., Holyaka, R., Kremer, I., Marusenkova, T., Kachurak, Y., & 

Adamiak, O. (2022, September). Models and Development of a Spectral 

Express Analyzer for MEMS Optical Systems. In 2022 IEEE XVIII 

International Conference on the Perspective Technologies and Methods in 

MEMS Design (MEMSTECH) (pp. 53-56). IEEE. 

7. I.A.Gvozdovskyy, Y.M.Kachurak, P.V.Vashchenko, I.A.Kravchenko, 

Z.M.Mykytyuk, Liquid crystal sensors for detection of volatile organic 



107

compounds: comparative effects of vapor absorption and temperature on the 

phase state of the sensor material, Funct. Mater. 2023; 30 (2): 303-308. doi: 

https://doi.org/10.15407/fm30.02.303  

8. Amann, A., Miekisch, W., Schubert, J., Buszewski, B., Ligor, T., Jezierski, 

T., ... & Risby, T. (2014). Analysis of exhaled breath for disease detection. 

Annual review of analytical chemistry, 7, 455-482. 

9. Phillips, M., Herrera, J., Krishnan, S., Zain, M., Greenberg, J., & Cataneo, 

R. N. (1999). Variation in volatile organic compounds in the breath of normal 

humans. Journal of Chromatography B: Biomedical Sciences and 

Applications, 729(1-2), 75-88. 

10. Cao, W., & Duan, Y. (2006). Breath analysis: potential for clinical diagnosis 

and exposure assessment. Clinical chemistry, 52(5), 800-811. 

11. Backé, E., Lotz, G., Tittelbach, U., Plitzko, S., Gierke, E., & Schneider, W. 

D. (2004). Immunological biomarkers in salt miners exposed to salt dust, 

diesel exhaust and nitrogen oxides. International archives of occupational 

and environmental health, 77, 319-327. 

12. Cikach Jr, F. S., & Dweik, R. A. (2012). Cardiovascular biomarkers in 

exhaled breath. Progress in cardiovascular diseases, 55(1), 34-43. 

13. Selvaraj, R.; Vasa, N.J.; Nagendra, S.M.S.; Mizaikoff, B. Advances in Mid-

Infrared Spectroscopy-Based Sensing Techniques for Exhaled Breath 

Diagnostics. Molecules 2020, 25, 2227. 

https://doi.org/10.3390/molecules25092227 

14. Deng,  C.;  Zhang,  J.;  Yu,  X.;  Zhang,  W.;  Zhang,  X.  Determination  of  

Acetone  in  Human  Breath  byGas Chromatography-Mass Spectrometry 

and Solid-Phase Microextraction with On-Fiber Derivatization.J. 

Chromatogr. B2004,810, 2693275 

15.  Hubbard, R.S. Determination of Acetone in Expired Air.J. Biol. 

Chem.1920,43, 57365 

16.  Haines, A.; Dilawari, J.; Metz, G.; Blendis, L.; Wiggins, H. Breath methane 

in patients with cancer of the largebowel.Lancet1977,310, 4813483. 



108

17.  Carpagnano, G.E.;  Resta, O.;  Foschino-Barbaro, M.P.;  Gramiccioni, E.;  

Carpagnano, F. Interleukin-6 isincreased in breath condensate of patients 

with non-small cell lung cancer.Int. J. Biol. Markers2002,2,1413145. 

18.  Kapishon, V.; Koyanagi, G.K.; Blagojevic, V.; Bohme, D.K. Atmospheric 

pressure chemical ionization massspectrometry of pyridine and isoprene: 

Potential breath exposure and disease biomarkers.J. Breath Res.2013,7, 

026005 

19.  Phillips, M.; Sabas, M.; Greenberg, J. Increased Pentane and Carbon 

Disulfide in the Breath of Patients withSchizophrenia.J. Clin. 

Pathol.1993,46, 8613864.  

20. Weitz, Z.; Birnbaum, A.; Sobotka, P.; Zarling, E.; Skosey, J. High Breath 

Pentane Concentrations during AcuteMyocardial 

Infarction.Lancet1991,337, 9333935.  

21. Olopade, C.; Zakkar, M.; Swedler, W.; Rubinstein, I. Exhaled Pentane Levels 

in Acute Asthma.Chest1997,111, 8623865 

22.  Vasthare, R.;  Kumar, S.;  Arron, L. Carbon monoxide breath analyzers and 

its role in tobacco cessation:A narrative review of literature.J. Int. Oral 

Health2018,10, 71376. 

23.  Ryter, S.W.; Choi, A.M. Carbon monoxide in exhaled breath testing and 

therapeutics.J. Breath Res.2013,7, 017111 

24.  Kearney, D.J.; Hubbard, T.; Putnam, D. Breath ammonia measurement in 

Helicobacter pylori infection.Dig. Dis. Sci.2002,47, 252332530 

25.  Kistenev,  Y.V.;  Karapuzikov,  A.I.;  Kostyukova,  N.Y.;  Starikova,  M.K.;  

Boyko,  A.A.;  Bukreeva,  E.B.;Bulanova, A.A.; Kolker, D.B.; Kuzmin, 

D.A.; Zenov, K.G.; et al. Screening of patients with 

bronchopulmonarydiseases using methods of infrared laser photoacoustic 

spectroscopy and principal component analysis.J. Biomed. Opt.2015,20, 

065001 

26. Ponurovsky Ya.Ya., Nedezhdinsky A.I., Stavrovsky D.B., Shapovalov Yu.P., 

Spiridonov M.V., Kuzmichev A.S., Karabinenko A.A., Petrenko Yu.M. 



109

Diode laser spectrometer for diagnostic assessment of exhaled air 

components. Sovremennye tehnologii v medicine 2020; 12(5): 71, 

https://doi.org/10.17691/stm2020.12.5.08 

27. Azhar, M., Mandon, J., Neerincx, A.H. et al. A widely tunable, near-infrared 

laser-based trace gas sensor for hydrogen cyanide (HCN) detection in 

exhaled breath. Appl. Phys. B 123, 268 (2017). 

https://doi.org/10.1007/s00340-017-6842-4 

28.  Bykova A.A., Malinovskaya L.K., Chomakhidze P.S., Trushina O.V., 

Shaltaeva Y.R., Belyakov V.V., Golovin A.V., Pershenkov V.S., Syrkin A.L., 

Betelin V.B., Kopylov P.Yu. Exhaled Breath Analysis in Diagnostics of 

Cardiovascular Diseases. Kardiologiia. 2019;59(7):61-67. (In Russ.) 

https://doi.org/10.18087/cardio.2019.7.10263 

29.  Cottin V, Nunes H, Mouthon L, et  al. Combined pulmonary fibrosis and 

emphysema syndrome inconnective tissue disease. Influence of respiratory 

variables on the on-line detection of exhaled trace gases by PTR-MS 

Arthritis  Rheum 2010;63:295e304 

30.  Yury V. Kistenev, Alexey V. Borisov, Dmitry A. Kuzmin, Olga V. Penkova, 

Nadezhda Kostyukova, and Alexey A. Karapuzikov "Exhaled air analysis 

using wideband wave number tuning range infrared laser photoacoustic 

spectroscopy," Journal of Biomedical Optics 22(1), 017002 (25 January 

2017). https://doi.org/10.1117/1.JBO.22.1.017002 

31. McCurdy, Matthew R., et al. "Performance of an exhaled nitric oxide and 

carbon dioxide sensor using quantum cascade laser-based integrated cavity 

output spectroscopy." Journal of biomedical optics 12.3 (2007): 034034-

034034. 

32. D.F. Altomare, M.D. Lena, F. Porcelli, L. Trizio, E. Travaglio, M. Tutino, S. 

Dragonieri, V. Memeo, G. Gennaro, Br. J. Surg. 100, 144 (2013) 

33. Arslanov, D. D., Swinkels, K., Cristescu, S. M., & Harren, F. J. (2011). Real-

time, subsecond, multicomponent breath analysis by optical parametric 



110

oscillator based off-axis integrated cavity output spectroscopy. Optics 

Express, 19(24), 24078-24089. 

34. Risby, T. H., & Tittel, F. K. (2010). Current status of midinfrared quantum 

and interband cascade lasers for clinical breath analysis. Optical engineering, 

49(11), 111123-111123. M.J. Thorpe, D. Balslev-Clausen, M.S. Kirchner, J. 

Ye, Opt. Express 16, 2387 (2008) 

35. Gong, Z., Sun, M., Jiang, C., Wang, Z., Kang, M., Li, Y., & Wang, C. (2014). 

A ringdown breath acetone analyzer: performance and validation using gas 

chromatography-mass spectrometry. J Anal Bioanal Tech S, 7, 2. 

36. A. Anton, A. Agapiou, in 4th International Conference on Wireless Mobile 

Communication and Healthcare4Transforming Healthcare Through 

Innovations in Mobile and Wireless Technologies (MOBIHEALTH 2014), 

Athens, 2014, p. 250 

37. Sigrist, M. W., Bartlome, R., Marinov, D., Rey, J. M., Vogler, D. E., & 

Wächter, H. (2008). Trace gas monitoring with infrared laser-based detection 

schemes. Applied Physics B, 90, 289-300. 

38. Roller, C., Namjou, K., Jeffers, J., Potter, W., McCann, P. J., & Grego, J. 

(2002). Simultaneous NO and CO 2 measurement in human breath with a 

single IV3VI mid-infrared laser. Optics letters, 27(2), 107-109. 

39.  Patimisco, P., Scamarcio, G., Tittel, F. K., & Spagnolo, V. (2014). Quartz-

enhanced photoacoustic spectroscopy: a review. Sensors, 14(4), 6165-6206. 

40.  Xia, J., Zhu, F., Zhang, S., Kolomenskii, A., & Schuessler, H. (2017). A ppb 

level sensitive sensor for atmospheric methane detection. Infrared Physics & 

Technology, 86, 194-201. 

41.  Kosterev, A. A., Bakhirkin, Y. A., Curl, R. F., & Tittel, F. K. (2002). Quartz-

enhanced photoacoustic spectroscopy. Optics letters, 27(21), 1902-1904. 

42.  Bicer, A., Bounds, J., Zhu, F. et al. Sensitive Spectroscopic Analysis of 

Biomarkers in Exhaled Breath. Int J Thermophys 39, 69 (2018). 

https://doi.org/10.1007/s10765-018-2389-9 



111

43. Berfin Gurboga & Emine Kemiklioglu (2022) Optical sensing of organic 

vapor using blue phase liquid crystals, Liquid Crystals, 49:11, 1428-1435, 

DOI: 10.1080/02678292.2022.2038294 

44. Wright, D. C., & Mermin, N. D. (1989). Crystalline liquids: the blue phases. 

Reviews of Modern physics, 61(2), 385. 

45. M. B. Hindmarsh and T. W. B. Kibble, Repts. Prog. Phys. 58, 477 (1995); R. 

A. Borzi et al., Science 315, 5809 (2007), V. Oganesyan et al., Phys. Rev. B 

64, 195109 (2001). 

46. Crooker, P. P. (1989). Plenary Lecture. The blue phases. A review of 

experiments. Liquid Crystals, 5(3), 751-775. 

47. O. Henrich et al, Comp. Math. with Apps., 59, 2360 (2010); Phys. Rev. E. 

81 031706 (2010). 

48. H. Kikuchi, in Structure and Bonding, ed. T. Kato, Springer-Verlag, Berlin 

Heidelberg, 2008, vol. 128, p. 99. 

49. P. P. Crooker, in Chirality in Liquid Crystals, ed. H. S. Kitzerow and C. Bahr, 

Springer, New York, 2001, ch. 7, p. 186. 

50. H. Stagemeyer and K. Bergmann, in Liquid Crystals of one-and two-

dimensional order, ed. W. Helfrich and G. Heppke, Springer-Verlag, 

Heidelberg, 1980, Springer Series in Chemical Physics, vol. 11, p. 161. 

51. H. Stegemeyer, Th. Blumel,¨ K. Hiltrop, H. Onusseit and F. Porsch, Liq. 

Cryst., 1986, 1, 3. 

52. Crooker, P. P. (1989). Plenary Lecture. The blue phases. A review of 

experiments. Liquid Crystals, 5(3), 751-775. 

53. D. C. Wright and N. D. Mermin, Rev. Mod. Phys., 1989, 61, 385. 

54. Seideman, T. (1990). The liquid-crystalline blue phases. Reports on Progress 

in Physics, 53(6), 659. 

55. Kitzerow, H. S. (1991). The effect of electric fields on blue phases. 

Molecular crystals and liquid crystals, 202(1), 51-83. 



112

56. P. Oswald and P. Pieranski, in Nematic and Cholesteric Liquid Crystals, ed. 

G. W. Gray, J. W. Goodby and A. Fukuda, CRC Press, Talyor & Francis 

Group, Boca Raton, 2005, ch. B.VIII, p. 493. 

57. H. Kikuchi, M. Yokota, Y. Hisakado, H. Yang and T. Kajiyama, Nat. Mater., 

2002, 1, 64. 

58.  Cao, W., Munoz, A., Palffy-Muhoray, P., & Taheri, B. (2002). Lasing in a 

three-dimensional photonic crystal of the liquid crystal blue phase II. Nature 

materials, 1(2), 111-113. 

59. S. Yokoyama, S. Mashiko, H. Kikuchi, K. Uchida and T. Nagamura, Adv. 

Mater., 2006, 18, 48. 

60. Chen, H. Y., Chiou, J. Y., & Yang, K. X. (2011). Reversible and fast shift in 

reflection band of a cubic blue phase in a vertical electric field. Applied 

Physics Letters, 99(18). 

61. H.-Y. Chen, J.-L. Lai, C.-C. Chan and C.-H. Tseng, J. Appl.Phys., 2013, 113, 

123103. 

62. Johnson, D. L., Flack, J. H., & Crooker, P. P. (1980). Structure and properties 

of the cholesteric blue phases. Physical Review Letters, 45(8), 641. 

63. S. Meiboom, J. P. Sethna, P. W. Anderson and W. F. Brinkman, Phys. Rev. 

Lett., 1981, 46, 1216. 

64. Ericksen, J. L., & Kinderlehrer, D. (Eds.). (2012). Theory and applications 

of liquid crystals (Vol. 5). Springer Science & Business Media. 

65. Ericksen, J. L., & Kinderlehrer, D. (Eds.). (2012). Theory and applications 

of liquid crystals (Vol. 5). Springer Science & Business Media..  

66. Marcus, M. (1981). Quasicrystalline behaviour and phase transition in 

cholesteric «blue» phase. Journal de Physique, 42(1), 61-70. 

67. Cohen, J. (2007). The blue phase of cholesteric liquid crystals. http://guava. 

physics. uiuc. edu/~ nigel/courses/569/Essays_2002/files/cohen. pdf. 

68. Tanaka, M., & Yoshizawa, A. (2013). U-shaped oligomers with a molecular 

biaxiality stabilizing blue phases. Journal of Materials Chemistry C, 1(2), 

315-320. 



113

69. H.-S. Kitzerow, P. P. Crooker, S. L. Kwok and G. Heppke, Phys., 1990, 51, 

1303. 

70. Kitzerow, H. S., Crooker, P. P., & Heppke, G. (1991). Line shapes of field-

induced blue-phase-III selective reflections. Physical review letters, 67(16), 

2151. 

71. Hornreich, R. M. (1991). Surface interactions and applied-field effects in 

cholesteric helicoidal and blue phases. Physical review letters, 67(16), 2155.. 

72. P. J. Collins, in Handbook of Liquid Crystal Research, ed. P. J. Collins and 

J. S. Patel, Oxford University Press, Oxford, 1997, p. 99. 

73. H.-S.  Kitzerow,  H.  Schmid,  A.  Ran  ,  G.  Heppke, A. M. Hikmet and J. 

Lub, Liq. Cryst., 1993, 14, 911. 

74. Alexander, G. P., & Yeomans, J. M. (2009). Numerical results for the blue 

phases. Liquid Crystals, 36(10-11), 1215-1227. 

75. J. Fukuda, Phys. Rev. E: Stat., Nonlinear, So Matter Phys., 2012, 85, 020701 

76. H. Yoshida, Y. Tanaka, K. Kawamoto, H. Kubo, T. Tsuda, Fujii, S. Kuwabata, 

H. Kikuchi and M. Ozaki, Appl. Phys. Express, 2009, 2, 1201501. 

77. F. Castles, F. V. Day, S. M. Morris, D.-H. Ko, D. J. Gardiner, M. Qasim, S. 

Nosheen, P. J. W. Hands, S. S. Choi, H. Friend and H. J. Coles, Nat. Mater., 

2012, 11, 599. 

78. P. P. Crooker, in Chirality in Liquid Crystals, ed. H. S. Kitzerow and C. Bahr, 

Springer, New York, 2001, ch. 7, p. 186. 

79. E. Mine Capar, <Comparison of structural properties of some liquid crystals= 

Phys. Chem. Chem. Phys., 2007,9, 2968-2975 

80. Peláez, J., & Wilson, M. (2007). Molecular orientational and dipolar 

correlation in the liquid crystal mixture E7: a molecular dynamics simulation 

study at a fully atomistic level. Physical Chemistry Chemical Physics, 9(23), 

2968-2975. 

81. Yakuphanoglu, F., Okutan, M., Koysal, O., Ahn, S. M., & Keum, S. R. 

(2008). Dielectric anisotropy, and diffraction efficiency properties of a doped 

nematic liquid crystal. Dyes and Pigments, 76(3), 721-725. 



114

82. Selevou, A., Papamokos, G., Yildirim, T., Duran, H., Steinhart, M., & 

Floudas, G. (2019). Eutectic liquid crystal mixture E7 in nanoporous 

alumina. Effects of confinement on the thermal and concentration 

fluctuations. RSC advances, 9(65), 37846-37857. 

83. Jones, J. C. (2018). The fiftieth anniversary of the liquid crystal display. 

Liquid Crystals Today, 27(3), 44-70. 

84. Lysetskyi  Lonhin, <Liquid crystals as sensory and bioequivalent materials=, 

monograph / Lisetskiy L. N.; NAS of Ukraine, NTK "Institute of 

monocrystals", Institute of scintillations. materials. - Kh.: ISMA, 2009 .-- 

242 p. 

85. Esteves, C., Ramou, E., Porteira, A. R. P., Moura, A. J., Roque, A. C. A., 

<Seeing the Unseen: The Role of Liquid Crystals in Gas-Sensing 

Technologies.= Adv. Optical Mater. 2020, 8, 1902117. 

https://doi.org/10.1002/adom.201902117 

86. Mykytyuk, Z., Barylo, G., Virt, V. et al. <Optoelectronic Sensor Based on 

Liquid Crystal Substances for the Monitoring of Amino Acids= (2018). 2018 

International Scientific-Practical Conference Problems of 

Infocommunications. Science and Technology (PIC S&T), 177-180.  

87. Vistak, M.V. et al. (2017). <A liquid crystal-based sensitive element for 

optical sensors of cholesterol= Funct. Mater., 24, 4. 

88. Wójcik Waldemar, Mykytyuk Zinoviy , Vistak Maria et al. <Sensor optyczny 

z elementem ciekłokrystalicznym do wykrywania aminokwasów= (2020). 

Przegląd Elektrotechniczny, 96(4), 178-181. 

89. M. Vistak, Z. Mykytyuk, F. Vezyr, V. Polishchuk, <Cholesteric-nematic 

mixture as a sensitive medium of optical sensor for amino acids= Molecular 

Crystals and Liquid Crystals 672(1), 67 (2018) 

(https://doi.org/10.1080/15421406.2018.1542108). 

90. M. Vistak, V. Dmytrah, R. Fafula, I. Diskovskyi, Z. Mykytyuk, O. 

Sushynskyi, G. Barylo, Y. Horbenko, <Liquid crystals as an active medium 

of enzymes optical sensors=, 7th International Conference Nanomaterials: 



115

Application & Properties (NAP) (IEEE, Odessa, 2017) @p.04NB13-1-

04NB13-4 (https://doi.org/10.1109/NAP.2017.8190326). 

91. T.V. Prystay, Z.M. Mykytyuk, O.Y. Sushynskyi, A.V. Fechan, M.V. Vistak, 

<Nanocomposite based on a liquid crystal doped with aluminum nitride 

nanotubes for optical sensor of sulfur dioxide=, Journal of the Society for 

Information Display 23(9), 438 (2015) (https://doi.org/10.1002/jsid.380). 

92. O. Sushynskyi, M. Vistak, Z. Gotra, A. Fechan, Z. Mikityuk, <Silicon 

dioxide nanoporous structure with liquid crystal for optical sensors=, Proc. 

SPIE 9127, Photonic Crystal Materials and Devices XI, 91271F (2014); 

(https://doi.org/10.1117/12.2051742). 

93. Anderson, J.C., <Measuring breath acetone for monitoring fat loss: Review=, 

(2015). Obesity, 23, 232732334. 

94. Sun, M., Zhao, X., Yin, H. et al., <Study of breath acetone and its correlations 

with blood glucose and blood beta-hydroxybutyrate using an animal model 

with lab-developed type 1 diabetic rats= (2015).  RSC Adv., 5, 71002371010.  

95. Kim, I., Choi, S., Kim, S.; Jang, J. (2015). Smart Sensors for Health and 

Environment Monitoring; Springer: Dordrecht, The Netherlands, pp. 19349. 

96. Baynes, H.W., <Classification, Pathophysiology, Diagnosis and 

Management of Diabetes Mellitus= (2015). J. Diabetes Metab.6, 2. 

97. Lee, J., Ngo, J., Blake, D. et al., <Improved predictive models for plasma 

glucose estimation from multi-linear regression analysis of exhaled volatile 

organic compounds= (2009). J. Appl. Physiol., 107, 155-160. 

98. Minh, T.D., Oliver, S.R., Ngo, J. et al., <Noninvasive measurement of plasma 

glucose from exhaled breath in healthy and type 1 diabetic subjects= (2011). 

Am. J. Physiol. Endocrinol. Metab., 300, E1175.  

99. Righettoni, M., Schmid, A., Amann, A., Pratsinis, S.E., <Correlations 

between blood glucose and breath components from portable gas sensors and 

PTR-TOF-MS= (2013). J. Breath Res., 7, 037110.  



116

100. Miekisch, W., Schubert, J.K., <From highly sophisticated analytical 

techniques to life-saving diagnostics: Technical developments in breath 

Analysis=  (2006). TrAC Trends Anal. Chem., 25, 6653673. 

101. Z. Mykytyuk, I. Kremer, M. Ivakh, I. Diskovskyi, S. Khomyak, Optical 

sensor with liquid crystal sensitive element for monitoring acetone vapor 

during exhalation, MalecularCrystals and Ciquid Crystals, 2021 

102. Cachelin, P., Green, J. P., Peijs, T., Heeney, M., & Bastiaansen, C. W. (2016). 

Optical acetone vapor sensors based on chiral nematic liquid crystals and 

reactive chiral dopants. Advanced Optical Materials, 4(4), 592-596. 

103. Han, Y., Pacheco Morillo, K. B., Bastiaansen, C. W. M et al., <Optical 

monitoring of gases with cholesteric liquid crystals= (2010). J. Am. Chem. 

Soc., 132(9), 2961-2967.�2 

104. Kirchner N., Zedler L., Mayerhofer T.G., and Mohr G.J., <Functional liquid 

crystal films selectively recognize amine vapours and simultaneously 

change their colour= (2006). Chem. Commun., 14, 1512. 

105. Sutarlie, Laura & Qin, Hao & Yang, Kun-Lin., <Polymer stabilized 

cholesteric liquid crystal arrays for detecting vaporous amines= (2010). The 

Analyst., 135, 1691-1696. 

106. Bi, X., & Yang, K. L. (2008). Real-time liquid crystal-based glutaraldehyde 

sensor. Sensors and Actuators B: Chemical, 134(2), 432-437. 

107. Fan, C. P., & Stephen, M. J. (1970). Isotropic-nematic phase transition in 

liquid crystals. Physical Review Letters, 25(8), 500. 

108. Ward, C. A. (1983). Effect of concentration on the rate of chemical reactions. 
The Journal of chemical physics, 79(11), 5605-5615. 

109. Chapman, O. L., & King, R. W. (1964). Classification of alcohols by nuclear 

magnetic resonance spectroscopy. Journal of the American Chemical 

Society, 86(6), 1256-1258. 

110. Bradley, R. J. (2000). Chemical properties of alcohols and their protein 

binding sites. Cellular and Molecular Life Sciences CMLS, 57(2), 265-275. 



117

111. Rizk, H. A., & Elanwar, I. M. (1968). Dipole moments of glycerol, isopropyl 

alcohol, and isobutyl alcohol. Canadian Journal of Chemistry, 46(4), 507-

513. 

112. Jorge, M., Gomes, J. R., & Barrera, M. C. (2022). The dipole moment of 

alcohols in the liquid phase and in solution. Journal of Molecular Liquids, 

356, 119033. 

113. Singh, S. (2000). Phase transitions in liquid crystals. Physics Reports, 324(2-

4), 107-269. 

114. Fan, C. P., & Stephen, M. J. (1970). Isotropic-nematic phase transition in 

liquid crystals. Physical Review Letters, 25(8), 500. 

115. Stephen, M. J., & Straley, J. P. (1974). Physics of liquid crystals. Reviews of 

Modern Physics, 46(4), 617. 

116. Vistak, M., Sushynskyi, O., Mykytyuk, Z., Aksimentyeva, O., & Semenova, 

Y. (2015). Sensing of carbon monoxide with porous Al2O3 intercalated with 

Fe3O4 nanoparticles-doped liquid crystal. Sensors and Actuators A: 

Physical, 235, 165-170. 

117. Gvozdovskyy I.A. 8Blue phases9 of highly chiral thermotropic liquid crystals 

with a wide range of near-room temperature. Liq.Cryst., 2015, v.42, No.10, 

p.1391-1404.   

118. Johnson DL, Flack JH, Crooker PP. Structure and properties of the 

cholesteric blue phases. Phys Rev Lett. 1980, v.45, p.6413644. 

119. Asiqur Rahman M.D., Mohd Said S., Balamurugan S.  Blue phase liquid 

crystal: strategies for phase stabilization and device development.  

Sci.Technol.Adv.Mater., 2015, v.16, No.3,  033501-1-21. 

120. Gurboga B., Kemiklioglu E. Optical sensing of organic vapor using blue 

phase liquid crystals. Liq.Cryst., 2022, v.49, No.11, p.1428-1435. 

121. Yoshizawa, A. (2013). Material design for blue phase liquid crystals and 

their electro-optical effects. RSC advances, 3(48), 25475-25497. 

122. Belyakov, V. A., & Dmitrienko, V. E. (1985). The blue phase of liquid 

crystals. Soviet Physics Uspekhi, 28(7), 535. 



118

123. Meiboom, S., Sethna, J. P., Anderson, P. W., & Brinkman, W. F. (1981). 

Theory of the blue phase of cholesteric liquid crystals. Physical Review 

Letters, 46(18), 1216. 

124. Crooker, P. P. (2001). Blue phases. Chirality in liquid crystals, 186-222. 

125. O.V.Vashchenko, Functional Materials, 21, 482 (2014). 

126. TCS3490 Datasheet 

https://eu.mouser.com/datasheet/2/588/AMS_TCS3490_Datasheet_1v02-

1214635.pdf 

127. ATmega328 structure diagram: 

https://www.theengineeringprojects.com/2017/08/introduction-to-

atmega328.html  

 


