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Abstract. The paper presents the study of the structure and electronic prop-
erties of two-dimensional and three-dimensional crystals composed of monolayers
of graphene polymorphs Lg, Lsg, La1s, Laein Lsy functionalized by fluorine at-
oms with various types of attachment of fluorine atoms. It reveals that the inter-
layer distances in the studied crystals vary within a wide range from 4,73 to 5,96
A and volumetric densities vary from 2,43 to 3,98 g/cm>. The value of the band
gap in three-dimensional fluorographite crystals is on average 0,4 eV less than the
band gap in the corresponding two-dimensional fluorographenes. The studied
three-dimensional structures demonstrated a pattern: with an increase in the in-
terlayer distance, the energy of the interlayer interaction decreases, and the vol-
umetric density increases. The band gap of the fluorographenes and
fluorographites decreases with an increase of sublimation energy. The paper es-
tablishes a correlation between the degree of C-C bond length variation of and
the presence or absence of repulsive flagpole forces between the attached fluorine
atoms. It proves that during functionalization, the values of the average C-C
bond length increase for monolayers Lg, Lsg, L1y, Las.12 and Ls. The values of
the average lengths of C-C bonds practically do not change during the formation
of fluorographite from fluorographene. The variation of C-C bond lengths in
fluorographites is minimal for F-Ls T1 and equal to 0,2 %, while the maximum is
observed for F-L,4.1» T1, which is 10,7 %.

Keywords: functionalization; fluorographite; fluorographene; polymorphism; at-
tachment type; band gap.

Introduction

Graphite, which is a three-dimensional (3D) crystal, consists of monolayers of two-dimensional
(2D) graphene bounded to each other by van der Waals forces [1]. A 3D crystal can also be constructed
from monolayers of functionalized 2D graphene. Obviously, the properties of such a three-dimensional
crystal will differ from the properties of 2D monolayer functionalized graphene, just as the properties of
graphite differ from the properties of graphene [2-4].

In [5-12], calculations of the structure and electronic properties of fluorine-functionalized 2D and
3D crystals formed on the basis of various types of fluorographene polymorphs Lg, Lz.15, Lss.12, Ls7 and
L, were carried out. In order to identify new patterns, this work carries out a comparative analysis and
generalization of the results obtained in these works.

Calculations and methods

In this work, computer modeling of the structure and electronic properties of two-dimensional 2D
fluorographene crystals and three-dimensional 3D fluorographite crystals was carried out.
Fluorographene layers were obtained by fluoridation of graphene polymorphs Lg, Ls.1s, La-g12, Ls7 11 Ly
g. Calculations of the structural and energy characteristics of 2D fluorographene crystals were carried out
using the DFT-GGA method using the open source software package Quantum Espresso [13].

As a result of calculations, it turned out that out of a possible 17 layers of fluorographene, 15 mono-
layers of fluorographene F-L6, F-Lj 15, F-L4612, F-Ls.7 and F-L4g, Shown in fig. 1, are stable. Stable lay-
ers were composed of 3D fluorographite crystals. The atom-atom potential method was used to calculate
the three-dimensional structures of fluorographite. These structures were further used as the basis for
calculations of the energy characteristics of the resulting fluorographites using the DFT-GGA method
[13].
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Fig. 1. Fluorographene monolayers used for building 3D-fluorographite crystals: F-L6, F-L3-12, F-L4-6-12, F-L5-7 n F-L4-8

Results and discussions

Table 1 shows the structural parameters: d, — interlayer distance, S — length of the shear vector and
p — bulk density; and energy characteristics of the resulting 2D fluorographene crystals and 3D
fluorographite crystals: Eyqw — energy of van der Waals bonds between layers; Eguop and Egpsp are the
sublimation energy of fluorographenes and fluorographites, respectively; Egp and Egp are the band

gaps of fluorographenes and fluorographites, respectively.
Table 1
Interlayer distance d., shear vector length S, bulk density p, Van der Waals energy Evqw, Sublimation energy

of fluorographenes Esu2p and fluorographites Esuysp, band gap of fluorographenes Egp and fluorographites Egsp
Crystal S A d., A p, glem® Evaw 102 eV Y Y Egp, 6V Egp, 6V
F-LeT1 0,00 5,39 3,26 3,04 14,32 14,37 3,321 2,727
F-LeT2 1,09 4,73 3,98 4,81 14,19 13,94 3,390 3,114
F-LeT3 1,52 5,75 3,26 2,93 14,31 14,33 3,557 3,108
F-LsT4 1,68 5,60 3,30 3,19 14,08 14,19 4,195 3,666
F-LeTS 1,06 5,46 3,23 3,02 14,20 14,22 3,044 2,505
F-L31,T1 1,47 5,76 2,43 1,85 13,77 13,83 3,43 3,032
F-L4g12T1 | 0,05 5,49 2,59 2,38 13,84 13,89 3,193 2,827
F-Lys12T3 | 3,46 5,77 2,64 2,37 13,80 13,83 4,150 3,682
F-Ls7T1 3,71 5,50 3,21 2,90 13,85 13,90 4,09 3,663
F-Ls./T2 3,36 5,57 3,39 3,13 14,17 14,24 3,32 3,126
F-L4gT1 2,78 5,46 2,91 2,65 13,98 14,04 3,211 2,781
F-LggT2 0,00 5,18 2,97 3,08 13,36 13,44 4,958 4,599
F-L4sT4 1,74 5,55 3,12 3,11 14,05 14,12 3,946 3,413
F-L4gTh 3,14 5,96 2,75 2,23 13,56 13,60 4,686 4,322
F-L4sT6 1,74 5,57 3,09 3,13 14,01 14,08 4,877 4,257

The average interlayer distance by types d, = 5,4 A in fluorographites F-LgT1 — F-LT5, as it turned
out, practically coincides with the distance d,. = 5,3 A obtained in an experiment of X-ray diffraction
analysis [14] on a fluorographite sample, synthesized in the Institute of Inorganic Chemistry of the Sibe-
rian Branch of the Russian Academy of Sciences in Novosibirsk according to the method described in
[15]. From table 1 it can be seen that the difference between the minimum d, = 4,73 A in F-L¢T2 and the
maximum d_ = 5,96 A in F-L,T5 values of the interlayer distance is quite significant — 1,23 A (40 %).

The difference between the minimum and maximum values of bulk density is also quite significant:
1,55 g/lcm® (50 %). From fig. 2 it can be seen that there is a one-to-one correspondence between the in-
terlayer distance d, and the bulk density p — the larger d., the smaller p.

The interlayer bond energy Eyqy is maximum in fluorographite F-LT2 (Eyew = 4,81-10% eV) and is
more than 2,6 times higher than the minimum value Eyqgw in fluorograpite F-L312T1 (Evgw = 1,85:10°°
eV).
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d. A
Fig. 2. The graph of interlayer distance dL versus bulk den-
sity p and Van der Waals energy EVdW
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Fig. 3. The interlayer bond energy EVdW

versus bulk density p

There is a connection between the van der Waals 5,0
energy Evew and the interlayer distance d., as can be 457 c .
seen from fig. 2 — the greater Eyqw, the smaller d.. Ac- 4,0+ -
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The sublimation energy of 3D fluorographite " | api..
crystals, with the exception of F-L6T2 fluorographite, S| vri,
is slightly (0,5 %) higher than the sublimation energy 1O *7le
of 2D fluorographene crystals. Fluorographene and 05F  line

fluorographite F-LgT1 have the highest sublimation
energy, and fluorographene and fluorographite
F-L,5T2 have the lowest.

In fluorographites F-LgT1 and F-L,T2 there is
no layer shift, that is, S = 0 (layer packing type AA),
and in other fluorographites S is not equal to zero (layer packing type AB) and varies within a fairly
wide range (from 0 to 3,71 A). Note, that despite the same type of layer packing — type AA (no shear),
fluorographites F-L¢T1 and F-L4¢T2 are very different from each other in sublimation energies: for F-
LeT1 Egp = 14,37 eV, while for F-L, T2 Egy, = 13,44 €V.

It is interesting to note that, contrary to expectation, we did not find a link between the interlayer
distance d, and the shift S.

According to [16], in pure (non-functionalized) graphite the interlayer distance in AA type packag-
ing is greater than in graphite in AB type packaging. In the functionalized materials studied in this work
— fluorographites — no similar correlation between the distance d, and the type of packaging was found.

The band gap of the studied fluorographites Egsp varies widely from 2,51 eV (F-L¢T5) to 4,60 eV
(F-L4-T2). It is on average 0,4 eV less than the band gap in fluorographene monolayers Egp.

Fig. 4 shows the dependence of the band gap Egp on the sublimation energy Egpsp in
fluorographites. It can be seen that the band gap decreases with the increase in sublimation energy. A
similar dependence is observed in fluorographenes.

Based on the band gap, the fluorographenes and fluorographites we are studying should be classi-
fied as semiconductors or dielectrics.

Table 2 shows the average lengths of C-C bonds in the carbon frameworks of pure polymorphs of
layered (2D) (graphenes) and three-dimensional (3D) (graphites) structures and fluorine-functionalized
polymorphs of fluorographene (2D) and fluorographite (3D) and their relative changes: d¢, is the aver-
age length of the C-C bond in the functionalized material (flurographene or fluorographite),

0’0 L 1 1 L L L
13,2 134 13,6 13,8 14,0 14,2 144 14,6
Esubsn, eV

Fig. 4. The band gap Eg3D versus sublimation
energy Esub3D in fluorographites
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5 =—L—"C0.100% is the relative increase in the length of the C-C bond as a result of functionaliza-
co

tion, A= 9e max ~demin -100 % — spread — the relative difference between the maximum dcpax and min-
C
imum dcmin length of the C-C bond in the carbon framework.

Table 2
Average length of C-C-bond dco and dc, the relative increase of the length of the C-C-bond

as a result of the functionalization &, the spread of the lengths of C-C-bonds in the carbon frame A

Pure polymorphs Functionalized polymorphs
(graphen_es (fluorographenes and fluorographites)
Monolayer and graphites)
notation 2D, 3D 2D 3D
deo, A | A% | de,A | 6,% | A,% | de, A | 6,% | A, %
LeT1 1,57 9,8 0,1 1,57 9,8 0,2
LeT2 1,60 11,9 5,3 1,61 12,6 54
LeT3 1,43 0,2 1,58 10,5 1,1 1,58 10,5 1,8
LsT4 1,59 11,2 51 1,59 11,2 6,0
LeT5 1,59 11,2 1,9 1,59 11,2 3,1
L3 T1 141 6,3 1,54 9,2 3,3 1,54 9,2 3,6
LygioT1 145 76 1,59 9,7 10,3 1,59 9,7 10,7
Lyg12T3 ' ' 1,61 11,0 15 1,61 11,0 19
Ls,T1 141 8.9 1,57 11,3 4.4 1,56 10,3 8,8
Ls,T2 ' ' 1,57 11,3 8,4 1,60 13,5 9,4
LygT1 1,57 9,0 6,8 1,57 9,0 6,7
LygT?2 1,58 9,7 4.2 1,58 9,7 4.2
LygT4 1,44 6,3 1,58 9,7 4,9 1,58 9,7 4,9
LygT5 1,60 11,1 2,3 1,60 11,1 2,3
LygT6 1,58 9,7 3,8 1,58 9,7 3,8

A sufficiently large value of 9, indicating a significant increase in the average length of the C-C
bond d, indicates a deterioration in the structural properties of the studied graphenes and graphites dur-
ing their functionalization.

In functionalized materials, during the transition from layered structures to three-dimensional ones,
the values of dc and ¢ practically do not change, which indicates that the strength properties of layered
and three-dimensional structures remain unchanged. In functionalized materials, the difference in the
lengths of C-C bonds in the carbon frame A during the transition from 2D to 3D crystals also practically
does not change.

Noteworthy is the fact that there is a wide variety of C-C bond lengths a b
in the carbon framework: from 0,2 % in F-L¢T1 to 10,7 % in F-Lsg.1,T1 in
3D-crystals. The reason for this is the following. In layers of both 2D F—F F

fluorographenes and 3D fluorographites, fluorine atoms attached to neigh- L '
boring carbon atoms in the C-C chain on one side of the layer (fig. 5, a) -C-C- -=C _Cl_
are close to each other and are repelled by flagpole forces [17, 18]. Let’s F
call this option of attaching fluorine atoms to the carbon frame option . i, 5 options for attaching
Due to the repulsion of fluorine atoms, stretching occurs — elongation of  fluorine atoms to the carbon
the corresponding C-C bond. In another case, fluorine atoms attached to frame: a - option a,
neighboring carbon atoms in the C-C chain on different sides of the layer b~ option b
(fig. 5, b) are far from each other and significant flagpole forces do not arise between them. Let’s call
this option for addition of fluorine atoms option b.

In the FL¢T1 layer, fluorine atoms are attached according to option b, so the C-C bonds in it are not
stretched. Ultimately, it turns out that in the FL¢T1 layer, just as in the original L¢ graphene, all C-C

BecTtHuk OYplY. Cepusa «MatemaTtuka. MexaHuka. Pusuka» 43
2025, Tom 17, Ne 1, C. 40-47



dusumka

bonds have the same length, and the degree of spread in the lengths of C-C bonds A up to a calculation
error (0,2 %) is equal to zero.

In the FLsT2 layer, unlike the FL¢T1 layer, there is not one, but two groups of fluorine atoms: one
group is attached according to option a, the other according to option b, so that some C-C bonds are
stretched, while others are not. Therefore, this layer has a large degree of spread of the lengths of C-C
bonds: A = 5,3 %.

In the FL4.6.1,T3 layer there are two groups of C-C bonds: in one, short C-C bonds inside hexagonal
cycles are stretched due to flagpole forces, in the other, long C-C bonds inside quadrangular cycles are
not stretched. As a result, in the FL,4.1,T3 layer, the scatter in the lengths of C-C bonds turns out to be
quite small (A = 1,5%) and less than in the original non-functionalized graphene Ls.s 12, where A =
7,6 %.

In the FL4¢1,T3 layer there are more C-C bonds stretched due to flagpole forces than in the
FL...12T1 layer. Therefore, the average length of C-C bonds in the FL,.1,T3 layer, where dc = 1,61 A,
is greater than in the FL,6.1,T1 layer, where dc = 1,59 A.

Conclusions

Computer modeling of the structure and electronic properties of two-dimensional and three-
dimensional crystals fluorographenes and fluorographites was carried out. Fluorographenes — fluorine-
functionalized graphene polymorphs F-Lg, F-Lgis, F-L4g12, F-Ls7 and F-L,g, of various types of at-
tachment. Fluorographites consisted of parallel stacked monolayers of fluorographene polymorphs. It
was found that in the resulting structures, interlayer distances and bulk densities vary widely from layer
to layer. Bulk density, interlayer distance and interlayer van der Waals energy show linear correlation
with one another, in which: the greater the interlayer distance, the lower the bulk density and interlayer
interaction energy, and the greater the interlayer interaction energy, the greater the bulk density. The
sublimation energy of 3D fluorographite crystals is practically not different from the sublimation energy
of 2D fluorographene monolayers. The band gap in fluorographite crystals is on average 0,4 eV less than
the band gap in fluorographene monolayers. Based on the band gap, the studied fluorographites can be
classified as semiconductors or dielectrics. It was found that the band gap in both fluorographenes and
fluorographites decreases with increase of sublimation energy. The relation between the degree of
spread of the lengths of C-C bonds, the order of fluorine atom arrangement on sides of the carbon layer
framework, and the presence or absence of repulsive flagpole forces has been established.
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CTPYKTYPA U SNEKTPOHHbLIE CBOUCTBA ®TOPOIPA®EHOBbLIX
N PTOPOITPA®UTOBBLIX KPUCTAJINIOB

M.E. benexkos, B.M. YepHoe, A.B. Bymakoe
YensibuHckuli eocydapcmeeHHbIl yHUgepcumem, 2. YensbuHck, Poccutickass ®edepayusi
E-mail: me.belenkov@gmail.com

Awnnoranus. [IpoBefeHO HCCIIEIOBaHUE CTPYKTYPhI M SJICKTPOHHBIX CBOWMCTB OByMepHBIX (2D)
(¢pToporpacdeno) u TpexmepHbix (3D) (PpToporpaduToB) KpUCTAIUIOB, COCTABICHHBIX M3 (YHKIHOHA-
JU3UPOBAHHBIX (PTOPOM MOHOCIOEB MoIuMOphoB rpadena Lg, Ls1o, Lag.12, Ls7 ¥ Lyg C pasmudHbIM TH-
IIOM TIPHCOEANHEHNUS aTOMOB (hTOpa. Y CTaHOBIIEHO, YTO B HCCIeAyeMbIX 3 D-kpucraniax u3MeHsIOTCS B
IIMPOKHUX Mpeenax MexkcioeBble pacctosnus: 4,73 + 5,96 A u o6bemuble miotHoctu: 2,43 + 3,98
r/cm®. 3HaueHHE MIMPHHBI 3aMPEIICHHOM 30HbI BO (hroporpadurax B cpeaneM Ha 0,4 3B MeHbIIe MUpH-
HBI 3aMpENIeHHON 30HBI B COOTBETCTBYOINX (ToporpadeHax. Bo ¢proporpadurax oOHapykeHa 3aK0-
HOMEPHOCTB. C YBEIMYEHHEM MEXKCIOCBOTO PACCTOSHUS SHEPIHsS MEXKCIOEBOIO B3aUMOJCHCTBUA
YMEHBIIAeTCs, a 00beMHasl IJIOTHOCTH yBennunBaeTca. OOHAPYKEHO, YTO IIMPUHA 3aMPEIICHHON 30HBI
Kak Bo (proporpadenax, Tak u ¢proporpadurax yMEHBIIAETCS MPH YBEIMUESHUN SHEPTUU CYOINMAITUH.
YcraHoBIeHa CBA3h MEXAY CTeleHbIo pa3dpoca miumH C-C-CcBsA3el W HaTMYUeM WM OTCYTCTBHUEM pac-
tankuBaroumx flagpole-cun mexny npucoennusembivu atomamu propa. Habmronaercs, 4to npu GyHK-
[UOHAIM3AIMK 3HaueHusl cpenneit nuHbl C-C CBsI3u yBEIMUMBAIOTCS I MOHOCIOEB Lg, L3, Lag.12,
Ls; u Lyg. 3Hauenns cpeanux amuH C-C cpszeit nmpu GpopmupoBannu Groporpaduta u3 proporpadena
MPaKTHUECKU He m3MeHstoTes. Pa3opoc mmun C-C cesseii Bapeupyercs ot 0,2 % B F-LgT1 1o 10,7 % B
F-L4.6-12T1 nnst proporpaduros.

Kurouesvie crosa: gynxkyuonanuzayus;, pmopoepagpum; mopoecpagen; nosumopghusm Kpucma-
J108; MUN NPUCOCOUHEHUS; WUPUHA 3aNPEUeHHOL 30HbL.
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