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Temat grantu obliczeniowego:

Teoretyczne badania oddziatywan
miedzyczgsteczkowych

Realizowane zadania w ramach grantu:

teoretyczne badania uktadow z wigzaniem wodorowym,

teoretyczna analiza natury wigzan chemicznych | reakcji
chemicznych,

teoretyczne  badania oddziatywan w  modelowych
klasterach,

teoretyczne badania nowych materiatow.



Realizowane projekty badawcze

e Badania kwantowomechaniczne tlenkow i ozonkow fulerenu C, i ich
modyfikowanych endohedralnie analogow.
Projekt badawczy wtasny, nr. N N204 2807 38
Realizacja projektu: 29.03.2010 - 28.03.2013
Kierownik: dr Andrzej Bil

® Eksperymentalne i teoretyczne badania uktadow oddziatywujacych z
ksenonem oraz zmian struktury uktadéw molekularnych indukowanych
Swiattem podczerwonym w niskich temperaturach (XEPHOT).

Miedzynarodowy projekt badawczy w ramach konkursu ERA
Chemistry, Open Initiative 2009; nr. projektu: ERA-Chemistry-
2009/01/2010

Realizacja projektu: 25.01.2011 - 24.01.2014
Kierownik: prof. dr hab. Zdzistaw Latajka



Wynik realizacji grantu obliczeniowego:

18 prac opublikowanych w
czasopismach miedzynarodowych

21 wystgpien konferencyjnych na
konferencjach miedzynarodowych (w
tym 7 wykfadow na zaproszenie)

1 obroniona praca magisterska



Teoretyczne badania
oddziatywan
miedzyczasteczkowych



Reaction of atomic hydrogen with
formic acid

H + HCOOH - ?

Three possible different channels:
* reaction with the oxygen atom of the hydroxyl group (OH),
* reaction with the oxygen atom of the carbonyl group (C=0),

* reaction with the carbon atom.

/

O
1

C
H™y “OH




Experimental studies in Kr matrix.
HCOOH/HBr/Kr (1/2/1000) T =4.3K
Calculations — UCCSD(T) and UMP2 with aug-cc-pVTZ

Reaction with the oxygen atom of the hydroxyl group
(OH).

No minimum was found. Formation of a new H-O bond, the break of C-
O bond and the formation of water molecule, which finally leads to the
HCO...H,O complex.

O HCOOH - CO....H,O
(Il-} HBr - H + Br
~ N
H OH H+ CO...H,O - HCO...H,O



HCO...H,0

i 1 = Table 1. Calculated Energies (in kcal mol™") of the
J_‘_,...-}-""‘Ei'\ HCO=H,0 and the HCO"HOD Complexes at the
@50 ® UCCSD(T)/aug-cc-pVTZ Level of Theory
u_,:Ej// Structure 1 Structure 11 Structure 111
Structure 11 lg HCO-H,O
/) AE_ + AZFVE 075 0.00 0.04
=g E.. 164 192 371
(O—0-""2265 b\"f E= 134 162 115
& BSSE 040 0.30 0.36
A E.™ + AZPVE 083 1.70 161
e =S AZPVE 141 092 1.74
Py T HCO--HOD
r pd E_7 + AZPVE L10" 1.69" Log
c) P 096" 1.70° 1.79"
u"\,if" - AZPVE 1.14° 093" L41°
== 128" 092" 1.56"

Figure 1. 'LI.'K..'H]_'I'I:*]'\J_-"aug-u_'n_'-p"u’]'.l‘_', upLi.mi..'.L'd structures of the

e . .. - w  PE . - . "
; [ at sition 1 (Figure 1). "D at sition 2 (Figure 1).
HCO--H,0 complex with intermolecular bond lengths (in A). atom in position 1 (Figure 1) atom in position 2 (Figure 1)

HCOOH - CO....H,O
HBr - H + Br
H+ CO...H,0 - HCO...H,O



Experimental studies in Kr matrix.
HCOOH/HBr/Kr T =4.3K

Fig 2 Dhfference FTIE specira of a HOOOHHEBErEr (12 1000) marix
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photolyzed ar 193 nm showing the results of (1) ammealing ar 31 E (3
muin}; (1) 1 hemr (thick Line) and 2 hours (thin line) ar 4.3 E under Globar
f irradiation afier anmealing; (3) namow-band IF. excitation afcg. 3614 cm”
of the annealed mamrix. Trace 4 shows the difference IR specioa of a

1 hour (thick line} and 2 bours (thin lne)} ar 4.3 K under Globar
irradiation. The specira were measured af 4.3 K. The bands marked by
ks asterisks are tenmtively assimned to a FA dimer (i4).™
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Fig. 4 (=2 and ¢) Caloulared IR specms of orams-HoCOOH (negative bands) and srams-ciz-HCO(OH) (posttive bands) and their denterated analogons. The
dazhed line in the calculated spectum (1) comesponds to frams-cis-HOOH)(OD) with the ciz-0D promp. The spliting of the nsgative band i the
calonlated specmum (3) of trams-HDOOOH is cansed by different location of the CD gproup. (b and d) Difference IR specoa showing the comversion
5 processes after different reacions: (1) H + HCOOH, (2) H + HOOOD, (3) H + DCOOH. (4) D + HOOOH. Thick and thin line: in the experimental
spectra comespond to 4 and & hours in the dark at 4.3 E after snnealing, respectively. Bands of FA are marked by asterisks. The FAHEBr (C:Dy) Er
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Table 1 Enerzetics (in keal mol™') for the radicals that may be formed in
the H + HOOOH reactions calculated at the WOCSDNT) and TMP2L (in

S % mlm‘;; parenthesas) lavels of theory.
1 e Fuzlative energy Feaction enerzy
E—-Gs - . . (AE + AZPVE) (AE,+ AZDVE)
Ll l X ‘ ¥ W trans-cis-HC (OH), 0 (0 —1001  (-1087)
Ih—' cis-cis-HC(OH), 2.16 213) 7.5 8.74)
173 - trans-H,COOH 810 (1447) -1® (+3.55)
0.4 cis-H,CO0HE 1019 (16613 <017 (+3.74)

trans-ci HE{OH), H + HCOOH - HC(OH),
Fig. 1 Schematic potental energy diagram of the radicals that may be
formed in the H+HCOOH reaction. The ensrgy values {in keal mol™) are

s calonlated at the TP level (for the UCCSDNT) energies of the
optmized smuciares ses Table 1), The stucnwes shown in rectangles are
iransiton staes (151 and TS2): ci-HO00H (shown in 2 dashed cixcle)
iz emergetcally mofavonrable. In frams-HOO0H, H] and H4 are oo the
same side of the heavv-atom skeleton.

H + HCOOH - H,COOH



C., and C,,0O, doped with noble gas
atoms and light molecules

Eight isomers of C,,O,
a,b-C,,0, c,c-C,,0, (observed)

C,0; » C,,0;+ O,

BOMD, BLYP+D3, T =298 K, NVT

Noble gas: He, Ne, Ar, Kr, Xe and Rn
Light molecules: BH,, HCI, CH,, H,O, NH,, CO,, H, and 2H,
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Figure 3. Traetory (puple) arced by a He atom inside 2 Cy
mirlecule during the cowse of 2 molecolar dymamio simulation at 298
K.



Interaction energy [kcal mol ]
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The change in the characteristic bond lengths [A] in fullerenes with endohedral guests. The
numbers characterize equulibrium structures of C;y and X@C-,.

Cp He(@Cro | Ne@Cqy | Ar@Cr | Kr@Cyp | Xe@Cr | Ru@Cry
aa 1.467 0.000 0.000 0.000 -0.001 -0.001 -0.001
ab 1.416 0.000 0.000 0.000 -0.001 0.000 -0.001
b.c 1.463 0.000 0.000 0.000 0.000 0.000 +0.001
c.C 1.410 0.000 -0.001 -0.001 0.000 0.000 +0.001
cd 1.461 0.000 0.000 0.000 0.000 +0.001 +0.001
dd 1.454 0.000 -0.001 -0.001 +0.001 +0.002 +0.004
de 1.438 0.000 0.000 0.000 0.000 +0.001 +0.001
ee 1.484 0.000 0.000 0.000 +0.001 +0.004 +0.006

He@C,,
Ne@C,,
Ar@cC,,
Kr@C,,
Xe@C,,
Rn@C,,

Vol.(0K) [As]
213.0
213.0
212.0
212.9
213.0
213.4
213.7



Averaged absolute displacement
along the polar fullerene axis [A]
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Fig. 1. Time dependence of the displacement of the heavy atom (in AH, C0., N5} or
a hydrogen atom (H,, 2H,) from the G, mass center measured along the polar

Fullere e axis.
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Fig. 1 Trajectories arced by all hydrogen or axygen atoms inside a Cip molecule
during the course of MD simulations at 298 K for {a) 2H8C 5, (b) H@Cs,, ()
NH@C. and (d) CO8C,

Ar@C., (-13.0 kcal/mol)
Kr@C70 (-18.1 kcal/mol)

He@C70 (-1.4 kcal/mol)



Figure 2. Scheme depicting the eight different possible isomers of

Cqp.
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Figure 5. T otal energies (upper pansl) and average potential ensrgies fom MD wgeoris (lower panel] of the Coy0y and Xi@Cop0, st of somers,
relative to the &b isomer. Due © smal differences in relative energies for X@Cy0, (upper panel |, we mark the differences (right axis) between
actudl results for 3 given Xi@C,,0, and the relative subiities of the isomers of C0, (left axis).



Relative energy (kcal/mol)

C70; | He@ C70s Ne@ Cy0; Ar@ C70s K1 C05 Xe@ CqpO3 Rn@ Cp0s

ab [0 0 0 0 0 0 0

ce |23 2.3 2.6 24 2.4 2.4 24

aa [ 159 16.0 16.0 15.7 15.6 15.6 15.7

dd (572 3.2 54 5.2 5.1 4.8 4.7

be | 123 12.2 12.5 12.4 12.4 12.5 12.6

cd | 164 16.5 16.5 16.6 16.6 16.5 16.5

de [ 136 13.7 13.9 13.7 13.7 13.5 13.5

ee [30.8 312 31.0 30.7 30.4 296 292
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Fig. 5. Enthalpies of Czo0s and @ Cao0s set of isomers, relative to ab-CroOs/lmi@a b-Crg0s isomer. Due to small differences inrelative energies for Inv 005, we mark the

difference (right axis) between actual results for a given Ind@PCop0; tsomer and the relative stabilities of the isomer of Coo05 (left axis). Note e denotes the product of the

ozone fng opening reaction for ee-C; 005 (illustrated in Fig. 61 The bar denotes the enthalpy of ozone ring opening for e.e-Cr00;, @loulated as the difference between the
‘ enthalpy of the open and dosed form of the azonide.
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Fig. 6. Selected parameters obtained from a section of the MD run performed for HzO@e @2-C5005. The bond lengths C-C and 0-0 and the potential energy are depicted versus
simulation time.




AE (kcal/mol) E™ (kcallmol)

a,b-C,,0, 7.7 14.3
He@a,b-C,,0, 1.7 14.3
Ne@a,b-C,,0, 7.7 14.4
Ar@a,b-C,,0, 7.8 14.4
Kr@a,b-C,,0, 8.1 14.6
Xe@a,b-C,,0, 8.8 14.8
Rn@a,b-C,,0, 9.0 14.8
e,e-C,,0, -13.2 1.8
He@a,b-C,,0, -13.2 1.8
Ne@a,b-C,,0, -13.1 1.8
Ar@a,b-C,,0, -13.1 1.8
Kr@a,b-C,,0, -13.4 1.7
Xe@a,b-C,,0, -14.3 1.5

Rn@a,b-C,,0, -14.8 1.4



Main conclusion:

The presence and identity of the guest molecule influences only slightly the
energy barriers an reaction energies of ozone ring opening process in:

Ng@a,b-C,,0,, Ng@c,c-C,,O,, and Ng@e,e-C,,0,

Im@a,b-C.,,0,, Im@c,c-C,,0,, and In@e,e-C,,0.,.
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