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Bonding types in chemistry

A lonic bonding B Covalent bonding C Matallic bonding

displaced electrons localised electrons delocalised electrons
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What about aromatic molecules

Molecular Orbitals of benzene The ELF clearly shows delocalised clouds of =
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electrons

Santos, J. C.; Tiznado, W.; Contreras, R.;
Fuentealba, P. J. Chem. Phys. 2004, 120, 1670.

For Review:
Chem. Rev. 2005, 105, 3889-3910

Chem. Rev. 2005, 105, 3812-3841
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Pi system determines stability of sp? carbon
structures

4011 (Dsg) 20 40:2 (Cy) 1 40:3 (Dy) 1 404 (C1) 15 405 (C,) 14
10:6 (C1) 14 40:7 (C,) 15 40:8 (Cay) 40:9 (C3) 13 40:10 (Cy) 13
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@ @ Fullerene isomers of C,,
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@ eContain 10-20 fused pentagons
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Relative energies of C,q

w B3LYP
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Phys. Chem. Chem. Phys., 1999,
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Rule of minimal number of pentagon adjacencies

LDAM
DFTBW/
Energy penalty SCF(,’H/M
per pentagon adjacency: PMSMM I
70-120 kJ/moI AM1 MM
MNDO
QCFFIPI-—’_“’/'—II‘/M/*’/,’

|oOW/LWI

. d =
BRENNER ¢—— ¢ ———8—4——4+—#—
MM TersoFF ¢ ——4——4——F—4+———"— * .
DTMM o M
0 2 4 6 8 10
AN,

change in number of pentagon adjacencies

Pi system determines stability!
Phys. Chem. Chem. Phys.,

1999, 1, 2913-2918
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Sc;N@Cgq4: The first fullerene with adjacent
pentagons

emass spectrum: Sc;N@Cgq

egraph theory: C,q must have adjacent pentagons

ecarlier calculations: adjacent pentagons energetically unfavoured
eassumption: stabilisation by endohedral Sc;N molecule

a EC:]N&GEH b EEGQN@ G.ga

m/fz

800 800 1,000 1,200 1,400

Nature 408 (2000) 427-428
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© 13C and 45Sc NMR gives information on

symmetry
13¢ NMR 455¢ NMR
SC3N@068 8&? 10”“ ScaN@Cgs
I (CS))
5 ;
TR m
L W |
! 500 0  -500
m - “( ppm

158

IIIIIIIIIIIIIIIIII

Nature 408 (2000) 427-428

Graph theory: 11 isomers
(point groups D; and S;) out
of 6332 are compatible with
one 4°Sc and 11+1 13C signals
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@ Which Sc;N@Cgg isomer has been found?

of pentagon
adjacencies:
6140 and 6275.
6140 is 120 kJ/mol
more stable than all
other isomers.
eAdded excess
electrons (2, 4, 6)
to simulate charge
transfer increase
the energy gap

Nature 408 (2000)
427-428
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© Simple explanation using Huckel and MO theory

r, ""‘.:. -
| 4 aromatic (4N+2 rule)

-0.1213 - -0.1084 %
6% not aromatic

a2
0, 4 (hole in n
20.1703 —— /K O system)

01888 | A -
-0.2067 o

02276 | A4 AL -0.2279 -—

eSc;N@C,4: 3 adjacent pentagons connected to Sc
e~ 2 electrons per adjacent pentagon >
eisoelectronic with 10 membered ring (aromatic)
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@ Confirmation by 13C NMR fingerprint

13¢c NMR
Sc3N@Cgg ?\T “
\,r*ff H; Ik“a_ \ uul LL?
- S /f :
1 2? 4 5 | 89 1?1
| 12

158 154 150 146 142 138 ppm

Nature 408 (2000) 427-428
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o140 ||
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Sc N@C,, experiment
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J. Phys. Chem. A 2005, 109, 7068-
7072
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13C NMR in Sc;N@Cq,

40—
201+
D 1 | 1 | E | |
160 150 140 130
Otms [PPM]

Magn. Res. Chem. 2004, 42,199
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Transmittance

IR spectrum of Sc;N@Cg,
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Mechanical and electromechanical
properties of carbon and inorganic
nanotubes
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Electromechanical properties of single-walled
carbon nanotubes

Rupture of CNTs at different temperatures: DFTB-based Born-
Oppenheimer MD with successive iterations of pulling the
tubes until rupture

Zigzag 600K

E ;i Armchair 600K

Zigzag 1000K FY X Armchair 1000K

s

Email: thomas.heine@chemie.tu-dresden.de

Small 2005, 1, 399



15000

Energy, kJ/mol

Elastic properties of SWCNT's

15000

Energy, kJ/mol

zigzag armchair
300K: full circles eIndependent on temperature
600K: squares eRupture at AL/L=0.15
1000K: empty circles eHooke-like behaviour up to DL/L=0.1

Small 2005, 1, 399
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Mechanical properties of nanotubes

O ik "; % zn 1l

: E"‘ s %—ﬂ_‘vﬁ"ﬁ‘*ﬁw (S —

Thanks to Sibylle Gemming
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© Electromechanical properties of CNTs

— AL/L=0.00
— AL/L=0.14 1
— AL/L=0.56

T(E)(2¢>/h)

I-E(eV) ' E(eV)
zigzag

Electronic transmission probability T(E) depends strongly on AL/L!

armchair

Small 2005, 1, 399
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Axial tension of WS, and MoS, nanotubes

e In standard materials: mechanical properties
are determined by defects (Griffith theory)

e Nanotubes: almost defect free > mechanical
properties of almost ideal structure can be
studied, and superior mechanical properties
can be achieved

e Special structure of WS,/MoS, particularly
interesting regarding the axial tension
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Mechanical properties of MoS, nanotubes -
experiment

Breaking a WS,
nanotube with an
AFM, in-situ SEM

Proc. Natl. Acad. Sci. USA 2006, 103, 523.
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Mechanical properties of MoS, nanotubes -
simulation

Breaking a MoS,
nanotube with an AFM

I ' I
(14,14)
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Almost harmonic behaviour
until rupture!

Proc. Natl. Acad. Sci. USA 2006, 103, 523.
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Squeezing nanotubes

Molybdenum grips, MM,
fixed positions, van-der-
Waals forces to the NT

Nanotubes/Fullerenes:
DFTB (QM)

Periodic boundary
conditions

Milen St. Stefanov Dobrev, Andrey Enyashin, G. Seifert, T. Heine,
to be published
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Squeezing Carbon Nanotubes
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Elastic properties side-squeezed Nanotubes

\

{4

5.76;343.06)
(5.86,325.77)
h. (5.96;,303.73)

+—= T=300 K
+— T=600 K
= T=1000 K

Distance, [A]

(5,5) CNT

D,, A p., GPa k, eV/A2 (x10-3)
300K 5.76 47.62 2.89
600K 5.86 46.38 3.23
1000K 5.96 38.61 3.47
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Influence on electronic properties of (5,5) CNT

DOS., arb.units
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The (9,0) CNT is more stable than the (5,5) CNT

Average Pressure, [GPa]

— = M M [&+] [dy] iy
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D, A p., Gpa k, eV/A2 (x10-9)
9,0 (5,5) 9,0 (5,5) 9,0 (5,5)
300K | 5.36 (5.76) | 70.71 (47.62) | 2.22 (2.89)
600K 5.36 (5.86) | 68.28 (46.38) 2.05 (3.23)
1000K | 5.56 (5.96) | 62.15(38.61) | 2.11 (3.47)
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Applications of inorganic nanotubes -
New insights

Friction coefficient
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Hydrogen storage by physisorption in
aromatic carbon nanostructures
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Energy sources for mobile applications

One possible design of the car of the future
HydroGen3 liquid HydroGen3 compressed 700

® Fuel: 4.6 kgLH, ® Fuel: 3.1 kg CH,
at 700 bar (10,000 psi)

® Range (EDC): 400 km ® Range (EDC): 270 km
Technology: H, tank = fuel cells = electric engines
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Problem: Storage of H,

1 liter n-Octan : 36.2 MJ]
1 liter Hydrogen (NPT) : 10.7 KkJ

this is three order of magnitude lower than required for practical use !

European Driving Cycle EDC - Hydrogen Consumption
1.15 kg Hydrogen for 100 km (for that particular car)

171 H, (liquid -253 °C)
1.15 kg Hydrogen 291 H, (gase 700 bar)

Alternatives?
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London dispersion

* No overlapping densities

* Interaction of two polarisable objects

E = —

London o, —

2 11, 1
31 +1, re

London, F.; Z. Physik 1930, 63, 245.

Well-known application: Lennard-Jones potential:

C6

Lennard —Jones 6

I

E

short-range repulsion long-range attraction
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@ Weak interactions and DFT?

(Available) Density-Functional theory for London
dispersion interaction

4.0
i & VWN/cc-pVTZ
2.0~ + PBE/cc-pVTZ
L »» B3LYP/co-pVTZ
0.0 ++ MP2/cc-pVTZ
. | - MP2/aug-cc-pVTZ BSSE
© 20k 1+ MP2/aug-cc-pVTZ
5 <. v CCSD(T)/cc-pVTZ
u_‘,E 4.0
6.0
8.0+
- 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
10'02 25 3 3.5 4 45

DFT is not appropriate for long-range dispersion
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@ Weak interactions and ab initio theory?

Dispersion is a correlation phenomenon and
extremely basis-set dependent. Ab initio theory
(MP2, CCSD(T)) can account for it, but at a price
we don’t want to pay

0‘1 \ |
X .&&"5‘
-1 0 % Mﬁﬁ&&-&-&é*&&fﬂﬁ ;‘
) %, &~ 6-31G* BSSE
— "y g 2 6-31G*
T -2F 7 _g® ~x 6-311G** BSSE
e I \ o % 6-311G"
e \ = -a pVTZ BSSE
3+ s—a pVTZ
9 | e o cc-pVTZ BSSE
— e—e cc-pVTZ
LLI 4 4~ aug-cc-pVTZ BSSE
B a—a aug-cc-pVTZ
-5+ ~ -+ aug-cc-pVQZ BSSE
B == aug-cc-pvVQZ
Vs e--© CCSD(T) BSSE
6 N e o—o CCSD(T)
'7_ 1 | | | | | | | ;l
2.5 3 3.5 4 4.5
R [A]

Phys. Chem. Chem. Phys. 6 (2004) 980
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Alternatives

DFT gives wrong results

Decent ab inito is prohibitely expensive

Find a reasonable model for the
application

H,-graphene interaction by
extrapolation

E&

-1
E,,; [kdmol ]

JCTC 1, 2005, 841
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Use a pragmatic method

Add a C, term to a method which
excludes dispersion as approximate

B L Y T
40
| aa VWN/cC-pVTZ
2.0/ <+« PBE/cc-pVTZ
- 4=+ B3LYP/cc-pVTZ
0.0~ ++ MP2/cc-pVTZ
| *e1°° MP2/aug-cc-pVTZ BSSE
%, « MP2/aug-cc-pVTZ
20 7 v+ CCSD(T)/cc-pVTZ
i 7--- DFTB
4.0 -- DFTB + DISP
I |- DFTBSCC
— DFTB SCC + DISP
6.0~
8.0
-10.0

45



Create H,-carbon interaction potential

Fitting ab initio results to
empirical potential

V(r)= ZAe‘O“i +C,r. "

—

I = ‘f—Ri 4r ]
o MP2/cc-pVTZ
- — LJ ]
Movement of H, normal to PAH > | ]
3 4 5 6
-5+ 7 *
L~
8 : g
-6 ’ =

o MP2/cc-pVTZ
o MP2/cc-pVTZ

o 8" y | & lateral movement

1 | ]
-0.5 0 0.5 1 1.9
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© Computation of free energy

e Quantum-mechanical treatment for computation of free energy as
- H, is light-weighted - zero point vibrations are large
- H,-host potential is very soft > motion even at OK
- H,-host potential is strongly anharmonic - popular approximations
fail
e Computational strategy:

— solve stationary Schrodinger equation of one shapeless particle with
mass of H, in the external potential of the frozen host structure

- Compute the relative free energy AF with respect to free H, (gas
state) within the same approximation (counterpoise correction)

e Note:

— Classical simulation possible (e.g. Monte Carlo), but many simulations
necessary to obtain statistically relevant number
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Potential of graphite in the box

V [kl/mol] =
-7.35 (deep
blue), -7.13
(blue), -6.0
(teal), -3.0
(green), 0.0
(yellow), and
3.0 kJ/mol

(red)

PNAS 2005,
102, 10439
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@ Computation of adsorption free energy AF

e compute eigenstates ¢; of the two systems (in host potential and
reference free particle)

e Compute partition function

e Compute relative free energy

AF = —RTIn (ij
q,

e Compute equilibrium constant
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Probability densities of H, on graphene

1st, 2nd, and 4th eigenstates for
the single-layer graphene
structure.

AF(OK) =-6.2 kJ/mol
AF(300K) =-1.2 kJ/mol
Keq(300K)=1.6

- Graphite surfaces are lousy
H, storage materials!

S. Patchkovskii, J. Tse, S. Yurchenko,
L. Zhechkov, G. Seifert, T. Heine,
PNAS 2005, 102, 10439
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Potential of graphite in the box

V [kl/mol] =
-7.35 (deep
blue), -7.13
(blue), -6.0
(teal), -3.0
(green), 0.0
(yellow), and
3.0 kJ/mol

(red)

PNAS 2005,
102, 10439
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Probability densities of H,

A: 1st, 2nd, and 4th
eigenstates for the
single-layer graphene
structure. B, C:
Corresponding in-phase
(B: 1st, 2nd, and 5th)
and out-of-phase (C:

d 4th, 7th, 13th)
eigenstates for the

| double-layer structure
(8A interlayer

separation).
f P PNAS 2005,
raremeesl e oG 102, 10439
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© H, in a graphite bilayer of distance c

c, A AF(OK), k3/mol | AF(300K), ki/mol K(300K)
02 -6.2 -1.2 1.6
12 -6.4 -4.2 5.5
10 -6.7 -5.2 8.0
8 -8.1 -7.3 18.6
5 -13.0° -10.0° 56.2b

aThe infinite distance is computed in a box with c=80 A, but with only one monolayer contributing to the potential.
bDue to inherent inaccuracies of our model these numbers are subject to larger error bars.

Result: graphene is a lousy H, storage material
But: Bilayer appears to be a good H, storage material
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L

Density-of-states (DOS)

DOS, nm™

DOS, nm™

16

14 |
12 +

10

o N O O m

10

bilayer, c=8A

Note: H, is a boson, so states can
be occupied with many particles

empty box
potential

monolayer, c=

(a) PNAS 2005, 102, 10439
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Influence on AF54, and K

@ gL
o [ - n'!onolayer
;_3 4L «—e bilayer
=0
< '5__
-6
7
1 | ‘ 1
150 200 250
T ‘ T
»—» monolayer
400+ o bilayer

len.de



Experimental confirmation

I: 15} {b) u_’ - 20 .
= 243N = TiC-LDC T
{ETH PR o 4 Zrccocm 974 &
E“'IH:F ;,h » siccoct ] 1.s§ |
et * "-"""'“':E‘ . g Y. Gogotsi, R. K.

= 46l = g — ., & Dash, G. Yushin, T.
- 144 1 4 _d"'t o - E Yl|dll’lm, G. LaUdiSiO,
;.E' 12 r Pe 4N, B . "% ] E. Fischer, J. Am.
EARLE RN s\ 1°*&% Chem. Soc. 2005,
= ag] ! oo % 127, 16006.

06 0.8 10 42 14 46 €0 @0 0 1200

Pore size, nm Synthesis temperature, "C

Figure 2. Effect of pore size on hydrogen sorption. (2) Hydrogen storage
normalized to surface area plotted as a function of pore size for several
CDCs. The general trend defined by the dashed line envelopes mdicates
that small pores are more efficient than large ones for a given 53A. Sehd
symbeols stand for as-produced and empty for hydrogen-annealed CDC. {b)
Pore volume for micropores (<2 nm) and mesopores (= 2 nm) in companson
with the gravimetric hydrogen uptake as a function of chlonnation
temperature for ByC—CDC.
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Second challenge for reproducible experimental
results in the field of H, physisorption

Interaction of N, with PAHs is ~3 times stronger than that of H,!

non-alternating occupation. alternating oceupation

L. Zhechkov, T. Heine, G. Seifert, Int. J. Quantum Chem. 106 (2006) 1375.
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Message: Interlayer distance needs to be fixed!

_ There are several ways to fix the
b - interlayer distance

— 7w (functionalisation, internal
c.

' polymerisation, intercalation with
cations or spacers...).

Our favourite: Introduction of
spacer molecules = ,,nano
combs"

s Additional beneficial effect: nano
combs can act as nano sieve and
| protect the carbon
nanostructures from gas
impurities.
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Recent experiment: fullerenes as spacers in
graphite, Cgy-intercalated graphite (CIG)

R., Solid State
Comm. 2004, 131, 153.
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) : T

Ss% o8
© %S fﬂn
U .= C Qg O
5 9 v g < &
qld_l_et CO
c O c O Og
C(ta -
renr N
2278 <
C £ 0O g
..ID.aﬂu.G Q O
o (O S »
o v QO C GDN.
O ODaAa m©

A
=
=
A—l
'
[ap]
™

r-salk

Email: thomas.heine@chemie.tu-dresden.de



Stability of CIG

Calculated (DC-DFTB) cohesion energies per C-atom (E,,,,), HOMO-
LUMO-gaps (A) and mass densities (p) for several carbon allotropes.
Experimental values are given in parenthesis.

structure E.iom (€V/atom) A (eV) p (g/cm3)
graphite -9.09 0 (0)? 2.27 (2.266)T
graphene layer -8.90 0 (0) --
diamanond -8.87 6.88 (6.01)" 3.54 (3.514)"
Ceo (gas phase) | -8.51 1.78 (1.7) --

Cqo (solid state) | -8.54 1.67 (1.70)2 1.73 (1.72)?
CIG -8.71 0 1.28

1Greenwood, N. N.; Earnshaw, A., Chemistry of the elements. Elsevier: Amsterdam, 1997.
2Dresselhaus, M. S.; Dresselhaus, G., Fullerenes And Fullerene-Derived Solids As Electronic
Materials. Annual Review Of Materials Science 1995, 25, 487-523.

A. Kuc, L. Zhechkov, S. Patchkovskii, G. Seifert, T. Heine, Nano Letters,
7 (2007) 1.
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H,-CIG interaction potential
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H, storage capacity of CIG

45

35

V, cm®/mol

—
o
]

Gwt %

40 H|

30 f
25
20
15

O -~ NWwWwPFFooOO~NDOOO O
| S—— — | — T

Volumetric (top) and gravimetric H,
storage capacity of CIG, calculated using
the real gas equation as function of the
external pressure. Isotherms for various
temperatures (colour coded) are plotted.
Our approximations hold for the bold parts
of the isotherms.

A. Kuc, L. Zhechkov, S. Patchkovskii,
G. Seifert, T. Heine, Nano Letters, 7
(2007) 1.
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CIG as molecular sieve

e Diffusion constants, calculated through
Einstein's relation, from a MD simulation of a
CIG supercell containing ~2000 atoms over 1
ns.

- H,: 8.5 103 cm?/s
- N, : 3.8 10% cm?/s
- Cgo: 1.7 104 cm?/s

e Conclusion: The fullerene pockets are
trapping N,. Therefore, CIG can separate H,
from N, (,Nano-HPCL")
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Magnetic properties of aromatic
systems
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The Pople model

eExternal magnetic field B, induces ring current in © system
e T current induces magnetic counter field B’

*B’ increases B, at positions of protons (deshielding)

eB’ shields ring centre

1H NME Specttum of Ethylbenzene

ArTomatic

pata Aromatic CH?: CH3

me=ta ottho

- &
L.
,. a
i q_i- L - ’
e e P—

LJ

Nucleus-independent chemical shifts (NICS)
Schleyer et al., J. Am. Chem. Soc. 1996, 118, 6317
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© Experimental evidence: [18] annulene

H H The six hydrogens on the inside
of the ring resonate at 6 =-3.0

ppm

NICS
N

The twelve hydrogens on
the outside of the ring
resonate at 6 = 9.0 ppm

Email: thomas.heine@chemie.tu-dresden.de



What about antiaromatic and non-aromatic
molecules?

a) Isosurfaces of the =z
component of the induced
magnetic field (IMF, BInd),
IBnd | = 4 mT and B,=1 T
perpendicular to the molecular
plane, given in top and front
view of the molecule. Blue and
red indicate shielding (|B™"9,]
< 0) and deshielding areas,
respectively.

b) Contour lines of Bind, in the
molecular plane and
perpendicular to the molecular
plane through the origin. The
scale is given in ppm (or mT
for an external field of 1 T).

] Jrd " ’
L L @

£0.0

(a) (b
Chemistry — Eur. J. 2004, 10, 4367
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Induced magnetic field (IMF) of benzene

Blue: 5 ppm (5uT) iso-line
Red: -5 ppm (-5uT) iso-line

Chemistry Eur. J. 2004, 10, 4367
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. Chemical shieldings at non-nuclear positions

They give the shielding of an external magnetic field by the
molecule

(éind (f))a - _Z Oup (r)(gext )ﬂ

2(p-0) Isoshielding lines

Johnson & Bovey Shielding density -
J. Chem. Phys. 1958, 29, 1012 Buckingham & Jameson
J. Chem. Phys. 1980, 73,5684

'
3, ppm
=10

pz=0) Neutron chemical shift L
Wolinski, D
Drsnance, wows o aows J. Chem. Phys. 1997, 106, 6061 ;'525 -,
S el
Isochemical Shielding Sufface (ICSS) Nucleus-independent chemical shifts
Klod & Kleinpeter, (NICS) Schleyer et al.,
J. Chem. Soc. Perkin Trans. 2, 2001, 1893 J. Am. Chem. Soc. 1996, 118, 6317

@ ® ©

8.0

80 4.0
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AMERICAN CHEMICAL SOCIETY )

The magnetic shielding function of
molecules and pi electron

COMING
SOON— CHEMIGL delocalization
T. Heine, C. Corminboeuf, G. Seifert
OCTOBEII REVIEWS Chem. Rev. 105 (2005) 3889-3910.
2005

Description of Electron Delocalization
via the Analysis of Molecular Fields
G. Merino, A. Vela, and T. Heine
Volume 105, Issue 10 Chem. Rev. 105 (2005) 3812-3841.
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Magnetic shielding in DFT

Traditional concept
(Ramsey, Phys. Rev. 1950, 78,
699) )
O°E
O =

" 9(Bu), 0(m),

Holds at position of a nucleus
with moment 4

Implemented in most electronic
structure codes (CPHF and
beyond, DFT)

Chem. Rev. 105 (2005) 3889-3910.

Alternative concept

(Eschrig et al., Solid State
Comm. 1985, 56, 777, Bieger
et al., Chem. Phys. Lett. 1985,
115, 275):

Biot-Savart’s law:

Shielding from mduced field:

(Bus), =200 Bi),

Holds in full space
Requires current density ](f)

Email: thomas.heine@chemie.tu-dresden.de



Molecular stability and electron delocalization

e Non-bound electrons can interact and be stabilized. Most well-known
example: “aromaticity” (Huckel-rules).

e Magnetic properties (shieldings, induced magnetic fields, ring
currents) characterize diatropic (=shielding=stabilizing) and
paratropic (=deshielding=destabilizing) electronic systems

e New examples: planar tetracoordinate carbon (ptC) based on C.2

C2 C2| C C ]

Topological analysis of p(F)

M =Li, Na, K, Cu, Be, Mg, Ca, Zn

J. Am. Chem. Soc. 2004, 126, 1610.

Induced magnetic field

Email: thomas.heine@chemie.tu-dresden.de



Organic cycles containing a ptC

Cyclic hydrocarbons containing a ptC

. L P, b Mechanical vs. electronic stabilization (for
= “aromatic” isomers: life time of 5-10 ps at 300 K)
g e

A B Email: thomas.heine@chemie.tu-dresden.de



The shielding tensor of biphenyl

unit cell of crigstalline biphenyl

Biphenyl: van-der-Waals crystal

TH NMR (multi-pulse NMR)
measurement at low T (250K) to avoid
flipping of phenyl rings

Direct assignment of TH NMR shift
tensors to protons impossible

TH NMR computations of single
biphenyl molecule fail to describe H
NMR solid state chemical shift (tensor)
(cf. Wolinski et al., J. Am. Chem. Soc.
1990, 112, 8251)

J. Magn. Res. 2005, 175, 52
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Induced magnetic field (IMF) of benzene

Blue: 5 ppm (5uT) iso-line
Red: -5 ppm (-5uT) iso-line

Chemistry Eur. J. 2004, 10, 4367
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Computation of 1H NMR chemical shift

3

(B )a =20 (Bac )/3

p=1
=S,
B-Ii
B, = B’ +ZB' = o,= O +Zai +0 ‘ e
ind lnd aff aff af =
short range ~30 ppm <5ppm ext
long range S s g
~5.107 ppm

* Approach works for non-polar molecules
» Explicit tests
« Similar work for C,H,
(Pecul et al., Solid State NMR 1997, 8, 139)
* Does not work for

* polar molecules (Martin et al., Org. Lett. 2001, 3, 3823)
* intermolecular interactions (Caramori et al., J. Org. Chem. 2005, 70, 3242.)

Email: thomas.heine@chemie.tu-dresden.de



. Computational methodology

Proton Labels

IGLO PBE/IGLOIII/GEN-A2*

single

Single+ Single+

piphenyl S PPhenyl  \icsor18  Nicsofs7  EXPU These
H, 0.00 0.00 0.00 0.00 0.00 protons
He, 0.27 0.03 0.57 0.43 041 . exchange
Hy  0.28 1.19 1.42 1.36 139} when the
Ho 0.89 0.97 1.45 1.37 1.27 -
Ho 0.88 0.06 0.60 0.58 049 ) twc}llir;)ngs

values are in ppm

Isotropic shieldings referenced to o, (para)
Email: thomas.heine@chemie.tu-dresden.de



Cluster model of biphenyl
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1H NMR shielding tensor for isolated biphenyl

1.26
0.90
0.90
1.01
4.70

a 11*
. . ¥ .o d
Experiment — solid state o ‘*'HE. A .
ik LY 2
NMR corrected by A5
calculated intermolecular
contributions q
E""-” Hd‘
. uF
H3' e
VA Ly
i A
1.7 e
Proton method isotropic Principal axis components
11 22 33
1.m. 0.00 -3.36 0.71 2.65
para
g.ch. 0.00 -3.00 0.13 2.87
1.m. -0.22 -3.40 0.14 3.26
meta
g-ch. -0.28 -3.37 0.03 3.33
1.m. -0.90 -5.00 0.04 4.96
ortho
g.ch. -0.88 -5.16 -0.67 5.82

5.33

IE"'_ 4
R -] -]
1& i )
Uz v IR
H3
theory
== '1:1L'l"'
H4
T
) He Hsrs®  J. Magn. Res.
s o= 2005, 175, 52
12* 4

Icosahedral representaion

difference

1.24 1.03 0.95 233 -2.14

0.27
0.88 1.25 1.25 2,14 -2.14
3.25 -0.40 -0.24 -1.70  -1.81

0.13
3.29 -0.47 -0.47 -1.68 -1.68
2.04 -0.98 -1.01 2,19 -2.57

0.45
2.29 -1.56 -1.56 225 225
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One fatal conclusion

“The good news of this work is that there is no more a need to perform
such (multiple pulse NMR on benzene) an experiment. Actually, proton
shielding tensors are hardly anymore a reason to perform line-narrowing
multiple pulse experiments. There are adequate, even superior,
alternatives: first, single crystal deuteron NMR in very high applied fields
[16] and, second, calculation by the quantum chemical method
explored and tested against experiment here, perhaps supplemented
by the old susceptibility method. After elimination of systematic errors,
these theoretical methods allow with reasonable effort to access
proton shielding tensors on a sub-ppm accuracy level not only in
the isolated molecule but also in the natural crystal environment. In
a forthcoming publication we shall give a fuller account of these methods
and shall apply them to benzene (T. Heine, C. Corminboeuf, G.
Grossmann, U. Haeberlen).”

U. Haeberlen in J. Magn. Res. 2005, 175, 52

Email: thomas.heine@chemie.tu-dresden.de



l1H NMR chemical shift of benzene

Unit cell contains 4 molecules

Long-range
interactions of a
cluster of 72 A
considered
(13445
molecules)

Angew. Chem., 2006, 118, 2006, 7450.

Quantum-chemical calculation of a cluster of 17
benzene molecules (204 atoms)

Email: thomas.heine@chemie.tu-dresden.de



l1H NMR chemical shift of benzene

27 4

26 -

Oiso/PPM —9 —9o—0 .- ° °
25

24 - - ————————————

& o o

——— 2

20 30 40 50 60 70
RIA —

6
dipms = \/_Zl(gi,R _Gi,Rzo)/6
i=

Three distinct protons
Shieldings differ considerably
20 A sphere is needed:

293 molecules

Angew. Chem., 2006, 118, 2006, 7450.
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Single molecule

57 H1, H2 or H3

Intermolecular part

Crystal

l1H NMR chemical shift of benzene

H1/ppm | H2 / ppm | H3 / ppm

c., |2363 |2533 |[23.76
s, [21.03 |2067 19.97
2277 2434  |22.96
27.08  [30.99 |28.35

Tensorial representation as
suggested by Radeglia.

T. Heine, C. Corminboeuf, G.
GroBmann, U. Haeberlen, Angew.
Chem., 2006, 118, 2006, 7450.
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