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Energy profiles, time scales and observation

starting material intermediate product

Process: Vibrations Reactions

Time scale fs fs, individual
microscopic events rare

‚Slow‘ mean square rate constants
Observation amplitudes events/sec
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Vibrations of molecular zeolite fragments
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Least-squares superposition 
of Si-atoms from 40 Si10O15
fragments observed in three 
structures (H, CH3, C6H5)

Rms displacements of 
Si10O15 -fragment after 
subtraction of translation and 
libration motion of Si-atoms 

Conclusion: static displacements from symmetric reference 
structure give clear indications of low frequency motion

H. B. Bürgi, K.W. Törnroos, G. Calzaferri, H. Bürgy, Inorg. Chem. 32 (1993) 4914
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Intramolecular vibrations from mean square displacements

Ag

Eg

Tu

After accounting for
translational and 

librational motion

H. B. Bürgi, Acta Cryst.
B51 (1995) 571-579



Concerning the structure of benzene
G.A. Jeffrey, J.R. Ruble, R.K. Mullan, J.A. Pople, 

Proc. R. Soc. London, A414 (1987) 47

15 K
Uiso(C) ~ 0.008 Å2

(shown: * 2.5)

123 K
Uiso(C) ~ 0.023 Å2

(shown: * 2.5) 

Centrosymmetric super-
position of two cyclo-
hexatriene molecules?  

(1.35 and 1.45 Å)

O. Ermer, Angew. Chem., Int. Edit., 26 (1987) 782

Rms displacements U of C6D6 from neutron diffraction



Temperature dependence of mean square amplitudes
<u2> = kBT/(ω2µ) + ε high T
<u2> = h/(2ωµ) coth (hω/2kBT) + ε general

<u2> = ħ/(2ωµ) + ε low T

Harmonic
oscillator only

Harm. Osc. with
T-indep. Contrib.

Anharm. Osc. and 
T-indep. Contrib.
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Temperature dependence of rms displacements

(=atomic displacement parameters, ADPs)

Vibrations of a molecule in its crystal field

Σx(T)  =  A * g * V * δ(1/ω,T) * V’ * g’ * A’ + εx

ADPs (blue) determine parameters of model (red)

ADPs, 
determined
experimentally
at several
temperatures

Low frequency, 
soft vibrations (ω), 
e.g. librations, 
translations and 
deformations (V)

Intramolecular, 
hard vibrations
(~temperature
independent), 
and disorder (ε)

H.B. Bürgi, S.C. Capelli, Acta Cryst., A56 (2000) 403



Results for Benzene, C6D6
H.B. Bürgi, S.C. Capelli, Helv. Chim. Acta 86 (2003) 1625

15 K
Uiso(C) ~ 0.008 Å2

(shown: *2.5)

εC ~ 0.0007 Å2

zero-point motion
or disorder?

(shown: *2.5)

(ADPobs – ADPcalc)1/2

av |diff| ~ 0.0002 Å2

(shown: *2.5*5)

Zero point motion from neutron diffraction and a benchmark force field (*104 Å2)
C(bond) C(ip) C(oop) D(bond) D(ip) D(oop)

Diffraction 14(1) 7(1) 15(1) 52(1) 83(1) 110(2)
Force Field 13 8 16 44 89 133



Isotope effect on ADPs

ΣD
x =  A * gD * VD * δ(1/ωD,T) * VD’ * gD’ * A’ + εD

x Neutron diffraction
C6D6, 15 and 123 K

}λD(ωD
2) =  gD* VD* F * VD’* gD’

λH(ωH
2) = gH * VH * F * V H’* gH’

Theory of 
normal 
vibrations

X-ray diffraction 
C6H6, 110 K

ΣH
x =  A * gH * VH * δ(1/ωH,T) * VH’ * gH’ * A’ + εH

x

U11 U22 U33 U12 U13 U23

C1, X-ray 212 181 236 12 -12 -10
predict 211 186 240 13 -7 -9

C2, X-ray 197 237 221 13 29 -18
predict 195 236 222 13 27 -17

C3, X-ray 211 215 214 -21 10 20
predict 206 215 217 -17 11 18

H.B. Bürgi, S.C. Capelli, A.E. Goeta, J.A.K. Howard, M.A. Spackman, D.S. Yufit, Chem. Eur. J., 8 (2002) 3512



Cranckshaft motion
in dimethylstilbene

S. Swaminathan, B.M. 
Craven, R.K. 
McMullen, Acta Cryst. 
B40 (1984) 300

S.C.Capelli, M. Förtsch, H.B. Bürgi
Acta Cryst. A56 (2000) 413

Frequency 54(2) cm-1

K. Ogawa, T. Sano, S. 
Yoshimura, Y. Takeuchi, 
K. Toriumi,  
JACS 114 (1992) 1041

Frequency 45(5) cm-1

T. Lüthi Nyffeler, H.B. Bürgi, 
unpublished

Libration and out-of-plane 
vibration of urea
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Nucleophile-electrophile contacts
to carbonyl groups from the CSD

H. B. Bürgi
Faraday 
Discuss.

122 (2002) 41
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M. Goodman et al, JACS 121 (1999) 6786



Acetal hydrolysis: structure correlation

Principal component
analysis shows

correlated changes of 
structural parameters

P.G. Jones, A.J. Kirby,
JACS 106 (1984) 6207

H.B. Bürgi, K.C. Dubler-Steudle, 
JACS 110 (1988) 7291
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Acetal hydrolysis: structure-energy correlation

Eo
‡

E = k2 * q2 / 2 – k3 * q3 – k1 * q

ΔE‡ / Δq = – (6 Eo
‡ * k2)1/2

E = k2 * q2 / 2 – k3 * q3

O5

H

O1

R

    

σ∗

lp

δ−

δ+ Calc:    320 kcal (mol Å)-1

Exp:     300 kcal (mol Å)-1

H.B. Bürgi,  K.C. Dubler-Steudle, JACS 110 (1988) 7291



Acetal hydrolysis: transition state structure

q‡

Eo
‡

E  =  k2 * q2 / 2 – k3 * q3 – k1 * q

q‡ =  (6 Eo
‡ / k2)1/2

E  =  k2 * q2 / 2 – k3 * q3

∆(C1-O1)  ∆(C1-O5) 
q‡ = (6 Eo

‡ / k2)1/2 0.55 Å -0.15 Å
Ab initio:
OC(OH)2.H2O 0.17          -0.07
CH2C(OH)2.H2O      0.34          -0.11
H2C(OH)2.H2O 0.38 -0.16



Acetal hydrolysis: model of enzymatic catalysis

N
O

OO
CH2

CH3O HO

N
NH

OO
CH2

CH3O HO

1 2

Structural data from 1:

No COOH    with COOH

C-OCH3 1.398 1.383 Å
C-OR3 1.408 1.424 Å

Relative rates of hydrolysis from 2

1 1010

A.D. Bond, A.J. Kirby, E. Rodriguez, 
Chem. Commun (2001) 2266

E. Hartwell, D.R.W. Hodgson, A.J. 
Kirby, JACS 122 (2000) 9326



Bowl depth and inversion barrier in corannulenes

small a large a

E     =  x4 – a * x2       

xeq =  ± (a / 2)1/2

ΔE  =   – xeq
4

T.J. Seiders, K.K. Baldrige, G.H. Grube, J.S. Siegel, JACS 123 (2001) 517
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Trapping unstable species at low temperatures



Excited-state structure by
time-resolved X-ray diffraction

C.D. Kim, S. Pillet, G. Wu, W.K. Fullagar and P. Coppens, 
Acta Cryst., A58 (2002) 133.a*

Pt Pt

dσ* → pπ Pt2 (H2P2O5)4 ∆d(Pt-Pt) = -0.28(9) Å
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