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Brimycknas kBamudukannonsas padora 107 c., 35 puc., 35 tabn., 74 ucrounukos, O mpwiL.

KiroueBsle ciioBa: Metajuiopraunueckue kapkacuole ctpykrypbl, MOFs, Ui0-66, copbims
BOJAODOJA, MATEPUAIILI HAKOIUTEIN BOAODOIA.

OOBEKTOM HCCIIEN0OBAHUS ABIISIIOTCS METAIIOPraHUUECKHE KapKacHble CTPYKTYpbl U10-66-
NDC., cuHTE3UPOBAHHBIE PA3INYHBIMU CIIOCO0AMMU.

L{enb pabOTHI — UCCIICIOBAHNE CBOWCTB M CTPYKTYPHI METAUIOPTAHWYCCKUX KapKACHBIX
ctpykryp UiO-66-NDC. nonyyeHHbIX PA3JIHYHBIMU CIIOCOOAMHU.

B mponecce HUCCICO0OBaHUA IIPpOBOAUIIUCH: O63OD JIUTEPATYPHI, CHHTE3
MCTAJJIOPTAHUYCCKHUX KAPKACHBIX CTPYKTYP COJBBOTCPMAJIBHBIM METOJAO0M, COJBBOTCPMAJIbHBIM
METOJAOM C ZIO68,BJI€HI/ICM MOAYJIATOpPA, M COJBBOTCPMAJBbHBIM METOJOM C HMCIOJB30BAHUCM
CMCCH KHMCJIOT JJIA d)ODMI/IDOBaHI/ISI JIMHKEPOB, UCCIICJOBAHNE VACILHON MIOIAAA MOBEPXHOCTH,
o0beMa 1 pa3Mepa nop, CTPYKTYPBI MaTCpUaAJIOB, 4 TaAKXKC COD6III/IOHHI>IC CBOMCTBA BOJAOPOAA.

B pesynbrare nccnenoBanus ObLIO YCTAHOBICHO BIMSHUC NTOOABICHHS YKCYCHOW KHCIIOTBI
B__KayecTBE MOAVJISATOpa B IIPOIECCE CHHTE3a, a TaKKe MCIOJb30BaHUA cmecd  1.4-
HabTaneHaukapoonoBoil u 1,4-0en30nnkapOOHOBOI KUCIOT I (DOPMUPOBAHUS JIMHKEPOB B
METAIOPTaHUYECKMX KAPKACHBIX CTPYKTYpPax Ha CTPYKTYPY. MOP(QOJOrHI0 M E€MKOCTb
IIOIJIOLICHMS BOAOPOAA JAHHBEIMUA MaTepHaiaMH. Y CTAaHOBJICHO, YTO A00aBACHUE MOJYJISATOpA U
HCIIOJb30BaHME CMECH JIMHKEPOB IIPUBOJUT K YBEINYECHHUIO VICILHONM IUIONIAAN TOBEPXHOCTH U
00BEMY IOP, & TAKXKE K POCTY EMKOCTHBIX XapaKTEPUCTHK.

CrenieHb  BHEJPEHHS: IUIAHMPYETCS  OPEACTABICHHWE  PE3yNIbTaTOB  paboThl  Ha
KOH(MEPEHIMAX, IOCBAIIEHHBIX BOJOPOAHON DHEPIrETHKH, aJIbTEPHATUBHBIM _HMCTOYHHKAM
DHEPIMH, 4 TAKXKe NYyONMKalUMs CcTareld B TakuWX O KypHarax, kak “International Journal of
Hydrogen Energy”.

OO6nacThb MNPUMCHCHUA: DQHCPI'CTHUKA, BOAOPOJAHAA SHCPICTHKA, AJIbTCPHATHUBHBIC HCTOYHHUKU
SHCPIUH.

DOxoHoMHUYecKass S(PPEeKTUBHOCTH/3HAYUMOCTh PAOOTHI 3aKJIIOYAETCS B YMEHBIICHUH
JOPOTOCTOSIIEr0 CUHTE3a METAINIOPTaHUYECKUX KAPKACHBIX CTPYKTYP JUIs UX MCIOJIb30BAHUS B
TOIUTMBHBIX JI€MEHTaX.

B Oyaymem mmaHupyercs NOpPOBEACHUE JOMOTHUTEIbHBIX HCCIICIOBAHUN COPOIMHU
BOJIOPOJIa TIPU BApbUPYEMBIX MapamMeTpax, a TakKe MO MPUOIMKEHHUIO YCIOBHM JKCILTyaTallud
JaHHBIX MAaTEPUAIOB K HOPMAJIbHBIM YCIOBHUAM, & TAK)KE MUCHBITAHUS B TOIUIMBHBIX HJIEMEHTAX.
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Designations and abbreviations

MOFs — metal organic frameworks;

BDC — benzene-1,4-dicarboxylic acid;

NDC — 1,4-naphthalenedicarboxylic acid;
SBUs — secondary building units;

UiO — University of Oslo;

PCI — Pressure-composition isotherms;

BET theory — Brunauer Emmett Teller theory;
SEM - scanning electron microscopy;

TEM — transmission electron microscopy;

XRD — X-ray diffraction analysis;

FT-IR — Fourier-transform infrared spectrometry.
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Introduction

Recently, one of the leading places among the promising areas of research
is the development of alternative renewable energy sources. The main point of the
new sources is not only being highly efficient and environmentally friendly but
also resource-efficient [1]. Ideally, this has to be abundant, environmentally
benign, renewable, safe, and cost-effective [2]. Hydrogen is expected to play an
important role as a promising alternative clean energy source to carbon-based
fuels. Unfortunately, hydrogen is not an energy source but rather an energy carrier.
Atomic hydrogen is the most abundant chemical substance in the Universe.
Hydrogen sources are water and organic compounds. Its combustion produces
water that makes hydrogen one of the most ecologically clean energy careers [1-2].
Another advantage of hydrogen is its ability to accumulate. This makes possible
the expanded use of other alternative energy sources, the performance of which
depends on extraneous factors.

Hydrogen is suitable for all types of thermal engines: piston, turbine,
piston-turbine, Stirling engines, and others. The energy density per unit mass is
141.9 MJ/kg [1], which is higher than that of any organic fuel. Hydrogen can be
used to directly convert chemical energy into electrical energy. The coefficient of
efficiency of the fuel cell (FC), where hydrogen combustion takes place, can reach
very high values - from 40 to 70%. The efficiency depends on the capacity and
loads slightly. For instance, the efficiency of thermal machines, such as an internal
combustion engine, diesel, etc. does not exceed 40%.

One of the key challenges to commercializing hydrogen energy is to
develop appropriate onboard hydrogen storage systems, capable of charging and
discharging large quantities of hydrogen with fast enough kinetics to meet
commercial requirements [5]. In this regard, scientists around the world [2, 6-8] are
actively researching this issue. First of all, the problem is the low density of
hydrogen in the gaseous state (at atmospheric pressure and normal temperature
density ~0.09 kg m®) [3]. Thus, a key goal in materials research for hydrogen

storage is to construct novel materials that adsorb hydrogen with a higher density
14



than liquid hydrogen. For other gases it is not uncommon to find more gas stored
in a solid material than in a gas tank of equal volume, even for relatively high tank
pressure. Clearly, the solid material increases the storage density of the gas. For
storage of hydrogen, which interacts relatively weakly, it is more challenging to
reach higher storage density in a solid than in a tank. The storage capacity depends
strongly on the type of nanoporous materials that are used [9-10].

There are several types of solids suitable for storage of hydrogen: activated
carbon, carbon nanotubes, zeolites, metal and alloy hydrides, and metal organic
frameworks — MOFs. All of them are actively investigated in the last few years. A
wide range of experimental observations, of different materials and by several
research groups, indicates that the surface area of the porous material governs the
maximum adsorption capacity [10]. Thus, interest in MOFs as hydrogen storage
materials is increasing every year because of their high specific surface area.
Despite the significant progress, the greatest limitation is that many MOFs often
are rather unstable, compared to zeolites or carbon materials. Hence, for use in
practical applications, novel MOFs that are thermally stable as well as inert
towards moisture, air, and other impurities are needed. Nevertheless, in recent
years, such MOFs have been developed — UiO-66 [11]. They have high thermal,
chemical and mechanical resistance.

They are promising for gases separation and storage, including hydrogen
storage [12-13]. Unfortunately, hydrogen capacity in these materials is not high
(about 2.5 % wt). However, properties and structure of MOFs depend on the
synthesis parameters. In the synthesis of new MOFs, the structure of the organic
linkers can be controlled [14]. Hence, changing the organic acid (used for linkers
building) or adding a modulator during the synthesis process of UiO-66 the
capacity of hydrogen can be increased without change of the stability. For
example, 1,4-naphthalenedicarboxylic (NDC) organic acid can be used in place of
the benzene-1,4-dicarboxylic acid (or terephthalic acid, or BDC). Unfortunately,
such kind of UiO-66 MOFs hasn't been studied. Thus, the aim of this work is a

study of the structure and properties of MOFs UiO-66-NDC obtained with the
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conventional solvothermal synthesis, modulated solvothermal synthesis and
solvothermal synthesis with the use of a mixture of organic acids for linkers
formation.

Provisions for the defense:

1. It was found that the addition of acetic acid as the modulator increases
the effective capacity of hydrogen to = 7 wt. %, since it contributes to an increase
of the specific surface area and pore volume due to the formation of a large number
of isolated crystals with a smaller size.

2. It is shown that the metal organic framework structures of UiO-66-
NDC formed with the addition of acetic acid as the modulator are stable to
activation at a temperature of 200 °C and retain the sorption capacity over

hydrogen for 7 sorption / desorption cycles.
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Chapter 1
1.1 Hydrogen storage materials

Storage of hydrogen for mobile applications is the most difficult hurdle.
Currently, hydrogen is stored either in high-pressure tanks or in liquid form in
cryogenic tanks. These forms of storage are not suitable for widespread commercial
application as the energy density of hydrogen even at 10 000 psi or in liquid form is
only 4.4 and 8.4 MJ/L, respectively, compared to the energy density of gasoline,
namely, 31.6 MJ/L. In addition, there are significant energy costs in storing hydrogen
in these forms, not to mention associated safety issues. The alternative is to use solid

materials for hydrogen storage [13].

Hydrogen density

Liquefaction

20K

- Hydrogen accessibility

Figure 1.1 — Hydrogen density and accessibility of different storage systems [15]
Hydrogen storage materials are compared for a number of parameters:

1. The density of hydrogen (kg/m®) - hydrogen mass per volume of the battery.
2. The mass content of hydrogen (kg of hydrogen per kg of the total weight of the
charged battery in %).
3. A storage conditions (pressure and temperature), tightness, sensitivity to moisture
and air.
4. The hydrogenation-dehydrogenation conditions. Under which conditions the
battery occurs hydrogen absorption and its desorption — T(K), P(MPa or atm), the

need for a catalyst or chemical reagent.
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5. A cyclic stability. How many recharging cycles while maintaining acceptable
parameters the battery can provide (in fact - the operating time).
6. The cost [1].

There are mainly three different ways that hydrogen can be adsorbed on a
material (see Figure 1.2). In the case of physisorption (Figure 1.2a), hydrogen
remains molecular and binds weakly on the surface with a binding energy in the meV
range. Hence, it desorbs at very low temperatures. In the case of chemisorption
(Figure 1.2b), the H, molecule dissociates into individual atoms, migrates into the
material, and binds chemically with a binding energy lying in the 2-4 eV range. The
bonding is strong, and desorption takes place at higher temperatures. The third form
of binding is where the bond between H atoms in a H, molecule is weakened but not
broken (Figure 1.2c). The strength of binding is intermediate between physisorption
and chemisorption (binding energy in the 0.1-0.8 eV range) and is ideal for hydrogen

storage at ambient pressures and temperatures [16].

(b)

Figure 1.2 — Adsorption of hydrogen on substrates, (a) physisorption, (b)
chemisorption, (c) quasi-molecular bonding [2]

Metal alloys are widely spread as materials for hydrogen storage in a bound
form. Here, hydrogen forms hydrides. Generally, all hydrogen storage alloys can be
divided into several subgroups:

- alloys based on rare earth metals (REM);
- on titanium;

- on zirconium;

- 0N magnesium;

- light metal hydrides and chemical hydrides [2, 17].
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In most cases, chemical hydrides are generated through chemical reaction and
are not reversible on the board of a vehicle. Although these materials contain a high
density of hydrogen, they were initially not considered as suitable hydrogen storage
materials because of their poor thermodynamics, kinetics, reversibility, and their
heaviness (Figure 1.3) [2].

Carbon-based materials such as nanotubes, fullerenes, graphene, mesoporous
silica, metal-organic frameworks (MOFs), isoreticular metal-organic frameworks
(IRMOFs), covalent-organic frameworks (COFs), and clathrates take a special place
among the potential materials for storage of hydrogen [18-20]. Although they exhibit
promising hydrogen storage capacities at 77 K, only less than 1 wt % of hydrogen
can be stored at 298 K and 100 atm of pressure. Hydrogen uptake at ambient
temperatures, however, can be improved through a “spillover” mechanism [18] or via
modified synthesis [21].

Complex Chemical

Carbon Nanostructures Hydrides
- reversible but too cold -High H- density, good
\ temperature, but bad
reversibility
Metal Hydrides Hydrogen Metal Clusters
-Reversible, but too _ Storage ‘ -computationally

heavy and expensive Materials predicted but
experimentally

I \ difficult

Metal Organic Frameworks Nanostructure Materials
- reversible but too cold - Opportunities to explore

Hydrogen Storage Materials and Their Limitations

Figure 1.3 — Summary of hydrogen storage materials and their limitations [2]
These materials occur predominantly physisorption of hydrogen. The main
advantages are the following: high porosity and specific surface are, and low weight
(Figure 1.3).
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1.1.1 Metal-organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are a class of crystalline organic-inorganic
hybrid compounds formed by coordination of metal clusters or ions with organic
linkers, in which bivalent or trivalent aromatic carboxylic acids or N-containing
aromatics are commonly used to form frameworks with zinc, copper, chromium,
aluminum, zirconium, and other elements [5-7, 22-25]. MOFs are open networks
consisting of metal centered secondary building units (SBUs) connected with each
other by organic linkers to form large one-, two-, and three-dimensional (1D, 2D, and
3D respectively) frameworks. The structures are crystalline and display long range
order [26]. Uniformed pores or channels usually host guests such as solvent
molecules incorporated during the synthesis process.

The structure of MOFs is customarily represented in the form of a lattice
construction (Figure 1.4). Inorganic clusters or metal ions are located at the lattice
sites and are interconnected by rigid organic fragments.

b

Figure 1.4 — Different representations of the structure of MOF-5 (a) — form of a cell
MOF-5 consisting of Zn,O tetrahedra connected by phenylene dicarboxylate units to
a cubic skeleton, (b) — form of a primitive cubic lattice [27-28]

SBUs command the topology of MOFs (Figure 1.5). The geometry and
chemical attributes of the SBUs and organic linkers greatly help in the design and
synthesis of MOFs. It was observed that SBUs can be formed by aggregation and
lockage of metal ions at certain positions. It needs the careful selection of synthesis

conditions. These SBUs are joined by rigid organic linkers. SBUs have three
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elements essential to their formation into frameworks: 1 — metal ions control their
core structural geometry and also serve as points of extension to other SBUs, that
leads to a predictable topology; 2 — the coordination mode of organic linkers
influence on the geometry, and with the help of it topology of the resulting network
can be predicted; 3 — solvent molecules can serve as weak ligands filling the voids of

the framework, and their evacuation arranges open metal centers (sites) [26]

Organic units SBUs

Inorganic units

Figure 1.5 — Examples of SBUs from carboxylate MOFs. O, red; N, green; C, black
[28]

Metal sites in MOFs have a tremendous influence on their properties.
Depending on the element which is used for the formation of metal size, MOFs can
have high catalytic activity in different reactions, gas storage, and separation abilities.

Pores are the voids spaces formed within MOFs upon the removal of guest
molecules. For the characterization of metal-organic framework structures, the term
"permanent” porosity is used which means that they do not collapse, they retain their
structure after thermal treatment under vacuum conditions (Figure 1.6) [29]. In the
synthesis of MOFs microporous (pore size up to 2 nm) compounds are most often

formed, and rarely — mesoporous (pore size from 2 to 50 nm).
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Figure 1.6 Removal of guest molecules [29]

Since MOFs have high surface areas and high pore volumes in uniformly
sized pores as well as high metal content, they have emerged as interesting materials
for various applications in energy storage [30], gas adsorption [31-33], hydrocarbon
adsorption/separation [34], catalysis [35-36], drug delivery [37], and others. Recent
extensive review articles on MOFs have dealt with synthesis, characterization,
surface modification, and applications [38].

The MOFs share physical characteristics similar to those of single-walled
carbon nanotubes (SWNTSs) that have been under intense investigation as storage
materials. Both are lightweight and composed of open channels based on aromatic
carbon. In addition, MOFs possess several advantageous features over SWNTSs that
are particularly promising for improving hydrogen adsorption. For example, the
MOFs incorporate metals that can bind hydrogen much more strongly than graphitic
carbon, but not as strongly as when a true chemical bond forms as in the case of
metal hydrides. Furthermore, the organic components can be modified to induce
stronger interactions with H,. The open channels in MOFs are perfectly ordered,
allowing effective access of hydrogen to the interior space. The internal surfaces of
MOFs can easily be modified to change the channel curvature, thus enhancing the
H,-sorbent interactions [39]. The “one-pot” synthesis is simple, cost-effective, and
highly reproducible. More importantly, the structures of these materials, including the
metal building unit, pore dimension, shape, size, and volume, can be systematically
tuned for the purpose of modifying and improving hydrogen uptake and

adsorption/desorption properties [6].

1.1.1.1 UiO-66

Due to the fact that group four elements have a high oxidation state and a

strong interaction with oxygen, it was interesting to synthesize MOFs with Zr, Ti or
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Hf as an element of the cornerstone in combination with an oxygen containing
linkers. Thus, in 2008 the catalysis group at University of Oslo discovered a new
zirconium (IV) MOF Ui0O-66 (University of Oslo) which are promising as a high
thermal and chemical stable porous materials.

This MOF was designed based on using the inorganic brick ZrgO4(OH), and
the organic linker 1,4-benzene-dicarboxylate (BDC). Compared with the previous
other MOFs, the UiO MOFs are the highest coordinated MOFs which are 12
coordinated. Each zirconium metal center is connected to 12 1,4-benzene-
dicarboxylate (BDC) linkers to form the 3D framework. However, works of many
authors including works of Wu, et.al. [12], and Valenzano, et.al. [14] present the
results about the defect in the structure of UiO-66 — the starting structure has 1
missing linker. This defect makes the structure more porous, thus the specific surface
area increases. Wherein, the stability doesn’t change. In the UiO-66 structure, there

are two types of pores namely, octahedral cage and tetrahedral cage (Figure 1.7).

‘f@ & 4 ‘°¥{>C:i %
ﬂ@b“** »

Figure 1.7 — Three dimension cubic framework structure of UiO-66 octahedral and

tetrahedral cages in the UiO 66 structure (a, b). The octahedral (orange, ¢) and the
tetrahedral (yellow, d) cages. Zr — blue, C — gray; O — red [40]

UiO-66 exists in two different forms. In the as synthesized material, the Zr
ion is 8-coordinated by O, and six of them cluster together forming the ZrgO4(OH),
metal center. Upon full activation at high temperature (up to 300°C [11-12, 14, 41-
42] in a vacuum, each Zr—O cluster loses 2H,O molecules, reducing the Zr—-O
coordination to 7. These two MOF forms were traditionally referred to as the
hydroxylated and dehydroxylated UiO-66 (Figure 1.8), respectively. Upon exposing
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to water vapor in the air, the fully dehydroxylated MOF form can readily convert
back to the hydroxylated form. SBU of UiO-66 is presented in Figure 1.9

Figure 1.8 — Crystal structure of UiO-66 (hydroxylated form), consisting of Zr-O
metal centers connected by BDC linkers. The large yellow and pink spheres represent
the two types of pores — octahedral and tetrahedral respectively. Zr — cyan, C — gray;
O —red, H - white. On the right side, there are inner core Zrg-cluster in hydroxylated

(top) and dehydroxylated (bottom) forms [12]

28

Figure 1.9 — SBU of UiO-66 [43]
Since then, other UiO series MOFs (UiO-67, UiO-68) have been discovered
by using different organic linkers (4, 4'-biphenyl dicarboxylate (BPDC) linker for
UiO-67 and 4, 4', 4"-triphenyl dicarboxylate (TPDC) linker for UiO-68) (Figure

1.10). To find a good MOF material in catalyst and gas adsorption, new organic

linkers are demanded.
UiO-66 is characterized by a large specific surface area (more than 1000
m?/g), high thermal, chemical and mechanical stability because of the highest

coordination number in comparison with other MOFs.
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(a) (b) (d)

Cu metal
a,=36A

Figure 1.10 — Comparison of the structures of UiO-66, 76, 68. On the left for

comparison is a cubic crystal lattice of copper [44]
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Chapter 2
2.1 Methods of MOFs synthesis

Over the past decades, scientists have developed and improved a large
number of different techniques for the synthesis of metal-organic framework
structures. In general, the synthesis of MOFs was previously carried out only by
solvothermal or hydrothermal methods with heating. However, in order to decrease
the time of the synthesis and increase the size of resulting crystals, many other
techniques were developed [21]. At the moment there are many works on the
description of microwave [45], sonochemical [46], electrochemical [47] and
mechanochemical [48] methods. By using the different synthesis methods many
MOFs with different particle sizes and size distributions were obtained.

As a rule, the synthesis of MOFs is rather simple since almost all
compounds are self-organizing. Usually, MOFs are obtained by mixing metal salts
with organic acids. Here, a solvent or their mixture can be used. The solvent can be
water, acids or a mixture thereof. However, taking into account the conditions that
are necessary for carrying out the reaction is also of great importance. These
conditions include reaction temperature, heating time, heating and cooling rates,
the nature of the solvent, the pH of the medium, and the concentration of the

starting reagents [49].

1.2.1 Conventional solvothermal synthesis

The conventional solvothermal approach is a traditional method of
synthesis of MOFs. The reaction carried out by using conventional electric heating
is called conventional synthesis (Figure 2.1) [21]. When considering the
temperature for MOF synthesis, there are two temperature ranges: solvothermal
and nonsolvothermal. The solvothermal method can also be called hydro
solvothermal, if water is used as the solvent.

Solvothermal reactions are widely used for the synthesis of solids, such as
porous, magnetic or electronic compounds as well as catalysts or pigments [21].

Most synthesis recipes for MOFs are based on solvothermal treatments that
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facilitate and encourage the formation of metal-organic SBUs [26]. The discovery
or optimization of new compounds is closely connected with the exploration of the
parameter space, which normally comprises compositional and process parameters.
These can range from molar ratios of the starting materials or their order of
addition, the pH of the starting mixture, the solvent employed in the synthesis to
the reaction time and temperature [50].

MOFs are synthesized by this method in small scale in vials or sealed NMR
tubes (Figure 2.1). High-throughput solvothermal syntheses are a powerful tool to
accelerate the discovery of new MOF structures to optimize synthesis protocol
[51]. Under the influence of heating, self-organization of structures takes place.
However, directly after synthesis, solvent molecules will be present in the resulting
structure, which block the pores of MOFs. Thus, solvent removal is carried out by
thermal or solvent exchange treatment (individual conditions for each MOFs

family). The result is a MOF with empty pores and ready to use.

Water or

DMEF/DE} N\ /‘]'/‘"‘]
l Solvent exchange r_¢5¢ =
& washing I/A'llly‘[llal
Heat/vacuum '—3’2—?” =
treatment I/AI@IV

\ [ e
-9 ® — As-synthesized MOF structures

® Mectal salt ==« Organic ligand

Self-assembly

Heating

Figure 2.1 — Conventional solvothermal synthesis of MOFs structures [21]

The MOF structures obtained by this method have a high degree of
crystallinity. The disadvantage of the method is the relatively slow reaction process
[49].

Recently, many scientists began to use the solvothermal method with the
addition of a modulator. Various organic acids such as formic acid, acetic acid, and
others can act as a modulator. With the help of them, an increase in the size of

crystals with pronounced shapes (for instance, octahedral) is achieved. Also, the
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use of modulators can affect the rate of synthesis, decrease the temperature of the

reaction, and leads to a more uniform distribution of pore size [52].

1.2.2 Synthesis of UiO-66-NDC

In this work, all MOFs were synthesized in the laboratories of Southern
Federal University, Rostov-on-Don, Russia. The UiO series MOFs are usually
synthesized by solvothermal synthesis methods. The solvothermal conditions
facilitate the formation of the ordered structure through control the equilibration of
bonds formation between inorganic connectors and organic linkers. This is enabled
by the weaker coordinative bonds that detach from incoherently assembled build
block and reattach the linkers to metal centers to form the thermodynamically more
favorable structures. Three types of UiO-66-NDC were synthesized in this work.

Standard synthesis of Zr-BDC MOF was performed by dissolving ZrCl,
(0.053 g, 0.227 mmol) and 1,4-benzenedicarboxylic acid (H,BDC) (0.034 g, 0.227
mmol) in N,N -dimethylformamide (DMF) (24.9 g, 340 mmol) at room
temperature. The thus obtained mixture was sealed and placed in a pre-heated oven
at 120 °C for 24 hours. Crystallization was carried out under static conditions.
After cooling in air to room temperature the resulting solid was filtered, repeatedly
washed with DMF and dried at room temperature [11]. UiO-66-NDC-0BA was
synthesized by replacing BDC with equivalent molar amounts of the NDC linker
(Figure 2.2).

Figure 2.2 — (a) 1,4-naphthalenedicarboxylic (NDC) organic acid, (b) — benzene-

1,4-dicarboxylic acid. C — black, O —red, H — white.
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In order to control the rate of MOF crystal growth, a competing ligand
(single-coordinated ligand) also called modulator (for example, acetic acid) can be
introduced in the synthesis [12, 52-54]. Thus, the second sample is UiO-66-NDC-
30AA, and 30AA tells about the use of modulator — acetic acid (AA). 30
equivalents of the modulator were added with respect to NDC.

The third type is UiO-66-NDC-50:50. Here, 50% of linkers was formed
with NDC and 50% — with BDC (Figure 2.3).

1,4-Naphthalenedicarboxylic
acid

1,4-dicarboxylic acid

Figure 2.3 — Scheme of the synthesis of UiO-66-NDC-50:50

2.2 Methods of MOFs study

In this work as-synthesized samples and samples after the activation at the
temperature of 200 °C and 7 cycles of hydrogenation/ dehydrogenation were
studied. For a comprehensive study of porous materials, many methods are used.
One of the most important characteristics of MOFs is the specific surface area and
pore size via physisorption of nitrogen. Before the study samples were degassed.
Brunauer Emmett Teller (BET) theory is one of the most used methods of
calculation of specific surface area and pore size. Morphology is an important
characteristic of MOFs, which is studied with the help of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). X-ray structural
analysis (XRD) and infra-red (IR) spectroscopy or Raman spectroscopy are most

often used to study the structure of these materials.
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2.2.1 Hydrogenation/dehydrogenation of MOFs

Activation and seven cycles of hydrogenation and dehydrogenation of UiO-
66-NDC samples were performed with the use of Sievert apparatus automated
complex Gas Reaction Controller by Advanced Materials Corporation (Figure 2.4)
at the Department of General Physics, Tomsk Polytechnic University. Two types
of reaction chambers are provided in the unit: small, 2 cm® in volume and large,
with a volume of 175 cm®. In each chamber, thermocouples are installed to track
the temperature directly in the reaction chamber.

Experiments on the hydrogen sorption and desorption processes
investigation run in the following order: the sample is weighed, the weight and
density are entered into the complex software, the sample is placed into the
chamber, the chamber is connected to the vacuum system and evacuated, and the
sample is heated or cooled with continuous pumping. Then PCI method is applied.
Pressure-composition isotherms (PCI) and kinetics measurements of LaNis have
been obtained for validation of the apparatus.

———

4

- - il

Figure 2.4 — Automated complex Gas Reaction Controller

In this work, the small chamber was used. Before the hydrogenation
samples were degassed at the temperature of 200 °C overnight to delete guest and
solvent molecules from the structure of MOFs. Then the chamber was cooled down
to the room temperature. The temperature during the process of

hydrogenation/dehydrogenation was 77 K and the pressure was 8 atm (810.6 kPa).
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To obtain the low temperature the chamber was placed into the Dewar flask with

the liquid nitrogen.

2.2.2 Study of specific surface area and porosity
2.2.2.1 Physisorption of nitrogen

Adsorption is the enrichment of atoms, ions or molecules in the vicinity of
an interface (i.e. the interfacial layer or the adsorption space). There are two types
of adsorptions: physical adsorptions and chemical adsorption. The former also
called physisorption involves weak interaction (eg. Van der Waals-interaction)
between the adsorbate and adsorbent, the latter called chemisorption is an
adsorption that the adsorbate forms one or more chemical bonds with the
adsorbent.

Adsorption is usually described through isotherms, which is the
relationship between the amount adsorbed and the equilibrium pressure, or
concentration. The isotherm is usually plotted as absorbed volume of adsorbate
(gas) per mass of absorbent (solid) against relative pressure (p/p0) at given
temperature of measurement. The pressure of the gas is p and the saturation vapor
pressure of adsorptive at the given temperature of measurement. When an
absorbent is exposed to gas with some definite pressure in a closed space, it begins
to adsorb the gas. During this process the pressure of the gas decreases and the
weight of the absorbent increase. After a time, the pressure becomes a constant and
correspondingly, the weight of absorbent stops increasing. Thus, the amount of gas
in the absorbent can be calculated [55].

Table 2.1 — Specification of TriStar Il Surface area and Porosity Analyzer

Absolute pressure Range: 0 to 950 mmHg; Resolution: Within 0.05 mmHg; Accuracy:
Within 0.1% of full scale; Linearity: <+ 0.1% of span

Relative pressure P/Po range: 0 to 1.0 P/P,; Resolution: < 10™

Specific surface area | From 0.01 m?%g, nitrogen unit. From 0.001 m?/g, krypton uni

Pore volume From 4x10° cm¥/g

Dewar duration Up to 40 hours

Temperature 10 and 35 °C (50 to 95 °F), operating. 0 to 50 °C (0 to 122 °F), non-
operating

Humidity 20 to 80% relative, non-condensing
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Here, TriStar Il Surface area and Porosity Analyzer by Micrometrics
(Figure 2.5a) was used to study physisorption of nitrogen. The specification of the
equipment is presented in Table 2.1. Sample Degas System FlowPrep 060 by
Micrometrics (Figure 2.5b) was used to prepare samples for the experiment. The
specification of the equipment is presented in Table 2.2. Approximately 0.005 g of
samples were degassed at 200°C overnight with the flowing gas method (He was
used) and then analyzed. All measurements were carried out in the laboratory of
Institute of Chemistry, University of Vienna.

Table 2.2 — Specification of Sample Degas System FlowPrep 060

Temperatures up to 400 °C
Temperature accuracy |5 °C
Gas flow rates up to 50 cm*/min
Pore volume From 4x10° cm¥/g
Capacity 6 stations

a b

Figure 2.5 — (a) TriStar Il Surface area and Porosity Analyzer, (b) Sample Degas
System FlowPrep 060

2.2.2.2 Brunauer Emmett Teller (BET) Theory

One of the most widely used isotherm analysis methods in the MOF research
is BET theory. It is a model extended from Langmuir equation. It deals with a

multilayer adsorption on the absorbent. The BET equation is

1 1 c-1

WD~ wme T e B/ o) (1)
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where Py is saturation vapor pressure (kPa), W is the amount adsorbed at pressure
P (cm®g™), W,, is the amount monolayer of adsorbent.

There are two major criteria were used to aid find the pressure rang for the
BET analysis. One is the values of (W(Py-P) increase with Po/P values in the range,
and the other is the value of ¢ should be positive [56].

Calculations of specific surface area, pore volume, and pore size were
performed with the use of ASiQwin 5.0 Software by Quantachrome Instruments.
Total area evaluated following the BET model in 0.007<P/P<0.05 pressure range.
Total pore volume calculated as the volume of liquid at P/Py~0.97. Quenched solid
density functional theory (QSDFT) was used to determine pore size, pore volume,

and specific surface area.

2.2.3 Study of the morphology
2.2.3.1 Scanning electron microscope (SEM)

In this work, Supra 55VP from Gemini series by Carl Zeiss AG (Figure

2.6a) was used. Specification of the equipment is presented in Table 2.3.

GEMm: 1Al

ﬁ SUPRA 55VP

Figure 2.6 — (a) SEM Supra 55VP from Gemini series by Carl Zeiss
TEM Philips CM 200

’
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Table 2.3 — Specification of Supra 55VP from Gemini series by Carl Zeiss AG

Magnification 12-900000x
Acceleration Voltage 0.1-30kV
Probe Current 4 pA - 10 nA (20 nA optional)
Image resolution Up to 3072 x 2304 pixel

The sample was mounted on a carbon tape and coated with gold prior to the
measurement. Magnification used in this work were around 15000x, 25000x%, and
50000x. All measurements were carried out in the laboratory of Institute of

Chemistry, University of Vienna.

2.2.3.2 Transmission electron microscope (TEM)

In this work, Philips CM 200 (Figure 2.6b) was used. Specification of this
equipment is presented in Table 2.4. For MOFs, the accelerating voltage was 200
kV. Samples were dispersed in Isopropyl alcohol, dropped onto the cooper grid
and dried at room temperature. Philips CM 200 is equipped with the EDX which
was used for elemental analysis. All measurements were carried out in the
laboratory of Institute of Chemistry, University of Vienna.

Table 2.4 — Specification of Philips CM200

Magnification (standard) 2050 x - 1100k x
Magnification (selected area) 5000 x - 510k x

Low magnification 22 x - 1400 x

Electron source Schottky field emitter, zirconiated tungsten
<1.0.0> fully microprocessor controlled
Guaranteed resolution 0.10 nm lattice
0.24 nm point to point
Diameter of specimen 3 mm

2.2.4 Study of the structure
2.2.4.1 X-ray diffraction analysis

Diffractometer XRD-7000 by Shimadzu (Figure 2.7) was used in this work.
Specification of the equipment is presented in Table 2.5. The measurements were
carried out at 40 kV and 30 mA with a scanning rate of 5 °min™, using Cu Ka
radiation. Degrees range is from 2 to 30 degree, 20. All measurements were carried
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out in the laboratory of Department of General Physics, Tomsk Polytechnic
University.
Table 2.5 — Specification of diffractometer XRD-7000 by Shimadzu

X-ray tube
Anode material and type Cu, Co, Fe, Cr
Focus size and maximum power 1.0x10.0 mm; maximum power 2.0 kW; 0.4x12.0 mm;
maximum power 2.2 kW; 2.0x12.0 mm; maximum
power 2.7 kW
X-ray generator
Maximum power 3 kW
Maximum voltage 60 kV
Maximum current 80 mA
Goniometer
Type Vertical (0-0)
Radius of goniometer 275 mm standard (can vary from 200 to 275 mm)
Minimal scanning step 0,0001 degree (0)
Modes of operation Continuous scanning, step-by-step scanning,
calibration, positioning, theta axis oscillation
Scanning rate 0.1~50 degrees/min (8s, 6d ), 0.1~100 degrees/min (20)

Figure 2.7 — Diffractometer XRD-7000

2.2.4.2 Fourier-transform infrared spectrometry

FT-IR Research Spectrometer VERTEX 70v by Bruker (Figure 2.8) was
used in this work for the study of the structure of MOFs UiO-66-NDC.
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Figure 2.8 — FT-IR Research Spectrometer VERTEX 70v by Bruker

The VERTEX FM functionality provides the unique possibility to acquire a
complete far and mid-IR spectrum from 6000 cm™ to 80 cm™ (or to 50 cm™ with
the VERTEX 70v vacuum optics bench) in a single step measurement. The
VERTEX 70/70v spectrometers are equipped with five beam exit ports and two
beam input ports and offer the possibility to readily upgrade the systems with
external measurement accessories, sources, and detectors. This includes the
following: PMA 50 Polarization Modulation Accessory for VCD and PM-IRRAS;
PL Il Photoluminescence Module; RAM Il FT-Raman module and the
RamanScope Il FT-Raman microscope; TGA-FT-IR coupling; HYPERION series
FTIR microscope; HYPERION 3000 FTIR imaging system; HTS-XT High
Throughput Screening eXTension; IMAC Focal Plane Array macro imaging
accessory; external sample compartment XSA, evacuate or purgeable; external
vacuum tight UHV chamber adaptation; vacuum PL/PT/PR measurement unit;
fiber optic coupling unit with MIR or NIR fiber probes for solids and liquids; large
integrating spheres; auto sampler devices; external FIR Hg source; unique wide
range MIR-FIR beam splitter and detector (VERTEX FM); external emission
adapter; external high performance MIR source; external vacuum 4-position
detector chamber (for vacuum optics); bolometer adaptation for detection in the
FIR range. All measurements were carried out in the laboratory of Institute of

Chemistry, University of Vienna.
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2.2.4.3 Raman spectroscopy

A complex combining Scanning AFM/Confocal/Raman/Fluorescence
system with double dispersion monochromator for Raman/Fluorescence and
AFM/Raman (TERS) imaging Centaur | HR was used in this work (Figure 2.9).
The main distinguishing feature of Centaur | HR is the ability to measure Raman
spectra in the vicinity of the excitation line up to 20 cm™, and a high spectral
resolution of 0.01 nm.

The samples were prepared as powders. A diode laser emitting at 532 nm
was used. The spectral collection setup of 50 acquisitions, each of 20 s duration.
All measurements were carried out in the laboratory of Department of General

Physics, Tomsk Polytechnic University.

Figure 2.9 — Complex Centaur | HR
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Chapter 3
3.1 Influence of adding of modulator and mixing the linkers on the specific surface
area, pore volume, and pore size

As uptake of hydrogen is closely associated porous features of a material,
surface area, pore size, and pore volume of MOFs are the first parameters been
extensively investigated usually via physisorption [26]. Table 3.1 summarizes the
pore textural properties for the as-synthesized samples and the samples after
activation and 7 cycles of hydrogenation/ dehydrogenation (-H indicates these
samples). Specific surface area of UiO-66-NDC-0BA is the smallest among the
samples (528 m?%g). This value is lower than the one obtained (615 m%g) by S.
Garibay [54]. Values of pore volume are also the lowest (0.27 cm®/g — total pore
volume, and 0.18 cm®g — volume of micropores). Use of acetic acid as the
modulator leads to an increased specific surface area up to 734 m*/g. Pore volume
increases up to 0.34 cm®/g (total), and 0.26 cm®/g (microp.). The sample UiO-66-
NDC-50:50 has the highest specific surface area (853 m?/g) and pore volume (0.39
and 0.30 cm®/g for total and micropore volumes, respectively). Obtained values are
still below the ones obtained for UiO-66-BDC (from 880 to 1434 m?/g) [11-12, 40-
42, 57-58]. It may be related to the use of another organic acid (NDC) and/or the
mixture of acids (BDC and NDC) for the linkers formation.

Table 3.1 — Specific surface area, pore volume and pore size

Sample Surface area Pore volume, cm®/g Pore
(BET), m’/g Total Pv Nv size, nm
DFT Gurvitch | DFT T-plot DFT
UiO-66-0BA 528 538 0.27 0.25 0.18 0.18 2.23
UiO-66-30AA 734 726 0.34 0.32 0.25 0.26 2.23
Ui0-66-50:50 853 937 0.39 0.36 0.30 0.30 2.23
UiO-66-0BA-H | 419 364 0.23 0.21 0.14 0.14 2.23
Ui0-66-30AA-H | 721 731 0.34 0.31 0.25 0.25 2.23
Ui0-66-50:50-H | 779 865 0.36 0.34 0.27 0.27 2.23

Figure 3.1a presents volumetric N, adsorption/ desorption isotherms of the
as-synthesized samples, measured at 77K. In accordance with the updated IUPAC
classification of physisorption isotherms and associated hysteresis loops, all
samples exhibit Type IVa isotherms [59]. It indicates that adsorbent has

predominantly mesopores (2-50 nm) (e.g., many oxide gels, industrial adsorbents



and mesoporous molecular sieves). Hysteresis loops can be identified as H4 for all
isotherms [59]. The H4 loop has a pronounced uptake at low relative pressures
which is associated with the filling of micropores (less than 2 nm). A second
typical aspect of the H4 loop is its abrupt closure, being caused by a desorption
mechanism via cavitation (the spontaneous nucleation and growth of gas bubbles
in the metastable condensed fluid) that occurs when the neck diameter of the pores
(i.e., ink-bottle pore) is smaller than a critical size, estimated to be around 5-6 nm
for nitrogen at 77 K.
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Figure 3.1 — (a) Volumetric N, adsorption/ desorption isotherms obtained at 77 K
and (b) pore size distribution of samples after the activation at 200 °C
Furthermore, sample UiO-66-NDC-50:50 has the widest hysteresis loop
with the sharpest step-down of the desorption branch. It can be assumed that this
sample has more constricted pores with restrictions (necks) smaller than 4 nm. For
all materials, pore size distribution (presented in Figure 3.1b) confirms that the
majority of pores have the width around 2.23 nm, even if sample UiO-66-NDC-
50:50 has slightly wider pores in comparison with other samples. It is important to
note that such distributions were obtained from the adsorption branches of the
isotherms to avoid the cavitation desorption artifact, located at about 4 nm, that
does not represent any real pores. Sample UiO-66-NDC-30AA has the narrowest
hysteresis loop. It means that the pores have regular shape with few narrow necks
or others defects. Sample UiO-66-NDC-0BA has a continuously narrow loop with

the sharp step-down of the desorption branch. It is located in a narrow range of the
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relative pressure P/Po, (for nitrogen 0.4-0.5 at the temperature 77 K) which
correlates with the literature [59]. The pore size of samples UiO-66-NDC-0BA and
-30AA are also presented in Figure 3.1b.

Thus, using NDC acid for the formation of linkers leads to the decrease of
specific surface area and pore volume in comparison with classic UiO-66-BDC.
Using of acetic acid as the modulator in the synthesis and using the mixture of
NDC and BDC for the linkers formation lead to the increase of specific surface
area and pore volume in comparison with UiO-66-NDC-0BA. Pore size for all

samples is similar.

3.2 Influence of hydrogenation/dehydrogenation on the specific surface area, pore
volume, and pore size

The activation at 200 °C and 7 cycles of hydrogenation/ dehydrogenation
lead to the decrease of the specific surface area for samples UiO-66-NDC-0BA
from 528 to 419 m?/g and UiO-66-NDC-50:50 from 853 to 779 m%/g (Table 3.1).
The value of specific surface area for sample UiO-66-NDC-30AA changes slightly
from 734 to 721 m?/g. Pore volumes also exhibit similar changes — values of
samples UiO-66-NDC-0BA and -50:50 decrease, when UiO-66-NDC-30AA has
similar values for the as-synthesized and for the hydrogenated/ dehydrogenated
samples. However, pore size doesn’t change for all samples (Table 3.1).

Figure 3.2 (a-c) presents volumetric N, at 77K adsorption/ desorption
isotherms of the samples after the treatment. Uptaken volume by sample UiO-66-
NDC-0BA decreases by 30 cm®/g in average, which is the biggest difference
between the as-synthesized and the hydrogenated/ dehydrogenated samples. It is
consistent with the quantitative results of specific surface area and pore volume
determination. It is believed to be related to the changing in the structure or
degradation of the linkers during the activation process, or with the occupation of
the pores by hydrogen during the hydrogenation process. Hysteresis loop becomes

slightly wider, but the cavitation step remains.
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Isotherms of sample UiO-66-NDC-30AA before and after the treatment are
similar. This also correlates with the results of specific surface area and pore
volume determination (Table 3.1). Hysteresis loop doesn’t change. Sample UiO-
66-NDC-50:50 has decreased the cumulative volume of nitrogen (approximately
20 cm®/g) (Figure 3.2c). Hysteresis loop becomes wider, and the step-down of the

desorption branch becomes sharper. Here also, the cavitation step is still evident.
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Figure 3.2 — Volumetric N, adsorption/ desorption isotherms of samples after the
activation at 200 °C and 7 cycles of hydrogenation/ dehydrogenation: (a) — UiO-
66-NDC-0BA, (b) — UiO-66-NDC-30AA, (c) — UiO-66-NDC-50:50, (d) —
comparison of all samples

Figure 3.2d presents the comparison of all samples after the activation and
7 cycles of hydrogenation/ dehydrogenation. As it can be seen, sample UiO-66-
NDC-0BA has the lowest volume uptake. Sample UiO-66-NDC-50:50 still has the
highest value, though it decreased almost to the value of sample UiO-66-NDC-
30AA.

41



The main peaks of pore size distribution in Figure 3.3 (a-c) for
hydrogenated/ dehydrogenated samples UiO-66-NDC-0BA, -30AA and -50:50
respectively change slightly relatively to the as-synthesized samples. The main
change of the peak is the decrease of dV for all samples, and becoming narrower
for samples UiO-66-NDC-0BA and -50:50. Sample UiO-66-NDC-30AA has the
least change in pore size distribution. As it can be seen in Figure 3.3d, comparison
of all samples after the activation and 7 cycles of hydrogenation/ dehydrogenation
shows similar results as a comparison of the as-synthesized samples — sample UiO-

66-NDC-50:50 has wider pores than other samples.
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Figure 3.3 — Pore size distribution of samples after the activation at 200 °C and 7
cycles of hydrogenation/ dehydrogenation: (a) — UiO-66-NDC-0BA, (b) — UiO-66-
NDC-30AA, (c) — Ui0-66-NDC-50:50, (d) — comparison of all samples

Thus, the activation at 200 °C and 7 cycles of hydrogenation/
dehydrogenation at -196 °C lead to the general decrease of specific surface arca

and pore volume for samples UiO-66-NDC-0BA and -50:50. It means that
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frameworks based on NDC and on the mixture of NDC and BDC didn’t
demonstrate sufficient stability towards the high temperatures or saturation of
hydrogen. Sample UiO-66-NDC-30AA has only slight changes in the pore textural

properties, confirming its good stability towards the treatment done in this work.

3.3 Influence of adding of the modulator and mixing the linkers on the structure

Comparison of XRD patterns of as-synthesized UiO-66NDC-0BA, -30AA
and -50:50 (Figure 3.4) shows that all materials have similar structures. Moreover,
all patterns correspond to the results presented in the literature [42, 54]. However,
sample UiO-66-NDC-30AA has narrower reflex at =7° (26) which is more
intensive in comparison with the reflexes of other samples. It can be related to the

high level of crystallinity.
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20, degrees
Figure 3.4 — Comparison of powder XRD patterns of as-synthesized UiO-66-NDC

MOFs, and after the activation and 7 cycles of hydrogenation/ dehydrogenation
Figure 3.5a presents IR spectra of the as-synthesized samples. It can be
seen, that the spectra have a lot of peaks in the range from 600 to 1800 cm™. All
signals in the higher wavenumber range are related to the O-H stretch bonds in
carboxylic acids. Sample UiO-66-NDC-50:50 has a medium double peak in the
range of 2850-3000 cm™ that can be caused by C-H stretching alkane bond.
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Figure 3.5 —IR (a) and Raman (b) spectrums of as-synthesized UiO-66-NDC

At =1800 cm™ sample UiO-66-NDC-0BA has a peak which other samples
don’t have. It can be identified as C=O bond and characterized as anhydride. One
more difference between the samples is in the range of 1200-1100 cm™ where
sample UiO-66-NDC-0BA has more intensive peak in comparison with other
samples. Strong peaks in this range can be interpreted as C-O bonds. In all other
ranges peaks for all samples are similar.

Raman spectrum exhibits many features in the 1700-50 cm™ range (Figure
3.5b). Here, peak with the strong intensity at ~100 cm™ ascribes lattice vibrations.
In the range of 630-980, there are many weak broad peaks, which correspond to C-
C aliphatic chains. The low-frequency carbon-carbon vibrations are around 800
cm™, and this peak changes from sample to sample. UiO-66-NDC-30AA has the
highest intensity of the peak, sample -50:50 has the lowest intensity. It can be
explained by the fact that structures -OBA and -30AA have more carboxylic rings
than the structure of -50:50 sample. The most intensive peak of -30AA is because
of the most separated crystals as a result of adding the acetic acid. In the range of
1000-1120 cm™ bands ascribed to C-O-C bonds. One of the most intensive peaks
belonging to all samples is the peak in the range of 1320-1370 cm™, which
indicates bonds with nitrogen. The presence of nitrogen is explained due to the
studying of as-synthesized samples without any treatment, and solvent molecules
are still in pores. Here, DMF included N was used as a solvent. The next range is

from 1405 to 1455 cm™. Here is CH; band with a medium intensity peak. The
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intensity increases for -30AA and -50:50 samples. The feature at 1505 cm™
ascribes aromatic ring, and the sample synthesized with the usage of modulator has
the highest intensity. In figure 3.5b we can see the vibrations of two carbon atoms
linked by strong double bonds (C=C) at around 1600 cm™. Here, sample UiO-66-
NDC-50:50 has doubled peak.

Thus, all samples have slight differences in the structures. The majority of
bonds are double bonds between carbon in aromatic rings, bonds C-O, C=0 and C-
H.

3.4 Influence of hydrogenation/dehydrogenation on the structure

Comparison of XRD data collected on as-synthesized and materials after
the activation at the temperature of 200 °C and seven cycles of
hydrogenation/dehydrogenation are presented in Figure 3.4. All measurements
were carried out on air, so there is hydroxylated form of UiO-66-NDC. It can be
seen, that activation at 200 °C and subsequent sorption and desorption of hydrogen
don’t influence on the structure. All samples present unchanged XRD patterns after
the treatment. In each case, the peak positions and the ratios of peak heights remain
the same indicating no loss of crystallinity.

To study the structure change after the activation and hydrogenation/
dehydrogenation FT-IR spectroscopy also was used. IR-spectra of sample UiO-66-
NDC-0BA are presented in Figure 3.6a. After the treatment the sample has more
intensive peak that as-synthesized sample in the high wavenumber range which is
related to the presence of bigger amount of O-H bonds. Probably, it is caused by
the filling of the pores by hydrogen molecules during the sorption and not
complete removal of them during the desorption process. This correlates with the
results of study of the specific surface area — it decreases after the treatment. As it
is seen, after the treatment peaks in the ranges of 1850-1750 cm™ and 1250-1100
cm™ disappear or their intensity decreases dramatically. Strong peaks in that ranges
identify C=0 and C-O bonds respectively. It means that structure of UiO-66-NDC-
OBA doesn’t demonstrate high stability towards the treatment.
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Sample UiO-66-NDC-30AA shows more stable structure towards the
activation and hydrogenation/ dehydrogenation (Figure 3.6b). All peaks are similar
for the as-synthesized sample and sample after the treatment besides one peak
disappears in the range of 1750-1850 cm™. As for the previous sample, it is related
to the C=0 bonds.
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Figure 3.6 — IR-spectra of samples after the activation at 200 °C and 7 cycles of
hydrogenation/ dehydrogenation: (a) — UiO-66-NDC-0BA, (b) — UiO-66-NDC-
30AA, (c) — Ui0-66-NDC-50:50, (d) — comparison of all samples

Figure 3.6¢c presents IR-spectra of sample UiO-66-NDC-50:50. The
structure changes in the similar way as other samples — the peak in the range of
1750-1850 cm™. The medium double peak in the range of 2850-3000 cm™ that can
be caused by C-H bonds also almost disappears.
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Comparison of spectra of all samples shows that after the treatment they
have similar structures in the low wavenumber range (Figure 3.6d). In the high
wavenumber range sample UiO-66-NDC-0BA has more intensive peak related to
O-H bonds.

3.5 Influence of adding of modulator and mixing the linkers on the morphology

The SEM microphotographs were used to investigate the morphologies,
crystallinity, and microstructure of UiO-66-NDC MOFs. As shown in Figure 3.7
(a, b, ¢), the sample UiO-66-NDC-0BA is intergrown aggregates (around 1-2 pum)
of very small crystals (around 100-200 nm). The shape of crystals is comparable to
octahedral shape.

Figure 3.7 (d, e, f) presents SEM images of UiO-66-NDC-30AA.
Regarding the literature [52-54], adding of a modulator leads to increasing of
crystal size and to individual nanocrystals growth. Nevertheless, here are a
separated crystals, but intergrown crystals also can be observed. The size of
isolated crystals is approximately 50-100 nm, and the size of intergrown
aggregates is about 300-700 nm. Therefore, adding a modulator leads to decreasing
of the aggregate size, and the crystal size, however it leads to more dispersed
crystals.

Mixing of linkers (sample UiO-66-NDC-50:50) reduces the size of the
intergrown aggregates of the crystals in comparison with -0BA (Figure 3.7 g, h, 1).
Moreover, almost all crystals are present as intergrown aggregates, this sample has
very small amount of isolated crystals.

Since SEM provided the exterior morphology and can show shape and size
of particles, TEM is used for investigation of single or separated crystals of MOFs
[42, 57]. As it can be seen in Figure 3.8 (a-d), the crystals of UiO-66-NDC-0BA
are small (approximately 100-200 nm) that correlates with SEM data. Intergrown
aggregates are almost impenetrable to the electron beam, but separated crystals are
penetrable. The shape of separated crystals can be indicated easily — crystals are

octahedral.
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-50:50 as-synthesized, and (a1, b1, c1) -OBA, (d1, el, f1) -30AA, (g1, hl,il) -
50:50 after 7 cycles of hydrogenation/dehydrogenation
Figure 3.8 (e-h) presents TEM images of UiO-66-NDC-30AA. In
consistent with SEM data, the aggregates are smaller than for the previous sample
and almost impenetrable to the electron beam. Separated crystals have different
shapes, the majority seems octahedral. Crystal size is approximately 50-100 nm.
TEM microphotographs of the sample UiO-66-NDC-50:50 are presented in
Figure 3.8 (i-l). As it can be seen, intergrown aggregates are more impenetrable to
the electron beam than other samples. The intergrown aggregates have higher
density; the sample almost has no separated crystals. The shape of isolated crystals
that are on the edge of the aggregates cannot be identified. Thus, using the mixture
of acids to form the linkers in the MOFs structure leads to the formation of small

crystals without specific shape which grow together.

3.6 Influence of hydrogenation/dehydrogenation on the morphology

Thermal treatment and subsequent seven cycles of
hydrogenation/dehydrogenation make separated crystals of UiO-66-NDC-0BA
(Figure 3.7 al, b1, cl) to grow together in bigger aggregates (around 3 pm) than
as-synthesized material. As it can be seen in Figure 3.7 (al), the material almost
has no small aggregates or separated crystals. Crystal size is similar to the as-
synthesized material.

Figure 3.7 (d1, el, f1) presents microphotographs of UiO-66-NDC-30AA
after sorption and desorption of hydrogen. This treatment influences on the
morphology slightly. Shape and size of the aggregates and crystals are similar to
the as-synthesized material.

Thermal treatment, hydrogenation, and dehydrogenation have the strongest
effect on morphology for UiO-66-NDC-50:50 sample. Crystals form bigger
aggregates (around 4-5 um) than in the as-synthesized sample. The shape of the
aggregates and their surface indicates changing in morphology — surface has no

crystals, but it is smooth. The shape of crystals can’t be indicated.
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R
Figure 3.8 — TEM images of UiO-66-NDC: (a, b, c, d) -0BA, (e, f, g, h) -30AA, (i,

J, k, 1) -50:50 as-synthesized, and (al, b1, c1, d1) -OBA, (el, f1, g1, hl) -30AA, (i1,
j1, k1, I11) -50:50 after 7 cycles of hydrogenation/dehydrogenation
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To study the influence of the activation process and cycles of
hydrogenation/ dehydrogenation analysis of materials TEM was used. As it can be
seen in Figure 3.8 (al-d1) these processes have no significant influence on the
morphology and crystallinity of the sample UiO-66-NDC-0BA. The ingrown
aggregates are impenetrable to the electron beam, as the as-synthesized sample.
Shape and size of the crystals don’t change.

Figure 3.8 (el-hl) presents TEM images of the sample UiO-66-NDC-
30AA which aggregates are also impenetrable to the electron beam. However, the
shape and the size of the crystals on the edges of the aggregates are not clearly
identified. The possible cause is the process of the activation at the temperature of
200°C before the hydrogenation. The high temperature could influence on the
surface of the crystals, and make them more spherical and make their edges not so
sharp.

TEM microphotographs of the sample UiO-66-NDC-50:50 are presented in
Figure 3.8 (i1-11). Comparison with TEM images of as-synthesized material in
Figure 3.8 (i-1) shows that morphology and crystallinity don’t change significantly.
The crystals has no sharp edges, the shape is spherical.

Thus, the study of morphology shows that most stable towards the
treatment sample is uiO-66-NDC-30AA — its shape, size and amount of the

separated crystals change insignificantly.

3.7 Influence of adding of modulator and mixing the linkers on the
sorption/desorption of hydrogen

Different gases uptakes have a linear dependence on the specific surface
area and pore volume at high pressures as expected from previous results reported
in the literature [57]. However, it is believed that specific surface area and pore
volume are not the main factors that determine the amount of gas adsorbed. The
quality of the pores must be considered as well. The relative size of the pores

regarding the gas that is taken in is one of the critical aspects. An optimal material
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should have pores that fit the size of the gas molecules well and have the largest
possible pore volume [6].

Hydrogen adsorption and desorption kinetics of UiO-66-NDC-0BA
samples are reported in Figure 3.9. Seven cycles of hydrogenation and
dehydrogenation were performed to study the stability of these materials towards
hydrogen storage. It can be seen that lines of sorption have a wide range of
hydrogen concentration, and kinetics of sorption has significant differences from
cycle to cycle (Figure 3.9a). It can be caused by the low stability of the structure
and no complete removal of hydrogen from the pores during the desorption. The
time of the hydrogenation is also varied from approximately 2100 s to 3250 s.

However, the first and the last lines of sorption are the most similar to each
other. The total concentration of taken hydrogen after 7 cycles is 6.6 % wt, and the
time of sorption is 2100 s. Hydrogen desorption kinetics also differs from cycle to

a 2 and has a range of concentrations. T b of desorption is similar for all cycles
and it is approximately 2100 s. The kinetics has an unusual stepped character,
which could be related to several statements of the taken hydrogen. This requires

more experiments with the various parameters to explain.
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Figure 3.9 — (a) Adsorption and (b) desorption kinetics of UiO-66-NDC-0BA
Figures 3.10a and 3.10b present adsorption and desorption kinetics of UiO-
66-NDC-30AA respectively. Here, the convergence of the lines is higher than for
the previous sample. The process includes three steps which are clearly
distinguished. Total hydrogen concentration is approximately 7.5 % wt, which is
higher than the amount of UiO-66-NDC-0BA. With the increasing of cycles, the
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capacity decreases slightly. Desorption lines are also similar to the previous
results. Higher hydrogen uptake is related to the more separated crystals (Figure
3.7), pore volume (Table 3.1), and the specific surface area in comparison with
UiO-66-NDC-0BA. It is proved that adding of modulator leads to the formation of
more separated crystals with bigger pores, and it influences on the sorption of

hydrogen — the capacity becomes higher.
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Figure 3.10 — (a) Adsorption and (b) desorption kinetics of UiO-66-NDC-30AA

Adsorption and desorption kinetics of UiO-66-NDC-50:50 is presented in
Figure 3.11a and 3.11b respectively. Steps of adsorption and desorption are not as
clear as for UiO-66-NDC-30AA sample. Among all samples the sample -50:50 has
the highest hydrogen uptake — approximately 8.3 % wt. However, the increasing of
cycles leads to the decreasing of capacity (about 7.5 % wt). Here, desorption lines
have a good correlation to each other. Thus, the mixing of linkers influences on the
uptake of hydrogen making it higher in the comparison with -OBA sample. These
results correlate with the results of the textural properties (Table 3.1).

Hydrogen uptakes of UiO-66-NDC-0BA, -30AA, -50:50 are higher than
results reported in the literature for standard UiO-66 with the linkers of
terephthalic acid [41, 57-58]. The average amount of hydrogen taken by UiO-66
regarding to the literature is about 2.4 % wt at the temperature of 77 K and the
pressure of 38 bar (38 atm) [57]. This high hydrogen uptake probably can be
related to the pore size and pore volume which are more suitable for hydrogen.
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Hedrogen concentration, % wt

However, this point needs to be studied more at different parameters of the
hydrogenation/ dehydrogenation.
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Figure 3.11 — (a) Adsorption and (b) desorption kinetics of UiO-66-NDC-50:50
PCI curves of sorption and desorption of UiO-66-NDC-0BA, -30AA, -
50:50 are presented in Figure 3.12a, b, c respectively. It is linear dependence
between hydrogen concentration and pressure. Regarding to the results presented

in the literature, the expected point of saturation would be at approximately 38 atm.
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Figure 3.12 — Hydrogen isotherms of sorption (filled squares) and desorption
(empty squares) of (a) UiO-66-NDC-0BA, (b) -30AA, and (c) -50:50. Cycles: 1 —
black, 2 —red, 3 — blue, 4 — pink, 5 — dark blue, 6 — purple, 7 — orange.

Thus, the study of the uptake of hydrogen shows that the most stable
towards the hydrogenation and dehydrogenation processes is the sample UiO-66-
NDC-30AA. Its hydrogen capacity changes insignificant during 7 cycles in
comparison with other samples.
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['maBa 4. ®UHAHCOBBIN MEHEIHKMEHT, pecypcod(PPEeKTUBHOCTD U pecypcocOepexeHne
4.1 ITpeanpoeKTHBIN aHAIN3

C uenblo BBISIBJICHUS TOTPEOUTENEH pe3yIbTaTOB UCCIIEI0BAHUS HEOOX0IUMO
PacCMOTPETH IETICBOI PHIHOK M TIPOBECTH €TI0 CETMEHTHUPOBAHMUE.

[leneBoil pBHIHOK — CErMEHTHI pPBIHKA, HAa KOTOpOM B OyayumieM Oyner
npojJaBaTbes pa3padboTka. B cBoro ouepenb, CErMEHT phIHKAa — 3TO 0COOBIM 00pa3oM
BBIJICICHHAs] 9acTh PBIHKA, TPYMIBI MOTpeOHUTENeH, 00Iaqaronux OnpeaeIeHHbIMA
oOILIMMU MTPU3HAKAMU.

CerMeHTHpOBaHUE — ATO Pa3/eICHHE MMOKyaTeIe Ha OJHOPOIHBIC TPYIIIHI,
TUTSL KQXKIOW U3 KOTOPBIX MOKET MOTPEOOBATHCS OTPEICTICHHBIN TOBap (yCiIyra).

OOBEKTOM HCCIEOBaHUSl  SIBISIIOTCS  METAJJIOPTaHUYECKUE KapKacHbIE
ctpyktypsl (MOFs) UiO-66-NDC, xoTopsie HpeacTaBISIOT co00i MOTCHIIMAIbHBIC
MaTepHuabl-HaKOMUTEIN BOJIOPO/IA.

[loTeHIMANbHBIMU ~ TIOTPEOUTENSIMU ~ SIBJISIIOTCS ~ KOMMEpUYECKHE U
rOCyJapCTBCHHBIC OpPTaHU3AIIH.

K kxomMmepueckum M rocyJapCTBEHHBIM OPTaHHM3AIMSIM MOXKHO OTHECTH BCE
MPEANPUATHSI, KOTOPbIE TaK WM HWHAYe CBS3aHbl C BOJOPOJHON DHEPTETHUKOM,
MPOU3BOJICTBOM TOILTUBHBIX DJIEMEHTOB Ha OCHOBE BOJIOPO/Ia, 4 TAKXKE JIAOOpaTOPHH,
pa3pabaThIBalONINE ATbTEPHATUBHBIC UCTOYHUKU SHEPTHHU. ITHU OPraHu3aIid MOTYT
SIBJIITHCS KaK MPSMBIMU TTOTPEOUTEIAMH, TAK U KOMITAHUSIMHU-TICPEKYIITUKAMH.
Tabmuua 4.1 — OueHoyHass KapTa JJsi CpaBHEHUS KOHKYPEHTHBIX TEXHHUYECKHX

peuieHuii (pa3paboTok)

Bec BaLiLL Konkypenro-
Kpurepun orieHKH KpHTe- CIIOCOOHOCTD
pusA Bdo BKI BK2 Kd) KKI KKZ
1 2 3 4 5 6 7 8
TexHuyeckue KpUTEPUH OIIEHKU pecypcodPPeKTHBHOCTH
1. IToBbIIEHNE TPOU3BOAUTEIBHOCTH 0,1 5 4 3 0,5 04 | 0,3
TpyJa IMOJTb30BaTeIs
2. Y100CTBO B AKCILTyaTaIlluu 0,18 5 3 3 09 | 054|054
(cooTBeTCTBYET TPEOOBAHHAM
norpedureneii)
3. DHEPro’KOHOMUYHOCTh 0,13 5 4 3 0,65 | 0,52 | 0,39
4. Be3omacHOCTh 0,1 5 3 3 0,5 0,3 0,3




5. OyHKIMOHATBHAS MOIITHOCTh 0,09 5 3 3 0,45 | 0,27 | 0,27
(mpenocTaBisieMble BO3MOXHOCTH)
DKOHOMHUYECKHE KPUTEPUU OLIEHKU 3(PPEeKTUBHOCTH

1. KoHKypeHTOCTIOCOOHOCTh POIyKTa 0,07 5 4 3 0,35 | 0,28 | 0,21
2. YpoBeHb MPOHUKHOBEHUS HA PHIHOK 0,07 4 5 5 0,28 | 0,35 | 0,35
3. llena 0,07 5 4 4 0,35 | 0,28 | 0,28
4. IpenarnonaraemMsplii CPOK IKCILTyaTAITUU 0,08 5 5 5 0,4 04 | 04
5. GuHaHCHPOBAHKE HAYYHOU pa3pabOTKu 0,06 5 3 2 0,3 | 0,18 | 0,12
6. Cpok BBIX0J1a HA PBIHOK 0,05 4 5 4 0,2 025 0,2
HUtoro 1 58 47 46 4,88 3,77 3,36

4.2 SWOT-aunanu3

SWOT - Strengths (cunbubie cTOpoHBI), Weaknesses (ciaOble CTOPOHBI),
Opportunities (Bo3moxHocTH) U Threats (yrpo3sl) — TpeACTaBISET COOOM
KOMIUIEKCHBIA ~ aHaJlu3 Hay4YHO-UCcaenoBaTenbckoro mnpoekra. SWOT-ananus
OPUMEHSIOT JUIsl UCCIIEOBaHMs BHEIIHEH W BHYTpeHHEW cpenpl mpoekra. OH
MIPOBOAMTCS B HECKOJIBKO JTAIOB.

[TepBblit 3Tan 3aKJII0OYAETCS B ONMMCAHUM CHIIBHBIX U CJIA0BIX CTOPOH MPOEKTa,
B BBIIBJICHMM BO3MOXXHOCTEM W YIrpo3 M peanu3aldd TMPOEKTa, KOTOPHIC
NPOSBUIUCH WM MOTYT TOSBUTBCA B €ro BHemHEH cpene. [laauMm TpakTOBKY
KaXKJIOMY U3 3TUX MMOHSATHUH.

1. Cunbable  cTOpoHbl. CuHJIBHBIE  CTOPOHBI — 3TO  (PaKTOpHI,
XapaKTEepU3yIOIHe KOHKYPEHTOCIOCOOHYIO CTOPOHY Hay4dyHO-HCCIEA0BATEIbCKOTO
npoekta. CHIbHBIE CTOPOHBI CBHUJETENILCTBYIOT O TOM, 4YTO Yy IIPOEKTa €cThb
OTIMYUTEIHHOE TPEUMYIIECTBO WIIH OCOOBIC PECYPCHI, SIBISIFOIIMECS OCOOSHHBIMH C
TOYKH 3PEHHUS KOHKYpPEHLHUHU. J[pyruMu clioBaMu, CHJIbHBIE CTOPOHBI — 3TO PECYPCHI
WJIA BO3MOKHOCTH, KOTOPBIMH pacrojaraeT pyKOBOACTBO MPOEKTa U KOTOPHIE MOTYT
ObITh 2 (EKTUBHO UCTIOIB30BAHBI JIJIS TOCTHKEHHUS MMOCTABJICHHBIX 1esei. [Ipu aTom
BaYKHO pacCMaTpUBaTh CUJIbHBIE CTOPOHBI U C TOUKU 3pEHUS] PYKOBOJCTBA MPOEKTa, U
C TOYKH 3pPEHHS T€X, KTO B HEM €Il 33/ ICTBOBAH.

2. Cnabsle crtoponbl. CnaboCcTh — 3TO HEIOCTATOK, YIYIIEHHWE WIH

OTPaAaHUYICHHOCTL HAYYHO-UCCICAOBATCIBCKOI'O IIPOCKTA, KOTOPBIC IPCHIATCTBYIOT
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JOCTHKEHHIO €ro Iefiei. DTO TO, YTO IJIOXO MOJYy4YaeTcsl B paMKaxX MpPOEKTa U T7Ie
OH pacrojaraeT HeI0OCTaTOYHBIMU BO3MOKHOCTSIMU HUJIM PECYPCAaMU 110 CPABHEHHIO C
KOHKYpEHTaMH.

3. BosmoxHOcTH. BO3MOXHOCTH ~ BKJIIOYAlOT B ce0s  JIFOOYIO
NPEANOYTUTENIbHYIO CUTYallMI0 B HACTOSIIEM WM OyaylieM, BO3HHUKAIOIIYI0 B
YCIIOBUSAX OKpYKaloleh cpeipl MpOoeKTa, Hanpumep, TEHISHIUI0, U3MEHEHHUE WU
MPEANOJIaraéMyr0 MOTPEOHOCTh, KOTOpPas MNOJAEPKUBAET CIPOC HAa PE3YyJIbTaThl
IpPOEKTa M TO3BOJSET PYKOBOJICTBY IPOEKTA YIYYIIUTh CBOK KOHKYPEHTHYIO
MO3ULIHUIO.

4. VYrpoza mnpeactaBisieT coOoi JO0YI0 HEXKEIaTeIbHYI0 CUTYalHIo,
TEHACHLMIO WM U3MEHEHUE B YCIOBHUSIX OKPY)KAIOIIEH Cpelbl MPOEKTa, KOTOpHIE
MMEIOT  pa3pyLIUTEIbHBIN W YTPOXKAIOIIMI XapakrTep TS €ro
KOHKYPEHTOCIIOCOOHOCTH B HacTosilleM Wi OyayuieMm. B kauecTBe yrpo3bl MOXKET
BBICTYIIaTh Oapbep, OrpaHUYEHUE UM YTO-TMOO €Ille, YTO MOXKET MOBJEeYb 3a cO00it

po0JIeMbl, pa3pyIIeHUs, BpE/l WU yIiepO, HAHOCUMBINA MPOEKTY.

Tabmnma 4.2 — SWOT-ananus

CunpHbple CTOpOHBI HaydHO- | CnaOble  CTOpPOHBI ~ HAy4yHO-
HCCJIEI0BATEIBCKOTO IIPOEKTA: | UCCIEA0BATENBCKOTO MMPOEKTa:

Cl. DKOHOMHYHOCTD u | Cal. JlnutenbHbI  TEpUOT
HHEProdPPeKTUBHOCTD IIOCTaBKU PEareHTOB.
TEXHOJIOTHH. Cn2. OtcyrcTBUE
C2. OKOJIOTMYHOCTh | HEOOXOJUMOT0 000PYAOBaHUS
TEXHOJIOTHH. TUTSL TIPOBEIEHUS UCTTBITAHHIA.
C3. KBanuduiupoBaHHbIN Cn3. HenocraTok hMHAHCOBBIX
MepCOHAI. CPEICTB.

C4. Huskas croumocts | Cn4. OrcyrcTBHE
MIPOM3BOJICTBA IO CPABHEHUIO C | OT€YECTBEHHBIX KOMITaHU I

AQHAJIOTOBBIMU TEXHOJOTHUSIMU. | IPOU3BOJUTENIEH  PEAreHTOB,
HEOOXOOMMBIX IS CHHTE3a
MAaTEPHUAIOB.

Bo3MoxHoCTH:

B1. CHmxenne ce0eCTOMMOCTH
MIPOTYKITUH

B2. IloBbillleHHE CTOMMOCTH
KOHKYPEHTHBIX pa3paboToK
B3. HUcnonws3oBanue Hay4yHO-
HCCIIEA0BATENhCKUX
noctmxkenuit TITY

B4. CriocoOcTBOBaHUE
nepexoja  rocyiapcrBa K
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3KOJIOTMYECKH 0€e30I1aCHBIM
BHUJIaM TOIIJIMBaA

Yrpo3sl:

V1. OrtcyrctBUe chpoca Ha
ATbTCPHATHBHBIC  MCTOYHUKH
SHEPrUuu

V2. Orpanndenusi Ha IKCHOPT
TEXHOJIOTHH

v3. HecBoeBpemennoe
¢dbunaHcoBoe obecrnieueHue
HAyYHOTO HCCJIEOBAHUSA CO
CTOPOHBI TOCYIapCTBa

[locne Ttoro kak cdopmymupoBanbl uerbipe obOmactu SWOT crnenyer
peanu3anus BTOPOro drara.

BTopoii 3Tan coCcTOUT B BBISIBIIEHUN COOTBETCTBUS CUJIBHBIX U CJIA0BIX CTOPOH
Hay4HO-UCCJIEN0BATEIbCKOIO IIPOEKTa BHEIIHUM YCIOBUAM OKPY’KAIOIIEH Cpenbl.
OTO COOTBETCTBUE WJIM HECOOTBETCTBHE JOJDKHBI IIOMOYb BBIIBUTH CTEIICHb
HE0OXOAMMOCTHU MTPOBEACHUS CTPATETHYECKUX N3MEHEHU.

B pamkax gaHHOro stamna He0OXOAMMO MOCTPOUTh UHTEPAKTUBHYIO MATPUILY
npoekTa. Ee ucnoiap30BaHue MOMOTaeT pa3o0parbesi ¢ pa3iMYHbIMU KOMOMHAUMAMHU
B3auMocCBsizel oOmacteit matpuribl SWOT. Bo03MOXHO HCHOJIB30BaHHE ATOM
MaTpulbpl B KayecTBE OAHOW M3 OCHOB JUJISl OLICHKHM BAPUAHTOB CTPATETHMYECKOIrO
BbIOOpa. Kaxnaplii Qakrop mnomeuaercs auOO 3HAKOM «+» (03HAYaeT CUIIBHOE
COOTBETCTBUE CHJIBHBIX CTOPOH BO3MOXKHOCTSIM), JTUOO 3HAKOM «-» (YTO O3HA4aer
cnaboe cooTBeTcTBUE); «0» — €CIIM €CTh COMHEHHUS B TOM, UTO MOCTaBUTh «1+» WU «-
». IHTepakTUBHAs MaTpHIla MPOEKTa MpeacTaBieHa B Tadauue 4.3.

Tabnuna 4.3 — IHTepakTUBHAA MaTpUIla IPOEKTa

CuiibHBIE CTOPOHBI IPOEKTA
Cl C2 C3 C4
BosmoxHocTu Bl + + - +
B2 + + - +
POCKTa
B3 0 + + +
B4 + + 0 +
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AHanmM3 MHTEPAKTUBHBIX TAOJIHI] TPEICTaBIACTCS B (DOPME 3alHCH CHIIBHO
KOPPEIUPYIOMKUX CHJIBHBIX CTOPOH W BO3MOXKHOCTEH, WM CJIa0BIX CTOPOH U
BO3MOXHOCTEM W T.1. cienyromero Bujga: B1C1C2C3; B2CIC2C3. Kaxnas wu3
3amucei mpeacTaBisieT coO0i HaMpaBJICHUE PeaTn3alliy MIPOCKTa.

B pamkax Tperbero srama cocrtabiieHa utoroBas Mmarpuia SWOT-ananmusza

TUTUIOMHOM paboTsl, Tabnuua 4.4. Pesynbratel SWOT-ananu3za y4uThIBaloTCA MpH

pa3paboOTKe  CTPYKTypbl  paboT,  BBHINOJHAEMBIX B  paMKax  HaydHO-
MCCJIeI0BATEIBCKOIO MPOEKTA.
Tabmuma 4.4 — SWOT-ananus

CunpHble CTOpPOHBI Hay4yHO- | CriaOble  CTOpPOHBI Hay4YHO-

HCCIICOOBATCIILCKOI'O IIPOCKTA:

HUCCIICOOBATCIILCKOI'O ITPOCKTA:

Cl. DKOHOMHUYHOCTD u | Cnl. JnutenbHBIA mEpUOL
3HeprodhPpeKTHBHOCTH MTOCTaBKH PEarcHTOB.
TEXHOJIOTHH. Cn2. OtcyrcTBUE
C2. DKOJOTHYHOCTh | HEOOXOAUMOTI0 000PYIOBAHHUS
TEXHOJIOTHH. JUISl IPOBEICHUS UCTIBITAHUM.
C3. KpasmnunupoBaHHbIH Cn3. HenocraTok
IIEPCOHAIL. (MHAHCOBBIX CPE/CTB.
C4. Huskas croumocts | Cn4. OtcyrcTBUE
MPOU3BOJICTBA IO CPABHEHHIO | OTEYECTBEHHBIX KOMITaHUH
c AQHAJIOTOBBIMM | MPOU3BOJUTENEH  pEareHTOB,
TEXHOJIOTHSIMH. HEOOXONHMMEIX JUIS CHHTE3a
MaTepHayoB.

Bo3MmoskHoCTH: [Ipu cHikeHuu | HayuHo-uccnenoBaTenbckue

BI. CHmxkenue | ce0eCTOMMOCTH TpoAykTa u | qoctwxkeHus TIIY  moryr

ce0EeCTOUMOCTH TTPOTYKIIUH €ro BBICOKOM JKOJOTHYECKOH | OBITh  HCIOJB30BAHBI  MPH

B2. TloBbiieHue CTOMMOCTH | OE30MACHOCTH MOXKHO 3asBUTH | OTCYTCTBUU  HEOOXOAMMOTO

KOHKYPEHTHBIX pa3paboToK 00 HSKOHOMUYHOCTH, | 00OpY/IOBaHUSI U HEJOCTaTKe

B3. Hcnonws3zoBanue Hay4dHO- | 3HEProd()PeKTUBHOCTU U | (hMHAHCHUPOBAHUS.

HCCIIEI0BATEILCKIX DKOJIOTUYHOCTH TEXHOJIOTHH, a

noctwxkenui TITY TaKXe MHOBBIIICHUA

B4. CnocoOcTBOBaHUE | KBaM(DUKAIIUK TTIEPCOHAIA.

nepexoja  rocyaapcrea K

OKOJIOTHMYECKH  0€30IacCHBIM

BHJIaM TOILIMBA

Yrpo3sr: 3asBiIeHHAs 2KOHOMHUYHOCTh U | OTCYyTCTBHE  HEOOXOJUMOTO

V1. OrtcyrcrBue crpoca Ha | 3HEProdpHEKTUBHOCTh MOXKET | 000pYJOBaHUS "

aTbTEPHATUBHBIE HWCTOYHUKHU | OBITh HE ONpaBAaHa TPH | JUIUTEITLHOCTH nepuo/ia

SHEpIrun
¥2. Orpanu4eHust Ha SKCIOPT
TEXHOJIOTHH

V3. HecBoeBpemeHHOE
¢uHaHCcOBOE obecrieueHue
HAYYHOTO HCCIIEJOBAHUA CO
CTOPOHBI TOCYAAPCTBA

OTCYTCTBHE CIIpOCAa Ha HOBBIE
TEXHOJOTHH, OTPaHUYEHUH Ha
9KCIIOPT U HECBOEBPEMEHHOM
(MHAaHCUPOBAaHUU  HAYYHOT'O
HCCIIEI0OBaHUS.

MNOCTaBKU PCArcHTOB MOXKET
IMPUBCCTH K OTCYTCTBHIO
CIIpOCa Ha HOBBIC TCXHOJIOT'UU.
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4.3 OueHka roTOBHOCTH MPOEKTa K KOMMEPLHAIU3ALNH

Ta6HHHa 45 - bnank OOCHKH CTCIICHH TOTOBHOCTHM HAYYHOI'O IIPOCKTa K
KOMMeEpIUaIn3auu
Ne Crenenn YpoBeHb
n/n HaunmenoBanue pOpadOTAaHHOCTH | UMCIOIINXCS 3HAHUI
HAyYHOT'O MPOEKTa y pa3zpaboT4ynka
1. OrnpesiesieH UMEIOIITUICS Hay9IHO- 4 4
TEXHUYECKUHU 3a/1e]1
2. OrnpeseneHbl IEPCIICKTUBHBIC HAITPaBICHUS 4 4
KOMMEPIHATN3aIH HAyYHO-TEXHHYECKOTO
3ajena
3. Omnpenenensl OTpaciu U TEXHOJIOTUU (TOBapbl, 4 )
YCIYTH) JJIsl TIPEJIOKEHMSI Ha PhIHKE
4, Omnpenenena TopapHas (opMa HAydHO- 4 3
TEXHUYECKOTO 3aJ1ei1a JIs IPEACTABICHUS Ha
PBIHOK
5. OmnpeeneHbl aBTOPBI U OCYIIIECTBIICHA OXpaHa 3 3
UX 1paB
6. [TpoBeneHa orieHKa CTOUMOCTH 2 2
WHTEJUICKTYaJIbHONH COOCTBEHHOCTH
7. [IpoBeieHbI MAPKETUHI OBBIE UCCIIEIOBAHUS 4 4
PBIHKOB COBITa
8. Pa3zpaboran Ou3HEC-TIIaH KOMMEPITUATH3AIH 1 1
HaY4HOI pa3paboTku
9. Onpenenexsl MyTH NPOABHKEHNS HAYUYHOU 3 3
pa3pabOTKH HA PHIHOK
10. | Pazpabotana crparerus (¢popma) peanuzanuu 4 4
Hay4YHOU pa3paboTKu
11. ITpopaboTaHbl BOIIPOCH! MEXKIYHAPOIHOTO 5 5
COTPY/ZIHUYECTBA M BBIXO/1a Ha 3apyOeKHBIN
PBIHOK
12. |IIpopabGoTaHbl BOIPOCHI HCIOIB30BAHUS YCITYT 2 2
UHPPACTPYKTYPbI MOAIEPHKKH, MOTYISHHS
JTBTOT
13. IIpopaboTaHbl BOIIPOCH (PMHAHCHPOBAHMUS 3 3
KOMMEPIHATN3aIHA HAyYHOH pa3paboTKu
14. Nmeercs komaHaa 11l KOMMEPIIMATU3aluN 1 2
HAY4HOI pa3paboTKu
15. |IIpopaboTan MeXaHU3M peaT3alui HAyIHOTO 2 3
IPOEKTa
NTOI'O BAJIJIOB 46 50

Tak xak cymMMapHOE KOJMYECTBO OaJIOB HAXOAUTCS B Iuama3zoHe oT 45 1o

59, TO MEepPCIEKTUBHOCTH Pa3pabOTKU CUNTAETCS BBIIIE CpeHero. B kauecTBe MeTo1a

KOMMEpLUAIU3alUA  PE3YJIbTATOB HAYYHO-TEXHUYECKOTO HCCIEIOBaHUS  OblLia
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BbIOpaHa TmepeAaya HMHTEIUICKTYalbHOU

COOCTBEHHOCTH B YCTaBHOW KamuTal

MNpCAINpuATHA, B JaHHOM CJIy4ac — ToMCKOro NoJIUuTEXHUIECKOIO YHUBCPCUTCTA.

4.4 uummanus mpoeKTa

Tabnuua 4.6 — 3auHTepecoBaHHbIE CTOPOHBI MPOEKTA

3aI/IHTepeCOBaHHI>Ie CTOPOHEI IIPOCKTA

O)KI/II[aHI/IH 3aUHTCPCCOBAHHBIX CTOPOH

MuHUCTEPCTBO IPUPOIHBIX PECYPCOB
u Yxonoruu PO

I1oBeilIcHUE YPOBHA AKOJIOTUYECKOM
0€301aCHOCTH TOILIMBA

Oo61ecTBo CHukeHue ypoBHS 3arps3HEHUS OKpYXKarouei
Cpelbl 32 CUET HIKOJIOTUUECKH YUCTHIX UCTOUHUKOB
SHEPrUuu
Ta6nuna 4.7 — Lenu u pe3yabTaT IPOeKTa
HccnenoBanne CTPYKTypbl M CBOWCTB  METAJUIOPTaHMYECKHX
kapkacHbiX CTpykTyp UiO-66-NDC, CHHTE3UpOBaHHBIX TpeMs
Lenu npoexTa: crnocobamu, Al WX KCIOJNb30BaHUS B KayecTBE MaTepHaliOB-
HAKOINIMUTEJICH BOAOPOJAA Ui HMX JAIBHEHIIEr0 HCIONIb30BAaHUS B
TOTUIMBHBIX JIEMEHTaX
Oxumaembie  pesynbTarhl | [lodydeHne OLEHKM BO3MOXHOCTH — HCIOJB30BAHUS  JaHHBIX
MIPOEKTA: MaTepuasoB B TOTUIMBHBIX AJIEMEHTaX
Kputepuun MIPUEMKH
AJIEKBaTHOCTH PE3yJIbTATOB
pe3yJbTara MmpoeKTa:
TpeboBanue:
TpeboBanust k pe3yabTaTy
MPOEKTa: CooTBeTcTBHE  PE3YNbTATOB  HCCIEAOBAHUS  TPEOOBaHMSM,
NPEIbSBISIEMBIM K MaTepHaIaM-HaKOIUTENISIM BOJIOPOJIa
Tabnuua 4.8 — Pabouas rpynna npoekra
No ®UO, ocHOBHOE MecTO paboThl, | Poib B mpoekTe OyHKIMU Tpyno-
n/n JIOJDKHOCTh 3aTpaThl, Jac.
1 JlanteB Poman Cepreesnu, HU PykoBogutens Koopaunanms 80
TIIV, kadgenpa OD, accuCTeHT, JEATEIILHOCTH
K.T.H. MPOEKTa
2 [Tpsmymiko Taresina CepreeBHa, Ucnonnurens | Bemonnenne HUP 485
HU TI1Y, kadenpa OD,
MaruCcTpaHT
NTOI'O: 565

Ta6nuna 4.9 — OrpanudeHus MpoeKTa

daxkrtop

OFpaHI/I‘{CHI/I}I/ AONYIICHU A

3.1. brojker nmpoekra

282840,9

3.1.1. Ucrounuk ¢puHaAHCUPOBAHUS

HU TITY, FO®Y, MunucrepctBo 00pazoBaHus,
HAYKU ¥ KYJIbTYpbl ABCTpUHU

3.2. Cpoku nmpoeKTa:

01.02.16-31.05.17

3.2.1. lata yTBepKA€HUS TJIaHa YIIpaBJICHUS
IPOEKTOM

01.02.16
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3.2.2. Jlata 3aBepuieHus NPOEKTa

31.05.17

4.5 TlnanupoBaHue ynpaBiIeHUs HAYYHO-TEXHUYECKUM IIPOCKTOM

['pynna npoueccoB MIaHUPOBAHMS COCTOUT U3 MPOLECCOB, OCYIIECTBIISIEMBIX

JUISL OTpeNielieHUs] OOIIero cojaepX aHus pabdoT, YTOUHEHHsS Leled u pa3paboTKu

MOCJIEA0BATEILHOCTH AEHCTBUM, TPeOYEMBIX JJI IOCTUKEHUSI TAHHBIX LETICH.

Tabnuma 4.10 — KanengapHsblii 11aH MpoeKTa

Jara CocraB

JmuTenbHOCTD, Jlata oxOHYAHUS
Ha3Banue Hayaja Y4aCTHUKOB

JTHU pabot

pabor

CocraBnenue 5 01.02.16 06.03.16 PykoBoauTens
TEXHUYECKOTO 3a/I1aHUs
W3ydeHue nurepatypsl 69 06.02.16 16.02.16 CryneHt
Hanwucanue nurtepatypnoro | 76 22.02.16 07.04.16 PyxoBoauTenp
0030pa CryneHt
CunTes 00pasios 28 01.06.16 28.06.16 Wmxenep

100 01.09.16 07.12.16 Nnxenep
UccnenoBanue oOpas3iion

CryneHnt

O06paboTKa pe3yabTaToB 25 01.12.16 25.12.16 CryneHt
Anamuz nosrydeHHbIx | 30 09.01.17 07.02.17 Crynent
pe3yJIbTaToB PykoBoauTenb
Hamucanue otyera o 50 23.01.17 13.03.17 Crynent
pojieJIaHHOM padoTe
Hamucanme Tte3mcoB Ha | 20 01.03.17 20.03.17 Crynent
KOH(pepeHIIMH U cTaTedl B PykxoBoauTens
HAyYHBIC KYPHAIBI
CpaBuenue  mosryueHHbIX | 30 09.01.17 07.02.17 Crynent
pe3yIbTaToB c
JTUTEPATYPHBIM
HMCTOYHUKOM
Bemomaenne  qurutomuoi | 120 01.02.17 31.05.17 Crynent
paboThI
HUroro: 523 01.02.16 31.05.17

B pamkax maHMpoBaHHMS HAYYHOTO TMPOEKTa HEOOXOJUMO TMOCTPOUTH
KasieHaapHbli rpaduxk mipoekta. [ns mnmanupoBanne HUOKP Obina BbiOpaHa
nuarpamMma ['aHta, KoTOpas MpeACTaBsieT COOOW THUIT CTOJOYATHIX JUArpaMMm
(ructorpaMm), KOTOPBIA HCHOJB3YETCS IS WILTIOCTPALMU KAJICHAAPHOrO  ILJIaHa
MPOEKTA, HA KOTOPOM pabOThI MO TEME MPEACTABIISIOTCS MPOTSKEHHBIMU BO BPEMEHU
OTpE3KaMH, XapaKTepHU3YIOIIMMUCS JaTaMd Hayajlla UM OKOHYAHWS BBINOJHEHHUS

JaHHBIX PaloT.
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Huarpamma ["anrta ctpoutcs B Buge tadbmuisl 4.11 ¢ pa30uBkoii o Mecsuam
3a MIepuoJi BPEMEHHU BBIMIOJIHEHUSI HAYYHOTO mpoekTa. [Ipu 3Tom paboTsl Ha rpaduke
BBIICJICHBl ~ PA3JIMYHOW  IITPUXOBKOM B  3aBUCUMOCTH OT  HCIIOJIHUTENEH,

OTBETCTBEHHBIX 3a Ty WJIH HHYIO padoTy.

4.6 BrokeT HayYHO-TEXHUYECKOTO HUCCIIeI0BaHUS

[Tpu nmanupoBanun Oromkera HTU gomkHO OBITH 0OecliedyeHO MOJTHOE H
JOCTOBEPHOE OTPAKEHUE BCEX BHUJIOB PACXOJIOB, CBA3AHHBIX C €r0O BBINOJIHEHHEM. B
npouecce (popmupoBaHus OOJKETa, IUIAHUPYEMBIE 3aTpaThl TPYHNIUPYIOTCA IO
CTaThsIM, TIPEJICTaBICHHBIM B Tabmuiie 4.12.

Tabnuua 4.12 — ['pynnupoBKa 3aTpar Mo CTaThsiM

3anaTBI 10 CTaThiAM

CeIpbe, MaTepuaisl (3a OcuoBHast | [lononnurensHas | Otuucnenust | Mtoro manosas
BBIYETOM BO3BPATHBIX 3apaboTHas | 3apaboTHas IiaTa Ha cebecTOMMOCTh
OTXOJIOB), TOKYITHbIE iara COLIMAJIbHBIE

U3JIeus U os1y(padbpuKaTel HYK]IbI
2122 200737,6 21047,8 58933,5 282840,9

4.6.1 Ceipbe, MaTepuabl, KOMIUIEKTYIOUIUE U3EIUS U MOKYIHbIE 0y (haOpHKaThI

JlaHHas CTaThsl BKIIOYAET CTOUMOCTh BCEX MATEPUAIIOB, HUCIIOIb3YEMBIX MPHU
pa3paboTke mpoekTa. B 3Ty cTaThio BXOJSAT 3arpaThl Ha CHIPhE, MaTEpHAIIbI,
ucnoisibdyembie B mpouecce HTU, kommekryromme uzaenus u T.4. PaccuutanHbie
MaTepHuaibHbIC 3aTpaThl YKa3aHbl B Tabmuie 4.13.

Tabnuna 4.13 — MartepuaibHbie 3aTpaThI

No Marepuain Ennanna [lena, KonnuectBo 3aTparsl,
MaTtepuana py6/en. MaTepuaia pyo.
1 Snnernopdh T 2,85 20 57
2 Kunkwmii azor hi§ 59 35 2065
NTOTI'O 2122
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Tabnuma 4.11 — Kanennapusiii mian-rpaduk nposeaenus HUOKP mo teme

- ITpo 0T KUTENEHOCTD BBITIOJHEHUS padoT
=
E T ¢deB. | Map. | anp. | Mai. | MIOH. | CEH. | OKT. | HOS. | JieK. | sHB. | ¢)eB. | Map. | amp. | Mau
No Buy pabor = K
S | KaLaH
g 11211(2(1(2|1|2|1|2(1]|2|1|2|12(1|2|1|2|1|2|1(|2]|1|2|1]|2
1 CocraBiicHHE TEXHHYECKOTO p 5 E
3a1aHus
2 V3yuenue nureparypsl C 69 s
3 Hanucanue nurepatypHOro Cip 75
0030pa
4 Cunte3 00pasnos u 28 %
5 HccnenoBanue oOpa3iioB Hn+C | 100
6 O0paboTka pe3yJIbTaToB C 25
7 AHaJN3 MOTYyYSHHBIX =
pe3yabTaToB PrC 30 W{F
8 Hanucanue orueta o W
o C 50
IIPOJICJIaHHOM paboTe
9 Hammcanwne Te3ncoB Ha 20
KOH(EpEeHIIUU U cTaTel B P+C %
HAYYHBIC KYPHAIIBI
10 CpaBHEHHE TIOTYYIEHHBIX 30 -
pe3ynbTaToB ¢ autepaTypHbiM | P+C %
HCTOYHHUKOM
11 BrImonnenne IUINIOMHON C 120
paboThI

e - HAYYHBIA DYKOBOIUTENh e - MHXKCHED [idsd - CTYIEHT



4.6.2 OcHoBHas 3apabOTHA IJIaTa UCTIOJIHUTEIIEH TEMBI

[Ipu pacyere 0CHOBHOM 3apabOTHOM IJIaThl, HEOOXOUMO Y4€CTh HAyUHBIX
U UH)XCHEPHO-TEXHUUECKUX PAOOTHUKOB, KOTOPHIE YYACTBYIOT B JAHHOM HAYYHOM
UCCJICIOBAHUH.

Tabnuna 4.14 — bananc pabo4yero BpeMeHu

[Tokazarenu pabouero BpeMeHH PykoBonurens Maructp | Uuxenep
Kanennapuoe uncio quei 131 430 108
KonuyectBo Hepaboumnx aHei

- BBIXOJHBIE IHU 18 57 14

- Mpa3HUYHBIC THU 8 11 8

[Totepu paboyero BpeMeHH

- OTIIyCK 24 - -

- HEBBIXObI O OOJIE3HU 12 - 10
JlelicTBUTENBHBIN T010BOM (OoH pabouero BpeMeHH 69 362 76

CoBOKYyNHOCTh  3apabOTHOM pabOThl: OCHOBHas 3apaboTHas IUIaTa
pabOTHUKOB, KOTOPBIE HETIOCPEICTBEHHO 3aHATHIX BHITIOJHEHHEM JTaHHON paboTHI,
NpEeMUH, JOIJIaThl, W JOTOJHUTENbHAs 3apaboTHas ruiata. Jljisi omnpeseneHus
OCHOBHOM 3apa0OTHOM IJIaThl UCMOJIB3YETCSI (POPMYIIOM:

3sn = 3ocu 3,&011! (41)
r1e 3, — OCHOBHAS 3apaboTHAs MIaTa; 3,0, — NOTIOJHUTENbHAS 3apaboTHAs myaTa.

Hanpuwmep:

3. = 126408 + 15168,96 = 141576,96 py0.

OcHoBHas 3apaboTtHas 1aTa (3.;) PYKOBOAUTENS (JJabopaHTa, MHKEHEpa)
OT TpeanpuaTus (py HATMYUH PYKOBOAMTENS OT MPEANPHUATHS) PACCUUTHIBACTCS
o popmye 4.2:

- T

Boc = 3 b (4.2)

ra€ 3o — OCHOBHAs 3apaboTHas IulaTa OAHOro paboTtHuka; T,

AH

MPOJIOJDKUTEIILHOCTh PabOT, BBHITIOJHAEMBIX HAyYHO-TEXHUYECKHM DPAOOTHUKOM,
pab. nH.; 3, — cpeHeAHeBHAs 3apa0oTHas miiata paboTHUKa, PYO.
Hanpuwmep:
3ocu = 183269 = 126408

CpennenneBHas 3apabOTHasI TIaTa pacCUUTHIBAETCS 110 hopmyJie:
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B = o, (4.3)

rae 3, — MECSYHBIM JOJDKHOCTHOM OKiaa paboTHUKA, pyd.; M — KOJIUYeCTBO
MecsiIeB paboThl 0e3 OTIyCKa B TEUEHUE roja, Mpu IIeCTUAHEBHOU Heaene M =
10,4; F, — nelicTBUTENnbHBI T0/M0BOM (oOHI pabodero BpEeMEHU HAy4YHO-
TEXHUYECKOTO TepcoHana, pad. mu. (F, =261 nuei).

Hanpumep:

__45968-10,4

3 =
AH 261

= 1832 pyO0.

MecsaHbBIN TOKHOCTHOM OKJIal paOOTHHUKA:
3m = 3rc - (1 +kyp + k) - Kk, (4.4)
rae 3,. — 3apaboTHas muara mo TapupHOM craBke, pyO.; Ky, — NpeMuanbHbIi
ko3 duiment, pasubiil 0,3; k; — koadduumenT ngomnar U HagOAaBOK COCTABISAET
npumepHo 0,2 — 0,5; K, — paitoHHsIi k03¢ duirent, pasuslii 1,3 (11t Tomcka).
Hanpumep:
3y = 20800-(1+0,3+0,4)-1,3 =45968 pyo.

Tabnuma 4.15 — Pacuet ocHOBHOM 3apaOOTHOM TIJIaTHI

WcnonaunTenu 31c, PyO 3., PYO. 3, PYO. Ty, pad.ax. 3oc, PYO.
PykoBoauTens 20800 45968 1832 69 126408
Wnxenep 7292 16115 644,6 76 48989,6
CryneHt 1750 - 70 362 25340
Hroro 200737,6

4.6.3 JlonosHuteNnbHas 3apab0THa 1J1aTa UCTIOJIHUTEJICH TEMBI

CyMma BBIIIAT, NOPEAYCMOTPEHHBIX 3aKOHOAATENBCTBOM O TpPYIE,
3aKJII0YAET OIUIATy OYEPEAHBIX U JONOJIHUTENBHBIX OTIYCKOB, OIJIATy BPEMEHHU,
KOTOPOE CBSI3aHO C BBINOJHEHHEM TOCYAAPCTBEHHBIX M  OOIIECTBEHHBIX
00s13aHHOCTEM, BHITJIATY BO3HATPAXKICHUS 32 BBICIYTY JIET U Ap. (B cpenHem — 12
MPOIICHTOB OT CYMMBI OCHOBHOM 3apa0OTHOM TIIaThl).

JlonoyiHuTENbHAS 3apa0OTHasl TUIaTa paccuuThiBaeTcss ucxons u3z 10-15
MPOLIEHTOB OT OCHOBHOM 3apa0OTHOWM IUIaThl, PAOOTHUKOB, HEMOCPEICTBEHHO
YYaCTBYIOIIHX B BBIIIOJHEHUE TEMBI:

3;[011 = k,qorl ) 30c1—1’ (45)
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rae Kon — KOOQQPUIMEHT TOTOTHUTEIHHON 3apab0THOM IIATHI.
Hanpumep:
30n = 0,12-48989,6 = 5878,8 pyo.

Tabnuna 4.16 — Pacyer nononHuTebHON 3apabOTHON TIATHI

HcnonauTenu 3oct, PYO. 301, PYO.
Hayunslii pykoBOIUTEIH 126408 15168,96
Wuxenep 48989,6 5878,8

4.6.4 OTyncneHus Ha COLIMAIbHbBIC HY Kbl

BennunHa oT4mCieHHOWM BO BHEOIO/KETHBIE (DOHIBI OIpEACNSeTCsS IO
bopmyie:
Bunes = Kanes * (Bocn + 30n); (4.6)
A€ Kyyeg — K03 UITUEHT OTYUCIICHUH Ha yIUIaTy BO BHEOIOKETHBIC (DOH/IBI.
Ornpenenenre BHEOIOKETHOTO (POH/IA 1T HAYYHOTO PYKOBOIUTEIIS:
Bunes = 0,3-(126408+15168,96) = 42473 py6.
Onpenenenre BHEOIOKETHOTO (POHIA JIJIs1 MHXKEHEpa:

Buues = 0,3-(48989,6+5878,8) = 16460,5 py6.
Ta6numa 4.17 — OTurciieHre BO BHEOOKETHBIC (DOHIBI

Hcnonaurens OcHoBHas 3apaboTHas JlononHUTENbHAS
marta, pyo. 3apa0oTHas 1uiarta, pyo.
Hayunslif pykoBoauTens 126408 15168,96
Wmxenep 48989,6 5878,8
Koaddunment otuncnenuii Bo 0271
BHEOIO/)KETHBIE (POH/IBI '
Hroro
Hayunslii pykoBoauTens 38367
WNnxenep 14869

4.7 OpraHu3aioHHas CTPYKTypa MpoeKTa

B mpaktuke — uCHONB3yeTCSl ~ HECKOJbKO  0a30BBIX  BapUaHTOB
OpPraHU3allMOHHBIX CTPYKTYp: (GYHKUMOHANbHAs, MpPOEKTHas, MarpuyHas. Jlus
BbIOOpa Haubojiee TOAXOIAIIEH  OpPraHM3allMOHHOW  CTPYKTYPbl  MOXKHO

UCIIOJIB30BaTh TabuIly 4.18.
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Tabnuna 4.18 — Bei6op opranu3zaiioHHON CTPYKTYpPbl HAYYHOTO TIPOEKTa

Kpurepun Boibopa DyHKIMOHAIbHAS Marpuynas IIpoexTHas
CreneHb HEONPEAEIEHHOCTH Huskas Bericokas Bricokas
YCJIOBUI peav3aluy MpoeKTa
TexHonorus npoexTa CrangapTHas CioxHast Hogas
CJI0’)KHOCTh MPOEKTA Huskas Cpennsis Bricokas
B3anmo3aBuCUMOCTD MEXAY Huskas Cpennsist Bricokas
OT/ICJIbHBIMU YaCTSIMU IPOEKTA
Kputnunocts akropa BpeMeHH Huskas Cpennsist Bricokas

(oGs3aTenbCTBA MO CPOKAM
3aBeplIeHHs paboT)

B3aumMocBs3s u Bricokas Cpennsis Huzkasn
B3aMMO33aBUCUMOCTH IIPOEKTA OT
opraHu3zaruii 60j1ee BBICOKOTO
YPOBHSI

Ha ocHoBe mpoBeeHHOIO aHaau3a BbIOOpa OPraHU3alMOHHON CTPYKTYPBI
HAyYyHOTO TMpOEKTa, OBLIO BBIABIEHO, 4YTO HauOOJee BBIFOJHOW SBISETCS

MPOEKTHAs CTPYKTYypa.

4.8 Onpenenenue pecypcHoit (pecypcocbeperarolieii), GruHaHCOBON, OIOIKETHOMH,
COLIMAJIBHOM ¥ 9KOHOMHYECKOU 3(PPEKTUBHOCTU UCCIETOBAHUS

D} hekTHBHOCTh HAYYHOTO peCcypcocOeperaromero mpoekTa BKIOYACT B
ceOss  comuanbHyr0  A((PEKTUBHOCTH, JKOHOMHUYECKYID M  OHOIKCTHYIO
sddextuBHOCTh. [loKazaTenu oOMmWECTBEHHONM A()PPEKTUBHOCTH  YUUTHIBAIOT
COIMATBHO-DKOHOMHYECKHE TIOCIICJCTBUS OCYIICCTBICHHS HWHBECTUIIMOHHOTO
MpPOCKTa Kak IS OOINecTBa B II€JIOM, B TOM WYHCJIE  HEMOCPEIACTBEHHBIC
pe3ynbTaThl W 3aTpaThl MPOEKTa, TaK W 3aTpaThl M PE3yJbTaThl B CMEKHBIX
CEKTOpax AKOHOMHUKH, IKOJOTHUUECKHE, COIMAIbHbIE W HWHBIE BHEIKOHOMHUYECKHUE

b eKTHI.

4.8.1 Ouenka abcomoTHOM A(DPEKTUBHOCTH UCCIICTOBAHUS

Pacuer HHBECTUIIHOHHBIX ITOKA3aTEIIEi
1)  Ywucras texymas croumocTth (NPV);
2) Nunexc moxoaHoctu (PI);

3)  Buyrpennss craBka noxoanoctu (BHJI, IRR);
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4)  Cpok okymnaemoct (T oxym.,DPP).

Ta6muna 4.19 — Pacyet unctoro aeHexHoro rmoroka (YJ1IT)

Ne HaumeHnoBanue nokazarenei [ITar pacuera
0 1 2 3 4
1. | Beipyuka oT peanusamuu, ThIC.pyo 0 353,55 | 353,55 353,55 353,55
2. Hroro nputok 0 353,55 | 353,55 353,55 353,55
3 WMHBECTUITMOHHBIC U3ACPKKH, -282,84 0 0 0 0
' TBIC.pYO.
4 OrnepaiinoHHBIE 3aTPATHI, THIC. PYO 0 72,83 72,83 72,83 72,83
' C+AM+DOT
41 Hasoroo6 npubsiis=1-4 0 280,72 | 280,72 280,72 280,72
5 Hamoru 0 56,14 56,14 56,14 56,14
' Brip-onep=nonan.nmpu6*20%
6 Htoro orTok -282,84 | 128,97 | 128,97 128,97 128,97
' Omnep.3aTp+Hanoru
Yucras npubsLis (4.1-5) 0 22458 | 224,58 224 58 224 58
6.1
Wnu (1-6)
YucTel JeHEKHbBII [IOTOK -282,84 224,58 224,58 224,58 224,58
1. YAI=ITuuct+Am
ITunct=I1g0Han.-Haaor
8 KoaddunmeHT THCKOHTHPOBAHUS 1,0 0,83 0,69 0,58 0,48
' (npuenenus npu 1=0,20)
9 JIMCKOHTHPOBAHHBIN YUCTHIN -282,84 186,40 154,96 130,26 107,79
' JIEHEeXKHBIN MOTOK (c7*c8)
10. | Ywncras tekymas croumocts NPV | -282 84 -96,44 58,52 188,78 297,01

4.8.1.1 Yucras tekymias croumocts (NPV);

JIaHHBIN METOJ OCHOBAH Ha COIOCTABJICHUM JUCKOHTUPOBAHHBIX YHCTBIX
JICHEKHBIX MOCTYIUICHUW OT OMNEPAlMOHHOM W WHBECTULIMOHHOW NEATEIBLHOCTH.
Ecnu unBecTuimm HocsAT pazoBsiil xapaktep, To NPV onpenensercs o ¢popmye

n qﬂHOn

t
NPV =y L
t=1 (1+i)t

rae Y/{Ilon; — 4uCThIE JEHEKHBIE MOCTYIUIEHUS OT ONEPALIMOHHOMN JEATEIbHOCTH;

0 1

lo — pa3oBbIe MHBECTHIINH, OCYIIECTBIIIEMbIC B HYJIEBOM roay; t — HoMmep Imara
pacuera (t=1, 2, Nn); N — TOPHM3OHT pacuera; | — CTaBKa JUCKOHTHPOBAHMSI
(>xemaeMbIil ypOBEHB JOXOIHOCTH MHBECTUPYEMBIX CPEJICTB).

Yucras TeKymas CTOMMOCTH SBISICTCS aOCOJIOTHBIM  ITOKa3aTelIeM.

YcnoBuem 3(1)(1)6KTI/IBHOCTI/I HHBCCTHUIMOHHOI'O IMPOCKTA 110 JaHHOMY IIOKa3aTCIIO
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SBIISIETCSL BBINIONHEHHE cienyromiero HepaBeHcTBa: NPV >0. Pacuer nmoka3sbiBaer,
YTO JAHHOE YCIIOBHE BBINOJIHAETCS YK€ Ha TPETHM roj peanmsanuu npoekra. K

KOHITy yeTBepToro roaa peanmzanuu NPV=297,01 teic. pyoO.

4.8.1.2 Uanexc noxoaHocty (pentadbenbHoctr) nHBecTHIHMA (PI)

Nunexe JOXOHOCTHU II0Ka3bIBAET, CKOJIBKO IIPUXOUTCS
JVCKOHTUPOBAHHBIX JEHEXHBIX MNOCTYIUICHHM Ha pyOnp uHBecTMuuid. Pacuer

9TOTI'0 IMOKAa3aTCJIA OCYIICCTBILACTCA 110 (bOpMYJ'IC:

n Wi,
PI=% —/,

t=1(1+1i)

rac |0 — HepBOHaHaHBHBIe HMHBCCTHULHNH.
[ 579,41
28284

YcnoBuem 3(1)(1)6KTI/IBHOCTI/I HHBCCTUIIMOHHOI'O IIPOCKTAa IIO AJdHHOMY

2,05

nokaszarento siBysietcst BeinosHeHue Pl > 1. 1o utoram pacuera Ha yeThIpe roja
JTaHHBIM TIOKa3aTenb paBeH Pl=2,05, cnegoBaTenbHO, TMPOEKT — SABISETCS

() PEKTHBHBIM.

4.8.1.3 Buyrpennss craBka goxoaHocTu (IRR)

d v, X
t=1(+IRR} t=0(+IRRY

3HaueHue cTaBku, mpu Kotopoit NPV obpataercs B HyJib, HOCUT Ha3BaHHE

M=

«BHYTPEHHEN CTaBKH HOXOIHOCTH». DOpMaIbHOE OIPEIEIICHUE «BHYTPECHHEHU
CTaBKM JTOXOJHOCTW» 3aKJIKOYAeTCA B TOM, YTO 3TO Ta CTaBKA AUCKOHTHUPOBAHMS,
IIPU KOTOPOM CYMMBI JTHCKOHTUPOBAHHBIX IIPUTOKOB JECHEKHBIX CPEICTB PaBHBI
CyMMe IUCKOHTHpOBaHHBIX OTTOKOB mWin NPV=0. I[lo pasnoctu mexay IRR u
CTaBKOW JUCKOHTHUPOBAHHUSA 1 MOXHO CYJHUTh O 3arace YKOHOMHYECKOW MPOYHOCTH
WHBECTUIIMOHHOTO TIpoekTa. Yem Ommke IRR k cTraBke AuCKOHTHpOBaHUS 1, TEM

OOJIbIIIE PUCK OT MHBECTUPOBAHUS B JIaHHBIN MpoekT. [1o pucynky 5.1 BugHO, 4TO
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NPV cTaHOBUTCS paBHBIM HYJIIO IIPH CTaBKE JIWCKOHTHUPOBAHUS MPUOIH3UTEIBHO

33%, cnenoBarenbHo, IRR=0,330.

200
150
100 +

50

NPV

T " T " T " T " T T T
0,1 0,2 0,3 0,4 0,5 0,6

-50 7 \
1 CraBKa IMCKOHTHPOBAHHS
-100

Pucynok 4.1 — 3aBucumocth NPV 0T cTaBKH TUCKOHTHUPOBaHUS

4.8.1.4 Cpok OKyIaeMOCTH MHBECTHITUI

Meron pacuera cpoka okynaemoctd uHBectuiuii PP (Tokym.) cocTtouT B
OINpEIENICHUH TOTO EPUOJA, YEPE3 KOTOPbIN MEpBOHAYAIbHBIE MHBECTULIMH OYIyT
BO3BpAIICHbI TPUOBUIBIO WM YUCTHIMU JEHEKHBIMHU MOCTYIUIEHUSMU. DTOT METOJ
OPUEHTHUPOBaH Ha KpaTKOCPOUHYKO OIIEHKY, pacCMaTpuBaeT, KaK CKOpO
MHBECTULIMOHHBII TMPOEKT OKymuT ce0ga. Yem ObIcTpee MPOEKT OKYIUT
nepBOHaYallbHbIE 3aTpathl, TeM d(ddexTrBHee npoekT. Mcnoab3oBaHue AaHHOTO
MOKA3aTesl NPEANOJaracT YCTaHOBJICHHE IPUEMIIEMOTO 3HAYEHHsS CpOKa
OKYIaeMOCTH KaK Mephl OLIEHKH 3(PPEKTUBHOCTH MHBECTULIMM.

Yem Oosbliie HyKHA JTUKBUIHOCTh MHBECTOPY, TEM KOpOU€ JOJKEH OBbITh
cpok okynaeMocTtd. Korja uucTteie ieHe)Hble MOCTyIIeHus (MpUObUIb) MO roAam
HEpPaBHOMEPHBI, CPOK OKYIIAEMOCTH YCTAHABIIMBAETCS IIyTEM OMNpPENEICHUS
KYMYJISITUBHOTO  (HAaKOIJIEHHOTO) JEHeXHOro mnoToka. Cpok OKymaemMocTu

OIIPEIEIISICTCS 110 CIIeAYIoIIer hopmyIie:
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T, =uucno nem npeowecmeyoujux cpoKy oKynaemocmu +

n HEBOIMEUIEHHAA CYMMA HA HA4ajlo 200a oKynaemocmu
)

npumoK HaJiiudHocmu 6 medeHue 200a oKynaemocmu

96,44
154,96

T =1+ = 1,62 rona.

Tab6nuna 4.20 — Cpok 0OKyIaeMOCTH UHBECTUIIMOHHOTO TIPOEKTa

ITepuossr 0 1 2 3
JIeHEeXHBIN MOTOK -282,84 | 224,58 224,58 | 224,58
CraBka JUCKOHTHUPOBaHUS, 1, % 20
JIMCKOHTHPOBAHHBIN JICHEKHBIN TTOTOK -282,84 | 186,40 15496 | 130,26
HakonieHHBIH THCKOHTUPOBAHHBIN JCHEKHBIA ITOTOK -282.,84 -96,44 58,52 188,78

4.8.1.5 CoumnanbHas 3p(HEeKTUBHOCTh

CounanbHasi 3Q(HEeKTUBHOCTh HAYYHOTO MPOEKTa YUYUTHIBAET COLMAIBHO-
HAKOHOMMYECKHUE MOCIECTBUS OCYIIECTBICHUS HAYUYHOTO TIPOEKTA JIJIsi OOIIECTBA B
1IEJIOM WJIM OTJACJBHBIX KaTeTOpUH HACEJICHUH WM TPYIIl JIMI, B TOM YHCJIE Kak
HETOCPEJCTBEHHBIC PE3YJIbTaThl MPOEKTa, TaK M «BHEIIHUE» pE3YyJbTaThl B
CMEXHBIX CEKTOpaxX »JKOHOMHUKH: COLHAIbHBIC, DJKOJOTMYECKHE W HUHBIC
BHEIKOHOMUYECKHE d(PPEKTHI.

Jl1s onieHKu conuanbHOM 3(PEKTUBHOCTH HAYYHOTO MPOEKTa HEOOXOAUMO
BBISIBUTH KPUTEPUHU COLMAIBHON 3(()EKTUBHOCTH, Ha KOTOPHIE BIMACT peaanu3arus
HAay4YHOTO MIPOEKTA, U OIEHUTh CTETICHb WX BIUSHHUS.

Tabnuna 4.21 — Kpurepuu coruanbHon 3¢ (HEKTUBHOCTH

110 TIOCJIE
Bribpoc mapHHMKOBBIX Tra30B, B pe3yibTare | McnoaszoBanue MOFs B KauecTBe
HKCIUTyaTal[MH TEIUIOBBIX AJIEKTPOCTAHLIUI MaTepHajoB HAKOMHUTEIEeH BOJOPO/a IOMOKET

HaKarmuBaTh OOJIBIIME 3aIachl SHEpTruu OT
AJIBTCPHATUBHBIX HCTOYHHUKOB

Bribpoc mnapHHMKOBBIX Tra30B, B pe3yibTare | McnoaszoBanue o Ha BOJIOpOAE
DKCIUTyaTallMM  JIBUraTelell  BHYTPEHHETO | MPEJOTBPAIIAET BBIIEIEHUE YTIEKUCIOro ra3a
CrOpaHus

bonpmas momans noa TIOL, I'POC u T.4. DKOHOMHUS 3EMEJIbHBIX YYaCTKOB.
Hcnonp3oBanne ambTepHATUBHBIX UCTOYHHUKOB
HHEPrUM TPeOYET MEHbIIINE TUIOMIATU

3aTpyIHEHHOCTh JOCTaBkM DD B yaaleHHble | Bomopoa — camblil 3 QeKTUBHBIN MEPEHOCUUK
MecTa MPUBBIYHBIMU CIIOCOOAMHU. SHEpruM. 3amacas BOJOPOJ B TBEPIBIX Telax,
€ro IepeBO3Ka CTAHOBUTCS O€30HacHOM WU
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MOOWMIBHON

3aBHCHMOCTh KOMIIAHMM M YaCTHBIX JIUII OT Hcnonp3oBanue AJIBTCPHATUBHBIX UCTOYHUKOB
MOHOIIOJINH He(bTel"aSOBI)IX KOMIIaHHH. OHEPIun, CHUXKACT 3aBHUCHUMOCTDH KOMIIaHUH W
YaCTHBIX JIMII OT MOHOIIOJIHMH He(l)TeFaBOBBIX
KOMHaHHﬁ, T.C. CO3Ja0T KOHKYPCHIIUIO

4.8.2 Ouenka cpaBHUTEIbHON 3()(HEKTUBHOCTH UCCIICIOBAHUS

WuTerpanbHplii  MoKazaTellb pecypcHOM S(PQPEKTUBHOCTH BapUAHTOB

HCITIOJTHCHUA 06'I)GKTa HUCCICAOBAHHNA MOKHO OIIPCACINTL CICAYIOIINM 06pa30M:
;=238 -by, (4.7)

rae |, — unTerpanbmbIil nokasatens pecypcodGPeKTHBHOCTH ISl i-rO BapuaHTa

UCTIOTHEHUS Pa3pabOTKH; &; — BECOBON KOA(PPUIMEHT I-T0 BapHaHTa HCIIOTHCHHS
pa3paboTkm; b — OanbHas OIEHKAa I-T0 BapuaHTa WCIOJHEHUS pPa3pabOTKH,
YCTaHABJIMBAETCS 3KCIEPTHBIM IIyTEM MO BBIOPAHHOHN IIKaje OLECHUBAHUS;N —
YHUCJIO NTapaMeTPOB CPABHEHHUS.

B kauecTBe BO3MOXKHBIX BapUaHTOB HCIIOJIHEHUS BHIOEPEM pPeaTn30BaHHBIN
crnoco0, a Takke [IBa aJbTEPHATUBHBIX BapuaHTa: BapUaHT 3aKa30M Ha
BBINIOJIHEHUE HCCIIEJOBATEIbCKUX PabOT y CTOPOHHEH OpraHu3aluu Ha
00Opy/I0BaHUU JAHHOM OpraHM3alliM, a TAaK)KE€ BaApUAHT 3aKa30M Ha BBIIIOJHEHHUE
paboT cHenuajucTaMM W3 CTOPOHHEH OpraHu3aluyd, HO Ha 000pYyJIOBaHUH,
IpUHALIeKAIEM OpraHu3aluu. l'ne BeIMONHSAETCS HcciaenoBaHue. OCHOBHBIM
auMuTUpyomuM ¢dakropom B mnpeactaBieHHoM HTU sBrsnmace ero cTOMMOCTS.
3aka3 Ha BBINOJIHEHUE PAaOOT y CTOPOHHEW OpraHU3alMd COKpaTUl Obl padbouee
BpeMsl HCIOJHHUTENEH TeMbl, OJHAKO, NPUBHEC Obl JIOMOJHUTEIBHYIO CTaThIO
pacxona B paszmepe 150000 py0. Tperuil mpeAcTaBiICHHBIA BapUaHT SIBISETCS
TaK)K€ HEBBITOAHBIM B OTHOLIEHHH CTOMMOCTH IPOEKTa. B 3aTpatTkl B 3TOM citydae
BOMAYT  OCHOBHas ¥  JIONOJHUTENbHAs  3apabOTHBIE  IUIaThl  JJIs
BBICOKOKBAJIM(DUIIMPOBAHHBIX HMH)KEHEPOB, COOTBETCTBYIOIME OTUYUCIEHUS BO
BHEOIODKETHBIE (POHIBI, a Takke 3arpathl Ha OQOpPMIICHHE JUIsl HHX
MPOU3BOJICTBEHHBIX KOMaHIUpPOBOK. CorylacHo r1pyOoOd OIEHKE CTOMMOCTD

BBIIIIEYKa3aHHBIX 3aTpaT MOrJia Obl cocTaBisATh nopsiaka 300000 pyo.
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CpaBHHTENbHASA OIIEHKA XapaKTEPUCTHK BAPUAHTOB MCIIOTHEHUS MPOEKTa
npeacTaBiieHa B Tabnwuile 4.22.
[IpoBemeM pacdeT HMHTErpajbHOTO TOKazaTels pecypcodPPeKTUBHOCTH

AJI1 KAKA0Ir0 BapraHTa UCITOJIHCHU S

|, 1 =4-0,4+5-0,1+4.0,2+4.0,15+4.0,15=4,1; (4.8)
| scn2 =1-0,4+5-0,1+4-0,2+4.0,15+3.0,15=2,75; (4.9)
| in3=2-0,4+5.0,1+4.0,2+4.0,15+3.0,15=3,15; (4.10)

Kak BUIHO W3 paccuMTaHHBIX 3HAYEHUH, BapUAHT UCIOJHEHUs, KOTOPBIN
OBbLJI peau30BaH B JaHHOU paboTe, ABisieTcsl Hanbosee pecypco’rhPeKTUBHBIM.

Tabnuna 4.22 — CpaBHUTENbHAS OLIEHKA XapaKTEPUCTUK BapUAHTOB HCIOJHEHUS

MPOEKTa
Ucm. 3
(Ucm. 1) (Ucm. 2) ( )
3aka3 Ha
Brinonnenue 3aka3 Ha
OO0BEKT BEIIIOJIHEHHE
. paboThI B paMKax BBIIIOJIHEHHE
HCCIIETOBAHUS Becosoit HUCCJIEIOBAHUS B
HTU ¢ HUCCIICAOBAaHUA o
KOd(PUITUEHT " HacTOsIICH
COOTBETCTBYIOIIUMHU | B CTOPOHHEH
napaMmerpa OpTraHU3aIuU
3aTpaTamu OpraHu3aIluu
Kpurepun COTPYIHUKAMU
(peanu3zoBaHHOE ee .
CTOpPOHHEHU
HCITOJICHHE) COTpYIHUKAMU
OpraHH3aIiH
1. Ilena 0,4 4 1 2
2. Y1006cTBO
A 0,1 5 5 5
HKCIUTyaTaI|H
4. TouHOCTH 0,2 4 4 4
5. Ilomexo-
N 0,15 4 4 4
yYCTONYHUBOCTh
6. HanexxHoCTh 0,15 4 3 3
Hroro 1 21 17 18

4.9 BriBoabl

W3 mponenaHHBIX pacdeToB CIEAYeT, YTO OCHOBHBIC 3aTpaThl HA HAYYHO-
TEXHUYECKOE HCCIICIOBAHNE MPUXOATCS HA OIUIATy TpyAa HCIOJHUTEICH TeMbl
(221785,4 pyOneit). DTo CBSI3aHO C TEM, YTO IMPH BBITOJHEHUU JaHHON paOOTHI

BBHJIy €€ OCOOEHHOCTEH OTCYTCTBOBAJH, JIMOO ObLIM MUHUMHU3HPOBAHBI MIPOUYUE
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3aTpatel. B cymMMme e Bech OIO/KET HAYYHO-TEXHHUYECKOTO WCCIICIOBAHUS
cocraisieT 282840,9 py6us.

W3 pacuera pecypcodpHEeKTHBHOCTH TAKKE CIEIYET, YTO PEaTn30BaHHBIN
BapUaHT WCCIICJOBAaHUS SBISICTCS HaWMEHee 3aTpaTHeIM. JlaHHas oleHka
KOMMEPYECKOH IIEHHOCTH Heo0XoauMa, Ui TIPEICTABICHUS COCTOSHHS U

MCPCIICKTHUBLI IIPOBOAUMOI'O HAYYHOT'O UCCIICAOBAHU .
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Outputs

1. Three types of UiO-66-NDC MOFs were studied in this work: UiO-66-
NDC-0BA — conventional solvothermal method was used, NDC acid was used for
linkers formation; UiO-66-NDC-30AA — solvothermal method was used with the
addition of acetic acid as the modulator, NDC acid was used for linkers formation;
UiO-66-NDC-50:50 — solvothermal method was used, mixture of NDC and BDC
acids was used for the linkers formation.

2. The usage of NDC acid to form linkers leads to the formation of the
intergrown aggregates which are impenetrable to the electron beam. These
aggregates have no distinguishable shape, their size is =1-2 pm. Separated crystals
are translucent to the electron beam and have octahedral shape. Their size is
approximately 100-200 nm. Specific surface area is 528 m?/g, pore size and
volume are 2.23 and 0.27 cm®/g respectively.

3. The addition of acetic acid as the modulator leads to the formation of
smaller intergrown aggregates with size of ~300-700 nm; amount of the separated
crystals is higher in comparison with UiO-66-NDC-0BA. The size of the separated
crystals is approximately 50-100 nm. Specific surface area increases up to 734
m?/g, the pore size is similar 2.23 nm, and however the pore volume increases up
to 0.34 cm*/g.

4, The usage of a mixture of acids NDC and BDC in the ratio of 50:50 for the
formation of the linker leads to the formation mainly of crystalline aggregates, no
separate crystals. The specific surface area increases to a value of 834 m?/g, pore
size does not change and is equal to 2.23 nm, the pore volume increases to 0.39
cm®/g.

5. The study the textural properties after the activation at 200°C and 7 cycles of
hydrogenation/ dehydrogenation shows that sample UiO-66-NDC-30AA is the
most stable towards the treatment. Its specific surface area and the pore volume
change slightly while the specific surface area of the sample UiO-66-NDC-0BA

decreases from 528 to 419 m*/g as well as the pore volume decreases from 0.27 to
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0.23 cm®/g, and for sample UiO-66-NDC-50:50 these parameters decrease from
834 to 779 m?/g and from 0.39 to 0.36 cm®/g respectively.

6. The study of the structure of the samples after the activation at 200°C and 7
cycles of hydrogenation/ dehydrogenation by X-ray diffraction, Raman
spectroscopy and IR spectroscopy have shown that these processes lead to slight
changes of the structure of all samples. The most stable sample is UiO-66-NDC-
30AA which has the highest crystallinity.

7. The activation at the temperature of 200 °C in vacuum and 7 cycles of
hydrogenation/ dehydrogenation influence slightly on the samples morphology.
Big amount of intergrown aggregates occurs, amount of the separated crystals
decreases for the sample UiO-66-NDC-0BA. The morphology of UiO-66-NDC-
30AA doesn’t change that is related to the high stability of the sample. UiO-66-
NDC-50:50 has the smooth surface of some aggregates instead of the crystals.

8. Study of hydrogen sorption showed that the addition of the modulator
(sample UiO-66-NDC-30AA) and the use of a mixture of linkers (sample UiO-66-
NDC-50:50) lead to an increase of hydrogen sorption relative to the material UiO-
66-NDC-0BA. The amount of absorbed hydrogen for sample -OBA is ~6.5 wt. % -
30AA =7.5 mass. %, , -50:50 =8.5 wt. %. However, the capacity of the samples
UiO-66-NDC-0BA and -50:50 decreases from cycle to cycle.
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Conclusion

The literature analysis about the materials for hydrogen storage and MOFs
UiO-66, and the study of the textural properties by physisorption of nitrogen,
morphology by scanning electron microscopy and transmission electron
microscopy, structure by X-ray diffraction analysis, FT-IR spectroscopy and
Raman spectroscopy, and uptake of hydrogen of three types of UiO-66-NDC
samples were performed in this work. Here, the first sample UiO-66-NDC-0BA
was synthesized via the conventional solvothermal method with the use of 1,4-
naphthalenedicarboxylic acid for the formation of the linkers; the second sample
UiO-66-NDC-30AA was synthesized via the same procedure and with the addition
of acetic acid as the modulator; the last sample UiO-66-NDC-50:50 was
synthesized via the conventional solvothermal method with the use of a mixture of
organic acids 1,4-naphthalenedicarboxylic and benzene-1,4-dicarboxylic acid in
the ratio 50:50. All samples were synthesized in Federal University, Rostov-on-
Don, Russia.

As a result, it was shown that the most stable towards the activation and 7
cycles of hydrogenation/ dehydrogenation and the most suitable as a material for
hydrogen storage sample is UiO-66-NDC-30AA synthesized with the addition of
acetic acid as the modulator. Its specific surface area, the pore size and volume, the
shape and the size of the crystals and intergrown aggregates, and the structure
don’t change after the procedures. Moreover, during all 7 cycles the sample has the
highest value of hydrogen uptake — 7.5 wt.%, and change of the capacity is
insignificant.

This sample is the most interesting for the further study of its properties.
Moreover, it is planned to perform additional studies of hydrogen uptake by this

sample at various parameters.
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