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Why Hydrogen Bonds ?
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H-bonds & proton transfer  →  Physics, Chemistry, Biology

Ø H-bond: van der Waals → covalent 

Ø kinetic isotope effect (4 isotopes) 

Ø proton is quantum particle 

Ø tunneling even at room temperature 

Ø H-bond dynamics is multidimensional

• the theoreticians answer:
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• 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 ....

O-H ... O

H+ in H2O
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DNA Structure
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J. Watson, F. Crick 
(1953) 



      Freezing Of Water
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Ø fluctuating hydrogen bonded network 

Ø spontaneous formation of polyhedral nucleus

Artificial Water Channels
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strong H-bonding + 
nonpolar environment

1D water wire 

H-bonded network + 
fluctuations

concerted water 
flow (bursts)



Proton Pump
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artificial photosynthesis

electron transfer

proton transfer

ATP production

Nature Of H-Bonds
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• donor-acceptor interaction involving hydrogen

• covalent A-H  →  H+δ → interaction with B (lone pair  
 or polarizable π electrons)

• H-bond interactions: Ø electrostatic (directionality) 
Ø charge transfer 
Ø dispersion 
Ø exchange repulsion

• H-bond geometry:



IR Spectra
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1-hexanol

-OH
tropolone

-OHO-

Ø intramolecular H-bond

Weak H-Bonds
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EB = <4 kcal/mol 

Δν = <10% 

rAB=3.2-4.2 Å 

rBH=2.2-3.2 Å

Ø directionality 

Ø tunneling

• HCl...benzene (T-form), C-H...B in crystals, forced contacts



Moderate H-Bonds 
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EB = 4-15 kcal/mol 

Δν = 10-25% 

rAB=2.5-3.2 Å 

rBH=1.5-2.2 Å

• biological systems: 

Ø packing, solvation, conformation

• neutral D/A: 

Ø O-H...O

• intramolecular H-bonds

Strong H-Bonds
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EB = 14-40 kcal/mol 

Δν = 25% 

rAB=2.2-2.5 Å 

rBH=1.2-1.5 Å

• low/vanishing barrier   

Ø delocalized wave function 

Ø sensitive to environment

• [FHF]-,O-H...O-, N-H...N-, enzymes (?), forced contacts



IR Spectroscopy of Strong H-Bonds in Gas Phase

n=1

n=2 n=4

n=3
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•   N...H...N HBs  
•   NH3 channels 
•   proton wires

Protonated Ammonia Clusters NH4+(NH3)n

NH3-Networks
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AmtB NH3 channel (E. coli)

S. Khademi et al. Science 305, 1587 (2004)

7-hydroxyquinoline·(NH3)3

C. Tanner et al. Science 302, 1736 (2003)

NH3-wires



IR Spectrum of N2H7+
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IRMPD (Asmis)

IRVPD (Johnson)

* T. Asada et al.,  JPCA (’01)

*

N2H7+: 6D Model

18

l kinetic energy for non-Cartesian 
coordinates 

l assumptions: 
‣ use constraints to restrict motions to 

model coordinates 

‣ no kinetic coupling between proton and 
NH3 fragments 

‣ torsion decoupled from vibrations

model coordinates
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The reduced masses and moments of inertia in Eq. #1$ are
defined as follows:
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where I0=3mHRNH
2 and RNH=1.017 Å is the calculated

length of the N–H covalent bonds of the NH3 fragments.
Using these coordinates the wave function will be normal-
ized by the Euclidean volume element d%
=R2 sin #1 sin #2dxdydzdRd#1d#2d$.

The torsion angle $ of the two NH3 fragments can be
separated from the other six variables if the potential energy
does not depend on it. We have confirmed that the ab initio
PES depends only very weakly on this angle #the barrier is as
low as 12 cm−1$. Moreover, there is a clear separation be-
tween the rotational and vibrational excitation energies.
Thus, we can separate this torsion and replace the operator
−!2 /!$2 by its expectation value, say, K2. For the numerical
implementation below it is more convenient to use another
set of coordinates and an appropriately modified wave func-
tion which simplifies both the kinetic energy operator and the
normalization volume element. Assuming K2=0 we will use
the following six-dimensional #6D$ kinetic energy operator:
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with the volume element d%=dxdydzdRdu1du2 and the defi-
nitions ui=cos #i and g#u$= #1−u2$#3mH+mN$ / #3mHu2

+mN$.

Next we specify the construction of the respective 6D
PES. Here, we make use of the cumulative expansion in
terms of different correlation orders,25
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V#1$#Qi$ + %
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+ %
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V#3$#Qi,Qj,Qk$ + . . . , #4$

where Q is a vector comprising the six model coordinates
and V#n$ is the nth correlation potential which is defined by
the subtraction of all lower order correlations and the uncor-
related one-dimensional potential V#1$#Qi$ from the
n-dimensional PES. Our final expansion includes all two-
mode correlations as well as those three-mode correlations
concerning the z coordinate. Of course, this is an approxima-
tion which at this point can be justified by hand waving
arguments only. However, it will be argued below that for a
more quantitative description especially of the shared proton
stretching fundamental transition, the inclusion of additional
coordinates describing NH3 wagging vibrations is required.
Therefore, the investigation of the convergence of the corre-
lation expansion is postponed until an improved model will
be available.

The 6D dipole moment surface is constructed in the
same spirit, that is, for each of the three vector components
we employed the following approximation:

"#Q$ = %
i

"#1$#Qi$ + %
i&j

"#2$#Qi,Qj$ . #5$

B. Numerical implementation

PES and dipole moment surface are calculated using the
MP2 method with the aug-cc-pVTZ and cc-pVTZ basis sets
for N and H, respectively, using GAUSSIAN 03.26 In total about
14 000 points have been calculated and applying symmetry
we obtain about 100 000 points spanning the energy range
up to 10 000 cm−1. Individual terms in the expansion of the
PES, Eq. #4$, and the dipole surface, Eq. #5$, have been fitted
subsequently to polynomials of up to tenth order.

For the solution of the nuclear Schrödinger equation we
have used the MCTDH approach27,28 as implemented in the
Heidelberg program package.29 The wave function is repre-
sented as a superposition of Hartree products composed of
single particle functions #SPFs$ for either individual or com-
bined degrees of freedom. The SPFs themselves are defined

TABLE I. MCTDH parameters for solving the Schrödinger equation #lengths in Å$. NDVR: number of DVR
points; NSPF: number of SPFs #note that us and ua as well as x and y have been treated as combined modes$. The
largest natural orbital population has been 0.01%.

Mode z R us ua x y

Min. grid −0.58 2.20 −0.61 −0.61 −0.53 −0.53
Max. grid 0.58 3.26 0.13 0.13 0.53 0.53
NDVR 59 39 39 39 39 39
NSPF 9 8 9 3

224302-3 Hydrogen bonding in NH4
+#NH3$1−4 J. Chem. Phys. 129, 224302 "2008#
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Y. Yang, O.K., Mol. Phys. 106, 2445 (2008)

has been predicted to be significantly redshifted from its har-
monic value !1944 cm−1".9 Anharmonic calculations based
on a four-dimensional !4D" ab initio PES !Ref. 12" place it at
464 cm−1, i.e., significantly below the energies of the !z

mode in other protonated homodimers2 and outside the ex-
perimental observation window in Ref. 12.

IR photodissociation studies on larger protonated ammo-
nia clusters, NH4

+!NH3"n, suggest that the shared proton mo-
tif is unique to the n=1 species, and clusters with n"1 ex-
hibit a NH4

+ core solvated by ammonia molecules.11,14,15 This
is in contrast to protonated water clusters, in which two
motifs, the Zundel !H5O2

+" and Eigen !H3O+" ion cores,
persist also for larger protonated water clusters.16 Early IR
photodissociation investigations11,17 for n=1–10 in the
2600–4000 cm−1 range revealed that the first solvation shell
of NH4

+ is composed of four ammonia molecules, which ex-
hibit nearly free internal rotation. The spectra of the larger
clusters !n"6" converge and show similarities to that of liq-
uid ammonia. The spectra of clusters with n=6–9 have also
been measured in the 1045–1091 cm−1 region, where disso-
ciation is observed due to excitation of the collective bending
vibrations of NH3 molecules in the second solvation shell.14

The issue of spectral signatures of solvation shell structures
has also been addressed by a free electron laser IR study in
the spectral region from 1020 to 1210 cm−1 for n=5–8
!Ref. 18" and from 1070 to 1680 cm−1 for n=3,4.15

There are several theoretical investigations of protonated
ammonia clusters by Meuwly and co-workers19–21 using
classical molecular dynamics together with density func-
tional theory or self-consistent charge density functional
tight-binding derived forces. The focus has been on proton
conduction in free19 and environmentally restricted21 clus-
ters, as well as on the stability and isomerization of
clusters.20 In terms of IR spectroscopy the predictions of
Refs. 19 and 20 are based either on the harmonic approxi-
mation or on the assumption of classical nuclei. For instance,
Fourier transformation of the dipole-dipole autocorrelation
function along trajectories at 50 K for N2H7

+ gave the shared
proton stretching vibration !z at 1610 cm−1, the NH3 um-
brella vibration at 1000 cm−1, and the symmetric stretching
vibration !R at 465 cm−1.20 For n"1 only frequencies above
2000 cm−1 have been reported in Ref. 20. An effective one-
dimensional model for the assignment of the !z vibration of
N2H7

+ has been put forward by Asada et al.9 Their value of
707 cm−1, however, is at variance with the more sophisti-
cated 4D quantum simulation12 which predicts this transition
at 464 cm−1 and also has been the basis for the assignment
of the 1!z+1!R combination band.

In the present contribution our previous work on the pro-
tonated ammonia dimer12 is extended in several respects.
IRMPD spectra of N2H7

+ are presented down to 330 cm−1 in
order to identify the !z fundamental. The previous 4D model
of N2H7

+ is supplemented by the twofold degenerate bending
vibration of the shared proton. IRMPD spectra of larger pro-
tonated ammonia clusters in the 1050–1575 cm−1 region are
also presented. These systems contain considerably weaker
H bonds and an assignment of the observed spectral features
is already possible within the harmonic approximation.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

A. Hamiltonian operator for N2H7
+

In the following we will provide a reduced-dimensional
model Hamiltonian for the N2H7

+ cation which is based on
selected internal coordinates. We concentrate on that part of
the spectrum which is influenced by the shared proton mo-
tion and make two simplifying assumptions: !i" the focus is
on the range of experimental data !300–1700 cm−1" which
should contain the proton stretching and bending vibrations
of interest as well as the low-frequency hydrogen bond mode
and !ii" symmetry selection rules dominate the anharmonic
couplings especially in this low-energy range. This allows us
to assume that the C3 symmetry of the N2H6 fragment, i.e.,
excluding the central proton, with respect to the N–N axis
will not be broken. Further, the lengths of the N–H covalent
bonds shall be fixed. These constraints leave seven coordi-
nates as shown in Fig. 1, i.e., the shared proton stretching
and bending with respect to the center of mass of the N2H6

fragment, z, x, and y, the relative motion of the center of
masses of the ammonia, R, the umbrella-type motion of the
two ammonia, #1 and #2, and the rotation !torsion" of the
NH3 fragments with respect to each other, $.

To set up the Hamiltonian for this seven-dimensional
!7D" model we first focus on the kinetic energy operator. In
principle, there are different methods for the derivation of
kinetic energy operators in non-Cartesian coordinates, see,
e.g., Ref. 22, including constraint conditions.23 Here, we use
an approach based on the direct quantization of the classical
Lagrangian, which also provides the recipe for obtaining
reduced-dimensional kinetic energy operators. For the seven
active coordinates in Fig. 1, a kinetic energy operator can be
derived under the assumptions that the total angular momen-
tum is equal to zero and there is no kinetic energy coupling
between the shared proton motion and the internal and rela-
tive motions of the NH3 fragments !details are given in Ref.
24". Notice that for symmetry reasons appreciable couplings
are only expected from the shared proton bending vibrations.
However, it will be shown below that the bending motion is
almost decoupled in terms of the potential energy operator
and that its present treatment gives an almost quantitative
agreement with the experiment. This suggests that correla-
tions in the kinetic energy are most likely of minor impor-
tance only. The kinetic energy operator to be used below
reads

R

x
θ1θ2 φ

z

y

FIG. 1. !Color online" Definition of the seven active coordinates of the
reduced N2H7

+ model. Note that compared to our previous model !Ref. 12"
we have incorporated the bending vibrations of the shared proton.

224302-2 Yang et al. J. Chem. Phys. 129, 224302 !2008"
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• potential energy and dipole moment surfaces 

‣ n-mode correlation expansion 

‣ recall MCTDH 

‣ preferential: sum of products form
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N2H7+: ZPE Effect
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l model coordinates
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l reaction barrier: ~350 cm-1 (>kT at RT) 
l structure determined by ZPE effect

has been predicted to be significantly redshifted from its har-
monic value !1944 cm−1".9 Anharmonic calculations based
on a four-dimensional !4D" ab initio PES !Ref. 12" place it at
464 cm−1, i.e., significantly below the energies of the !z

mode in other protonated homodimers2 and outside the ex-
perimental observation window in Ref. 12.

IR photodissociation studies on larger protonated ammo-
nia clusters, NH4

+!NH3"n, suggest that the shared proton mo-
tif is unique to the n=1 species, and clusters with n"1 ex-
hibit a NH4

+ core solvated by ammonia molecules.11,14,15 This
is in contrast to protonated water clusters, in which two
motifs, the Zundel !H5O2

+" and Eigen !H3O+" ion cores,
persist also for larger protonated water clusters.16 Early IR
photodissociation investigations11,17 for n=1–10 in the
2600–4000 cm−1 range revealed that the first solvation shell
of NH4

+ is composed of four ammonia molecules, which ex-
hibit nearly free internal rotation. The spectra of the larger
clusters !n"6" converge and show similarities to that of liq-
uid ammonia. The spectra of clusters with n=6–9 have also
been measured in the 1045–1091 cm−1 region, where disso-
ciation is observed due to excitation of the collective bending
vibrations of NH3 molecules in the second solvation shell.14

The issue of spectral signatures of solvation shell structures
has also been addressed by a free electron laser IR study in
the spectral region from 1020 to 1210 cm−1 for n=5–8
!Ref. 18" and from 1070 to 1680 cm−1 for n=3,4.15

There are several theoretical investigations of protonated
ammonia clusters by Meuwly and co-workers19–21 using
classical molecular dynamics together with density func-
tional theory or self-consistent charge density functional
tight-binding derived forces. The focus has been on proton
conduction in free19 and environmentally restricted21 clus-
ters, as well as on the stability and isomerization of
clusters.20 In terms of IR spectroscopy the predictions of
Refs. 19 and 20 are based either on the harmonic approxi-
mation or on the assumption of classical nuclei. For instance,
Fourier transformation of the dipole-dipole autocorrelation
function along trajectories at 50 K for N2H7

+ gave the shared
proton stretching vibration !z at 1610 cm−1, the NH3 um-
brella vibration at 1000 cm−1, and the symmetric stretching
vibration !R at 465 cm−1.20 For n"1 only frequencies above
2000 cm−1 have been reported in Ref. 20. An effective one-
dimensional model for the assignment of the !z vibration of
N2H7

+ has been put forward by Asada et al.9 Their value of
707 cm−1, however, is at variance with the more sophisti-
cated 4D quantum simulation12 which predicts this transition
at 464 cm−1 and also has been the basis for the assignment
of the 1!z+1!R combination band.

In the present contribution our previous work on the pro-
tonated ammonia dimer12 is extended in several respects.
IRMPD spectra of N2H7

+ are presented down to 330 cm−1 in
order to identify the !z fundamental. The previous 4D model
of N2H7

+ is supplemented by the twofold degenerate bending
vibration of the shared proton. IRMPD spectra of larger pro-
tonated ammonia clusters in the 1050–1575 cm−1 region are
also presented. These systems contain considerably weaker
H bonds and an assignment of the observed spectral features
is already possible within the harmonic approximation.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

A. Hamiltonian operator for N2H7
+

In the following we will provide a reduced-dimensional
model Hamiltonian for the N2H7

+ cation which is based on
selected internal coordinates. We concentrate on that part of
the spectrum which is influenced by the shared proton mo-
tion and make two simplifying assumptions: !i" the focus is
on the range of experimental data !300–1700 cm−1" which
should contain the proton stretching and bending vibrations
of interest as well as the low-frequency hydrogen bond mode
and !ii" symmetry selection rules dominate the anharmonic
couplings especially in this low-energy range. This allows us
to assume that the C3 symmetry of the N2H6 fragment, i.e.,
excluding the central proton, with respect to the N–N axis
will not be broken. Further, the lengths of the N–H covalent
bonds shall be fixed. These constraints leave seven coordi-
nates as shown in Fig. 1, i.e., the shared proton stretching
and bending with respect to the center of mass of the N2H6

fragment, z, x, and y, the relative motion of the center of
masses of the ammonia, R, the umbrella-type motion of the
two ammonia, #1 and #2, and the rotation !torsion" of the
NH3 fragments with respect to each other, $.

To set up the Hamiltonian for this seven-dimensional
!7D" model we first focus on the kinetic energy operator. In
principle, there are different methods for the derivation of
kinetic energy operators in non-Cartesian coordinates, see,
e.g., Ref. 22, including constraint conditions.23 Here, we use
an approach based on the direct quantization of the classical
Lagrangian, which also provides the recipe for obtaining
reduced-dimensional kinetic energy operators. For the seven
active coordinates in Fig. 1, a kinetic energy operator can be
derived under the assumptions that the total angular momen-
tum is equal to zero and there is no kinetic energy coupling
between the shared proton motion and the internal and rela-
tive motions of the NH3 fragments !details are given in Ref.
24". Notice that for symmetry reasons appreciable couplings
are only expected from the shared proton bending vibrations.
However, it will be shown below that the bending motion is
almost decoupled in terms of the potential energy operator
and that its present treatment gives an almost quantitative
agreement with the experiment. This suggests that correla-
tions in the kinetic energy are most likely of minor impor-
tance only. The kinetic energy operator to be used below
reads

R

x
θ1θ2 φ

z

y

FIG. 1. !Color online" Definition of the seven active coordinates of the
reduced N2H7

+ model. Note that compared to our previous model !Ref. 12"
we have incorporated the bending vibrations of the shared proton.

224302-2 Yang et al. J. Chem. Phys. 129, 224302 !2008"
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‣ extreme red-shift due to strong H-bond



Dissipative H-Bond Wave Packets

‣ oscillations in IR pump-probe spectra
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A Simple Model

‣ adiabatic separation of high- 
and low-frequency modes 

‣ Franck-Condon like progression 

‣ excitation of wave packets 
possible 

‣ theoretically reproduced with 
reaction surface model

24

A BH

Q

q

A  ....  B

νq=1

νq=0

Q

ω

absorption



Vibrational Energy Relaxation

‣ two-color pump-probe spectroscopy

25

P
um

p-
P

ro
be

-S
ig

na
l

-1             0            1             2             3
τ (ps)

Probe Pump

δOH
νOH

δOH νCO

T1(νOH)=200fs, T1(δOH)=800fs
relaxation via δOH=1 (>30%)
Tcool ~ 20 ps

K. Heyne et al. JPCA  108, 6083 (2004)

5D Dissipative Model

2
2
1+1

2 +1
1+1+1
2+1

2

νOH = 3036 cm-1 δOH = 1455 cm-1

γ1 = 792 cm-1 γ2 = 690 cm-1

1
1

1

1

4-mode correlation potential - B3LYP/6-31+G(d,p)

νHB = 63 cm-1

labeling of states



• system-bath model 

‣ low-frequency H-bond mode 

‣ out-of-plane deformation
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• cascaded energy relaxation

T1 times
  νOH ~ 200fs
   δOH ~ 800-900fs

K. Heyne et al. JPCA  108, 6083 (2004)

Hydrogen Bonds in DNA
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Base Pairs in Gas Phase: The Quest for the Structure

31Kleinermanns et al., ChemPhysChem, 4, 838 (2003)

• IR-UV Double Resonance Spectra

A-T Isomers
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Optimized Structures
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Potential Energy Surfaces

‣ expand PES in normal mode coordinates 

‣ use (exact) 3-mode expansion  

‣ 1-mode dipole moment 
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Dynamics of DNA Base Pairs in Solution

l   H-Bond dynamics / correlations 

l   vibrational energy flow 

l   environmental effects
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Solvated Base Pairs

38S. Woutersen et al., JCP 121, 5381 (2004)
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QM/MM Trajectory 

CPMD/GROMOS 

QM(BLYP, TM-PP, 70Ry)/MM 
(Gromos96) 

T~13ps
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l 9-ethyl-8-phenyladenine : 1-cyclohexyluracil in 100 CDCl3 at 298K

N-H...N HB Geometry
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Lineshape Model
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‣ IR absorption spectrum 

‣ phenomenological decay (non-adiabatic 
transitions) 

‣ cumulant approximation
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•  quantum-classical approximation 

‣  non-Gaussian statistics of fluctuations for N-H...O 
hydrogen bond
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‣ reconstruction of spectral density



Nonlinear Spectroscopy of Base Pairs
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• open questions 

‣ role of population relaxation 

‣ correlated motion
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Pump-Probe Spectroscopy

49S. Woutersen et al., JCP 121, 5381 (2004)
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2D IR Spectroscopy

(i)

(i) (i) ground state bleaching/  
    stimulated emission

(iii) cross peak absorption

(iii)

(ii)

(ii) excited state absorption
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‣ correlated dynamics

Y. Yan, O.K., JPCB 111, 5254 (2011)


