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9 ABSTRACT: Carbon chemisorption on iron nanoparticles at
10 small carbon coverage has been studied by using a Fe,; particle
11 as a model because it possesses a nearly icosahedral geometry,
12 and complications with additional effects associated with the
13 surface inhomogeneity do not arise. The electronic and geo-
14 metrical structures of Fe ;C, are computed for n = 0—20 using
15 an all-electron density functional theory with generalized
16  gradient approximation and a rather large basis set. It is found
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17 that the energetically preferred structures correspond to the formation of carbon dimers up to Fe 3C, and trimers up to Fe 3Cq
18 in octahedral configurations of the dimers and trimers with the Fe,; cluster being endohedral. The trend for the formation of
19  carbon tetramers breaks at Fe ;C,,. We found that the dependence of the total energy on the total spin is nearly the same for
20 Fe; and Fe 3Cg When the number of chemisorbed carbon atoms exceeds 6, chemisorption quenches the total magnetic moment
21 to 36 uy from the value of 44 yp in the ground-state Fe 3 cluster. We used natural atomic orbital populations to understand why
22 the quenching does not depend on the number of chemisorbed atoms. Free C, species were reoptimized at the same level of
23 theory to calculate the dissociation energies of C, and Fe ;C,. It is found that the largest fragmentation energy of 12 eV belongs
24 to the Fe 3C;, — Fe 3 + C, channel. Finally, we found that atomization energies for the carbon chemisorbed on the iron particle
25 are larger by approximately 10 eV than atomization energies of the corresponding free carbon particles, which can be related to

26 the catalytic strength of the Fe,; particle.

I. INTRODUCTION

27 Iron particles are widely used for catalyzing the growth of
28 carbon nanotubes (CNTs) using the chemical vapor deposition
29 (CVD)"' and the high-pressure high-temperature HiPco™?
30 processes. However, despite tremendous experimental and
31 theoretical effort, it is not clear yet how CNTs nucleate on a
32 catalytic iron particle. Theoretical simulations of the CNT
33 growth catalyzed by iron particles have been performed by
34 molecular dynamics methods for the particles composed of 55—
35 1000 iron atoms,*”” by an ab initio molecular mechanics
36 method using a Feg icosahedral particle,® by using effective
37 core potentials (ECPs) combined with density functional
38 theory (DFT) methods,”'® by using quantum chemical
39 molecular dynamics (QM/MD) methods and iron carbide
40 particles,""'> and by using bimetallic particles containing Fe."?
41 In the present work, we use a smaller iron cluster, Fe ;, but
42 perform DFT calculations using a fairly large one-electron basis set
43 with no ECPs so as to obtain reliable information about the
44 structure (carbon distribution over the iron particle at low
45 coverage), energetics, and magnetic states of Fe;3C,, n = 1-20.
46 The Fej; cluster possesses a slightly distorted icosahedral
47 structure™*™"” with practically equivalent faces. We started with a
48 single carbon atom and added carbon atoms one by one until their

A4 ACS Publications  © Xxxx American Chemical Society

total number reached 20, which is the number of triangular faces 49
in the Fe 5 icosahedral cluster. These faces are expected to be the so
preferred bonding sites according to the electron localization s1
function (ELF) study'® performed for Fe,. Indeed, our computa- s
tional studies have shown that the face attachment of O or N to s3
Fe, and Fe, clusters'®*° as well as C to a Fe, cluster” is preferred s4
when the number of carbon atoms is small. 55

Our computations on Fe,C, clusters (n = 1-20) are s6
performed using an all-electron DFT method with generalized s7
gradient approximation and a rather large basis set. We optimized ss
also the ground-state C,, species (n = 2—20) at the same level of s
theory so that the energetics of the carbon—carbon binding in the 6o
gas phase could be compared to that in the presence of an Fe; 61
particle. To gain insight into the carbon chemisorption e
dependence on the spin multiplicity, we performed optimizations 63
of Fe; and Fe ;Cq in the whole range of the spin multiplicities 64
from 1 to 47. 65

Small precursors of these carbon allotropes were the subject 6
of numerous experimental and theoretical investigations. Smalley 67
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68 et al** studied the negatively charged C,” ions (n = 2—29) using
69 ultraviolet photoelectron spectroscopy and concluded that the
70 ground-state structures are linear chains up to n = 9, whereas the
71 larger species possess monocyclic ring structures. They also found
72 that the neutral even-numbered species possess open-shell
73 electronic structures and high electron affinities, whereas the
74 neutral odd-numbered species possess closed-shell singlet ground
75 states and substantially lower electron affinities. Theoretical
76 studies™ confirmed the oscillatory character of the electron
77 affinity in linear C,™ up to n = 20. According to the experimental
78 studies, linear and ring C,” ions do exist up to at least n = 16>**°
79 and n = 41,% respectively. The smallest fullerene composed of 12
80 pentagons and 2 hexagons corresponds to n = 20, and the
81 relative energetic stability of ring, bowl, and fullerene isomers of
82 Cyo has been the subject of many papers.”” ' The total energy
83 ordering of these isomers was found to be strongly dependent
84 on the method and basis set used. According to a computa-
8s tional study”” of relative energetic stabilities of C,, isomers for
86 even n beginning with n = 18, a C,, fullerene is likely to be the
87 smallest energetically favored fullerene.

88 The studies of interactions of carbon species with iron can be
89 separated into several groups. The first group deals with
90 interactions of a single Fe atom and a small number of carbon
91 atoms, which includes FeC,**™%’ FeC2,38_40 FeC3,41’42 and
9 FeC,”™ with n = 4—10. The second group deals with
93 interactions of small iron clusters with a small number of
94 carbon atoms: Fe,C, (n = 3—4),°° Fe,C;,°' Fe,C,* Fe,C,,>
9s and Fe,C (n = 4—6).*>> Some papers dealt with both FeC,
96 and Fe,,C,>*>” Other §roups include studies of endohedral
97 complexes Fe,@Cg,°* Fe,Cp, (n = 2, 3, 4, 6.8, 10, 12),%°
98 metcars FegCyy,” and iron particle absorption on CNTs.®

99 The remainder of this paper is organized as follows. In
100 Section II, we discuss the details of the computations. Section
101 III presents and discusses our results. We summarize the main
102 findings and conclude in Section IV.

—

=

Il. DETAILS OF COMPUTATIONS

103 The Becke—Perdew—Wang exchange-correlation functional
104 (BPW91)®*** and the 6-311+G* basis sets,”> namely,
105 (15s11p6d1f/10s7p4d1f) and (12s6pld/Ss4pld) for iron and
106 carbon atoms, respectively, were chosen to perform our
107 calculations using the Gaussian 03 and 09 programs.66’67
108 These choices are based on the results of our computational
109 and joint computational and experimental studies of Fe,CO,*
110 MC (M = Sc to Zn),” Fe, (n = 2—6),”%"" Fe,CO (n =
1 2—6),”*” CrC, (n = 2—8),”* and C, fullerites,””® which
112 established that the BPW91/6-311+G™* combination is capable
113 to yield results in good agreement with experiment. For
114 example, the spectroscopic constants obtained for the ground
115 12g+ state of C, computed at this level of theory are r, = 1.260
16 A, @, = 1843 cm™}, and D, = 6.50 eV, which have to be
117 compared to the experimental values”” of 7, = 1.243 A, @, =
11s 1843 cm™, and D, = 6.37 eV. A number of recently developed
119 exchange-correlation functionals were intensively tested using
120 different databases,”®”® and the PW91 method is found to show
121 a rather good performance compared to the new functionals.*’
122 The ground-state geometrical conﬁ%urations obtained for C,
123 (n = 2—20) in previous publications®’ > were reoptimized at
124 the BPW91/6-311+G* level to obtain total electronic energies
125 and zero-point vibrational energies (ZPVE). The optimized
126 ground states of C, are as follows: C, (IL,), C, (12g+), C,
127 (3Eg_)) CS (12g+)1 C6 (32 _)) C7 (IZ +)r CS (3Zg_)r C9 (12g+);
128 Cyo ('A), Cyy ('A)), Cpy flAg)) Cy;; (°By), Cyy (lAg)) Cis ('A),

Cis (1Ag)J Ci; (°By), Cis (lAg)) Cio (*By), and Cyg (lAg) The 129
ground state of Fe;; was found to have a slightly distorted I, 130
geometry, and the spin multiplicity of 45 is in agreement with 131
the results of previous computations. The use of the standard 132
DFT method appears to be justified because of no noncollinear 133
local magnetic moment was found”*”* in iron clusters including 134
Fey;. 135

Our strategy in searching for the lowest total energy 136
configurations of Fe ;C, is to add one carbon atom at a time 137
and optimize as much carbon distributions as possible for each n. 138
The initial distribution for a given number of carbon atoms was 139
generated in three ways: (1) a random placement of single 140
atoms over Fe ; face centers as uniformly as possible; (2) 141
connected and disconnected single chains and rings; (3) adding 142
a carbon atom to the previous optimal distribution as a single 143
atom, forming a dimer, trimer, and so on. The optimizations of 144
Fe 3C, were performed beginning with the spin multiplicity 145
2§ + 1 = 41 in the case of small carbon coverage since the 146
quenching of the total magnetic moment was observed 147
previously”® for the Fe,C, clusters with n = 2—6. Optimizations 143
were carried out for the states with the higher and lower spin 149
multiplicities until the next spin multiplicity state showed a 150
higher total energy. We found that the optimal spin multiplicity 151
decreases to 37 when 6 carbon atoms are chemisorbed. No 152
further decrease in the spin multiplicity of the lowest total 153
energy state was observed for n > 6, except for few cases when 154
the optimal spin multiplicity was 3S. 155

Harmonic vibrational frequencies were computed for all C, 156
and Fe ;C, with n < 10, both to confirm that the structures 157
were true energy minima (no imaginary frequencies) and to 158
obtain the harmonic zero-point energies. Frequency calcu- 159
lations for larger n proved to be impractical with available 160
computational resources. However, one has to expect that the 161
total energy of a Fe;C, isomer for a given n > 10 cannot be 162
substantially lowered if the lowest total energy state found 163
happened to correspond to a transition state. This conjecture is 164
based on the observation that in most cases met for n < 10 the 165
total energy lowering due to a transition state transformation 166
into a stationary state by moving along the imaginary frequency 167
mode has not exceeded 0.1-0.2 eV. 168

Fragmentation energies were computed as the differences in 169
total energies of an initial species A and its decay products B; 170

1
Egiss = Egor (A) + ZPVE(A)

- z [Etotel(Bi) + ZPVE(B;)]
i (1)

for A = C, (n = 2—20) and Fe;sC, (n = 1—10), where ZPVE 171
stands for the harmonic zero vibrational point energies. The 172
difference of electronic total energies was used for Fe ;C, with 173
n=11-20 174

1 1
Egiss = Etot (A) — Z Etot (Bj)
i )

Local magnetic moments on atoms were obtained using both 175
Mulliken”” and Natural Atomic Orbital (NAO)”® population 176
analyses. Generally, the values obtained using both approaches 177
are rather close to each other except for the central iron atom of 178
Fe,3;, where the Mulliken value appears to be unreliable. The 179
NAO populations were used for analyzing the bonding patterns 180
between Fe,; and carbon species. 181
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Figure 1. Geometrical configurations corresponding to the lowest total energy and selected excited states of Fe 3C, for n = 0—6. M denotes the
multiplicity 2S + 1. Bond lengths are in A. The notation “nm;..” denotes the carbon chemisorption pattern, which corresponds to the separated

carbon groups with n, My oy connected carbon atoms.

lll. RESULTS AND DISCUSSION

182 First we present the lowest total energy structures found for
183 Fe;3C, (n = 0—20) together with the isomers where carbon
184 atoms are attached as a chain and two other selected isomers
18s for each n, to emphasize the chemisorption pattern in the lowest
186 total energy states. Next, we show that the dependence of total
187 energy as a function of the spin multiplicity is similar for both Fe;
188 and Fe ;Cg when moving down in the spin multiplicities to the
189 singlet states. We discuss the bonding patterns and reasons for the
190 quenching of the total magnetic moment of Fe; by chemisorbed
191 carbon and why the quenching does not depend on the coverage
192 when the number of carbon atoms exceeds 6. Finally, we study
193 thermodynamic patterns in the carbon chemisorption.

194 Geometrical Configurations. The geometrical configu-
195 rations corresponding to the Fe;;C, states with different
196 chemisorbed carbon topologies are presented in Figure 1 for
197 n = 0—6. The pattern symbol denotes the presence of bonded
198 carbon groups and/or single atoms on the iron cluster surface.
199 For example, “211” means that there are one C, dimer and two
200 single C atoms. The bond lengths shown for species with n =
201 0—3 are rather typical for the rest of the clusters: the Fe—Fe,
202 Fe—C, and C—C bond lengths are in the range of 2.40—2.80 A,
203 1.80—2.00 A, and 1.35—1.45 A, respectively.

204  The first carbon atom attaches to the center of one of 20
205 faces of Fe,; that are nearly equivalent since the I, symmetry

distortion is quite small. The second and third carbon atoms do 206
attach in such a way as to form a carbon dimer and trimer, 207
respectively. The 2S + 1 = 41 state of Fe;3C, with two 208
separated C atoms is above by 1.17 eV, whereas the 25 + 1 = 39 209
states of Fe;;C; with a carbon dimer and a single atom and 210
three separated C atoms are above by 0.37 and 0.74 eV, 211
respectively. One could extrapolate that the next carbon atom 212
attaches in such a way as to form a 4-atom chain, but it is not 213
so. The lowest energy state of Fe ;C, corresponds to a “dimer + 214
2 singles” configuration of carbon atoms which is followed in 215
total energy by the state whose carbon pattern is “22”, whereas 216
the state with a four-membered chain is above by 1.09 eV. A 217
rather large separation in total energy of the “211” and “22” 218
states can be related to a higher bonding ability of surface iron 219
atoms of Fe;; which are not involved in bonding with 220
previously chemisorbed carbon species. Thus, one can state 221
that there is a competition between formation of a C—C bond 222
with a chemisorbed carbon species and the bonding to free iron 223
atoms. 224

Let us consider in detail why the C, dimer formation is 225
energetically preferable over the chemisorption of two 226
separated carbon atoms. The formation energy of a C, dimer, 227
when the dimer is formed by adding a carbon atom to Fe;;C, is 228
estimated as the decay energy of the lowest total energy state of 229
Fe;5C, (see Figure 1) to Fe;3C + C. The value of 7.14 eV 230
obtained in this way can be compared to the value of 6.50 eV 231
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Figure 2. Geometrical configurations corresponding to the lowest total energy and selected excited states of Fe;C, for n = 7—10. “n-chain” denotes a

chain consisting of n connected carbon atoms.

232 for the gas phase C, — 2C dissociation. Note that our
233 computed energy for a single C atom attachment to a bare Fe;
234 cluster is 6.68 eV. The dissociation energy for the Fe ;C, = C,
235 channel is 7.32 eV, thus making the formation energy of a C,
236 dimer on the iron cluster 14.46 eV compared to ~2%6.68 eV =
237 13.36 eV for the separate attachment of two carbon atoms. The
238 latter value is smaller by 0.07 eV than the difference of 1.17 eV
239 in total energies of the Fe;3C, ground and Fe;;C, (11) isomer
240 states; that is, there is almost no interaction between two
241 carbon atoms placed on the cluster surface opposite to each
242 other. Assuming that the chemisorption energy of a single
243 carbon atom in the lowest total energy state of Fe;;C, (211) is
244 the same as in Fe;;C, ie., 6.68 eV, one can estimate the
245 fragmentation energy for Fe ;C, (211) — Fe ;C, (2) + 2C as
246 ~13.36 eV, while the fragmentation energy for Fe;;C, (4) —
247 Fe;3C, (2) + 2C is 12.43 eV. The smaller energy value in the
248 second case can be related to a weaker bonding of the C, chain
249 since the C—C and Fe—C bonding energies are quite similar.
250  When increasing the number of carbon atoms to 12, one
251 observes formation of an octahedron composed of C,, with Fe
252 being endohedral (compare Figures 1-3). A similar carbon
253 distribution was found® in the spin-restricted computations for
254 the first excited state of Fe|,C,, where Fe,, possesses an I shell
255 structure. The lowest energy state of Fe;C;, was found to
256 possess a “tower” shape” of an iron carbide type composed from
257 four-membered Fe,C, rings. In our optimizations of the tower-
258 type isomer of Fe3C,3, we observed the formation of a C, dimer

on the tower top; however, the isomer states with the spin
multiplicities ranging from 31 to 41 were found to be above the
lowest energy state by 7—8 eV.

As is seen from Figures 1—3, the difference between total

energies of the lowest total energy states and the states of 263

isomers of Fe;C, containing carbon chains grows as n
increases. The “322221” isomer state of Fe;;C,, (see Figure 3)
is close in total energy to the lowest energy “222222° state.
This implies that the next structural pattern would be the

264
265
266
267

formation of carbon trimers up to an octahedron composed of 268

the trimers at n = 18. Indeed, our search confirmed that the
most energetically preferable geometry trend is the gradual
formation of carbon trimers by adding carbon atoms to the
dimers of the ground-state Fe ;C,, cluster.

269
270
271
272

For Fe 3C 4 we have also optimized a structure composed of 273

two Cg placed on Fe,; one over another. The result of our
optimizations is presented in Figure 4. As is seen, the top eight
carbon atoms retain the 8-membered ring shape, whereas
adding one more atom transforms this carbon structure to a cap
containing hexagons and pentagons (see Figure 4, the bottom
panel). However, adding two atoms conserves the top eight-
membered ring in the “CNT” isomer of Fe,;C g (see Figure S).
Note that the state whose geometry is presented by the carbon
ring encircling the Fe; cluster is higher in total energy by
4.97 eV than the lowest energy state, whereas the chain
broken into two pieces “8—10” is higher by 4.67 eV. This
means that the energy gain due to formation of a C—C bond
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Figure 3. Geometrical configurations corresponding to the lowest total energy and selected excited states of Fe ;C, for n = 11-14.

286 in the ring exceeds the sum of the binding energies of four
287 end atoms of the eight-membered and ten-membered carbon
288 chains by 0.3 eV.

280 The state of a Fe3;C,4 isomer with a “433332” carbon pattern
200 is higher in total energy than the “333333” state by only
201 0.04 eV (see Figure 6), which assumes that carbon tetramers could
292 continue the series of “six dimers” and “six trimers”. However,
203 only Fe ;C,, follows this assumption. The lowest energy state
294 found for Fe ;C,, using initial random distributions of carbon
295 atoms has a “53332211” type; ie., it contains a carbon
296 pentamer, three carbon tetramers, three carbon dimers, and two
297 single carbon atoms. The state whose geometry contains two
208 carbon tetramers is higher in total energy by 0.42 eV; the state
299 whose geometry is presented by a 20-membered carbon ring
300 wrapped around the iron cluster is higher by 1.65 eV; and the
301 state whose geometry contains a C,, bowl is higher by 2.62 eV.
302 Note that the iron particle geometry in the lowest energy state
303 of Fe 3Cy is strongly distorted, whereas it is not so for higher
304 energy isomers.

305 Spin Dependence. The total magnetic moment of a given
306 state is defined in the Russell—Saunders scheme as g = ug(L +
307 28), where g is the Bohr magneton and L and S are the total
308 angular and spin moments, respectively. Within the Heisenberg
309 model, one neglects the L contribution and defines y = g.uzS,
310 where the gyromagnetic ratio g, is 2.0023 and y is the Bohr
311 magneton. The total spin is S = (1, — ng)/2, where n, and ny
312 are the numbers of the spin-up and spin-down electrons,
3 respectively. We accept the local magnetic moments on atoms

v

w
—

to be equal to the excess spin density obtained using the NAO 314
populations. 315

To gain insight into how carbon chemisorption is related to 316
the spin multiplicity, we performed optimizations of the Fe; 317
and Fe 3C;q clusters in the range of spin multiplicities 25 + 1 318
from 1 to 47. The relative total energies AE,,, computed with 319
respect to the total energies of the corresponding lowest energy 320
states are presented in Figure 7. For clarity, the curves for 0 < 321
(28 + 1) < 23 are presented in the lower panel and 24 < (2S + 1) 322
< 47 in the upper panel. As is seen, the minimum energy for 323
the Fe ; cluster occurs for 2S + 1 = 45, while the minimum for 324
Fe;3Cq is at 2S5 + 1 = 37. As one moves down in spin 325
multiplicities, there is a rather fast rise in AE,,, when moving to 326
2S + 1 = 33 for both cases. Both series show small oscillations 327
around the value of 1.5 eV for smaller spin multiplicities. The 328
largest AE,, values correspond to 2§ + 1 = 25 and 19 for both 329
Fe; and Fe 3;Cg, which are the spin multiplicities at which the 330
local magnetic moment of one iron atom flips. In terms of the 331
excess spin density at this atom, it means that the populations 332
of the spin-down and spin-up atomic orbitals are reversed. The 333
average electronic configuration of an Fe atom in Fe,;, except 334
for the central atom where the population is ~3d*%4s', is 33
~3d%%45°% and corresponds to a practically inert 3d*° subshell 336
and a valence 4s”* component in one spin representation and 337
the valence 3d'®4s%* population in the second spin 338
representation. The corresponding excess spin density is 3.1 e. 339

The flipping of local magnetic moments leads to the change 340
in the valence interactions and to a higher total energy of the 341
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energy and selected excited states of Fe,3C,, for n = 12—17. “CNT” denotes a

342 corresponding cluster state. Other flipping points also show a
343 small increase in total energy with respect to their neighbors
344 but to a lesser extent than in the 25 + 1 = 25 and 19 cases. As
345 one moves to higher spin multiplicities from the respective
346 minima of Fe ; and Fe 3Cg AE,, grows rapidly in the both
347 series. Since the AE, behavior is nearly the same as in the Fe ;
348 and Fe ;Cq series, one can conclude that the binding capability
349 of Fe 3 does not nearly depend on the spin multiplicity when
350 28 + 1 < 3S.

351 To gain insight into the nature of the total magnetic moment
352 quenching due to carbon chemisorption, we analyze changes in
353 the Fe NAO populations due to the chemisorption. In the
354 ground state of Fe,;, the effective electronic configuration of an
3ss outer Fe atom is (3d®%#4s%%%) = [3d*%°4s" ] [3d!%4s>3)3,
356 and the central atom has an effective electronic configuration of
357 [3d*34s%* ] [3d*%®4s*47]B. That is, the a 3d-subshell is
358 chemically inert, and the bonding is due to the 4s and 3df
359 electrons which corresponds to the valence of an Fe atom of
360 ~3. Table 1 presents the NAO populations for an isomer and
361 the lowest total energy state of Fe ;Cqg with 25§ + 1 = 37. As is
362 seen, the NAO populations of both isomers are quite similar.
363 The effective electronic configuration of a carbon atom is
364 ~[25"2°2p>'] with nearly the same occupation in the a- and
36s f-spin representations. That is, the effective electronic config-
366 urations of carbon atoms correspond to an sp*-hybridization of
367 the valence AOs with the total charge transfer of ~2.5 e from
368 iron atoms. Since the 4s-population of iron atoms in the bare
369 Fe; cluster is ~1 e, the effective electronic configurations of
370 iron atoms in Fe ;Cqg correspond to a transfer of ~0.3 e to

carbon atoms and the promotion of ~0.4 e into the Fe 4p- 371
states. Note that the distributions of the Fe 4s and 4p NAOs in 372
the a- and f-spin representations are nearly symmetric, which 373
means that the total magnetic moment of the cluster is defined 374
by the sum of the differences between 3da and 3df 37s
populations. The average difference is ~2.7 e, which results 376
in the total magnetic moment of ~2.7 X 13 = 35 ug, and the 377
corresponding state has the spin multiplicity of 35 or 37. Note 378
also that a-3d populations of iron atoms are somewhat smaller 379
than the 3da populations in the bare Fe ; cluster, which means 330
that this shell participates in the bonding. Depletion of the Fe 381
4s electrons and the decrease in the Fe 3da population by 382
approximately the same amount as in the Fe;Cg isomers 383
considered are typical for other Fe ;C, clusters that explains 384
why their lowest total energy states possess the same spin 3ss
multiplicity of 37 or, occasionally, 35. 386

Spin contamination was found'” to be rather small in 387
ferromagnetic states of FeO,, whereas it was found to be large 3ss
in antiferromagnetic low-spin states. The same trend is 389
observed for the Fe;; and Fe3;Cg clusters. The computed 390
<8*> value of the Fe,; ground state is 506.334; the projected 391
value is 506.004; and the exact S(S + 1) value is 506. That is, 392
the spin contamination is only 0.07%. The spin contamination 393
does not increase substantially due to carbon chemisorption. 394
The computed <S*> value of the Fe;;Cg lowest total energy 395
state with 2§ + 1 = 37 is 342.478; the projected value is 396
342.012; and the exact value is 342; i.e., the corresponding spin 397
contamination is 0.14%. In antiferromagnetic states of Fe;3 and 398
Fe 3Cs, the spin contamination is substantially higher. 399
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Vibrational Frequencies. As an example, we compare
harmonic vibrational frequencies of ground-state Cg (E ),

Fey; (25 + 1 = 45), and Fe;;Cq (2222 and 221111) in Table 2.

403 As is seen, the vibrational frequencies of the Fe ;Cg isomers are

404

similar to those of the bare Fe;; clusters at the smaller

405 vibrational frequency side, and there is no vibrational frequency

406

407 phase, 1384 cm™

corresponding to a single C, dimer (~1800 cm™ in the gas

! in Fe;3C,(2) in Fib. 1). The largest four
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Figure 7. Relative energies of Fe,; and Fe ;Cg (2222) as functions of
the spin multiplicity. The number in the front of the arrow sets
corresponds to the number of the spin-down local magnetic moments
on iron atoms at the given spin multiplicity.

vibrational frequencies in the Fe;;Cg (2222) isomer do
correspond to two nearly degenerate modes of the e-type
vibrations of the opposite pairs of C, dimers. The same type of
vibration is found for two pairs of C, dimers in the lowest total
energy state of Fe ;Cg with the “221111” geometrical pattern.
One mode at 1513 cm™" corresponds to the in-phase stretching
of bonds of the dimers, and the second mode corresponds to
the antiphase stretching mode.

Thermodynamic Properties. To estimate the thermody-
namic stability of Fe;;C,, we have computed the energies of
decay through various channels according to eqs 1 and 2. We
consider first the energetics of a single carbon atom abstraction
from the ground states of C, and Fe;C, and the full carbon
stripping off a Fe 3C, cluster [the channel Fe ;C, — Fej; + C,
(g s.)]. As follows from Figure 8, the C, - C,_; + C abstrac-
tion energy curve as a function of n possesses a sawtooth shape
with the prominent peaks at n = 10, 14, and 18. These n values
correspond to the most stable cumulene structures defined
by the relationship n = 4k + 2.'”" The Fe;;C, — Fe;;C,_, + C
energies show slow variations around 7 eV and decrease to
6 eV at n=18-20. The C, = C,_; + C energies possess much
larger fluctuations: from 8.4 eV at n = 18 to 5.4 eV at n = 19
and 6.5 eV at n = 20. The Fe;3C, — Fe 3 + C, decay energies
exceed 9 eV for n = 7—17 and drop to ~7 eV at n = 20. The
absolute maximum of 11.9 eV corresponds to n = 12 which is in
line with the experimental observation'®” of the prominent
features of Fe,O,," species when the stoichiometric ratio is 1:1.

Figure 9 presents the energies of partial removal of carbon
from Fe;C, according to the decay channels Fe;C, —
Fe;3C,_« + Cy k = 2—7, where the corresponding species are in
the lowest energy states. As is seen, curve (b) corresponding to
the abstraction of a C; trimer is below all other curves for n up
to n = 18. This curve is closely followed by curve (a), which
corresponds to abstraction of a C, dimer, by n = 15. All curves
show a similar behavior: they possess maximal values at n =
8—12 and approach the values between 3.2 and 4.4 eV at n =
20, except for the Fe ;C, — Fe;3C,_, + C, channel, where the
n = 20 value is 5.81 eV.
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Table 1. Natural Atomic Orbital Populations on Atoms in Two Isomers of Fe;;Cg with 28 + 1 = 377

iomer (2222) of Fe,;Cq Iwest energy state (221111) of Fe;3Cq
total spin-up spin-down total spin-up spin-down

1 c 25M22p* 2506216 2506216 25M22p* 25062p16 259621

2 c 2512p% 2506216 2506216 2512p% 2506219 250621

3 C 2512p31 25062p16 25062p1 2512p3 2506216 25062p1s

4 c 2512p% 2506216 2606216 25120p% 25962p16 250621

5 C 251.22P3.l 250.62Pl.6 250.62P1.6 ZSI,ZZPS.Z 250.62P1.7 ZSO.GZPI.G

6 C 25122p* 2506216 2506216 25122p*2 25962p17 2506216

7 c 25122p*! 25062p1 25062p1 25132p32 2507216 25062p1

3 c 25M22p™ 2506216 2696216 25132p* 25072p1 2596216

9 Fe 40437 44p1 45023d"94p®7 45023d254p"7 4033073 4p1 45023d484p0 4013d254p°
10 Fe 450.33d6.94po.4 450.23d4.84po.2 4s0.13d2.14po,2 450,33d6.94p0.5 450.23d4.84po.3 4so.l3d2.l4po,2
1 Fe 4503307040 4023d474p" 4013d234p" 459335940 45023d*84p%2 4013d224p"
1 Fe 45933d94p%4 45923d494p02 4013 14p02 45033d7%4p%4 45023d474p03 4013 44p02
13 Fe 45033d5%4p%* 4023d494p02 40138 14p" 45033d704p% 45023d74p0 401382 44p"
14 Fe 45033d594p% 45023d434p02 4013d>14p" 450335940 4502343403 401382 14p2
15 Fe 4503307040 45023d74p0 4013d234p" 45033d954p04 45023d*84p% 45013d224p"
16 Fe 45033d5%4p% 4°23d494p02 40138 4p" 45033d704p% 45023d474p" 45013 44p02
17 Fe 45033d54p%4 45923d494p02 4013 14p02 450337 %4p04 45923d74p02 40134402
18 Fe 4503307040 4023d474p" 4013d234p" 45033d5%4p% 45023d*84p%2 4013d224p"
19 Fe 45033d594p% 4502343402 401382 4p" 45033594 4502343403 401382 14p02
20 Fe 45033d5%4p°* 45023d*34p%? 40138 14p" 459335940 45023d*34p0> 4501382 14p"
21 Fe 4503307040 450234740 4013d234p" 45033d5%4p% 45023d484p%2 4013d224p"

“The NAO populations are rounded to the first decimal after the point; populations of excited AOs that are smaller than 0.05 are not shown. Atom
No. 9 is the central atom of the Fe; cluster.

Table 2. Comparison of Harmonic Vibrational Frequencies (in cm™) of Cg (g. s.), Fe; (g. s.), and Two Isomers of Fe;;Cq

vibrational frequencies (in cm™)

Cs (A, 72) 61, 61, 134, 134, 210, 210, 349, 349, 471, 471, 500, 610, 610, 944, 135S, 1713, 1971, 2095, 2111
Fey, 25+ 1 =45 32,8990, 97,98, 101, 102, 106, 106, 129, 130, 131, 147, 151, 152, 154, 154, 191, 191, 196, 197, 207, 208, 218, 233, 233, 255, 259, 260, 275, 358,
359, 360
Fe;;Cy 28 + 1= 78, 83,107, 109, 118, 120, 121,129,136, 142, 142, 149, 156, 156, 160, 163, 170, 171, 181, 195, 200, 204, 207, 211, 224, 228, 243, 246, 248, 255,
37 (2222) 291, 300, 300, 343, 348, 372, 380, 392, 400, 400, 409, 416, 419, 421, 430, 457, 459, 461, 461, 490, 495, 500, 517, 1396, 1400, 1436, 1442
Fe;sCq 25 + 1 = 90, 113, 118, 123, 126, 130, 123, 126, 130, 135, 143, 152, 156, 158, 160, 166, 166, 167, 174, 176, 194, 197, 203, 205, 213, 215, 217, 228, 233, 240,
37 (221111) 250, 259, 271, 272, 283, 292, 346, 355, 372, 382, 390, 408, 436, 446, 458, 469, 472, 505, 515, 519, 520, 540, 578, 596, 633, 635, 654, 674, 1513,
1535
12

-
o

Fragmentation energy (eV)
(-] [--]

2 4 6 8 10 12 14 16 18 20
Number of carbon atoms

Figure 8. Fragmentation energies through the channels: (a) Fe;;C, — Fe;sC, + C; (b) Fej3C, > Fej3+ C,; () C, » C,_; + C.

446 Comparison of fragmentation energies for the Fe;;C, — presented in Figure 10. As is seen, the behavior of the Fe ;C, 448
447 Fe;3C,_1 + Crand C, — C,_; + C; channels for k = 8—10 is decay curves is similar to that in Figure 9. The curve maxima 449
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Figure 10. Fragmentation energies of Fe;;C, — Fe;C,_; + Cy (a)
k =8; (b) k=9; (c) k = 10; and fragmentation energies of C, = C,_; +
Ce (d) k=8; (e) k=9; (f) k = 10.

are shifted to larger n, and the smallest energy of 1.76 eV is
observed for the Fe;C,y — Fe 3C,y + C,o channel. The C, —
C,_; + C; curves possess spikes at the cumulene values of n,
and they have no monotonic decrease at larger n. The smallest
value of 429 eV in the C, decay series belongs to the C,y —
Cyo + Cyo channel, which is to be related with the high stability
of C,, possessing a cumulene structure. The same is true for the
Fe 3Cy — Fe;3Cyy + Cg channel. The energy decrease in the
Fe3C, — Fe;3C,_; + C; channels is related to the decreasing
stability of Fe 3C, at larger n. The behavior of dissociation
energies for n > 10 is rather similar for all Fe;;C, — Fe;3C,_; +
Cy channels. As is seen from Figure 11, the energies decrease
nearly monotonically as n increases. At n = 20, the smallest
dissociation energy of 3.42 eV belongs to the Fe|;C,, — Fe 3Cy +
C,; channel, and the largest dissociation energy of 7.16 eV belongs
to the channel Fe ;C,; — Fe;; + Cy.

Now we compare atomization energies of the carbon species
chemisorbed on Fe; in the lowest total energy states of Fe ;C,
with atomization energies of the ground-state C,, species to gain
insight into the carbon binding capability of Fe,; for n = 1-20.
These atomization energies are displayed in Table 3 where the
second column presents the content of carbon chemisorbed on
Fe;;, and the third column shows the corresponding
fragmentation channels. Column 4 presents the fragmentation

12 4
3 10
>
o
g
c 81
Q
c
8
E 6 A =@ (a) B (b) =i(c) —M=(d) —B=(e)
T
£
(=]
S 4|
w =O=(f) =d=(g) ~O~(h)=e=(i) * ()
2 T T T T d
10 12 14 16 18 20

Number of carbon atoms

Figure 11. Fragmentation energies of Fe;;C, — Fe;;C,_; + Ci: (a)
k=11; (b) k=12; (c) k=13; (d) k = 14; (e) k = 15; (f) k= 16; (g)
k=17; (h) k=18; (i) k = 19; (j) k = 19.

energies Dy or D,, ie, with taking into account the Fe 3C,
ZPVEs for n < 10 (D,) and without the ZPVEs for larger n
(D,). The ZPVE contribution is expected to be around 0.15 eV.
The next column presents atomization energies of carbon
species in the right-hand side of the fragmentation channels in
column 3, and column 6 contains the sum of fragmentation and
atomization energies from columns 4 and 5. Column 7 presents
the atomization energies of the gas-phase C, species.

As is seen, the binding energy of carbon species and Fe;
reaches a local maximum at n = 12 and decreases at larger
n except for the 5333221 isomer of Fe3C,,. The sum
AE,(Fe;sC, — Fe;; + X.C) + AE().C; » nC) values
presented in column 6 have to be compared to the AE,(C, —
nC) atomization energies given in column 7. Comparison
shows that atomization energies of carbon chemisorbed on Fe;
are larger by approximately 10 eV, which can be related to the
catalytic strength of this particle. Two bottom lines of the table
show the data computed for two isomers of Fe ;C,,, which are
nearly degenerate in total energy. The energy of the Fe ;C,; —
Fe;; + C5 + 3C; + 2C, + 2C fragmentation channel is larger
than that of the Fe,3C,y — Fe 3 + 2C, + 4C; channel by +13.65 eV
which is nearly the same as the difference in the corresponding
carbon atomization energies taken with the opposite sign. This
causes the total atomization energies in column 6 to practically
match each other. That is, there is a competition for a carbon
atom between the binding to the iron particle with or without
the formation of a C—C bond at low carbon coverage. When
the binding capability of the catalyst surface is exhausted,
further adding of carbon atoms should likely lead to formation
of such carbon structures whose atomization energies are the
largest possible ones. Our energy estimates from Table 3 can be
used for obtaining parameters in different models of the CNT
growth'®™'% on iron catalysts. The results of this work can be
used as the starting point for investigations into the catalytic
growth of graphene and CNTs on iron particles at high tem-
peratures and pressures.

IV. SUMMARY

474

491

493
494
495
496
497
498
499
500
501
502
503
S04
S0S
506
507
508
509

This work addresses the patterns in the lowest total energy sio

distributions of carbon atoms chemisorbed on the surface of an
Fe,; particle. This iron particle possesses a nearly icosahedral
geometry that allows one to not consider the effects of the

S11
S12
S13

surface inhomogeneity. It is found that the energetically si4
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Table 3. Carbon Atomization Energies for the Lowest Total Energy States of Fe,;C, and C,*

n carbon pattern channel

1 2 3

1 1 Fe;3C — Fej3 + C

2 2 Fe|3C, = Fej3 + C,

3 3 Fe3C; = Fej3 + Cy

4 211 Fe;;C, — Feyy + C, + 2C

S 221 Fe3Cs = Fej3 + 2C, + C

6 2211 Fe ;C¢ = Fej3 + 2C, + 2C
7 22111 Fe;;C, — Fey; + 2C, + 3C
8 221111 Fe3Cq — Fey; + 2C, + 4C
9 222111 Fe,,Cy — Feyy + 3C, + 3C
10 222211 FesCio — Feys + 4C, + 2C
11 222221 Fe,,C,; — Feps + 5C, + C
12 222222 Fe;;Cy, — Feps + 6C,

13 322222 Fe,;,Cy; — Feyy + Cy + 5C,
14 332222 Fe;;Cy4 — Feps + 2C, + 4C,
15 333222 FesCys — Feys + 3G, + 3G,
16 333322 Fe;;Cis — Feys + 4C, + 2C,
17 333332 Fe;;Ci; — Fep + 5C; + C,
18 333333 Fe ;Ci3 — Feys + 6C;

19 433333 Fe;3C9 = Feyy + C, + 5C4
20 443333 FeysCyp — Feys + 2C, + 4C,
20 5333221 Fe;;Cyy — Feps + Cg + 3C, + 2C, + 2C

carbon atomization energies

channel D /D, product C; total ct
4 S 6 7

6.68 0.0 6.68

7.32 6.50 13.82 6.50

6.25 14.17 20.42 14.17
21.28 6.50 27.78 19.74
22.02 13.00 35.02 27.16
28.88 13.00 41.88 32.94
36.55 13.00 49.55 40.10
43.99 13.00 56.99 46.03
44.42 19.51 63.92 53.07
45.21 26.01 71.21 61.33
46.54 32.51 79.04 66.74
46.85 39.01 85.86 73.13
45.26 46.67 91.93 80.09
44.49 54.34 98.83 88.43
43.08 62.02 10S.10 93.71
41.55 69.69 111.24 100.17
39.94 77.36 117.30 107.13
38.01 85.03 123.04 115.10
38.44 90.60 129.04 120.48
39.05 97.65 136.70 126.95
52.69 84.00 136.69

“All energy values are in eV. The ZPVEs are accounted for up to n = 10 for Fe ;C,. bThe C, — nC energies. Bold numbers 1, 2, 3, .., 7 in the head

are given for the reference purpose.

s1s preferred structures correspond to formation of a C, dimer and
s16 a Cy trimer in Fe ;C, and Fe 3C;, respectively. The favorable
517 carbon configuration on Fe 3C, consists of C, and two single C
s18 atoms, and the further build-up proceeds in such a way as to
s19 arrive at 6 C, in an octahedral configuration in Fe;3C;, The
520 lowest total energy state of Fe ;C,; possesses the geometrical
521 configuration formed by adding a C atom to a dimer in the
522 lowest energy state of Fe3C,. The adding of carbons to the
523 Fe3C,, dimers continues up to n = 18, where six trimers of
524 Fe3C g form an octahedral configuration around the Fe ; core.
525 Adding a C atom to a trimer of Fe 3;C 4 leads to formation of a
526 carbon tetramer in Fe ;C,o; however, the trend in the tetramer
527 formation breaks in Fe3;C,;, where the composition of a
528 pentamer, three trimers, two dimers, and a single C atom is
529 energetically preferred.

530  We explored the dependence of total energies on the total
s31 spin in Fe3Cq4 and Fe 3 and found that the behavior of their
s32 total energies as a function of the total spin is nearly the same.
533 In both cases, the ferromagnetic states are energetically
s34 preferred, and the antiferromagnetic states are higher in total
s3s energy. The spin multiplicity of Fe 3Cg in its lowest state is 37,
536 and it is quenched with respect to the spin multiplicity of 45 of
537 the Fe; ground state. Such a quenching to 2§ + 1 = 37 and
538 occasionally to 35 is typical for all other lowest energy states of
539 Fe;3C, for n > 6. The reason for this quenching is explained in
s40 terms of natural atomic orbital populations.

s41  The abstraction energies of a single carbon atom from Fe;C,
s42 and C,, are on the average close to each other. However, while
543 the Fe 3C, — Fe;3C,_, + C energies show slow variations, the
s44 C, = C,_; + C energy curve possesses a sawtooth shape with
s4s the prominent peaks at n = 10, 14, and 18, which correspond to
546 the most stable cumulene structures of the carbon rings. Among
s47 the dissociation channels Fe;;C, — Fe ; + C,, the largest energy
s48 of ~12 eV belongs to the channel Fe;;C;, — Fej; + Cp,.

—

st

Comparison of atomization energies for the carbon chemisorbed s49
on the iron particle (Fe;3C, = Fe;3 + ).C; = Fe;3 + nC) and ss0
atomization energies of the ground-state C, species (C, — nC) ss1
show that the atomization energies of carbon chemisorbed on ss2
Fe,; are larger by approximately 10 eV, which can be related to ss3

the catalytic strength of this particle. 554
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