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Estimation of isotropic nuclear magnetic
shieldings in the CCSD(T) and MP2 complete
basis set limit using affordable correlation
calculations

Teobald Kupka,®* Michat Stachéw,™” Jakub Kaminsky® and
Stephan P. A. Sauerd#**

A linear correlation between isotropic nudear magnetic shielding constants for seven model molecules (CHxO, H:0, HF, Fz,
HCN, 5iH; and H,5) calcuated with 37 methods (34 density functionals, RHF, MP2 and CCSD(T)), with affordable pcS-2 basis
set and corresponding complete basis set results, estimated from @loulations with the family of polanzation-consistent
pc5-n basis sets is reported. This d epend ence was also supported by inspection of profiles of deviation between CBS estimated
nuclear shieldings and shieldings obtained with the significantly smaller basis sets pc5 2 and aug-cc-pVTZ-J) for the selected
set of 37 alaulation methods. |t was possibke to formulate a practical approach of estimating the values of isotropic nuclear
magnetic shielding constants at the CCSD(T)ACBS and MP2/CBS levels from affordable CGDIT) /pcS-2, MP2'peS-2 and DFT/CBS
caloaulations with pcS-n basis sets. The proposed method leads to a fairly accurate estimation of nudear magnetic shieldings
and considerable saving of computational efforts. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online verson of this article.

Keywords: isotropic nuclear magnetic shielding; CBS; CCSDNT); pcs-2; aug-co-phTZ-1; DFT
|



Table 1. Experimental and empirical® nuclear magnetic shieldings of nonhydrogen atoms in the model molecules obtained using our ZPV correc-

tion (at BHandH/pcS-3 level and added temperature correction (TC) value from literature)

Nuclei/ Exp. ZPVC ZPVC Emp. Equil.
Molecule
(pcS-2) (pcS-3) (Lit.) (This work) [+ ZPV + TC] (Lit)
Cin CH,0 —4.4 43 —934 —857 —246° 417 2.8% 47
3Cin HCN 82.19 —328 —3.15 —162" 85.25 85.0" 86.3
>N in HCN —20.49 —14.03 —13.25 — 82" —7.15 —13.3%-13.¢
0 in CH,0 —375 4+ 100°—427 + 100° —50.49 —4544 —420.44 —383.1"
0 in H,0 325.3 +03™ —10.28 —10.19 —10.93°, 335.89 337.69"
3236+06" —11.72°
—0.4°
—103"
—93°
—1093"
YFinF, —233.2Y —16.64 —15.98 —2077% —217.22 —214.9"
"F in HF 409.6 +1.0 —8.70 —8.75 —822% 41869 410.3"
—8.11°
29Si in SiH, 482 846 + 50" 9.19 7.81 —1.409¥ 475036 469.236°"
4753 +10¢
5 in H,S 726.0 4+ 2" —18.44 ~17.90 —20.8599' 726.759" 738.990"




Table 2. RMS values of the selected nuclear shieldings deviations calculated with 34 density functionals, RHF and MP2 for individual basis set and

CBS from the corresponding experimental (empirical) values

Molecular system Basis set
aug-cc-pVTZ-J pcs-2 pcS-3 pcsS-4 CBS

Cin CH,0 19.193 25.075 25.834 25.949 26.033
O in CH0 51435 75.035 69.257 69.158 69.065
FinF, 29516 37.824 40.734 41.574 42.164
F in HF 5.758 6.163 7.257 7.101 6.989
O in H,0 6.747 6.939 8.549 8.507 8476
Cin HCN 10.794 15.164 15.559 15.633 15.687
N in HCN 31.236 40.126 39.749 39.836 39.901
Si in SiH, 17.120 26.939 29416 29.377 29.350
S in H;S 15.000 16.871 17.025 17.218 17.373
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calculate formaldehyde shieldings at the B3LYP level of theory with several basis sets.



I rodm
- dATEawvD
I 3gdm-a7
- dAEX
- UESdl
- xi6Em
- Legm
- axieam
I 3ady3ad
- 38dz3sH
- 3ady3asH
- ML aH
- dATHPURHE
- HPueHE
- dATED
- daTe
- 3341384
- 268
- 1268
- asg
- 3gdemdw
- 3gdimdw
I dATmdw
- LM LMW
| seag
I Lemdea
| ogdea
- dAlem
I asea
- HL1IH
- LEHLOH
- EEHLIH
- HLOH

- axsA

| osao
- Zdi

- 4HY

- rodm

- dATES-WYD
- 3gam-01
- dATEX

- ussdL

- xiEEm

- Legm

- axiegm

- 3ady3ad
|- 3gdzasH
- 3gdiuasH
- aAuHLIHY
- dATHPURHE
- HpueHE

- dATED

- daTe

- 3ad13a4
- zz68

- 1268

- asg

- 3gdemdw
- 38dimdw
I dATMmdw
- LEmd MW
- se@LE

- 1emdes

- 98deg

- dAE@

- aiea

- HLOH

- LPLHLOH
- E8HLOH

- HLOH

- oxsA

[wdd] sg9 wouy uoneneg

Method no.

Method

O nuclear magnetic shieldings obtained with 37 methods and selected basis sets from the

Cand (B) 7

13

Figure 2. Deviations of formaldehyde (A)

corresponding CBS values.



-340~ YO nuclear magnetic shielding in CHEO

340 - 0 nuclear magnetic shielding in CH,0

-360 ]
~360 1 Y(x) = 0.9488X -18.90267 0

Y(x) = 1.00903X - 16.5049

-400 ]
-420 ]
-440 ]
-460 ]

CBS [ppm]
CBS [ppm]

-500 -
-520 -
-540

7 ! — T T T T T T T T — 1
-520 -500 -480 -460 -440 -420 -400 -380 -360 -340 -320 -540 -520 -500 -480 -460 -440 -420 -400 -380 -360
aug-cc-pVTZ-J [ppm] peS-2 [ppm)
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Table 3. Deviations between empirical values of nudear shieldings constants for nonhydrogen atom and those, calculated with B3LYP, BHandH
and CCSD(T) and MP2 methods using pcS-2 and aVTZJ basis sets and the direct CBS(3,4) values as well as those, estimated from Eqns (6a) and (6b)

A (Calc. - Emp.)
pcS2 aVTZ) CBS(34) CBS3(pcS2) CBS;(aVvT4))

C in CH,0 B3LYP —34.069 —27.486 —34.045

BHandH —37.222 —30.715 —36.675

CCSD(T) —1.844 3.879 —4.730 —1.559 —2.380

MP2 —1.893 3.988 —4.572 —1.607 —2272
O in CH,0 B3LYP —83.180 —55.113 —75.301

BHandH —128.227 —99.134 —118.379

CCSD(T) 4459 27.354 10.123 13.322 7638

MP2 50.806 73.255 57.576 59.669 53.539
0 in H,0 B3LYP —5.055 —5.048 —7.034

BHandH 2029 1.605 —0.149

CCSD(T) 5.606 5.367 4,057 3.527 3.497

MP2 13613 13.082 11.945 11.534 11.212
FinF, B3LYP —36.472 —24.984 —41.721

BHandH —8.491 1.653 —12.616

CCSD(T) 34430 42.076 25.748 29.743 26.573

MP2 51.009 58.066 40.872 46322 42.563




cd.

A (Calc. - Emp)
pcS2 aVTZ) CBS(3,4) CBS3(pcS2) CBS,(aVTZ))

F in HF B3LYP —6.225 —5.556 —7.049

BHandH —0.053 —0.452 —1.679

CCSD(T) 1.762 1.862 1.458 0.537 0.502

MP2 7.206 7.330 6.989 5.981 5971
C in HCN B3LYP —17.892 —13.047 —17.896

BHandH —21.159 —16.321 —20.698

CCsD(T) 0.558 5.583 —0.144 0.786 0.970

MP2 1.697 6.850 1.176 1.925 2.237
N in HCN B3LYP —46.004 —36.364 —45.077

BHandH —55.674 —45.631 —53.660

CCSD(T) —6.062 2.688 —6.122 —4.592 —5.683

MP2 6.579 14,995 6.406 8.049 6.624
Sin H,S B3LYP —45.365 —43.310 —44,073

BHandH —12.824 —11.357 —12.082

CCSD(T) —6.193 0.265 1.126 —-5.176 —0.479

MP2 11.063 —26.869 17.838 12.080 —27613
Siin SiH,4 B3LYP —53.474 —41.496 —54,554

BHandH —39.711 —28.903 —41.719

CCSD(T) —22.154 —16.325 —-21.120 —23.698 —29.262

MP2 —12.557 —5.036 —15.500 —14.101 —17.973
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3He NMR: from free gas to its encapsulation
in fullerene

Teobald Kupka,®* Michat Stachéw,*” Leszek Stobinski® and Jakub Kaminsky*

The *He nuclear magnetic shieldings were calculated for single helium atom, its dimer, simple models of fullerene cages (He @C,),
and single wall carbon nanotubes. The performances of several levels of theory (HF, MP2, DFT-VSXC, CCSD, CCSD(T), and CCSDT)
were tested. Two sets of polarization-consistent basis sets were used (pcS-n and aug-pc5-n), and an estimate of *He nuclear mag-
netic shieldings in the complete basis set limit using a two-parameter fit was established. Theoretical *He results reproduced
accurately previously reported theoretical values for helium gas, dimer, and helium probe inside several fullerene cages. Excellent
agreement with experimental values was achieved. *He nuclear magnetic shieldings of single helium atom approaching various
points of benzene ring were tested, and an impact of *He confinement within fullerene cages of different size on the *He chemical
shift was determined. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: *He NMR: GIAO: molecular modeling; ab initio; fullerene; SWCNT




Table 1. Calculated *He isotropic shielding constant [ppm] for helium single atom and He, using RHF, MP2, VSXC and coupled cluster methods
combined with selected Jensen's basis sets (pcS-n and aug-pcS-n)

Method Basis set Literature
pcS-2 pcs-3 pcS-4 CBS aug-pcS-2 a-pcsS-3 a-pcS-4 CBS

He
HF 59.881 59.899 59.900 59.900 59.889 59.899 59.900 59.900 59.892°
MP2 59919 59.963 59.964 59.964 59912 59.960 59.963 59.964 59.967°
VSXC 60.092 60.111 60.112 60.112 60.070 60.112 60.112 60.112 59.908038°
CCsSD 59.892 59.921 59.927 59.930 59.886 59.920 59.926 59.930

He,
HF 59.881 59.899 59.901 59.902 59.890 59.899 59.900 59.900 59.906277°
MP2 59.920 59.962 59.963 59.963 59910 59.960 59.962 59.963
VSXC 60.087 60.103 60.103 60.103 60.058 60.102 60.101 60.101
CCSD 59.892 59.920 59.925 59.927 59.884 59918 59.925 59.926
CCSD(T) 59.892 59.920 59.925 59.884 59918 59.924
CCsDT 59.892 59.920 59.925 59.883 59918 59.924

. . 1
*from comparison with "H resonance frequency from reference.
Prelativistic value including a number of smaller effects from reference.
“exact result taken from reference.

[46]

[29]

[80]
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Figure 2. Change of *He isotropic shielding constant (o in ppm) and
shielding anisotropy (Ac in ppm) upon He; formation by using RHF, MP2
and VSXC and CCSD methods and aug-pcS5-4 basis set (only pcS-4 basis
set used for CCSD). The corresponding dimerization energy (AE in kcal/
mol) is also shown for CCSD and RHF calculations. For the reader’s conve-

nience, the individual points are connected.

Table 2. Calculated He isotropic shielding constant and anisotropy
[ppm] for helium dimer at experimental R, =2.97 A using RHF, MP2,
VSXC, and CCSD methods. Jensen's aug-pcS-4 (RHF, MP2 and VSXC)
and pcS-4 (for CCSD) basis sets were applied

Method Shielding Anisotropy
RHF 59.901 0.359
MP2 59.962 0.360
VSXC 60.101 0.374
CCSD 59.925 0.362




Figure 1. (A) Schematic positions of helium atom approaching a
benzene ring marked by x. (B) He atom approaching a selected point in

benzene ring at several angles to ring plane.
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Figure 3. Change of *He NMR isotropic shielding constant and binding
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atom (He trajectory depicted in Fig. 1). For the reader's convenience,
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Table 3. Comparison of calculated *He NMR chemical shift & (in
ppm) for selected fullerenes using VSXC method and pc5-2 Jensen's
basis set with available literature values and experiment

System 6 [ppm]
This work DFT® HF® Exp.”

He@C3,(C,) —26.20

He@C3,(D5) —0.67

He@C3,4(C;) —1.28

He@Cgql(lp) —5.219 —1.46 —10.86 —6.40
He@Cy4(Dsp) —23.29 —29.86 —30.14 —28.82
He@(C;4(D>) —16.57 —16.85 —21.43 —18.75

3rom reference.!*”
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Efficient Modeling of NMR Parameters in Carbon Nanosystems
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(s ] Supporting Information

ABSTRACT: Rapid growth of nanoscience and nanotechnology requires new
and more powerful modeling tools. Efficient theoretical modeling of large
molecular systems at the ab initio and Density Functional Theory (DFT) levels of
theory depends critically on the size and completeness of the basis set used. The
recently designed variants of STO-3G basis set (STO-3G,, STO-3G,,,, ), modified
to correctly predict electronic and magnetic properties were tested on simple
models of pristine and functionalized carbon nanotube (CNT) systems and
fullerenes using the B3LYP and VSXC density functionals. Predicted geometres,
vibrational properties, and HOMO/LUMO gaps of the model systems, calculated
with typical 6-31G* and modified STO-3G basis sets, were comparable. The “C
nuclear isotropic shieldings, calculated with STO-3G,, ., and Jensen’s polarization
consistent pcS-2 basis sets, were also identical. The 5%0-3[],“; basis sets, being
half the size of the latter one, are promising alternative for studying ’C nuclear
magnetic shieldings in larger size CNTs and fullerenes.

Calculated ''C chemical shift [pprm]

T T T T T T T 1
130 135 %] 104 150 155 TED
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Scheme 1. Bond Labeling in Linearly Conjugated Planar (p)
Benzene Rings (acenes, n = 1-9)
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Scheme 3. Bond and Atom Labeling in Short Zigzag (4,0) SWCNT Model Consisting of Five “Bamboo” Units
R (H, OH, NH, and COOH)

“A dashed line indicates tube axis and the two zigzag type rims are marked by a thicker line.



W of STO-3G, and STO-3G,,,, Basis

Sets in Predicting Deviations of Bond Lengths (in A% and
Selected IR/Raman Vibrations (in cm™) from Experimental
Values of Benzene, Phenol, Aniline, and Benzoic Acdd

Table 1. Performance

basis set
method STO-3G 6-31G* 5TO-3G, STO-3G,,, pc5-2
Bond Length
B3LYP 0.0269 0.0051 0.0043 0.0075 0.0091
VSXC 0.0298 0.0111 0.0039 0.0086 0.0055
Harmonic Vibration
B3LYP 265.73 111.79 91.29 146.27 124.85
VSXC 248.21 95.25 92.05 124534 114.85

“BMS values from experimental values are given. PResults obtained
with selected basis sets are given for comparison.



Table 3. CPU Time (min) of Benzene Calculations

basis set

STO-3G
6-31G*
5STO-3G,
STO-G
pcS-2

R

36
102
126

126
2812

CPU Time
opt. freq.
B3ALYP (VSXC)
3.8 (7.2) 8.9 (104)
7.6 (16.8) 335 (554)
6.6 (37.5) 80.2 (132.5)
7.3 (36.3) 70.0 (125.5)

29.5 (69.9) 190.3 (301.9)

NMR

1.1 (2.3)
5.2 (5.7)
9.2 (11.2)
7.9 (14.2)
S0.2 (44.1)
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Figure 1. Regular convergence of three types of C—C bond lengths in polyaromatic hydrocarbons, calculated using B3LYP combined with 6-31G¥,
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Table 4. B3LYP Calculated HOMO—-LUMO Gap [eV] for

Linear acenes, Cyclacenes, and Zigzag (4,0) SWCNT

Containing 5 “Bamboo” Units

molecular system

1p
2p
3p
4p
Sp

p

8p

9p
infinity
infinity”

4r
Sr
Br
7r
8r

iuﬁnityd

HOMO-LUMO gap [eV]

basis set
6- STO- STO-
31G* 3G, 3Gy lit.
Polyacene
6.84 6.59° 6.64°
483% 473 474"
350% 353 a3 ant
27T 2y 2|t 2t
2344 217° 2165 221*
1.8° 177 L7s* 1wt
1499 146° 1.44¢ 1.86"
& Lol T 1.20°
1.06°  1.05°
0914 161
077" LI 1328 186"
Cydacene
3.48Y 337 3.18°
1.87° 1.91° 1.93%
1.24"° 7 1.33¢
1650 1590 1.58%
111 L14° 1.20°
1.09¢ 1.36° 1.38°

exp.

5.96"
4458
3452
2.728
2318
2298
1.90%
1.35"

1.2
1.55%

pristine (4,0) SWCNT 1.05°

(4rSu)
(4,0) HO-SWCNT 1.08°
(4r5u)
(4,0) H,N-SWCNT 1.09°
(4r5u)
(4,0) HOOC-SWCNT 1.09°
(4rSu)
CoofL) 2.89° 23
CoelDis) 2.69¢
Cd(Ds) 197

“Erom ref 67. “From ref 109. “CBS fit with eq 3. “Data for 7r excluded
from fitting with eq 4. “This work. fErom ref 111. £From ref 115.
hSi.lT.lPIESt measured derivative from ref 116. fExtrapulated value from
ref 116. 'From ref 112. Data obtained from extrapolation to infinite
size systems are also included.
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From small to medium and beyond: a pragmatic approach in predicting properties
of Ne containing structures
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In this study, we outlined a pragmatic approach for structural studies leading to better understanding of polycarbon structures
using *'Ne as a nuclear magnetic resonance (NMR) probe. *'Ne NMR parameters of a single neon atom and its dimer
were predicted at the CCSIDX(T) level in combination with large basis sets. Ata lower level of theory, an interaction of neon
atom with 1,3-cyclopentadiene ring and with five- and six-membered rings in carbazole was studied using the restricted
Hartree—Fock (RHF) and density functional theory (DFT) combined with smaller basis sets. The RHF and DFT modelling
of neon interaction with nanosized objects were performed on cyclacenes and selected fullerenes.

7 - . . .
Keywords: DFT; *'Ne NMR; dispersion interactions; carbazole; cyclacenes; fullerenes
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Scheme 1. “Jacob’s Ladder’ explaining a compromise between system size and theory level.



Table 1. Calculated *'Ne isotropic shielding constant (ppm) for
single Ne atom and Ne; dimer using several methods and basis
sets.
Basis set

Ne
Method pcS-2 aug-pcS-2 aug-pcS-4
RHEF*® 554.454 554.421 5352.275
MP2® 553.797 553.730 552.090
VSXC® 569.080 569.408 566.495
BHandH 554.105 554.052 551.200
wB97XD 554.597 554.554 552.332
CCSD(T) 553.828 553.753 552.121

NEQ
RHEF*® 554.027 554,139 551.904
MP2¢ 553.316 553.322 551.631
VSXC® 569.168 569.275 566.318
BHandH 553.522 553.455 550.579
wB97XD 554.056 554.065 551.765
CCSD(T)® 553.352 553.352 551.655
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Table 2. X-—Ne separation, binding energy (E;) and *'Ne chemical shift (§) of Ne atom above the centre of benzene ring at selected
distances from ring plane. The aug-pcS-2 basis set was used in all calculations.

E}, (kcal/mol) ?INe § (ppm)
X—Ne (A) MP2 BHandH wB97XD VSXC RHF MP2 BHandH wB97XD VSXC
2.71% —1.117 —1.809 0.944 —5.777 —1.733 —0.317 0.878 1.121 7.871
2.81° —1.439 —1.879 0.347 —5.213 —2.131 —0.994 —0.255 0.840 2.413
3.29°¢ —1.614 —1.291 —0.648 —3.027 —1.333 —1.157 —0.953 0.074 7.153
3.31¢ —1.595 —1.257 —0.652 —2.937 —1.298 —1.141 —0.951 —0.226 5.567
3.35° —1.555 —1.191 —0.655 —2.842 —1.239 —1.115 —0.965 —0.170 0.262

"VSXC/aug—pcS-2.

"BHandH/aug-pcS-2.

‘wB97XD/aug-pcS-2.

dEJ':I:heriment{ad value from [15].

“‘CCSD(T)aug-cc-pVTZ and Ej, is —0.45 kcal/mol, see [14].



Table 3. Predicted equilibrium distance R, (from full optimisation) between Ne and the 1,3-cyclopentadiene ring plane, binding energy
(E) and *' Ne chemical shift (§) calculated with selected methods and the aug-pcS-2 basis set.

2'Ne § (ppm)
Geometry R. (A) Ey (kcal/mol) RHF MP2 BHandH wB97XD VSXC
VSXC 2.74 —5.98 1.058 1.605 2.042 2.262 9.812
BHandH 2.82 —2.19 —1.141 —0.627 —0.648 —0.160 6.615
MP2 3.16 —2.06 —1.841 —1.687 —2.342 —1.926 1.730
wB97XD 3.46 —0.71 —1.603 —1.578 —2.383 —2.288 —0.710
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Modeling 21Ne NMR parameters for carbon
nanosystems

Teobald Kupka,®* Marzena Nieradka,” Jakub Kaminsky® and
Leszek Stobinski®

The potential of nuclear magnetic resonance (NMR) technique in probing the structure of porous systems including carbon
nanostructures filled with inert gases is analysed theoretically using accurate calculations of neon (* 'Ne) nuclear magnetic
shieldings. The CBS estimates of *"Ne NMR parameters were performed for single atom, its dimer and neon interacting with
acetylene, ethylene and 1,3-cyclopentadiene. Several levels of theory including restricted Hartree-Fock (RHF), Meller-Plesset
perturbation theory to the second order (MP2), density functional theory (DFT) with van Voorhis and Scuseria’s t-dependent
gradient-corrected correlation functional (V5XC), coupled cluster with single and doubles excitations (CCSD), with single, dou-
bles and triples included in a perturbative way (CCSDI(T)) and single, doubles and tripes excitations (CCSDT) combined with
polarization-consistent aug-pcS-n series of basis sets were employed. The impact of neon confinement inside selected fuller-
ene cages used as an NMR probe was studied at the RHF/pc5-2 level of theory. A sensitivity of neon probe to the proximity of
multiple CC bonds in C3H;, C;He CsHg and inside Cug, Cso Cazp Caq and Cgg fullerenes was predicted from *'Ne NMR
parameters’ changes. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: “INe NMR: GIAD NMR; molecular modeling; ordered carbon structures



Table 1. Calculated *'Ne isotropic shielding constant (ppm) for single Ne atom and Me, dimer using several methods and aug-pcS-n basis sets

nmﬂ'm-ﬂ-----0---------.9-....1..... ...ﬂ B 'ﬂ

Method Basis set
Ne
pcS-2 pcS-3 pcS-4 CBS aug-pcs-2 aug-pcs-3 aug-pcs-4 CBS
HF 554454 552269 552275 552277 554421 552270 552275 552277
MP2 553797 552.021 552.003 552123 553730 552015 552.090 552122
VSXC 569.080 566.554 566.481 566.451 569408 566.537 566.495 566.477
CC5D 553.869 552.0097 552177 552211 553.806 552.092 552176 552211
CCsDim 553828 552.044 552123 552.156 553752 552.038 552121 552.156
CCSDT 553829 552.045 552.124 552157 553753 552.039 552122 552157
Ne,
HF 554027 551.890 551.905 551.907 554139 551.295 551.904 552.160
MP2 553316 551.561 551.626 551.768 553322 551.584 551.631 551.650
VSXC 569.168 566.581 566.510 566.480 569275 566458 566.318 566.260
CCs5D 553394 551.655 551.732 551.764 55342 551 666 551.727 551.753
cCso(m 553352 551.590 551.662 551.692 553352 551598 551.655 551.679
ccsoT 553352 551.590 . 553351 e &
IExperimental Ne-Ne distance of 3091 A from Ref. 851
bConvergence problems.
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Table 2. The RHF/pcS-2 “'Ne NMR parameters (in ppm, relative to gas value”) of a single Ne atom encapsulated in a fullerene cage

Molecule Shift tensor com ponents Isotropic shielding Shielding anisotropy Chemical shift [ppm)]
(s 18 Cyy O s Ao &
Me gas 554.454 554 454 554454 554454 0.000 0.000
MNe; 352137 352137 352546 352273 0.409 2181
MeE (., (T,) 318.120 397375 615509 443 668 257.762 110.786
MNe@Cy(C) 483.793 315756 338126 312558 38.351 41.896
NeZC (D) 486.960 334520 598889 510123 BB.173 14.331
MeECy(C ) 515.436 546.196 556.229 539287 31.672 15.167
Ne@Cya (D) 456.879 489.370 548466 498 238 23.416 56.216
MeE( ,(C,) 485.840 518.704 537635 514.060 B86.386 40.3%4
MNeECgylly) 567.599 567 603 367603 567602 0.003 13.148

“Results for single atom representing low pressure gas and neon dimer are given for comparison (for some systems Ty, Gy, Ds and |y, symmetry is

indicated)
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Halogen effect on structure and 13C NMR
chemical shift of 3,6-disubstituted-N-alkyl
carbazoles

Klaudia Radula-Janik,” Teobald Kupka,®* Krzysztof Ejsmont,”
Zdzislaw Daszkiewicz® and Stephan P. A. Sauer”*

Structures of selected 3,6-dihalogeno-N-alkyl carbazole derivatives were calculated at the B3LYP/6-311++G(3df,2pd) level of the-
ory, and their °C nuclear magnetic resonance (NMR) isotropic shieldings were predicted using density functional theory (DFT).
The model compounds contained 9H, N-methyl and N-ethyl derivatives. The relativistic effect of Br and | atoms on nuclear
shieldings was modeled using the spin-orbit zeroth-order regular approximation (ZORA) method. Significant heavy atom shielding
effects for the carbon atom directly bonded with Br and | were observed (~—10 and ~— 30 ppm while the other carbon shifts were
practically unaffected). The decreasing electronegativity of the halogen substituent (F, Cl, Br, and |) was reflected in both nonrela-
tivistic and relativistic NMR results as decreased values of chemical shifts of carbon atoms attached to halogen (C3 and C6) leading
to a strong sensitivity to halogen atom type at 3 and 6 positions of the carbazole ring. The predicted NMR data correctly reproduce
the available experimental data for unsubstituted N-alkylcarbazoles. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.

Keywords: carbazole; e NMR; GIAO NMR; halogen substituent; relativistic effect; HALA
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Table 1. Comparison of nonrelativistic® VSXC/STO-3Gmaq KT2/DZP, and relativistic spin—orbit ZORA (KT2/DZP) calculated chemical shifts (in ppm)
for 9H, N-methylcarbazole and N-ethylcarbazole

X=H Chemical shift [ppm]
oH N—Me N—Et

Carbon NR1 NR2 ZORA NR1 MNR2 ZORA MNR1 NR2 ZORA
C1 1104 1106 1106 108.0 110.1 1101 1073 1103 1103
C2 126.0 126.5 126.5 1259 1264 1264 126.0 126.5 126.5
C3 119.9 121.0 121.0 119.7 1206 1206 1198 1206 1206
C4 120.7 121.3 1213 120.8 121.1 121.1 121.2 121.3 1213
Cda 127.2 126.2 126.2 127.2 126.5 1265 127.3 126.7 126.8
C9%a 141.4 140.4 1404 1434 1429 1428 1421 1421 142.0

*Abbreviated as NR1 and NR2, respectively.




Table 2. Comparison of nonrelativistic VSXC/STO-3G,,,,; and KT2/DZP and relativistic spin-orbit ZORA (KT2/DZP) calculated chemical shifts (in
ppm) for 3,6-dihalogeno-9H, N-methylcarbazoles and N-ethylcarbazoles

X=F Chemical shift [ppm]

oH MN—Me MN—Et
Carbon MR1 MNR2 ZORA MNR1 NR2 ZORA MR1 MNR2 ZORA
C1 111.0 111.0 111 108.6 1106 1106 1079 1108 110.8
2 1146 115.8 115.8 1144 1156 1156 1144 1156 1156
C3 163.9 168.8 168.4 164.0 168.8 168.4 1639 168.7 168.3
C4 106.9 108.1 108.1 1071 108.0 108.0 107.5 1081 108.2
Cda 127.3 126.7 126.8 126.9 126.7 126.7 127.0 1269 127.0
C9a 138.1 1379 1379 140.1 140.3 140.2 138.8 1394 1394
Xx=Cl
C1 1111 1114 1114 108.8 1109 111.0 108.1 1111 111.2
2 126.6 1281 128.1 126.4 127.8 127.8 1265 1279 1279
C3 139.7 142.4 140.2 1396 1421 1399 1304 1420 139.8
C4 120.3 121.7 121.7 1205 1215 1216 120.8 121.7 121.8
Cda 1271 126.8 126.9 126.8 126.9 127.0 127.0 1271 127.2
C9a 1394 138.9 1389 1414 1414 1413 140.2 1406 140.5
X=Br
C1 114 111.8 1119 1081 1113 1115 108.4 1115 111.7
c2 129.5 131.0 131.0 1293 130.8 130.8 1294 130.8 130.8
C3 137.6 141.0 1303 1375 140.6 1201 1373 140.5 1301
c4 1236 125.0 125.2 1238 1248 125.0 1241 1250 125.2
C4a 127.5 127.2 127.5 127.2 127.3 1276 127.3 1276 1279
C9a 139.7 139.2 139.0 141.7 1416 1415 140.5 1409 140.7
X=I
C1 111.8 111.8 1121 109.5 1114 1M1.7 108.9 111.7 1119
Cc2 134.0 1356 135.7 1339 1354 1355 1339 1354 1356
c3 128.0 126.8 99.0 127.7 126.4 98.9 127.5 126.3 08.8
C4 128.7 130.1 131.0 128.8 1299 130.7 1202 1301 1309
Cda 127 .8 127.2 127.5 1276 1274 127.7 127.7 1276 128.0
C9a 140.1 139.2 138.7 1421 1416 141.2 1409 1409 1404

In bold are shown data affected by heavy atom on light atom effect.
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Figure 5. Effect of electronegativity on the (3 chemical shifts calculated
at nonrelativistic VSXC/STO-3Gmag and KT2/DZP and relativistic spin-orbit
ZORA (KT2/DZP) calculated chemical shifts (in ppm) for 3,6-dihalogeno-
9H-carbazole.



Badania koncentrowaty sie na przewidywaniu struktury
geometrycznej oraz wybranych parametrow spektroskopowych
(NMR, IR, Raman) mailych molekul modelowych,
jednosciennych nanorurek weglowych (SWCNT) przed i po
funkcjonalizowaniu oraz fulerenow.

Ponadto przeprowadzono szczegotowag analize konformacyjng
(teoretyczna i eksperymentalng) wybranych dehydropeptydow
I ich oddziatywan z lecytyna.

SWCNT i fullereny: podstawienie konca grupami -OH i -
COOH, 3He i ?Ne

Karbazole (obliczenia relatywistyczne do NMR (ZORA)
NMR: nowe bazy, CBS, gazy szlachetne jako sondy NMR
Dehydropeptydy (peptydomimetyki)

Obliczenia - Gausian 09; metody - DFT, HF; MP2, CC
CFOUR (CCsD(T))




WhiosKi:

.. Owocha kontynuacja testowania metody CBS

NMR (state ekranowania i state sprzezen
spinowo-spinowych).

2. Zastosowanie CBS do wyznaczania innych
parametrow molekularnych i
spektroskopowych (struktura geometryczna,
czestosci drgan harmonicznych i
anharmonicznych

3. Obliczenia DFT dla SWCNTs i fulerenéw. Gazy
szlachetne jako sondy NMR

4. Skuteczna modyfikacja struktury
dehydropeptydow (eksperyment i teoria)
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Podziekowania:

1. WCSS Wroctaw
(oprogramowanie,sprzet
komputerowy | pomoc
techniczna).

2. Uniwersytet Opolski,
Wydziat Chemii
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