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The aim of this study was to analyze various theoretical models (clusters, systems with periodic boundary
conditions) and methods, which could be applied to investigate the adsorption phenomena and for better
interpretation of the experimental data. The density functional theory (DFT) and semiempirical (PM7) methods were
used to model the adsorption phenomena at a surface of fumed nanooxides, silica gels, activated carbons, etc. The
main idea is that appropriate theoretical analysis allows a deeper insight into interfacial phenomena related to the
structure & properties of the adsorption layers vs. the textural and other characteristics of adsorbents. Comparison
of the theoretically calculated characteristics with experimental ones can allow more accurate interpretation of the
effects observed in various experiments on the adsorption phenomena. It was established that polarization of
nonpolar and polar molecules adsorbed onto a polar surface and charge (& proton) transfer play an important role,
as well as confined space effects. It enhances the interaction energy of adsorbed molecules bound to a solid surface
and affects the surface orientation of adsorbed molecules, as well the behavior of the adsorption layer vs.
temperature, pressure or concentration, as well other conditions. Surface hydrophobization reduces the interaction
energy for both polar and nonpolar adsorbates. Adsorbates clusterization reduces the average energy of interaction
of the adsorption layer with a surface per a molecule. The charge transfer is observed for both polar and nonpolar
molecules interacting with polar surface functionalities. The mostly strong interfacial effects changing the behavior
of the adsorption layer are observed upon proton transfer to the adsorbed molecules or vice versa. Variation in
orientation of adsorbed molecules results in overestimation of the specific surface area estimated using a fixed value
of surface area occupied by a probe molecule (e.g. 0.162 nm’ for N»).

Keywords: quantum chemical methods, ab initio and DFT methods, semiempirical methods, silica models,
activated carbon models, adsorption models

INTRODUCTION of a choice of appropriate models and
methods/basis sets [13—18].

There are many factors affecting the
adsorption and related phenomena: (i)
morphology, structure, and texture of adsorbents;
(i) molecular structure and molecular weight of
adsorbates; (iii) polarity of adsorbate molecules
and adsorbent surface, charge and proton
transfer, interaction energy, and changes in the
Gibbs free energy upon adsorption; (iv)
orientation of adsorbate molecules at a surface
and lateral interactions; (v) confined space
effects and changes in a molecule shape due to
adsorption; (vi) temperature, pressure in a gas
phase or concentration in a liquid phase, and
time of adsorption; (vii) co-adsorption of various
adsorbates, solvation-desolvation and
competition effects; (viii) effects of equilibrium
and non-equilibrium conditions; (ix) mechanical
or other external actions on the systems, etc.
[1-13]. These numerous factors can lead to

Investigations of adsorption phenomena
using various experimental methods typically
give average and sometimes too general pictures
with no some important and detailed information
[1-13]. Additional information could be
obtained using theoretical modelling of the
adsorption  phenomena using appropriate
methods and models [13-18]. Accurate
information could be obtained using ab initio
(with Megller-Plesset theory corrections) and
DFT with large basis sets and consideration of
the effects of temperature (with various dynamic
approaches), media (with solvation models),
lateral interactions of adsorbates, sizes of solid
particle models (cluster approach) or expanded
cells (periodic boundary conditions), etc.
However, the mostly accurate methods/models
of the adsorption phenomena need great
computational resources (e.g., supercomputers).
Some restrictions in the latter lead to a problem

© V.M. Gun’ko, 2019 340



Theoretical analysis of adsorption of various compounds onto hydrophilic

complicated interpretation of some experimental
results, but theoretical investigations can help to
get over the difficulty [13]. Therefore, the aim of
this study was to analyze various theoretical
models and methods to be applied on the
adsorption phenomena.

MODELS AND QUANTUM CHEMICAL
METHODS

In the models used, dozens of polar (H2O,
NHs, CO,) and nonpolar (CsHs, N>, CH4 or
fragments of polydimethylsiloxane, PDMS,
poly(vinyl alcohol), PVA, poly(ethylene glycol),
PEG) molecules and some their mixtures were
adsorbed onto hydrophilic silica (models with
22-44 tetrahedra in DFT and hundreds of
tetrahedra in PM7) and hydrophobic silica
clusters with attached dimethylsilyl or
trimethylsilyl — groups. Quantum chemical
calculations were carried out using the DFT
method with a hybrid functional ®B97X-D and
the cc-pVDZ or aug-cc-pVTZ basis sets using
the Gaussian 09 (D.01) [19] and GAMESS
18.R3 [20] program suits. The solvation effects
were analyzed using the SMD method [21, 22].
The gauge-independent atomic orbital (GIAO)
method [19] was used to calculate the NMR
spectra of certain systems. Larger structures (up
to 18000 atoms) were calculated using
semiempirical PM7 method (MOPAC 2016)
[23]. Visualization of the calculation results was
carried out using several programs described in
detail elsewhere [24-26].

RESULTS AND DISCUSSION

Silica samples could be represented by
relatively large porous particles such as silica
gels or nonporous nanoparticles (NPNP) such as
fumed nanosilica (Fig. 1). These silicas can have
similar values of the specific surface area (Sger),
but they are characterized by very different pore
size distributions (PSD) (Fig. 1 d). The PSD of
fumed silica is broad because it deals with the
textural porosity caused by voids between NPNP
in their aggregates and agglomerates of
aggregates (ANPNP). The total pore volume (7))
evaluated from the nitrogen adsorption is much
lower than the empty volume (Vem = 1/00—1/p0,
where p, and py are the bulk and true densities of
samples) in the nanosilica powder, since Vem can
reach 24.5 cm®/g for A-300 at p, = 0.04 g/cm’,
but the value of ¥, is typically less than 1 cm’/g
[13,27,28]. This difference in the particulate
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morphology and texture of silicas can result in
certain differences in the behavior of adsorbates
bound in pores of silica gel or voids between
NPNP in nanosilica. Therefore, the used models
of nanosilica particles (Fig. 2) and pores in silica
gels (Fig. 3) reflect main textural features of
these adsorbents.

Activated carbons (AC) as well silicas are
most important adsorbents used in various
industry, medical, and scientific applications
[1-13]. AC and silicas are characterized by very
different texture and surface nature. These
differences should be reflected in the particulate
models used (Figs. 2—4).

One of important factors on the analyses of
the adsorption phenomena is that the results on,
e.g., the textural characterization depend on the
characteristics not only of adsorbents but also
adsorbates. For example, the PSD of a set of AC
calculated using the nitrogen and benzene as
probes differ (Fig.5) because nitrogen and
benzene molecules are of different sizes and
nature. Thus, any adsorbate using as an
adsorption probe can affect the adsorption results
that lead to a certain ambiguity in the adsorbent
characterization.

Nonpolar nitrogen molecules are polarized
and weakly charged due to interactions with any
adsorbent (Tables 1 and 2). However, the
confined space effects are absent for silica NPNP
(Fig. 2 a). Therefore, the calculated interaction
energy is relatively small since it corresponds to
the second peak of the adsorption energy
distributions (AED) f(E) [13] upon interaction of
molecules only with one surface (Figs. 6-8).The
AED are characterized by several peaks
(Figs. 6-8). The first peak at the E values close
to the heat of vaporization of nitrogen molecules
(5.56 kJ/mol) corresponds to the adsorbed
molecules (AM), which do not sense the pore
walls, i.e., they adsorbed in broad pores far from
the pore walls. The second f{F) peak corresponds
to AM sensing only one pore wall in broad
mesopores. In narrow pores, AM can weakly and
strongly sense two walls that results in the third
AE) peak. In nanopores, AM strongly sense two
walls that corresponds to the fourth AF) peak
(Figs. 6-8).

Besides the confined space effects in pores
of different sizes and the effects caused by the
surface structure and composition, there is an
effect of orientation of adsorbed molecules. The
latter depends not only on the nature of a solid
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surface but also on lateral interactions (Fig. 9). thus, the value of Sper estimated using
Therefore, for silicas and AC, the surface area oo = 0.162 nm? is always overestimated.
occupied by N, molecule oesr = (0.85+0.90)x o0,
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Fig. 1. TEM (q, b) and SEM (c) images of («) silica gel Si-60 initial with porous particles of 0.2—0.5 mm in size at
Sper = 357 m?/g; (b, ¢) fumed silica A-300 with nonporous nanoparticles of 9.3 nm in average diameter at
Sger = 294 m*/g; (d) NLDFT pore size distributions of Si-60 initial (/) and covered by nonporous carbon
particles of 0.1-2.0 um in diameter (2), and fumed silica A-300 initial (3)
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Fig. 2. Models of hydrophilic (a) and hydrophobic (b) silica nanoparticles: (a) 44 tetrahedrons (SiO4,) with 240H
groups, (b) 44 (SiO4,)+19(=Si(CH3)2)+50H modelling A-300 hydrophobized by dimethyldichlorosilane,
hydrolyzed and lateral-crosslinked (hydrophobic nanosilica AM1); geometry was optimized using DFT
®B97X-D/cc-pVDZ; (c) particle size distributions (PaSD) of A-300 and AM1 based on SAXS data
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Fig. 3. Models of nonporous (a) and porous (b, c¢) particles of silica at (a) particle diameter d = 2.2 nm, (b, ¢)
d = 3.6 nm, pore diameter = 1.2 nm, (c) one-side closed pore of 4 nm in depth

a ' b

Fig. 4. (a) HRTEM image of AC with 50% burn-off, (b) AC model (~5 nm in size, 1589 atoms) used in adsorption
studies (PM7 geometry)
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Fig. 5. Textural characteristics of various AC estimated from nitrogen (a, ) and benzene (c, d) adsorption (PSD are
probe dependent) [13]
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Fig. 7. NLDFT PSD («) and nitrogen adsorption energy distributions (b) of titania and mixed silica/titania (ST)
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Table 1. Adsorption energy (AE|gsse) and charge transfer (Ag;) per a molecule for various probes adsorbed onto
silica (#B97X-D/cc-pVDZ)

Adsorbate —AE: (kJ/mol) Aq1 (a.u.)

AN Oa g\ 32.8 -0.033

e, LI G
A 6.9 0.019

37CO;
-
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TR i
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M 74.5 0.067

% 63.0 0.068
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Table 2. Adsorption energy (AE)) per a molecule of various probes adsorbed onto silica and AC (PM7)

Adsorbent Adsorbate —AE1 (kJ/mol)
Silica
&
& Lo - % 1
& - ‘-nb\.
RIS
yﬁﬁ PN e 37CO; 13.5
v
F FER
CEAE
W ad b
LT
Silica
35NH;3 273
227C¢Hg 4.0
99N, 4.6
1397H,0 6.3
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The effects of confined space, surface
nature and specific area, as well the nature and
structure of adsorbates (X) strongly affect the
results of adsorption with respect to estimation
of the specific surface area. The values of Sgerx
could be overestimated (due to very strong
interaction with active surface sites (strong
Bronsted and Lewis acid surface sites in mixed
fumed metal oxides, FMO) leading to
conformational changes of adsorbed molecules)
and underestimated (due to weak interaction of
adsorbed molecules with weak surface sites,
NPNP aggregation, which increases with
decreasing size of FMO NPNP, reducing
accessibility of the surface for larger molecules)

(Fig. 9).

X

An increase in the number of adsorbed
molecules of water (Fig.10a) or other
molecules (Fig. 10 b) typically leads to reduction
of the interaction energy and charge transfer per
a molecule because only molecules from the first
adsorption layer strongly sense the surface in
contrast to distant molecules. For polar
molecules interacting with hydroxylated surface,
it is possible proton transfer, which strongly
changes the characteristics of the adsorption
layer. Note that for alumina/silica cluster
(Si/Al = 38/6) with 40H,O+2H;0°",
AE ,w=-773kl/mol and Agqiw=0.086 and
these values are greater than that for similar pure
silica cluster with bound water due to increased
polarization effects.

(a) 4504 (b) ) X
400. 1= CaHu / 1.8+ 2-"/. 1—le— CBHI4
2—(®—CHCN 3/ a4 2—®— CH,CN
3501 3—<>— (CH3)2NH 16 3_<>_ (CHs)zNH
300 4~ (CH,),N S 4—/— (CH)N
= s '
~= 250 .
E E 124
x 200 0" 3/
@ T /1
0 150 G 1.0 : V4 /
2] i
100 0.8 ! \1
50 7 "
4 : : . 06 : : :
100 200 300 100 200 300

SBET.NE {mzfg)

Fig. 9.

SB ET.N, (m 219)

Specific surface area (Sger) vs. surface and adsorbed probe (X) structures: relationships between the Sgerne

and (a) Sger.x or (b) Seerx/SserN2 Values for silica, alumina, titania and mixed fumed oxides [29-31]

(a)

-AE,,, (kJ/mol)
r'HZO

0.10 0.12

0.0

0.06 8
ﬂq,l W

(b)

-50

40

-30

molecules

n

- 20

-AE, (kJ/mol)

-10

0.02

0.00 0.06

Fig. 10. (a) DFT (0B97X-D/cc-pVDZ) results for bound water and (b) PM7 results for interaction energy vs. charge
transfer upon adsorption of N», NHs, CO,, H,O, NH3+H,0, and C¢Hs (various numbers of molecules) onto
hydrophilic and hydrophobic silica nanoparticles (per a molecule)
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These phenomena are well seen in the
'HNMR spectra of bound adsorbates (Fig. 11)
showing strong downfield shifts (peaks at
9—-14 ppm) because of reducing proton shielding.
This effect is observed in the NMR spectra of
both liquid and solid acids [13]. The confined
space effects appear in the '"H NMR spectra of
water bound in pores or onto NPNP (Fig. 12).
The former leads to the downfield shift in
comparison to the latter. However, surface
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Fig. 11.

modification, e.g. hydrophobization of a silica
surface [32-36] or compaction of FMO [37],
changes the confined space effects for both polar
(Fig. 13) and nonpolar (Figs.14 and 15)
adsorbates. This is especially characteristic for
water, which tends to form clusters at both polar
or nonpolar  surfaces. = However, the
hydrophobization = strongly  reduces  the
interaction energy even in nanopores (Fig. 15).

14 12 10 8 6 4 2 0
5, (ppm)

b

"H NMR spectra of (a) a cluster with H* transfer 44(SiO4s) with 23(OH)(O") + 39H,0+OH;"AERssg,1 = -

74.5 kJ/mol, Ag: = 2.81, Ag; = 0.067. Structures around H; O, strong H-bonds, H-bonds, weak H-bonds,
and free OH; (b) effects of H* transfer: 44(Si04,,) with 22(OH)@2(0")+17H,0+32NH; +2NH4 AEgssk,1 =
-60 kJ/mol (both ads) and -67.8 kJ/mol (adsl+ads2), Ag: = 3.46, Aq, = 0.068 (b). Structures around NH4",
strong H-bonds, H-bonds, weak H-bonds, and free OH (GIAO/®B97X-D/cc-pVDZ)

&, (ppm)

Fig. 12.

The surface structure and texture (i.e.
confined space effects), as well conditions
(temperature, pressure, time of adsorption, co-
adsorbates), strongly affect the dynamic
behavior of adsorbates (Figs. 16—-18). Clearly,
physical (non-activated) adsorption decreases
with increasing temperature (Fig. 16). However,
an increase in pressure enhances the adsorption
due to faster return of molecules from the

348

Theoretical '"H NMR spectra of water bound to porous and nonporous nanoparticles (PM7)

gaseous phase into the adsorption layer. This
effect is well seen on comparison of the dynamic
behavior of water molecules bound to silica
located in a periodic box (the molecules can
return to the surface) and upon desorption in
open space (with no return of the molecules to
the surface) (Fig. 17 @). If the molecules adsorbed
in pores that their evaporation is restricted
(Fig. 17 b, c) especially in semi-closed pore (Fig. 17 d).
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Fig. 13. Clustered water adsorption onto hydrophobic AMI1, AE;, =-29.0 kJ/mol (with BSSE correction,
®B97X-D/cc-pVDZ), -15.1 kJ/mol (PM7), Ag1w=0.033 (@B97X-D/cc-pVDZ), 0.007 (PM7)
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Fig. 15. Effects of silica hydrophobization on nitrogen adsorption energy distributions
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Fig. 16.

Fig. 17.

=0K ——+————— 170K, 11 ps

250K, 5 ps 310K, 5 ps

MD model of water bound to silica vs. temperature: MM+ force field calculations with periodic boundary
conditions, water shell with 107 H,O around silica nanoparticles heated at various temperatures (with no
confined space effects). This behavior of water molecules results in weak adsorption onto non-aggregated
nonporous silica nanoparticles. Nanoparticles aggregation (i.e. appearance of the textural porosity) leads to
a certain increase in the adsorption of water onto fumed silica, but it is much smaller than that adsorbed
onto porous micro/macroparticles (e.g. silica gel)

]

)

(h)

MD/force field (MM+) calculations of dehydration of silicas at 293 K for 10 ps: (@, b) nanosilica, (¢, d)
hydration of outer and inner surface of silica gel with open pore; (e, f) more stronger hydration of pore of
silica gel; and (g, /) silica gel with one-side-closed pore filled by adsorbed water
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Fig. 18.

R

(d)

Effects of co-adsorbates: MD/force field (MM+) calculations of dehydration of silica gel particle at 293 K

for 10 ps with polymers located in pore: (a, b) PVA (two fragments), (¢, d) PEG (two fragments); (e, f)

PDMS (one fragment)

Desorption of water molecules decreases if
they co-adsorbed with both polar or nonpolar
polymers in pores (Fig. 18) due to enhanced
confined space effects. Polar polymers enhance
the adsorption energy that also reduced the
evaporation of water molecules from pores.

CONCLUSION

Theoretical analysis allows a deeper insight
into interfacial phenomena related to the
structure & properties of the adsorption layers
vs. the textural and other characteristics of
adsorbents. Comparison of the theoretically
calculated characteristics with experimental ones
can allow more accurate interpretation of the
effects observed in various experiments on the
adsorption phenomena. Polarization of nonpolar
and polar molecules adsorbed onto a polar
surface and charge (& proton) transfer play an
important role, as well confined space effects. It
increases the interaction energy of adsorbed
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molecules bound to a solid surface and affects
the surface orientation of adsorbed molecules, as
well the behavior of the adsorption layer vs.
temperature, pressure or concentration, as well
as other conditions. Surface hydrophobization
reduces the interaction energy for both polar and
nonpolar adsorbates. Clusterization of adsorbates
reduces the average energy of interaction of the
adsorption layer with a surface per a molecule.
The charge transfer is observed for polar and
nonpolar molecules interacting with polar
surface functionalities. The strong effects change
the behavior of the adsorption layer are observed
upon proton transfer to the adsorbed molecules
or vice versa. Variation in orientation of
adsorbed molecules results in overestimation of
the specific surface area estimated using a fixed
value of surface area occupied by a probe
molecule (e.g. 0.162 nm? for N»).
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Teopernunuii anaxi3z agcopouii pi3HUX CNOJYK Ha riAPoPIILHUX Ta riapododHux
KpeMHe3eMax y NOPiBHAHHI 3 AKTUBOBAHHUM BYTiLISIM

B.M. I'ynbko

Inemumym ximii nogepxui im. O.0. Yyiixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, viad gunko@ukr.net

Mema pobomu nonseanra y auanizi meopemuuHux mooenei (Kiacmepie, nepioOUHHUX SPAHUYHUX YMO8) ma
Memooie, sKi MOJCymv Oymu 6UKOpUCMAHI Ol GUGYEHHs sAeuwy aocopoyii ma oOna Kpawjoi inmepnpemayii
excnepumenmanvrux dauux. Teopis gyuxyionany eycmunu (DFT, wB97X-D) ma nanisemnipuuni (PM7) memoou
sukopucmany 0jisi MOOENOGAHHS. AOCOPOYIIHUX SI6ULY HA NOBEPXHI NIPO2EHHUX HAHOOKCUOLS, CUNIKA2eNO,
akmueoeano2o gyeinis mowo. Ionogna ides nonsieana 6 momy, wo meopemudnull ananiz 0036015¢ 6inbul 2AUOOKO
po3ymimu midicghasri A6uwya, wo Nos a3aHi 3i CMpYKMypoo ma e1acmusoCcmamu a0CopoOyiiHuX wapie 8 3anedicHoCmi
810 CMpYKmMypHUx ma iHwux ocobaueocmeti adcopbenmis. [lopieHanns meopemuyno po3paxo8anux ocobaugocmet 3
EKCNEPUMEHMATLHUMU MOdHCe 00380JUmuU Oinbl MOYHY Imepnpemayilo egexmis, ki cnocmepieaiomv 6 pi3HUX
eKcnepumenmax no adcopoyiunum seuwam. byno eusnaueno, wo nonspuzayis HENOIAPHUX MA NONSAPHUX MOJIEK)I,
aocopboBaAHUX HA NOJAPHIU NOGEPXHI, MA NepeHeceHHs 3apsdy (NPOmoHis) 6idiepac 6axciugy poiv, 5K I egexmu
obmedncenozo npocmopy. Lle 36invutye enepaito 83aemooii adcopbo8aHUX MOAEKYI, 36 SI3AHUX 3 MBEPO0IO NOBEPXHEIO,
i sU3HAUA€E NoBepxHesy OPIEHMAYI0 a0coOpOOBAHUX MOTEKYI, A MAKONC NOBEOIHKY a0cOpOYIiHO20 wapy npu 3Minax
memnepamypu, mMycKy uYu KoHyeHmpayii, a makooic Hwux ymos. Iiopogobizayis nogepxmi 3MeHuLye enepeiro
63a€MO0ii [ 0151 NOAAPHUX, § O HenoaapHux adcopbamis. Knacmepusayis copbamie 3sMeHULYE CepeOHI0 eHepeiio
63a€MO0Il  A0COpOYIIHO20 Wapy 3 NOGEPXHEI0 V NepepaxyHKky Ha o00ny monexyay. Ilepenecenns 3apsoy
cnocmepieaempbcsi 0Nl NOJAPHUX [ HENOJAPHUX MONEKYI, SIKI  3AEMOOIIOMb 3 NOJAPHUMU NOBEPXHEGUMU
@yuryionanvrumu epynamu. Lli cunbHi egexmu 3MiHIOIOMb NOBEOIHKY AOCOPOYIIHO20 wWapy 0cobauso npu
nepeHeceHHi NPOMOHI8 HA a0COpOOBAHI MONEKYIU YU HABNAKU. 3MiHU 8 opieHmayii aocopbo8aHux MONeKyl
npu3800ums 00 NepPeoyiHKu NOCAOOYHO20 MAUOAHYUKA, AKY 3AUMAE MOAeKYd, i BUKOPUCMAHHA NOCMIUHO20
suauenna yici eenuuuny (Hanpuxnad, 0.162 um? ona Ny) npuzeodumv 00 nepeoyinioéanHs NUMOMOi NOEepxHi
aocopbenma.

Knrouosi cnosa: xeanmosoximiuni memoou, neemnipuuni ma TOI" memoou, nanisemnipuyni memoou, mooeii
KpemMHe3eMi8, MOOel AKMUBO8AH020 8Y2ilist, MOOei a0copoyil

TeopeTnyeckuii aHaIn3 aacopoLUM Pa3HbIX COeIHHEHHI HA THAPOQUIBHBIX U
ruapo(poOHBIX KpeMHe3eMaX B CPABHEHUHU ¢ aKTUBHPOBAHHBIM yIJIeM
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Hnemumym xumuu nosepxnocmu um. A.A. Yyiixo Hayuonanvroii akademuu Hayk Yxkpaunol
ya. Fenepana Haymosa, 17, Kues, 03164, Yxkpauna, viad gunko@ukr.net

Llenv pobomul cocmosina 6 ananuze meopemudeckux mooenei (Kiacmepos, nepuoOUtecKux panuiHblx Ycaoeutl)
U Memo0os, Komopule Mo2ym Oblmb NPUMEHUMbL OIS U3YUeHUs A6IeHUll a0copoyuy u O/ yyiuell UHmepnpemayuu
axcnepumenmanvhvix oaunnvix. Teopuio @ynxyuonana niomuocmu (DFT, wB97X-D) u nonysmnupuueckue (PM7)
MemoObl  UCTONBL30BANU, UYMODbL  CMOOEIUPOBAMb  AOCOPOYUOHHbBIE SGNCHUS HA  NOBEPXHOCMU NUPOSEHHBIX
HAHOOKCUOO08, CUNUKAzeNell, akmUusUposanno2o yens u m.0. I naenas udes cocmoum 6 mom, Ymo meopemuyeckull
ananuz nosgonsiem Oonee 2iyOOKO NOHUMAMb MeNCHA3Hble S6IEeHUS, CESI3aHHblEe CO CIMPYKMYPOU U CE0UCmEaMU
AOCOPOYUOHHBIX CNI0e8 8 3ABUCUMOCIU OM CMPYKMYPHLIX U Opyeux ocobenHocmeti adcopbenmos. CpasHeHue
Meopemu4ecky  pacCUumaHHblX O0CODEHHOCHel ¢ IKCNEPUMEHMATbHLIMU MOJICem NO03601umb 0ojiee MOUHYIO
unmepnpemayuio 3¢)ghexmos, HaOIOOAEMbIX 8 PAZIUUHBIX IKCHEPUMEHMAX NO AOCOPOYUOHHBIM SIGNEHUIM. bblio
VYCMAHOBAEHO, YMO NOAAPU3AYUSL. HENOTIPHBIX U HOTSPHBIX MOAEKYI, A0COPOUPOBAHHBIX HA NOJAPHOU NOBEPXHOCIU,
U nepeHoc 3aps0a (NpomoHos) uepaem 6adNCHYIO po.ib, MAKdiCe, KAK U IPhexmpbl 02paHuieHHo20 npOCmpaHcmed.
Dmo yseruuugaem snepeuto 63aumooeticmausi adcopoUpOBaHHbIX MOLEKYI, C6A3AHHBIX C MEEPOOU NOBEPXHOCHbIO, U
onpeoensiem nOBePXHOCMHYIO OPUEHMAYUIO AOCOPOUPOBAHHBIX MOAEKYI, 4 MAKJCe nogedenue a0CopOYUOHHO20 CLOs
npU USMEHEHUsX meMnepamypul, O0asleHuss Uiu KOHyeHmpayuu, a maxoice opyaux ycinosui. ludpogobdusayus
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HOBEPXHOCHb  YMEHbUACH, JHEPSUIO  63AUMOOCUcmEUss U Oisl NOJAPHBIX, U Ol HENOJAPHLIX  adcopbamos.
Knacmepusayua aocopbamoe ymeHovuwiaem cpeoHOl0 3HepIUI0 83AUMOOEUCMBUA  A0COPOYUOHHO20 CNIOSL  C
HOBEPXHOCMbIO 8 nepecyeme Ha 00HY Moaekyny. Ilepenoc 3apsioa nabniooaemcsi Onsi NOMSPHLIX U HENOJSAPHbIX
MOEKYIL, 83aUMOOEUCMBYIOWUX C NOISAPHIMU NOBEPXHOCHHBIMU (DYHKYUOHATbHLIMU SPYRNAMU. Dmu CUuibHble
aghpexmul usmensirom nosedenue adcopoOYUOHHO20 Cl0sL 0COOEHHO NPU NEePeHoce NPOMOHO8 HA a0COpOUPOsaHHbie
Monexyabl unu Haobopom. Hsmenenue 6 opuenmayuu adcopOUpOSBAHHBIX MOLEKYL HPUBOOUM K NepeoyeHKe
HOCAOOYHOU NIOWAOKU, 3AHAMOU MOLEKYI0U, U UCNONb30BAHUE NOCIMOAHHO20 3HAYEHUS IMOU 6eIUYUHBL (HanpuMep,
0.162 nm? ona N>) npusodum K nepeoyenie yOeabHoli NO6epxXHOCMU adcopbenma.

Kniouesvle cnoga: xeanmosoxumuueckue memoovl, neamnupudeckue u TDII memoowi, nomysmnupuyecKue
Memoobl, MOOeNU KpeMHe3eMO08, MOOelU AKMUBUPOBAHHO20 Velis, MOOenu adcopoyuu
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