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Why Hydrogen Bonds ?

H-bonds & proton transfer — Physics, Chemistry, Biology

* the theoreticians answer:

» H-bond: van der Waals — covalent

> kinetic isotope effect (4 isotopes)

» proton is quantum particle

» tunneling even at room temperature

» H-bond dynamics is multidimensional

* M. L. Huggins (1936)

... hydrogen bridge theory
will lead to a better
understanding of the nature
and behavior of complicated
organic structures, such as
proteins, starch, cellulose,
sugar ....
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Alpha-Helix

L. Pauling
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DNA Structure
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I. Ohmine et al. 2002

G. Hummer et al. 2001

Water flow (ns™)

Freezing Of Water

> fluctuating hydrogen bonded network
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S. Steinberg-Yfrach et al. 1998

Proton Pump

artificial photosynthesis

electron transfer

:

proton transfer

1

ATP production

Nature Of H-Bonds

» donor-acceptor interaction involving hydrogen

« covalent A-H — H* — interaction with B (lone pair

or polarizable &t electrons)

* H-bond interactions: > electrostatic (directionality)

* H-bond geometry:

» charge transfer
» dispersion
» exchange repulsion
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IR Spectra
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Moderate H-Bonds

Eg = 4-15 kcal/mol 4

Av = 10-25% >
&
rag=2.9-3.2 A o
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rBH=1 5'22 A §
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» neutral D/A: \ I
> O-H...O

\ 4

e intramolecular H-bonds reaction coordinate

» biological systems:

» packing, solvation, conformation

Strong H-Bonds
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» delocalized wave function

> sensitive to environment reaction coordinate

*[FHF],0-H...O", N-H...N", enzymes (?), forced contacts
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IR Spectroscopy of Strong H-Bonds in Gas Phase

Protonated Ammonia Clusters NH4"(NH3)n
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IR Spectrum of N2H7*
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N2H7*: 6D Model

® kinetic energy for non-Cartesian
coordinates model coordinates

® assumptions:

» use constraints to restrict motions to ¢
model coordinates
» no kinetic coupling between proton and
NHs3 fragments
» torsion decoupled from vibrations
2R PP B2 P g(u) = (1 = u?)(3mu + mx)/(3muu® + my)
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Y. Yang, O.K., Mol. Phys. 106, 2445 (2008)




@ potential energy and dipole moment surfaces

P n-mode correlation expansion
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N2H7": ZPE Effect

® model coordinates
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® reaction barrier: ~350 cm' (>kT at RT)
e structure determined by ZPE effect

20



130
B ¢ B 3 120 +
1000
110
L
1100 000 """ 0001>
09 -06 03 0 03 06 09 / 100
38 - 1200|1300 —
RN 7 / 1 100 110 120 130
o RN ) 0
© 3, -\‘\\§\\\ d H" transfer umbrella 1
g B
5 i
g r bend
mm
T 26 L 1
% H*transferl
z [1000> L 4
22 1 1 1 1 1
09 06 03 0 03 06 09
Proton transfer r (A) umbrella
. , |bend
LN L B B N N RLA B
500 750 1000 1250 1500 1750 2000
viem' —»
K. Asmis, M. Johnson, O.K. et al., Angew. Chem. 46, 8691 ('07) 21
NH-Stretching Mode
400 600 800 1000 1200 1400 1600
I 1 n 1 n n n 1 I 1 n 1 I n I 1 1 n 1 1 I 1
| [} IRMPD
©
(=
k=2
7]
* e A c
T
z B'
100000 6D model
2
3
g
k= 110000 000100 000001
x
120000
l
— 1 & T 1 —7T * & & | ¢ 7 F 1 ¥ F 5 ] —1
400 600 800 1000 1200 1400 1600
wavenumber (cm’1)
» extreme red-shift due to strong H-bond
Y. Yang, O.K., K. Asmis et al., J. Chem. Phys. 129, 224302 ('08) 22



Dissipative H-Bond Wave Packets
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Vibrational Energy Relaxation

p two-color pump-probe spectroscopy
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5D Dissipative Model

4-mode correlation potential - B3LYP/6-31+G(d,p)
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® system-bath model
1,04
» low-frequency H-bond mode 08 CCl.@300K
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e potential energy curves and IR spectrum

(VV > Vs VYl > VYz

w (0,1,2,0)
3 | | ©1.1.
(0,2,0,0)
(0.1,0,2)
g (0,1,1,0) o
o (0.1,0,1) =
S 2 =
by ?
P o)
i (0,0,2,0) <
(0,0,1,1)
(0,1,0,0)
] (0,0,0,2)
n ; ' H:.l [Iw
(0,0,1,0) 2000 3000
1 (0,0,0.1) E/hc (cm)
0 | ©000)

Qus [ap(a.m.u.)'?]



@ cascaded energy relaxation

Energy E/hc (103 cm-")

K. Heyne et al. JPCA 108, 6083 (2004)
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Hydrogen Bonds in DNA

Base pairs

("""

Adenine Thymine

— )

Guanine Cytosine

Sugar phosphate
backbene

Adenine Thymine

Guanine Cytosine
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Base Pairs in Gas Phase: The Quest for the Structure

® IR-UV Double Resonance Spectra
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A-T Isomers
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Optimized Structures

HF DFT/B3LYP MP2
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Target Modes v 3530 cm
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Potential Energy Surfaces

» expand PES in normal mode coordinates Q = {Qus, Qsy, @nr}

» use (exact) 3-mode expansion

V(Q =3 V(@) +Y VP @)+ Y V(@i Q5 Q)

i<j i<j<k

v . MP2 energies on numerical grid

Ve +vG . ppr up to 4th order derivative

» 1-mode dipole moment

nQ) =~ Zu(”(Qi)

Structure vs. IR Absorption
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Dynamics of DNA Base Pairs in Solution

correlated dynamics

X0

e H-Bond dynamics / correlations

e vibrational energy flow

® environmental effects

——> IR spectrosopy
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Solvated Base Pairs
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QM/MM Trajectory

® O-ethyl-8-phenyladenine : 1-cyclohexyluracil in 100 CDCl3 at 298K
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Lineshape Model
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p IR absorption spectrum
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On-the-Fly Correlations
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2nd Order Cumulant Approximation

® quantum-classical approximation
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P non-Gaussian statistics of fluctuations for N-H...O
hydrogen bond
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Gap-Autocorrelation N-H...N
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Nonlinear Spectroscopy of Base Pairs

® open questions
1 1 1

) role of population relaxation Ty - 2Ty + T_z*

pump-probe spectroscopy:
ki =k, = kpump ks = k3 = kprobe

p correlated motion

2D spectroscopy:

ks = —-k; + ko + ks

— model for excited state absorption needed
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Overtone Excitations
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2D IR Spectroscopy
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(i) ground state bleaching/
stimulated emission

(ii) excited state absorption

(iii) cross peak absorption

» correlated dynamics
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